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Abstract 

In recent years Magnetic Resonance Imaging (MRI) has been successfully combined 
with the Cavalieri sections method of modern design based stereology for the 
estimation of the volume of tissues and compartments in the living human body. In 
the application of this method it is assumed that MR images refer to infinitely thin 
sections through the tissues of interest. More recently the Cavalieri slices method has 
been developed to estimate volume from a systematic sample of tissue slices of a 
given thickness and to predict the corresponding error (Gual Arnau and Cruz-Orive, 
1998). A pre-requisite for the application of the Cavalieri slices method is the ability 
to determine the slice contents. This is not generally known, although substantial 
work is ongoing in the development of image analysis techniques for this purpose. 

With the use of a paradigm data set obtained from the Montréal Neurological Institute 
we checked the efficacy of new error prediction formulae developed for Cavalieri 
slices. This data set was the average of twenty-seven co-registered three-dimensional 

(3D) Tl-weighted SPGR MRI volume scans of the human brain. The data were 

classified using a fuzzy clustering minimum distance algorithm. Empirical re- 
sampling was carried out using the corresponding data vectors, and the theoretical 
error predictors were checked for slice thicknesses of 1, 3, 9 and 27 mm, with a 

distance of 45 mm between slice mid-planes. We determined the minimum number 
of MR slices required to estimate the volumes of the cerebral hemispheres (HEM), 
and internal compartments of grey matter (GM) and white matter (WM) with 

prescribed errors (i.e. Coefficients of Error (CE) of 10%, 5% and 3%). 

Irrespective of slice thickness, for GM and WM a minimum of three, five and ten 

slices provided estimates of the total volume of GM and WM in HEM with CE’s of 

10%, 5% and 3% respectively. For HEM a minimum of two, three and four slices 

were required for CE’s of the same precision. 

We applied these sampling guidelines in a cohort of male and female subjects to 
determine whether sex and laterality differences existed in the volumes of the 

compartments of GM, WM and HEM. 

3D MR images of the brain acquired at MARIARC of the University of Liverpool for 
a cohort of young male and female subjects were subsequently bias corrected and 
segmented into compartments of GM, WM and HEM using SPM99 software. It was 

convenient to apply manual editing techniques to extract the GM and WM in each 

cerebral hemisphere on one such series of Cavalieri slices. 

Repeatability in four subjects, who were scanned once and their GM, WM and HEM 

volumes determined on two separate occasions was high (measurements were within 

1% of each other, r = 0.99). For each of the compartments of GM, WM and HEM 

there was no significant difference in the volume estimates for either male (GM p = 

0.3, WM p =0.6 and HEM p =0.5) or female subjects (GM p = 0.5, WM p = 0.1 and 

HEM p = 0.2). Average repeatability in males and females was very good. For the 
compartment of GM there was no difference in the repeatability measurements for 
males and females. Repeatability in the compartments of WM and HEM was 

relatively better in females than in males (WM 0.07 % females, 0.5 % males; HEM 

0.05 % females and 0.2 % males).



In a reproducibility study we observed little variation in the volumes of GM and HEM 
(CV crorat) = 1.4 % and 1.0 % respectively). For WM more variation was found 

(CV toraL) = 4.8 %). Stereological sampling was found to contribute 71.4 % and 4.8 

% of the total error variance CV;toraL) for the compartments of GM and WM 
respectively. 

Sex differences were observed in our cohort of fifteen male and fifteen female 

subjects. In particular the compartments of WM and HEM. Males were found to 
have significantly larger WM (p = 0.005 whole, p = 0.002 left, p = 0.013 right) and 

HEM (p = 0.003 whole, p = 0.002 left, p = 0.007 right) compartments than females. 

Laterality differences were also seen between the sexes. Both males and females had 
significantly more GM in the right compared with left cerebral hemispheres (p = 
0.048 males and p = 0.0003 females). Males had significantly more WM in the left 

compared with right cerebral hemisphere (p = 0.024). Females had significantly 
more HEM in the right compared with left cerebral hemisphere (p = 0.001). 
Relatively more GM was found in female subjects (63.8 %) compared with male 

subjects (62.6 %). In contrast relatively more WM was found in male subjects (37.4 

%) compared with females (36.2 %). 

Cavalieri slices represent a convenient method for the estimation of GM, WM and 

HEM volumes from MRI cerebral data sets. In combination with SPM99 for bias 
correction and image segmentation, Cavalieri slices may be used to study further 

cohorts of subjects investigating the development and ageing of the in vivo human 
brain.
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Chapter 1 

Introduction 

The boundaries of anatomically and functionally distinct components of the brain are 

often defined by the junctures of grey matter (GM), white matter (WM) and cerebro- 

spinal fluid (CSF). The ability to accurately identify and quantify different tissue 

types is critical to quantitative studies of brain morphology. The ability to resolve the 

GM and WM boundaries in the in vivo human brain relies on the acquisition of high- 

resolution images. 

However, the complex distribution of the GM and WM compartments in the brain 

makes the estimation of their volume not trivial. The inherent difficulties in 

distinguishing the boundaries between these compartments can be overcome using 

software appropriate for tissue classification (Ashburner and Friston, 2000). The 

combination of 3D MR imaging, image segmentation and design based stereology 

enable the efficient estimation of volume for the compartments of GM, WM and 

HEM (McNulty, Cruz-Orive et al., 2000). 

MRI provides a new opportunity for Radiographers interested in research. In this 

chapter we present a review of neuro-imaging strategies for depicting the GM and 

WM compartments of the human brain. We also present a historical review of the 

literature for the estimation of brain volume (in particular the GM and WM



compartments). Finally we describe previous studies performed on male and female 

cohorts for the estimation of sex differences in vivo. 

1.1. Nature and scope of research 

MRI, with its lack of ionizing radiation and excellent resolution, has provided 

unprecedented opportunity to examine in vivo brain morphology and has led to a 

growing number of quantitative neuro-anatomic studies. We combine MRI, 

stereology and image analysis techniques to enable the efficient and unbiased 

estimation of the compartments of GM, WM and HEM in vivo. 

We provide an analysis of the efficiency of a recently described volume estimator (i.e. 

the Cavalieri slices method) in combination with MRI using a paradigmatic cerebral 

data set. We provide the reader with appropriate guidelines for sampling MRI data 

sets (in particular the compartments of GM, WM and HEM) for slices of any arbitrary 

thickness. 

We provide an analysis of the differences in the volumes of the compartments of GM, 

WM and HEM for a cohort of young male and female subjects in order to determine 

whether sex and laterality differences existed in these young adults. It was convenient 

to apply manual editing techniques to provide estimates of the volumes of the left and 

right GM and WM and HEM compartments. We therefore provide an analysis of the 

repeatability (in four subjects) and the reproducibility (in one subject) using our 

methods. 

1.2 Roles of different imaging modalities in brain research 

Functional neuro-imaging studies are providing more information through the study 

of the healthy brain. There are four main modalities used for imaging of the Central 

Nervous System (CNS). Two of them are functional (i.e. Single Photon Emission 

Computed Tomography and Positron Emission Tomography) and one of them is 

structural (i.e. Computed Tomography (CT)) and the last one, both structural and 

functional (i.e. Magnetic Resonance Imaging). 

14



1.2.1 Single Photon Emission Computed Tomography (SPECT) and 
Positron Emission Photography (PET) 

SPECT and PET imaging provide in vivo information about the physiology and 

biochemistry of cognitive processes using cerebral blood flow (CBF), cerebral 

glucose metabolism and cerebral oxygen metabolism (Hoffman, Hanson et al., 1993). 

The basic principle behind both SPECT and PET is that blood supply and glucose 

metabolism within a brain region are largely coupled. As neuronal activity increases, 

there is an associated increase in blood flow to deliver the oxygen and glucose 

required. In addition to imaging non-specific markers of brain activity such as blood 

flow or metabolism, by tagging specific radioactive materials, i.e. radiotracers, 

SPECT and PET allow selective imaging of body regions that have absorbed the 

radiotracers. By scanning over these regions with gamma-ray detectors, it is possible 

to generate an image based on the uptake or metabolism of tagged compounds. 

1.2.2 Computed Tomography (CT) 

Following their discovery in 1895 by W.C. Roentgen, X-rays have found increasing 

application in medicine. In the early 1970s, advances in science and computer 

technology led to the development of CT. With the use of multiple X-ray sources and 

detectors arranged in a hollow ring, high-resolution images can be obtained of the 

body in cross section. The patient is placed inside a CT scanner and a narrow beam of 

X-rays rotates across the body in a series of angular increments. The resulting series 

of X-ray images, each taken from a different angle, are recorded electronically and 

analysed by a computer to produce an image representing the different absorbency of 

the X-rays by each tissue (Frackowiak, Friston et al., 1997). 

1.2.3. Magnetic Resonance Imaging (MRI) 

MRI, unlike CT or other imaging modalities is a collection of techniques that enable 

many aspects of the structure, biochemistry and function of the brain to be identified 

completely non-invasively. MRI studies of the brain have revolutionised the practice 

of neurology. 
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The ability to easily modify scanning parameters and thus control image contrast 

between structures of interest has made MRI the modality of choice for neuro- 

anatomical studies. The three-dimensional nature of the data permits detailed in vivo 

examination of different structures and their spatial inter-relationships. | While 

qualitative analysis may be sufficient for disease diagnosis, quantitative analysis of 

specific regions and compartments is required for longitudinal monitoring of, for 

example, disease progression and ageing (Collins, Holmes et al., 1995). 

1.3. MR volume estimation 

The way forward for obtaining precise and accurate measures of the total GM and 

WM in the brain by MRI is undoubtedly to develop computer based image analysis 

techniques to reliably determine the amount of each compartment represented in 

every image voxel (voxels being the 3D equivalent of image pixels). This can be 

combined with stereological techniques for unbiased tissue based quantitative 

measurements. Stereological methods of estimating the volume of structures of 

clinical interest are straightforward to apply and highly efficient (i.e. highly precise 

estimates of volume may be obtained for a very small work load). 

1.3.1 Stereology 

The introduction of stereological procedures into neuro-biology in the sixties made 

precise measurements on human brains possible (Elias, 1969) (Haug, 1972). With 

these mathematical methods, measurements of structures on two dimensional (2D) 

sections are related to 3D parameters allowing the determination of individual brain 

structures from brain slices (Weibel, 1979) (Weibel, 1980) (Howard and Reed, 1998). 

Principles of stereology, sampling and estimates of the precision will be explained in 

detail in Chapter 5. 

The stereological method for estimating the volume of a structure of interest using 

systematic slab probes of finite thickness is known as the Cavalieri slices method. It 

has recently been described by Gual Arnau and Cruz-Orive, who also report a method 

for predicting the Coefficient of Error (CE) on the volume estimate (Gual Arnau and 

Cruz-Orive, 1998). We provide the first in vivo application of the Cavalieri slices 
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volume estimator using the GM and WM segmentations from a paradigmatic cerebral 

data set. (McNulty, Cruz-Orive et al., 2000). 

1.3.2 GM and WM segmentation 

Healthy brain tissue can generally be classified into three broad tissue types on the 

basis of an MR image (i.e. GM, WM and CSF) (Bezdek, Hall et al., 1993) (Clarke, 

Velthuizen et al., 1995) (Ashburner and Friston, 1997). This classification can be 

performed manually on a good quality Tl-weighted image by simply selecting 

suitable intensity ranges which encompass most of the image voxel intensities of a 

particular tissue type. This manual selection of thresholds is however highly 

subjective (Bartlett, Vannier et al., 1994) (Herndon, Lancaster et al., 1996). 

Many research laboratories have used clustering algorithms to classify MR images 

into different tissue types. They either use images from a single MR sequence, or by 

combining information from two or more registered images acquired using different 

scanning sequences (e.g. Proton Density-weighted (PD) and T2-weighted) (Lim and 

Pferrerbaum, 1989) (Bonar, Schaper et al., 1993) (Rajapakse, DeCarli et al., 1996) 

(Tanabe, Amend et al., 1997) (Vaidyanathan, Clarke et al., 1997). 

The approach adopted in our study (Chapter 7) is a modified version of a clustering 

algorithm; i.e. that of the maximum likelihood mixture algorithm (Hartigan, 1975). 

For this it is assumed that the MR images consist of a number of distinct tissue types 

(i.e. clusters), from which every image voxel in our 3D data set has been drawn. The 

intensities of voxels belonging to each of these clusters conform to a multivariate 

normal distribution. Approximate knowledge of the spatial distributions of these 

clusters (in the form of probability images) is also known. These probability images 

have been derived from MR images of a large number of subjects. The original 

images are segmented into binary images of GM, WM and CSF and all normalised 

into the same space using a nine parameter affine transformation. The probability 

images are the means of these binary images so that they contain values in the range 

of 0 to 1. These images represent the a priori probability of a voxel being either GM, 

WM or CSF after an image has been normalised to the same space (Evans, Collins et 
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al., 1992) (Evans and Collins, 1993) (Evans, Kamber ef al., 1994) (Ashburner and 

Friston, 1997). The method of using a priori segmentation has been incorporated into 

SPM99 routines (Friston, Holmes eft al., 1995) (Friston, Ashburner et al., 1995) 

(Ashburner and Friston, 1997) (Ashburner, Neelin et al., 1997) (Ashburner and 

Friston, 2000). 

1.4 Historical review of brain volume estimation 

Measurement of brain volume (and earlier brain weight) has been carried out for over 

a century. Considerable variations in the results have been reported. This section 

provides the reader with a review of the methods used in previous studies performed 

to estimate the volume of the brain, specifically the compartments of GM and WM, 

both in vitro and in vivo. 

1.4.1. In vitro brain volume estimation 

The first reports of the weight of the human brain in vitro for both sane and insane 

male and female patients were recorded in 1861 by Robert Boyd (Boyd, 1861). His 

research was published in 1861 to form a standard set of results for the weight of 

human organs from early infancy to old age. From then on several reports 

investigating human brain weight in vitro have been published (Bastian, 1866) 

(Thurnam, 1866) (Pearl, 1905) (Crichton-Browne, 1907) (Kraus, Davison et al., 1928) 

(Krogman, 1941) (Blinkov and Glezer, 1968) (Pakkenberg and Gundersen, 1997) 

(Miller and Corsellis, 1977) (Pearl, 1905). 

Blinkov, in 1968, provided an excellent review of the changes in brain weight 

identified in studies performed by; Wagner in 1864; Jensen in 1875; Henneberg in 

1910 and 1911; Tramer in 1914 and 1916; Kraus, Dawson & Weil in 1928; Weil in 

1928; Popoff in 1929, Von Economo in 1929; Hochi in 1930; Latimer in 1950 and 

1955; Klatt in 1955; Yurgitis in 1957 and Stephan in 1960 (Blinkov and Glezer, 

1968). Increases in the weight of the human brain before and after birth and a gradual 

decrease in its weight in middle age, and in particular old age were reported. 
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Typically the post mortem specimens used for in vitro brain volume estimations were 

fixed in formalin prior to measurement of volume by fluid displacement (Bischoff, 

1880) (Marshall, 1892) (Marchand, 1902) (Pearl, 1905) (Pakkenberg and Voigt, 1964) 

(Blinkov and Glezer, 1968) (Peress, Kane et al., 1973). Important measures of 

microscopic brain anatomy can be done using postmortem studies (Miller, Alston et 

al., 1980) however once the brain is removed from the intracranial cavity and 

extracerebral space the brain collapses on its own weight, distorting in vivo 

morphometric properties (Rajapakse, DeCarli et al., 1996). In 1972, Zilles and 

colleagues determined the volume of the left and right hemisphere of the brain using a 

planimeter on tracings of serial sections obtained from photographs of post mortem 

brains that had been frozen in a gelatin solution (Zilles, 1972). 

Miller and colleagues in 1980 applied image analysis methods to exhaustive physical 

sections of left cerebral hemisphere specimens to investigate the variation in the 

volumes of total GM and WM for groups of 65 males and 65 females with age. The 

volume estimates were corrected for the effect of formalin fixation and secular 

change. The volume of GM was found to be greater than WM by a factor of 1.3 at the 

age of 20 decreasing to 1.1 at the age of 50 and rising to 1.5 at 100 years (Miller, 

Alston et al., 1980). 

Stereological methods of determining the volume, surface areas and cortical thickness 

of the brain in vitro were presented by Henery and Mayhew in 1989. Between ten 

and twelve vertical sections (i.e. slice planes) were obtained per hemisphere on which 

a lattice of test points was used to compute volume and cycloids to compute surface 

area. (Henery and Mayhew, 1989). 

1.4.2 In vivo brain volume estimation 

A variety of approaches have been used for measuring brain structures and lesions on 

MR images obtained in vivo (Duncan, 1996). For example, Bondareff and colleagues 

measured the total volume of WM plaques in the brain of patients with Alzheimer’s 

disease by weighing transects of them cut from hardcopy film with scissors 

(Bondareff, Raval et al., 1990). More commonly, computer-based planimetry and



semi-automatic boundary tracing techniques have been employed on MR images to 

measure, for example, the volume of the hippocampus and amygdala in the pre- 

surgical assessment of patients with temporal lobe epilespy (Jack, Sharbrough ef al., 

1992), and together with temporal lobe or frontal lobe volume measurements to 

investigate cerebral abnormalities in schizophrenia (Shenton, Kikinis et al., 1992) and 

cerebral atrophy in Alzheimer’s disease (Killiany, Moss et al., 1993). 

1.4.2.1. Stereology and brain volume estimation 

Stereological methods have been adapted for CT and MRI to obtain volumetric 

measurements of various structures (Doraiswamy, Chul ef al., 1992) (Escalona, 

McDonald et al., 1991) (Krishnan, McDonald et al., 1990) (Mackay, Roberts et al., 

1998) (Mayhew, 1992) (Pache, Roberts et al., 1993) (Pakkenberg, Boesen ef al., 

1989) (Roberts, Cruz-Orive et al., 1993; Roberts, Garden et al., 1994) (Sheline, Black 

et al., 1996) (Tang, Nyengaard et al., 1997) (Gong, Phoenix et al., 2000). 

Increasingly, stereological methods are being used for analysis of in vivo MR images 

of the brain. For example, the Cavalieri method has been used in combination with 

point counting to estimate the volume of the putamen (McDonald, Husain et al., 

1991) (Lisanby, McDonald et al., 1993) (Husain, McDonald et al., 1991) (Macfall, 

Byrum et al., 1994), and hippocampus (Sheline, Wang et al., 1996). The Cavalieri 

method has also been applied in conjunction with CT (Pakkenberg Boesen et al., 

1989) and MRI (Keshaven, Anderson ef al., 1995) (Vogels, Zijlmans et al., 1995) 

(Mackay, Roberts et al., 1998) to estimate the volume of the lateral cerebral 

ventricles. The Cavalieri method has been used in combination with point counting to 

estimate the volume of the cerebellum (Escalona, McDonald ef al., 1991), frontal 

lobes (Sheline, Black et al., 1996) and cerebral hemispheres (Subsol, Roberts et al., 

1997) (Mackay, Roberts et al., 1998) (Mackay, Pakkenberg et al., 1999). 

1.4.2.2 Segmentation and brain volume estimation 

For accurate quantification, the thresholding approach to voxel classification requires 

thin contiguous sections, removal of signal non-uniformity and highly skilled raters. 

Thresholding results in the incorrect assignment of potentially large numbers of GM 
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and CSF voxels since volume averaging is not taken into account. This shortcoming 

of all thresholding strategies has led to the development of alternative approaches 

such as compartment signal suppression. Condon and colleagues in 1998 used an 

inversion recovery sequence that suppressed the signal from brain tissue but not that 

of CSF. Rusinek and colleagues in 1991 used two inversion recovery sequences that 

successfully highlight CSF and the GM/WM contrast in the brain by suppressing the 

CSF in one such series of images (i.e. Tl-weighted images) and suppressing the 

GM/WM in another such series of images (i.e. T2-weighted images) (Condon, Wyper 

et al., 1988) (Rusinek, de Leon et al., 1991) (Bonar, Schaper et al., 1993). 

Image analysis techniques have been employed to segment MR images acquired in 

vivo and investigate age related changes in the GM and WM compartments of the 

whole cerebral hemisphere (Jernigan, Salmon et al., 1991) (Jernigan, Archibald et al., 

1991) (Cohen, Andreasen et al., 1992). Contrary to the study of Miller and colleagues 

in 1980, Cohen and colleagues in 1992 did not find a significant decline in WM 

volume with age. The GM/WM volume ratio of 1.3 obtained in vivo by Rusinek and 

colleagues in 1991 is in good agreement with the in vitro data, as are in vivo values 

obtained by Thompson and colleagues in 1985 using MRI and by Lim and 

Pfeifferbaum in 1989 using X-ray CT. Sisodiya and colleagues in 1996 measured the 

volume of cortex and subcortex on MR images obtained in vivo for 33 healthy 

subjects of median age 29. The ratio of cortex to subcortex was on average lower in 

eleven females (1.02) than in twenty two males (1.06), and lower in the right than the 

left cerebral hemisphere in both sexes. 

Several investigators have developed methods for quantifying tissue compartments 

from MRI scans (Filipek, Kennedy et al., 1989) (Lim and Pferrerbaum, 1989) 

(Jernigan, Press et al., 1990). These methods have enabled the quantification of in 

vivo GM and WM volumes using MRI similar to those acquired using post mortem 

analyses (Filipek, Kennedy et al., 1989). 

Jernigan and colleagues in 1990 used MRI scans and image segmentation techniques 

to provide volumes of the compartments of GM and WM in the brain (Jernigan, Press 
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et al., 1990). Several researchers have since used intensity based classification on in 

vivo MRI data sets to determine cerebral compartment volume (Jernigan, Trauner et 

al., 1991) (Kohn, Tanna et al., 1991) (Lim, Zipursky et al., 1992) (Bonar, Schaper et 

al., 1993) (Filipek, Richelme et al., 1994) (Harris, Schlaefer et al., 1994) (Pfferbaum, 

Mathalon et al., 1994) (Blatter, Bigler et al., 1995) (Sisodiya, Free et al., 1996) 

(Sisodiya and Free, 1997) (Matsumae, Kirinis et al., 1996) (Caviness, Kennedy et al., 

1996). 

Image based segmentation routines have been used to investigate the GM and WM 

compartments of the in vivo human brain (Harris, Schlaefer et al., 1994). Harris and 

colleagues in 1994 examined the ratio of GM and WM volumes in normal subjects 

between the ages of 19 and 77. An age-associated decrease in the GM/WM ratio from 

early adult life to middle age was found, followed by an increased GM/WM ratio in 

later life. Significant age related GM/WM ratio decreases have previously been 

reported (Cohen, Andreasen et al., 1992) (Jernigan, Press et al., 1990). Pfefferbaum 

and colleagues in 1994 modelled the in vivo dynamic interrelations of head size, GM, 

WM and CSF volumes from infancy to old age using MR images and a semi- 

automated computer technique for segmenting the images into their constituent 

compartments (Pfferbaum, Mathalon et al., 1994). Blatter and colleagues in 1995 

presented a normative volumetric database spanning five decades of life based on 

multispectral segmentation of the MR images (Blatter, Bigler et al., 1995). Sisodiya 

and colleagues in 1995, 1996 and 1997 not only used image segmentation and a voxel 

counting method for estimating volume but this group also estimated GM/WM 

interface surface area and determined the mean thickness of the cortex (Sisodiya, Free 

et al., 1995) (Sisodiya, Free et al., 1996) (Sisodiya and Free, 1997). 

In 1995 Keshaven and colleagues performed a comparison of stereology and 

segmentation techniques for the volumetric measurement of the lateral ventricles in 

MRI. Few studies to date had compared the point counting stereological method with 

other approaches for in vivo volume determination of brain structures. The 

correlation between the two techniques was found to be very high (r = 0.86) and 
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phantom studies showed good validity for both approaches (Keshaven, Anderson et 

Gi., 1995). 

1.5 Male and female sex differences 

Numerous studies have been performed using healthy subjects and image based 

segmentation techniques to estimate the volumes of the compartments of GM, WM 

and cerebral hemispheres (Gur and Packer, 1980) (Filipek, Richelme et al., 1994) 

(Matsumae, Kirinis et al., 1996) (Caviness, Kennedy et al., 1996) (Passe, Rajagopalan 

et al., 1997) (Gur, Turetsky et al., 1999) (Gur, Turetsky et al., 1999) (Nopoulos, 

Flaum et al., 2000). 

Our interest in the differences in the male and the female brain date back to the late 

nineteenth and early twentieth century (Bischoff, 1880) (Boyd, 1861) (Davis, 1868) 

(Marchand, 1902) (Pearl, 1905). Though it has been known for over one hundred 

years that even after correcting for body size, male brains are larger than female 

brains (Kretschmann, Schleicher et al., 1979) some very basic questions regarding sex 

differences are still unanswered. Sex differences in brain anatomy may explain some 

of the documented differences in behaviour that we see between males and females. 

Advances that have been made in imaging methodology and image analysis 

techniques now allow for precise and valid measures of the volume of GM, WM and 

HEM to be made. 

1.6 Organisation of thesis 

The chapters in this thesis are organised as follows 

Chapter 1 “Introduction” 

Chapter 2 “Materials and objectives” — aims to provide the reader with the specific 

aims of the current study and a brief description of materials and methods used to 

address them. 
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Chapter 3 “Structure and organisation of the brain” - aims to provide an overview of 

the neuro-anatomy of the human brain, in particular of the GM and WM 

compartments. 

Chapter 4 “Principles of magnetic resonance imaging” - describes the physical 

concepts underlying the theory of magnetic resonance and reviews the techniques for 

optimal GM and WM contrast in our images. 

Chapter 5 “Stereology and the Cavalieri methods of volume estimation” - aims to 

provide the reader with an introduction to stereology, in particular the Cavalieri 

sections and Cavalieri slices volume estimators with error prediction formulae 

developed for these estimators. 

Chapter 6 “Estimation of brain compartment volume from MR Cavalieri slices” - 

the first of two self contained chapters. Recently described error prediction formulae 

developed for the Cavalieri slices volume estimator are applied in order to investigate 

the efficiency of the Cavalieri slices method in conjunction with MRI in the 

estimation of the volume of the compartments of GM, WM and HEM on a 

paradigmatic cerebral data set. 

Chapter 7 “Application of the Cavalieri slices method on 3D MR images of the 

brain” - we combine image segmentation (using SPM99) and the Cavalieri slices 

volume estimator for the estimation of GM, WM and HEM volumes (for both the left 

and right hemispheres) in a cohort of male and female subjects. We determine 

whether sex and laterality differences exist in young male and female subjects. We 

also present the results of our quality control analyses, (i.e. repeatability in four 

subjects and reproducibility in one subject). 

Chapter 8 “Discussion” - we summarise the results from the two experimental 

chapters and present conclusions from these studies and implications for future 

studies. 
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Chapter 2 

Materials and objectives 

Two key developments in medical imaging over the past thirty years have 

considerably increased the opportunity for measuring the size of structures (e.g. 

organs and their various compartments). Firstly, whereas previously medical images 

were obtained in the form of projections, beginning with ‘the shadow of the hand’ 

first reported by W.C. Roentgen following his discovery of X-rays, (Roentgen, 1895) 

images provided by ultrasound, CT and MRI are tomograms (i.e. they refer to 2D 

slices through the body). Secondly MR, CT and now frequently ultrasound images 

are inherently digital and thus immediately available for post processing and analysis 

by computers. These widespread developments and advances in neuro-imaging have 

increased the opportunity of studying the morphology of the human brain in vivo. 

There is a significant interest in measuring tissue volume (such as the GM and WM 

compartments in the brain) in an accurate, non-invasive and simple manner. However 

estimating the volumes of the compartments of GM and WM is complicated both by 

the complex distribution and the boundary definition of these compartments. 

Fortunately, with the development in computer hard and software the process of 

measuring the volume of these compartments have been made far easier. The 

combination of MRI and stereology provide an appropriate method of obtaining 

mathematically unbiased estimates of compartment volume efficiently (Roberts, 
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Cruz-Orive et al., 1993) (Roberts, Garden et al., 1994) (Keshaven, Anderson et al., 

1995) (Light, Roberts et al., 1995) (Mackay, Roberts et al., 1998) (Mackay, 

Pakkenberg et al., 1999) (McNulty, Cruz-Orive et al., 2000) (Roberts, Puddephat et 

al., 2000) (Gong, Phoenix et al., 2000). 

A new stereological volume estimator has been recently described (i.e. the Cavalieri 

slices method) (Gual Arnau and Cruz-Orive, 1998). The significance of this 

stereological volume estimator is that it takes into account the finite thickness of a 

tissue slice. 

Our study comprises two phases. Firstly we investigate the efficiency of new error 

prediction formulae developed for Cavalieri slices (see Chapter 6). Secondly we apply 

these sampling guidelines to a cohort of young male and females subjects in order to 

determine whether sex and laterality differences existed in these compartments (see 

Chapter 7). 

2.1 Materials 

MR data were obtained from two separate research centres: 

2.1.1 3D MR images for a paradigmatic data set 

A paradigmatic brain data set was downloaded from the Montréal Neurological 

Institute, McGill University, Montréal, Canada (Holmes, Hoge et al., 1998). The data 

set comprises 27 3D MR images of the same subject acquired with the spoiled 

GRASS (SPGR) sequence on a 1.5 tesla GYROSCAN MR scanner (Phillips Medical 

Systems, The Netherlands). These images had been co-registered to provide one high 

signal to noise (SNR) data set with excellent contrast differentiation of the GM and 

WM compartments, including the central deep GM. 

2.1.2 3D MR images for a cohort of male and female subjects 

3D MR images were also obtained for a cohort of young male and female subjects at 

MARIARC of the University of Liverpool (Cezayirli, 2000). 3D spoiled GRASS 

(SPGR) data sets were acquired using a 1.5 Tesla SIGNA whole body imaging system 

(GE Medical Systems, Milwaukee, USA). Data sets were obtained for fifteen male 

subjects (mean age of 28.5 years, SD = 6.05 years, max = 39 years, min = 20 years) 
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and fifteen female subjects (mean age of 28.5 years, SD = 5.33 years, max = 37 years, 

min = 21 years). All the subjects were right handed. One of the subjects (male, age 

26, also right handed) was scanned on four further occasions over a period of six 

weeks using identical image acquisition parameters. 

Image processing and analysis of both the aforementioned data sets was carried out on 

a SPARC ULTRA 10 workstation (Sun Microsystems, Mountain view, California) 

using a combination of the following software packages; ANALYZE (Mayo 

Foundation, Minnesota, USA), Matlab 4.2c (The Maths Works, Natick, MA) and 

SPM99 (Wellcome Department of Cognitive Neurology, Institute of Neurology, 

London). SPLUS software (Statsci) was utilised for statistical comparison. Image 

display and analysis was performed using ANALYZE software. 

2.2 Objectives 

The objectives of this study were: 

2.2.1 Analysis of paradigmatic cerebral data set 

2.2.1.1 Cavalieri slices error prediction formulae 

Investigate the efficiency of the Cavalieri slices method in combination with MRI for 

estimating the volume of the GM, WM and HEM compartments in the paradigmatic 

data set described in section 2.1.1. In particular, to empirically determine the number 

of slices required to achieve a CE of 3%, 5% and 10%. 

Investigate the efficacy of new error prediction formulae for predicting the CE on 

volume estimates obtained using the Cavalieri slices method. In particular, to 

compare the empirical CE’s with values predicted theoretically. 

2.2.2 Analysis of a cohort of male and female subjects 

Analysis using 3D MR images obtained for a cohort of young male and female 

subjects (section 2.1.2) to investigate the difference in the volumes of the 

compartments of GM, WM and HEM using the Cavalieri slices approach in 

combination with SPM99 for bias correction and image segmentation. 
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Manual extraction of the GM and WM corresponding only to the HEM on the 3D MR 

images segmented using SPM99 would have been highly labour intensive should the 

operator have needed to edit the entire data set (i.e. 124 slices). The analysis in 

section 2.2.1.1 provided guidelines regarding the number of slices to be analysed to 

achieve a CE of 3%, 5% and 10% on individual volume estimates. For the proposed 

analysis we adopted five Cavalieri slices as our sampling intensity (i.e. CE’s < 5% on 

our volume estimates), with new random starting position on each individual data set. 

2.2.2.1 Repeatability 

We define repeatability as the percentage difference in the two volume estimations 

divided by the mean volume between these estimates. We compare the repeatability 

of the volume estimates obtained using the same set of Cavalieri slices in four 

subjects, scanned once and their volume estimations performed twice, on two separate 

occasions. For this analysis we used the same systematic random series of Cavalieri 

slices for the repeat analyses. 

2.2.2.2 Reproducibility 

We define reproducibility as the volume variation in the compartments of GM, WM 

and HEM for one subject who was scanned on four separate occasions over a period 

of six weeks. For this analysis we obtained four different systematic random series of 

Cavalieri slices. 

We explore the reproducibility in the estimations obtained for GM, WM and HEM for 

one subject scanned on four separate occasions, over a period of six weeks. 

We determine the contribution of CV’ ansTRUMENT) and CV’ (sTEREOLOGY) (ize. 1/n > 

CE’) to the total error variance CV” TOTAL): ( ) 

2.2.2.3. Sex and laterality differences 

We apply the Cavalieri slices method to 3D MR images for fifteen male and fifteen 

female subjects. In particular we determine whether sex and laterality differences 

existed in the volumes of the compartments of GM, WM and HEM. 
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2.2.2.4 Variance 

We analyse the variance of the volume estimations obtained for GM, WM and HEM 

in our cohort of male and female subjects and determine the contribution of 

stereology to the total error variance between these subjects. 

2.2.2.5 GM and WM volume fractions 

We analyse the percentage of GM and WM in the male and female brain to see 

whether sex differences existed in the volume fractions of these compartments for 

whole HEM and for the left and right HEM compartments independently. 
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Chapter 3 

Structure and organisation of the brain 

The aim of this chapter is to provide the reader with an overview of the neuro- 

anatomy of the human brain, in particular of the GM and WM compartments. 

Knowledge of their distribution and boundaries are essential for both appropriate 

stereological sampling and accurate tissue classification (see Chapters 6 and 7). 

3.1. General topography of the adult brain 

3.1.1 Central Nervous System 

The CNS comprises the brain and spinal cord which can be described as consisting of 

GM (nerve cell bodies and mostly non-myelinated fibres) and WM (chiefly 

myelinated fibres) with neuroglial cells and blood capillaries occurring throughout. 

Topographically the CNS may be divided into forebrain (cerebral hemispheres (HEM) 

and diencephalon), midbrain, hindbrain (pons, medulla oblongata and cerebellum) and 

spinal cord. The midbrain, pons and medulla oblongata collectively form the brain 

stem. 

3.1.2 Structure of the cerebral hemispheres 

The paired cerebral hemispheres consist of outer GM, (i.e. the cerebral cortex, 

covering the surface of all the convolutions of the cerebrum, so called due to its grey 

appearance in fresh material), WM (comprising tracts of axons from the input and 

output neurons, so called due to its white appearance in fresh material) and masses of 
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GM situated within the WM, (i.e. basal nuclei including thalamus, putamen, caudate 

and basal ganglia (i.e. globus pallidus and striatum)). The advanced intellectual 

functions of humans depend mainly on the cerebral cortex and the interaction of this 

structure with other regions of the CNS. 

The cortex may be divided into phylogenetically new six layered neocortex and older 

allocortex with fewer layers. In particular, allocortex comprises the three layered 

archicortex and a transition zone of four to five layered paleocortex. The archicortex 

(limbic cortex) comprises the hippocampal formation containing the dentate gyrus, 

hippocampus, subicular complex, entorhinal cortex and large parts of the cortex on 

the medial wall of the hemisphere (i.e. perirhinal cortex, retrosplenial cortex and 

anterior cingulate cortex) (Willard, 1993) (Williams and Bannister, 1995). 

The two hemispheres are incompletely separated from each other by a deep median 

cleft called the central longitudinal fissure, and joined by a massive bridge or 

commissure, the corpus callosum, whose fibres interconnect corresponding cortical 

areas. The complicated folding of the surface of the cerebral hemispheres 

substantially increases the surface area of the cerebral cortex. The folds or 

convolutions are called gyri and the intervening grooves are called sulci (see Figure 

3.1). About two-thirds of the cortex forms the walls of the sulci and are hidden from 

surface view. Although some gyri are constant features of the cerebral surface, others 

vary from one brain to another and even between the two hemispheres of the same 

brain. Subtler depressions in the cerebral cortex are grooves and notches unrelated to 

the pattern of gyri and sulci. They are made by extracerebral structures such as the 

bones of the skull and the venous sinuses of the dura mater. A sulcus is a groove on 

the surface of a cerebral hemisphere whereas a fissure is a cleft that separates large 

‘components of the brain (Willard, 1993) (Williams and Bannister, 1995). 
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Figure 3.1 Principal gyri and sulci in the adult human brain (a) lateral view, (b) mid-sagittal view and 

(c) ventral view (Figure reproduced from FitzGerald, 1996). 

The insular cortex is submerged in the lateral fissure (of Sylvius). The central sulcus 

extends from the superomedial border of the hemisphere, slightly posterior to its mid- 
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point, down and forwards towards the lateral fissure. Sulci partially divide the 

hemispheres into lobes named after the cranial bones adjacent to them. 

The lateral and parieto-occipital sulci appear early in fetal development and are 

especially deep in the mature brain. These, together with the central and calcarine 

sulci, are the boundaries for division of the cerebral hemispheres into frontal, parietal, 

temporal and occipital lobes (Barr and Kiernan, 1993) (Williams and Bannister, 

1995). 

3.1.3 Lobes of the cerebral hemispheres 

The frontal, parietal, occipital, temporal and limbic lobes of the hemispheres are 

illustrated in Figure 3.2. 
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Figure 3.2 (a) Major regions of the adult brain as seen in A lateral and B medial views. R, Gand S 
indicate the rostrum, genu and splenium of the corpus callosum (Figure reproduced from Nolte, 1999). 
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Figure 3.2 (b) A The boundaries of the frontal, parietal, occipital and temporal lobes on the lateral 

surface of the hemisphere and B the boundaries of the frontal, parietal, occipital, temporal and limbic 

lobes on the medial surface of the hemisphere (Figure reproduced from Nolte, 1999). 

3.2 Organisation of the cerebral cortex 

3.2.1 Neurons 

Each cerebral hemisphere has a mantle of GM, the cortex or pallium with a 

characteristic structure that consists of nerve cells and nerve fibres arranged in layers. 

Neurons are cells specialised for the reception, integration and transmission of 

information. Each has a cell body or a soma and processes or neurites. Receptor 

neurites known as dendrites, are usually numerous; each soma has only one efferent 

process, the axon. The cytoplasm of the soma contains perinuclear basophilic 

material in the form of granular Nissl bodies (Barr and Kiernan, 1993) (Williams and 

Bannister, 1995). 

3.2.1.1. Cortical neurons 

The human brain consists of a mass of interconnecting neurons. In 1997 Pakkenberg 

and Gundersen reported that the average numbers of neocortical neurons were 19 

billion in female brains and 23 billion in male brains, a 16 % difference. An equation 

predicting the total neocortical neuron number in any individual in which sex and age 

is known has also been presented (Pakkenberg and Gundersen, 1997). 

The values obtained for the number of nerve cells in the human cerebral cortex vary 

widely between authors because of the technical difficulties in quantifying them. 

They range from 2.6x10° to 1.6x10'° (Barr and Kiernan, 1993). 
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The principal cells are known as pyramidal cells (see Figure 3.3). Their cell bodies 

range in height from 10 to 50 um for most cells. Giant pyramidal cells (Betz cells) 

have cell bodies up to 100 ttm high. These are present only in the primary motor area 

of the frontal lobe, where they are conspicuous but not numerous. The axon emerges 

from the base of the pyramid or from one of the larger dendrites and gives off many 

collateral branches before it enters the subcortical WM. About two thirds of cortical 

neurons are pyramidal cells, but the proportion is higher in motor areas of the frontal 

lobe and lower in primary sensory areas. The axons of pyramidal neurons are 

excitatory at their synapses and are thought to use glutamate as their neurotransmitter. 

Fusiform cells, which are located in the deepest layer of the cortex, are atypical 

pyramidal cells with irregularly elliptical cell bodies (Barr and Kiernan, 1993) 

(Willard, 1993) (Williams and Bannister, 1995). 

The axons of the principal cells connect with other neurons in three ways. Firstly, 

projection neurons transmit impulses to sub-cortical centres, such as the corpus 

striatum, the brain stem, the spinal cord, or the thalamus. Secondly, association 

neurons establish connections with cortical nerve cells elsewhere in the same 

hemisphere. Thirdly, axons of commissural neurons proceed to the cortex of the 

opposite hemisphere. Most of the commissural fibres form the corpus callosum; 

smaller numbers connect cortical areas of the temporal lobes through the anterior 

commissure (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

3.2.1.2 Cortical layers 

The thickness of the neocortex varies from 4.5mm in the primary motor area of the 

frontal lobe to 1.5mm in the visual area of the occipital lobe. The cortex is thicker 

over the crest of a gyrus than in the depths of a sulcus (Williams, Bannister et al., 

1995); 
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Figure 3.3 Cortical neurons. In reality the dendrites are much more numerous and more richly 

branched. (The letter A identifies the axon of each type of neuron) (Figure reproduced from Barr and 
colleagues, 1993). 

The superficial (molecular) layer consists predominantly of terminal branches of 

dendrites and axons. Most of the dendritic branches come from pyramidal cells. The 

axons originate in cortex elsewhere in the same hemisphere; the opposite hemisphere 

and in the thalamus. The molecular layer is essentially a synaptic field of the cortex. 

The external granular layer contains many small pyramidal cells and interneurons. 

The neurons within the external pyramidal layer are typical pyramidal cells that 

increase in size from the external to the internal borders of the layer. The internal 

granular layer is dominated by closely arranged stellate cells, smaller numbers of 

other interneurons and pyramidal cells are also present. The internal pyramidal layer 

contains pyramidal cells, larger than those of the external pyramidal layer, 

intermingled with interneurons (Barr and Kiernan, 1993) (Williams and Bannister, 

1995). 

Henery and Mayhew in 1989 applied stereological techniques for obtaining estimates 

of the pial surface area and the surface area of the boundary between cortex and sub- 

cortical matter in whole cerebral hemisphere specimens obtained for groups of male 
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and female subjects. For each specimen, an estimate of cortical volume obtained 

using the Cavalieri sections method was divided by the average of the two surface 

area estimates to provide unbiased estimates of the mean thickness of the cerebral 

cortex. Mean cortex thickness was found to be 2.17 mm in males and 2.43 mm in 

females (Henery and Mayhew, 1989). We estimated the mean thickness of cortical 

GM in the left and right HEM using 3D MR images of an in vivo brain. We found the 

thickness of the cerebral cortex to be 4.67 mm and 4.33 mm in the left and right 

hemispheres respectively (see Publications section (Roberts, Puddephat and McNulty, 

2000). The latter study was that of an in vivo 30 year old male subject in comparison 

with the study performed by Henery and Mayhew in 1989 where the brains of six in 

vitro male (average age 79 years) and six in vitro female (average age 81 years) 

subjects were analysed. Not surprising therefore was the difference obtained in 

cortical thickness measurements. Both cerebral atrophy and shrinkage effects in the 

ageing brain would result in such differences in cortical thickness measurements and 

care must therefore be taken when comparing results from different studies. 

3.2.2 Neuroglia 

Neurons are surrounded by more numerous, non excitable glial cells, comprising 

about half the volume of the CNS. Unlike neurons, they are unable to divide. There 

are several varieties (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

Astrocytes, the most numerous are star shaped with many processes which contact 

non-synaptic neuronal surfaces, and have ‘perivascular feet’ which cover 85 % of the 

surface of capillaries within the CNS. These processes form an external glial 

membrane under the pia mater and an internal membrane under the ventricular 

ependyma. Their cytoplasm contains bundles of filaments. There are two main 

subtypes; firstly, fibrous astrocytes in WM, having long slender processes and many 

filaments; secondly, protoplasmic astrocytes in GM having shorter flattened branched 

processes with fewer filaments. They support neurons, structurally and functionally. 

When damaged, they hypertrophy and proliferate to form a glial scar (Barr and 

Kiernan, 1993) (Williams and Bannister, 1995). 

Oligodendrocytes differ in having a smaller denser nucleus fewer processes and no 

cytoplasmic filaments. Microglia are small irregular shaped cells with a few branched 
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processes which are normally inactive but can become phogocytic. Ependyma lines 

the cerebral ventricles and the central canal of the spinal cord; comprising a single 

layer of cuboidal cells, its surface generally has microvilli and cilia. Subjacent to it is 

an internal limiting membrane of astrocytes. Embryonic ependyma has more than one 

cell layer, with processes extending through the width of the neural tube to an external 

limiting membrane. Choroidal epithelium modified for active and selective secretion 

of CSF, is convoluted, its surface further extended by microvilli (Barr and Kiernan, 

1993) (Williams and Bannister, 1995). 

3.2.3 Medullary centre and internal capsule 

Each cerebral hemisphere includes a large volume of WM that constitutes the 

medullary centre and accommodates the vast number of fibres running to and from all 

parts of the cortex. The medullary centre is bounded by the cortex, lateral ventricle 

and corpus striatum. Nerve fibres that establish connections between the cortex and 

subcortical GM continue from the medullary centre into the internal capsule. The 

lateral ventricles, one in each hemisphere, are the largest of the four ventricles of the 

brain and are important in the dynamics of the CSF system (Barr and Kiernan, 1993) 

(Williams and Bannister, 1995). 

The nerve fibres of the medullary centre are of three types, depending on the nature of 

their connections (see Figure 3.4). 

    

Figure 3.4 Coronal section through a cerebral hemisphere, indicating the positions of the larger 
bundles of association, commissural and projection fibres (Figure reproduced from Barr and 

colleagues, 1993). 
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Association fibres are confined to a hemisphere and connect one cortical area with 

another. Many of these fibres accumulate in longitudinally running bundles that can 

be displayed by dissection and have been assigned names. Commissural fibres 

connect the cortices of the two hemispheres; most of the neocortical commissural 

fibres comprise the corpus callosum, with the remainder included in the anterior 

commissure. Projection fibres establish connections between the cortex and such 

subcortical structures as the corpus striatum, thalamus, nuclei of the brain stem and 

spinal cord. They are afferent or efferent with respect to the cortex, most of the 

afferent fibres originate in the thalamus (Barr and Kiernan, 1993) (Williams and 

Bannister, 1995). 

Association fibres are the most numerous of the three types of fibres noted. The 

cingulum is an association fasciculus of the limbic lobe. The fibres of this 

longitudinal bundle run in both directions and interconnect the cingulate gyrus, 

parahippocampal gyrus of the temporal lobe and septal areas below the genu of the 

corpus callosum (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The superior longitudinal fasciculus (also known as arcuate fasciculus) runs in an 

antero-posterior direction above the insula, many of the fibres turn downward into the 

temporal lobe. This, like the other large association bundles, consists of fibres of 

various lengths that enter or leave the fasciculus at any point along its course. The 

superior longitudinal fasciculus provides important communications between cortices 

of the parietal, temporal and occipital lobes and the cortex of the frontal lobe, 

including the sensory and motor language areas. An inferior longitudinal fasciculus 

runs superficially beneath the lateral and ventral surfaces of the occipital and temporal 

lobes. This sheet of association fibres is difficult to distinguish from other fibres at a 

deeper level, in particular from the projection fibres of the geniculocalcarine tract 

(Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The inferior occipitofrontal fasciculus and uncinate fasciculus are components of a 

single association system. The fibres are compressed into a well defined bundle 

between the stem of the lateral sulcus below and the insula and lentiform nucleus 

above. The longer part of the fibre system, extending the length of the hemisphere is 

the inferior occipitofrontal fasciculus. The uncinate fasciculus hooks around the stem 
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of the lateral sulcus to connect the frontal lobe, especially cortex on its orbital surface 

with cortex in the region of the temporal pole (Barr and Kiernan, 1993) (Williams and 

Bannister, 1995). 

The superior occipitofrontal fasciculus, also called the subcallosal bundle, is located 

deep in the hemisphere and can not be dissected from a lateral approach. The 

fasciculus is compact in the middle of the hemisphere where it is bounded by the 

corpus callosum, internal capsule, tail of caudate nucleus and lateral ventricle. The 

fibres spread out to cortex of the frontal lobe and to cortex in the posterior part of the 

hemisphere (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

Large numbers of arcuate fibres connect adjacent gyri. These short subcortical 

association fibres are orientated at right angles to the gyri and bend sharply under the 

intervening sulci. Spread of activity along a gyrus or sulcus is provided by other 

subcortical association fibres and by axons within the cortex (Barr and Kiernan, 1993) 

(Williams and Bannister, 1995). 

Most of the neocortical commissural fibres constitute the corpus callosum, the 

remainder are included in the anterior commissure, along with fibres of other than 

neocortical origin. The trunk of the corpus callosum is the compact portion of the 

commissure in and near the midline. Variations in size of the trunk of the corpus 

callosum maybe related to handedness. On entering the medullary centre, the fibres 

constitute the radiation of the corpus callosum, which intersects association bundles 

and projection fibres (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The splenium and radiations that connect the occipital lobes comprise the forceps 

occipitalis. The genu and radiations that connect the frontal lobes form the forceps 

frontalis. Some fibres of the radiation form a thin sheet called the tapetum over the 

temporal horn of the lateral ventricle. These fibres provide ‘some of the 

communication between the cortices of the ventral surfaces of the temporal lobes 

(Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The anterior commissure is a bundle of fibres that crosses the midline in the lamina 

terminalis; it traverses the anterior parts of the corpora striata and provides for 
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additional communication between the temporal lobes. The anterior commissure 

includes fibres that connect the middle and inferior temporal gyri of the two sides; this 

is a neocortical component similar to the corpus callosum. Other fibres run between 

olfactory cortex of the temporal lobes and a different group of fibres connect the 

olfactory bulbs, but these are a minor component of the human anterior commissure 

(Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The projection fibres are concentrated in the internal capsule and fan out as the corona 

radiata in the medullary centre. The internal capsule consists of an anterior limb, a 

genu, a posterior limb, a retrolentiform part and a sublentiform part, all of which have 

topographic relations with adjacent grey masses. The anterior limb is bounded by the 

lentiform nucleus and by the head of the caudate nucleus. The genu is medial to the 

apex of the lentiform nucleus. The posterior limb intervenes between the lentiform 

nucleus and the thalamus. The retrolentiform part of the internal capsule occupies the 

region behind the lentiform nucleus and the sublentiform part consists of fibres that 

pass beneath the posterior part of the lentiform nucleus (Barr and Kiernan, 1993) 

(Williams and Bannister, 1995) (see Figure 3.5). 

Head of . 
caudate nucleus Genu Anterior limb 

  
Lentiform nucleus Thalamus Posterior limb Retrolentiform part 

Figure 3.5 Axial section of the internal capsule of the cerebrum in vitro differentiating between GM (in 
grey) and WM (in white) (Figure reproduced from Barr and colleagues, 1993). 
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Many of the projection fibres establish reciprocal connections between the thalamus 

and the cerebral cortex. The anterior thalamic radiation in the anterior limb of the 

internal capsule, consists mainly of fibres connecting the mediodorsal thalamic 

nucleus and prefrontal cortex. The middle thalamic radiation is a component of the 

posterior limb of the internal capsule. This radiation includes the somatosensory 

projection from the ventral posterior thalamic nucleus to the somesthetic area in the 

parietal lobe. These fibres run in the posterior part of the posterior limb where they 

are partly intermingled with motor projection fibres. Other fibres of the middle 

thalamic radiation establish reciprocal connections between the thalamus and the 

association cortex of the parietal lobe. Fibres from the two divisions of the ventral 

lateral nucleus of the thalamic reach the motor and pre-motor areas of the frontal lobe 

by traversing the genu and adjacent region of the posterior limb of the internal capsule 

(Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The remaining projection fibres are corticofugal, and many of them have motor 

functions. The corticobulbar and corticospinal tracts constitute the pyramidal motor 

system, they originate in the motor and pre-motor areas in the frontal lobe and in the 

anterior parts of the parietal lobe. Corticopontine fibres originate in widespread areas 

of cortex but in greatest numbers in the frontal and parietal lobes. They terminate in 

the nuclei pontis, in the basal portion of the pons. Fibres of the frontopontine tract 

traverse the anterior limb of the internal capsule and the anterior portion of the 

posterior limb. Most of the fibres of the parietotemporopontine tract originate in the 

parietal lobe and traverse the retrolentiform part of the internal capusle (Barr and 

Kiernan, 1993) (Williams and Bannister, 1995). 

Corticostriate fibres originate in all parts of the neocortex, most profusely in the 

sensorimotor strip and end in the striatum. The caudate nucleus and putamen receive 

these fibres from the internal capsule; the putamen receives fibres from the external 

capsule as well. Other projection fibres pass to the red nucleus, reticular formation 

and inferior olivary complex. Corticorubral fibres arise from the motor and premotor 

areas of the frontal lobe, some of them are collateral branches of corticospinal axons. 

The corticoreticular fibres begin in the motor cortex and in the cortex of the parietal 

lobe, especially the somesthetic area. They terminate in the central group of reticular 

nuclei. Cortico-olivary fibres, from the motor areas, terminate in the nuclei of the 
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inferior olivary complex. These descending pathways accompany the fibres of the 

pyramidal system through the internal capsule and basis pedunculi into the pons and 

medulla (Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The composition of the external capsule is incompletely understood. This thin layer of 

WM between the putamen and claustrum consists mainly of projection fibres. These 

include some of the corticostriate fibres that end in the putamen and some of the 

corticoreticular fibres. 

3.3 Meningeal coverings of the brain 

Three continuous membranes (or meninges), the dura mater, arachnoid mater and pia 

mater, surround the brain. The skull and or meninges are often miss-classified as 

GM in tissue segmentation. 

The dura mater is often regarded as bilaminar, with an external endosteal layer of 

periosteum, continuous through cranial foramina and sutures with the pericranium, 

and an internal meningeal layer, a strong fibrous membrane continuous with the 

vertebral dura mater at the foramen magnum (Nolte, 1999). 

The meningeal dura mater is in-folded as septa between parts of the brain. The sickle- 

shaped median falx cerebri, between the cerebral hemispheres is narrow anteriorly 

where it is attached to the ethmoid crista galli and wider posteriorly where it joins the 

horizontal tentorium cerebelli. Its upper convex margin, attached, to endosteum 

parasagittally as far as the internal occipital protuberance, encloses a superior sagittal 

‘sinus. The straight sinus formed by the junction of inferior sagittal sinus and great 

cerebral vein runs in the attachment of the falx cerebri to the tentorium cerebelli 

(Nolte, 1999). 

Between the meningeal dura mater and arachnoid mater a cleavage plane called the 

subdural space is traversed only by cerebral veins en route to the dural venous 

sinuses. In contrast, the subarachnoid space between the arachnoid mater and pia 

mater contains a web of trabeculae, CSF, cerebral arteries and veins. Vascular pia 
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mater follows the contours of gyri and sulci, closely applied to the cortical surface 

(Barr and Kiernan, 1993) (Williams and Bannister, 1995). 

The arachnoid mater is a delicate, impermeable, avascular membrane, unlike the pia 

mater, it bridges sulci and other surface irregularities. The width of the subarachnoid 

space is therefore variable, narrow over gyri, wider over sulci and cerebral fissures, 

and wider still at the cerebral base, where it forms the subarachnoid cisterns (Barr and 

Kiernan, 1993) (Williams and Bannister, 1995). 

3.4 Sex differences in brain anatomy 

Sex differences in brain anatomy may explain some documented differences in 

behaviour between males and females. Women perform better than men on verbal 

and memory tasks, whereas men excel in spatial tasks (Williams, Bannister et al., 

1995). These differences have been attributed to variation in hemispheric 

specialisation of cortical function. Although the left hemisphere is generally 

dominant in verbal and the right in spatial processing some neuropsychological 

studies have suggested less hemispheric specialisation in women as compared with 

men (Hiscock, Israelian et al., 1995). 

Neuroanatomic substrates for functional asymmetry were suggested by larger volume 

of the left cortical language regions (Geschwind and Levitsky, 1968), and sex 

differences were observed in such regions (Schlaefer, Harris et al., 1995) (Harasty, 

Double et al., 1997). Sex differences were also reported in corpus callosum 

morphometry (Gur, Turetsky et al., 1999). Due to corpus callosum consisting of 

myelinated connecting fibres, larger callosal volumes in women were interpreted as 

providing for better interhemispheric communication, hence less need for functional 

specialisation of the two hemispheres (Witelson, 1989). 

3.5 Summary 

MRI allows clinically useful in vivo investigations of gross brain structural variation 

with high-resolution. The superior contrast resolution of MRI, compared with for 

example CT, has improved our ability to depict and measure neuro-anatomic detail 

due to its ability to differentiate between tissue type. 

44



However, technical obstacles to MR based volume analysis do exist, due in particular 

to region dependent intensity variations caused by GM and WM distributions in the 

brain, deep GM structures can often be miss-classified as WM pixels after 

segmentation due to image intensity variations. We use SPM99 as it incorporates bias 

correction routines to eliminate miss-classified pixels 

In Chapter 4 we present an overview of the principles of MRI and methods of how we 

can optimise our sequences for good GM and WM contrast. 
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Chapter 4 

Principles of magnetic resonance imaging 

The aim of this chapter is to provide the reader with an overview of the principles of 

MRI (i.e. the sequences involved in the generation of MR images). We will also 

provide a review of the methods that can be employed for optimising GM and WM 

contrast. High contrast GM and WM images are essential prior to any type of tissue 

based segmentation. Many central deep GM structures have image intensities that are 

almost indistinguishable from those of WM. This can make the process of image 

segmentation very difficult. 

In 1946 Bloch (University of Stanford, USA) and Purcell (Harvard University, USA) 

discovered Nuclear Magnetic Resonance (NMR) (Bloch, Hansen ef al., 1946) 

(Purcell, Torrey et al., 1946). They independently published their results and 

subsequently shared the 1952 Nobel Prize for their discovery. Over the past several 

years MRI has developed into a very powerful and versatile diagnostic technique in 

medicine leading to the proliferation of MRI equipment which continues to encourage 

the huge amount of research currently in progress. 

4.1. Basic principles of MRI 

It became apparent during the development of the quantum mechanical concept of 

atomic structure that most nuclei possess a property called spin angular momentum, 

which is the basis of nuclear magnetism. 
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Atomic nuclei have a net positive electrical charge and those with an odd atomic 

number possess the property of spin. Only nuclei that have an odd number of protons 

possess net magnetic moments and are suitable for MRI experiments. Among these 

types of nuclei are hydrogen, carbon, phosphorus, fluorine and sodium. The most 

commonly used nucleus for MRI is the hydrogen atom. It contains only a single 

proton and electron and is found in the body in high abundance. Hydrogen protons 

have relatively strong MR signal and hence a high sensitivity. 

Under normal circumstances (i.e. the absence of an external magnetic field) the 

orientations of the hydrogen atoms are random in space and constantly changing (see 

Figure 4.1(a)). When the nuclei are placed in a strong magnetic field, the axes of the 

spins (the magnetic moments) become aligned along the field lines of the magnetic 

field, a process called magnetization. The protons may align themselves with their 

North and South poles in the direction of the external field (i.e. lie parallel to it) or 

they point in the opposite direction (i.e. lie anti-parallel) (see Figure 4.1(b)). The 

preferred state of alignment is the parallel alignment, this needs less energy. The 

difference between the numbers of nuclei aligning parallel and anti-parallel is very 

small although it is sufficient to create an MR signal. Because the magnetic moments 

are in effect vectors, parallel and anti-parallel moments cancel each other out leaving 

a net magnetization vector (NMV) in the direction of the parallel alignment. Due to 

the fact that the direction of this NMV is longitudinal to the external magnetic field, it 

is also called the longitudinal magnetization. 

ea -@ B, 

Anti-parallel 

o <—@ 
Figure 4.1 (a) In the absence of an externally applied magnetic field, the nuclear magnetic moments 
have random orientations (b) In the presence of an externally applied magnetic field (Bo), spins are 

constrained to adopt one of two orientations with respect to Bo (parallel or anti-parallel). 
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When subjected to a static external magnetic field, protons exhibit a second kind of 

movement. The magnetic moment of each proton tries to orient itself parallel with the 

lines of the applied field. Their spinning motion however prevents this thus leading to 

a movement called precession (see Figure 4.2) This is analogous to the motion of a 

spinning top precessing in the earth’s gravitational field. 

  

Figure 4.2 Nuclear precession about Bo. 

The rate of precession depends upon the type of nucleus and the net magnetic field 

which the nucleus experiences. A constant called the gyromagnetic ratio can be 

defined as the ratio of frequency of precession of a given nucleus to the strength of the 

external magnetic field. The gyromagnetic ratio can be represented by Equation 4.1 

Y= /By 
[Equation 4.1] 

where y is the gyromagnetic ratio, By the net external magnetic field and wy» the 

precessional frequency also known as the Larmor frequency. The gyromagnetic ratio 

is constant but different for different nuclei. Thus different nuclei precess at different 

frequencies in the same magnetic field. In the case of hydrogen nuclei, which consists 

of a single proton ('H), the gyromagnetic ratio is 42.57 MHz per Tesla and the 

resultant 'H frequency at 1.5 Tesla is 63.86 MHz. 

4.2 Hardware 

The MR imaging system consists of a large magnet which generates a uniform static 

magnetic field, three sets of coils to generate magnetic field gradients, an RF pulse 
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pulse generator and receiver and a computer to control the system and analyse the 

data. 

A cryogenic MR magnet consists of titanium alloy wire wound around a cylinder that 

is large enough to surround a person. The interior of the cylinder is called the ‘bore of 

the magnet’. The titanium alloy wire is cooled to near absolute zero temperatures 

using liquid helium that causes it to become a super-conducting magnet. The 

magnetic field that is generated when an electric current is applied at absolute zero 

persists even when the power source has been removed. 

Field gradients are generated by three orthogonal coils placed within the bore of the 

magnet (see section 4.5.1). 

The RF pulse is generated by a ‘transmit’ or a ‘transmit and receive’ coil within the 

bore of the magnet. It is used for changing the direction of the NMV to generate a 

signal needed for the formation of the image. The RF pulse contains a range of 

frequencies. The centre frequency and the bandwidth along with the gradient 

amplitude define the slice location and the thickness. For imaging the head a ‘transmit 

and receive’ coil is used. 

4.3. Excitation, resonance and phase 

Nuclei may be excited by the application of a short burst of electromagnetic energy 

oscillating at the precessional frequency of the nucleus. This is achieved by an RF 

pulse at the Larmor frequency. The nucleus can absorb the energy of the RF pulse, 

move to a higher energy level and re-emit this energy as it returns to equilibrium. 

This phenomenon of transition between different energy states is known as nuclear 

magnetic resonance. Resonance occurs when the frequency of the RF pulse applied is 

precisely at the Larmor frequency for that type of nucleus. The result of resonance is 

that the magnetic moments lose their random orientation and move into phase with 

each other. The phase of the spins can be defined as the position of each proton on 

the precessional path at any given time. With the protons moving into phase, the 

direction of the NMV moves out of alignment, so that the longitudinal magnetization 
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gradually decreases due to the reduced spin difference while a new magnetization 

appears in the transverse plane (see Figure 4.3). 

B 
Superior view 

  
Figure 4.3 Randomly oriented spins (A and D) begin to move into phase when exposed to an RF pulse. 
Longitudinal magnetization starts decreasing while a new magnetization appears on the transverse 
plane (B and E). Finally all longitudinal magnetization is lost, all the spins are in phase and full 

magnetization is on the transverse plane (C and F) (modified from Schild, 1990). 

The angle © between the Bo direction and the NMV is called the flip angle (see Figure 

4.4). The degree of the flip angle depends on the duration and amplitude of the RF 

pulse. If an RF pulse with enough energy to rotate the NMV 90° from the Bo direction 

is applied, all the NMV will start rotating in the transverse plane. This rotating vector 

is called transverse magnetization. 

  

Figure 4.4 (a) Flip angle 0 is the angle between the direction of the external magnetic field and the 
NMV (0b) if the angle is 90° all of the NMV would precess on the transverse plane (modified from 

Schild, 1990). 
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4.4 Relaxation processes 

Equal in importance to resonance absorption in MRI is the concept of relaxation. 

Relaxation provides the primary mechanism for image contrast. In resonance 

absorption, RF energy is absorbed by the protons when at the correct frequency. 

Relaxation is the process by which protons release this energy and return to their 

original configuration. 

4.4.1 T1 Relaxation 

Following the termination of the RF pulse, the nuclei dissipate their excess energy to 

the surrounding environment (or lattice), and revert to their equilibrium position. 

Realignment of the nuclei along Bo leads to a gradual recovery in the longitudinal 

magnetization. This is called relaxation. 

The nuclei from different tissues relax back to equilibrium at different rates. The rate 

at which the realignment is re-established depends on the rate that the excess energy is 

dissipated into the lattice, which is different for each tissue. The increase in the 

longitudinal magnetization is called recovery and the time required for 63 % of the 

NMYV to recover is called T1 or the longitudinal relaxation time (see Figure 4.5). The 

process of equilibrium restoration is exponential. 

  

Figure 4.5 Longitudinal magnetization gradually increases the cessation of the RF pulse. T1 relaxation 
time is the time constant required for 63 % of NMV to recover (modified from Schild, 1990). 

4.4.2 T2 Relaxation 

As well as dissipating their excess energy to the lattice, the magnetic moments of the 

nuclei start interacting with each other as well. This leads to a rapid decrease in 

magnetization in the transverse plane (see Figure 4.6). The time it takes for the 
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transverse magnetization to decay to 37 % of its original magnitude is called T2 

relaxation time. 

  

Figure 4.6 T2 relaxation is a decay of magnetization in the transverse plane following the termination 
of the RF pulse with an exponential time constant T2 relaxation time (modified from Schild, 1990). 

The decrease in the transverse magnetization is called T2 decay. Unlike T1 

interactions, this does not involve the emission of energy. The rate of decay of 

transverse magnetization is an exponential process and it is described by a time 

constant T2* (see Figure 4.7). This is a combined result of decay processes and Bo 

inhomogeneity, which accelerates the slower dephasing. Non-uniformity in By comes 

from three sources. Firstly, magnet inhomogeneity (i.e. non-uniformity in Bo due to 

imperfections in magnet manufacturing, composition of nearby building walls or 

other external sources of metal). Secondly, sample induced inhomogeneity (i.e. 

differences in the magnetic susceptibility or degree of magnetization of adjacent 

tissues will distort the local magnetic field near the interface between the different 

tissues). Thirdly, imaging gradients (i.e. techniques used for spatial localisation 

generates a magnetic field inhomogeneity which induces proton dephasing). 

To obtain signal with a T2 dependence rather than T2* dependence, a pulse sequence 

has been devised which aims to remove the effect of Bo inhomogeneity. This 

increases the amount of time that the signal is present for. The pulse sequence is 

known as the Spin-Echo (described in section 4.7.1). 

53



T2 decay 

2nd spin 

echo   
Figure 4.7 The rate of decay of transverse magnetization is an exponential process and it is described 
by a time constant T2*. Ifa 180° refocusing pulse is applied after a delay (TE/2) the magnetic field 
inhomogeneities can be corrected and further echoes can be obtained. The echo to echo decay rate is 

described by T2 and it is much longer than T2* (modified from Schild, 1990). 

4.5 Image formation 

MRI is now a widely accepted diagnostic imaging method in clinical practice. 

Magnetic field gradients encode individual volume elements (voxels) within a sample 

with phase and frequency information so distance along the gradient represents 

change in phase or frequency. The signal intensity of each voxel is then converted to 

a grey scale, with white corresponding to maximum signal and black corresponding to 

zero signal. Knowledge of magnetic field gradients is required before further 

explanation of MRI image contrast. 

4.5.1 Magnetic field gradients 

The static magnetic field is designed to be uniform. Superimposition of a temporary 

magnetic field gradient on the main field results in a linear variation along the 

magnetic field. The middle of the axis of the gradient remains at the field strength of 

the main magnetic field and it is called the magnetic isocentre. 

Gradients can be added to the static magnetic field in any direction and are used for 

three purposes; for slice selection, phase encoding and frequency encoding. 
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4.5.1.1 Slice select gradients 

Slice select gradients are used to select the region to be imaged and separate it from 

the neighbouring regions. It is possible to select axial, coronal or sagittal slices by 

superimposing the gradient in the x, y or z planes. Oblique slices can also be selected 

by a combination of two gradients in different planes. With the slice selection 

gradient switched on and the application of a single frequency RF pulse to the whole 

sample, only a narrow plane perpendicular to the longitudinal axis at the centre of the 

sample will absorb the RF energy. Since everywhere else in the sample is receiving 

the wrong frequency of excitation for resonance to occur a slice has been excited in 

the sample leaving the rest of the sample in its equilibrium state. If the current in the 

gradient coil is increased then the magnetic field gradient will be stronger and the 

selected slice thinner (see Figure 4.8). 

4.5.1.2 Phase encoding gradients 

Phase encoding gradients move the spins out of phase. A phase encoding gradient is 

applied orthogonally to the other two gradients after slice selection and excitation, but 

before frequency encoding. The phase encoding gradient does not change the 

frequency of the received signal because it is not on during signal acquisition but the 

‘phase memory’ remembers the relative phase throughout the slice. If an image 

consists of 256 x 256 pixels, then the pulse sequence will be repeated 256 times and 

the only gradient changed is the phase encoding gradient. This will change in a 

stepwise fashion, decreasing in amplitude each time, until it reaches zero, then 

incrementing in the opposite direction, until it reaches the same amplitude but 

opposite in direction to the first phase encoding gradient. The data from each phase 

encoding step is stored by the computer. At the end of the scan the computer will 

hold 256 views, each one representing a phase encoding step and each will have 256 

samples of frequency. A Fourier transformation allows phase information to be 

extracted. Any pixel at a point x, y in the slice will be assigned the intensity of signal 

which has the correct phase and frequency corresponding to that pixel. The signal 

intensity is then converted to a grey scale to form an image. 
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4.5.1.3 Frequency encoding gradients 

Frequency encoding gradients cause the nuclei at different points to precess at 

different frequencies with each frequency corresponding to a different spatial 

position. The frequency encoding gradient is turned on just before the receiver is 

gated on and is left on while the signal is sampled or read out. For this reason, the 

frequency-encoding gradient is often called the readout gradient. The total signal 

received will be an interference pattern of all the different frequencies, but after 

Fourier Transformation (i.e. the conversion of the signal amplitudes from a function 

of time to a function of frequency) they provide a series of lines or views representing 

the columns in the slice. 

The first step in creating an MR image is the simultaneous application of the slice 

select gradient and excitation of this slice by the application of an RF pulse at 

resonant frequency for that type of nucleus. Only the nuclei in the selected slice will 

resonate while the rest, because they are subjected to a frequency other than their 

resonant frequency, will not. The position of the slice to be selected can be altered 

either by using RF pulses with different frequencies for each region or by using the 

same frequency RF pulse and shifting the slice select gradient. The slice thickness 

depends on the magnitude of the slice select gradient and the RF bandwidth (see 

Figure 4.8). 

Slice select gradient Bandwidth of transmitted frequencies 

oe 

Slice thickness, t 

z3 

  

Figure 4.8 Slice selection process. In the presence of a slice select gradient, the total magnetic field 
that a proton experiences depends on its position according to Equation 4.1. Tissue located at position 
zJ will absorb RF energy. Each position will have a unique resonant frequency. The slice thickness t 

is determined by the amplitude of slice select gradient and by the bandwidth of transmitted frequencies 

(modified from Brown and Semelka, 1995). 
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4.6 Imaging parameters, image weighting and contrast 

One of the strengths of MRI is its ability to generate high quality diagnostic images in 

a reasonable measurement time. The diagnostic potential of an MR image is 

determined by two factors. Firstly, the SNR of the image and secondly, the intensity 

differences or contrast between adjacent tissues in the region of interest (ROI). Both 

contrast and SNR in an MR image are affected by parameters selected by the 

operator. The timing parameters selected specifically determine the weighting of the 

images. The quality of the images is controlled by many factors and it is of 

paramount importance that the operator is aware of these factors and how they 

interrelate to consistently provide optimal image quality. We provide a review of 

these parameters and summarise them in Table 4.1. 

TR (repetition time) measured in milli-seconds (msec), is the time between 

successive RF excitation pulses applied to a given volume of tissue. In conjunction 

with the flip angle (detailed below), TR determines the amount of T1- and PD- 

weighting contributing to image contrast. 

TE (echo time) measured in msec, is the time between the excitation pulse and the 

echo. The TE determines the amount of T2-weighting for spin echo (SE) images. For 

gradient echo (GE) images, TE determines the amount of T2*-weighting and the ratio 

of fat and water contributions. 

Echo Train Length (ETL) is the number of echoes (number of phase encoding steps) 

following an excitation pulse that is used to create an image. The ETL is used in fast 

spin echo (FSE) and fast inversion recovery sequences. Longer ETL’s allow shorter 

scan times through more efficient data collection. 

Flip angle measured in degrees, is the amount of rotation away from the equilibrium 

axis that M undergoes through RF absorption. The flip angle is related to the amount 

of signal produced. The flip angle is usually 90° to generate the maximum transverse 

magnetization. Together with TR and TE and the T1 and T2 values for the individual 

tissues the flip angle determines the amount of T1- and PD- weighting present in an 

image. 

Slice thickness, measured in milli-metres (mm), is the volume of tissue in the slice 

selection direction that absorbs the RF energy during irradiation. Thicker slices 
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provide more signal per voxel while thinner slices produce less partial volume 

averaging. 

Slice gap, measured in mm, is the space between slices. The slice gap allows a 

method to compensate for the imperfect RF excitation pulses. 

Field of View (FOV), measured in mm?/cm’, specifies the area from which the MR 

signals are sampled. Increasing resolution is achieved by decreasing the FOV, which 

decreases the voxel size as the expense of the S/N. 

Acquisition matrix divides the FOV into individual areas, which together with the 

slice thickness define the voxel size. The acquisition matrix consists of two numbers, 

one specifies the number of phase encoding steps (Npg) and the other specifies the 

number of readout sampling data points (Ngo). Increased resolution may be obtained 

by using larger acquisition matrices to produce smaller voxels. 

Image matrix comprises the number of rows and columns of the image. Image 

matrices are usually square, with equal numbers of rows and columns. 

Number of excitation pulses (NEX) is the number of times the signal from a given 

slice for a given phase encoding step will be measured and added together for signal 

averaging. 

Parameter Effect on scan            
       

      

Direction of Effect on resolution Effect on SNR 

change    
      
     
    

  

         

   

         

    

time 

TR Increase None Increase Increase, Linear 

TE Increase None Decrease None 

Flip angle Increase None Increase for long TR None 

    

  

Decrease for short TR 

Decrease, Linear 
    

    

    
     
     

  

        

     
     

     

  

     

     
     

     

  

           
          

  

   
Slice thickness | Decrease Increase, Linear None 

FOV Decrease Increase, Linear Decrease, Linear None 

Nro Increase Increase, Linear Decrease, Linear None 
Neg Increase Increase, Linear Decrease, Linear Increase, Linear    

Increase None Increase, square root Increase, Linear 

Table 4.1 Summary of parameter changes and their measurement effects 
(Table adapted from Brown and Semelka, 1995). 

NEX      

For a given type of nucleus in a given environment, the TR determines the amount of 

T1 relaxation. The longer the TR, the more longitudinal magnetization is recovered. 

Tissues with a short T1 have greater signal intensity than tissues with a long T1 at a 

given TR value (see Figure 4.9). A long TR allows more magnetization to recover 

and thus reduces differences in the T1 contribution to image contrast. The TE on the 

other hand determines how much decay of the transverse magnetization is allowed to 

occur before the signal is read. Therefore it controls the amount of T2 relaxation. 
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The application of RF pulses at different TR’s and the receiving of signals at different 

TE produces variations in tissue contrast in MR images. 
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Figure 4.9 Ranking of (a) T1 and (b) T2 relaxation times of fat, WM, GM and CSF (modified from 
Horowitz, 1989). 

Signal intensity in MRI is dependent on at least three parameters intrinsic to the 

tissue, T1 relaxation time, T2 relaxation time and PD. MR images are often referred 

to as ‘weighted’ by T1, T2 or PD. The TR, TE and flip angle control this weighting. 

The amount of signal from a given voxel is directly proportional to the number of 

protons in that voxel. If the tissues have different densities of protons, a contrast is 

generated between them. Images that use this principle for visualisation are called 

PD-weighted images. Almost every part of the brain has similar proton densities, so it 

is relatively difficult to distinguish structures from each other. On T1-weighted 

images the image contrast is mainly affected by T1 relaxation time while on T2- 

weighted images by T2 relaxation time. 

In a T1-weighted image, differences in the T1 times of the tissues are emphasised and 

differences in the T2 times are minimised. To avoid full recovery of CSF, TR must 

be short. To minimise T2 decay TE must be short so that CSF and fat do not have 

time to decay. Tl-weighted images give good GM/WM contrast and GM/CSF 

contrast during the imaging of the brain. On the other hand, for a T2-weighted image, 

TR should be long enough to allow full recovery of all tissues and TE should be long 

enough so that the magnetic moments from different tissues will have sufficient time 
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to decay to show the difference between their T2 time constants. T2-weighted images 

are more sensitive to pathologic change. 

   

   
  

      

   

   

    

  

T1-weighted 
T2-weighted Long (SE) 

PD-weighted Long (SE) 

  

Fairly short (GE) 

Table 4.2 TR’s and TE’s used in SE and GE pulse sequences 

  

4.7 MRI sequences 

The pulse sequence contains the instructions necessary to manipulate the hardware so 

as to acquire an image. A pulse sequence is a combination of RF pulses and gradients 

with intervening periods of recovery. A pulse sequence consists of several 

components, of which the main ones are TR, TE, flip angle, NEX, bandwidth and 

acquisition matrix. 

Acquisition of an MR image relies on refocussing the nuclei in order to get the 

maximum signal and this can be achieved using a 180° pulse or a gradient, in SE and 

GE sequences respectively. 

4.7.1 Spin echo pulse (SE) sequence 

The SE sequence is the most commonly used pulse sequence in clinical imaging (see 

Figure 4.10). 

In MRI, maximum signal is acquired when all the excited protons are in phase. SE 

sequences initially use a 90° RF pulse. After the RF pulse the magnetization vectors 

start to dephase and this loss of cohetence is accelerated by inhomogeneities in the 

static magnetic field. This dephasing causes a signal loss, which is denoted by T2*, 

but much of the signal can be recovered if a 180° pulse at a time TE/2 after the 90° 

pulse is used (see Figure 4.11). The 180° pulse flips the magnetization vectors so that 

the slow and fast magnetization vectors exchange positions ad come into phase again 

at time TE, restoring the transverse magnetization with maximal signal, the ‘echo’. 

Correction for field inhomogeneities with a 180° pulse makes SE sequences less 

sensitive to By inhomogeneity. 

60



Frequency 
Encode 

Phase 

Encode 

Receiver   
Figure 4.10 SE pulse sequence 

  

180° pulse 

Figure 4.11 Dephasing spins brought back into phase using a 180° refocussing pulse to form a SE 
(modified from Horowitz, 1989). 

The sequence has at least two RF pulses, an excitation pulse (usually 90°), and one or 

more 180° pulses that generate the spin echo(es). A 180° pulse is required for every 

echo that is produced. The sequence is characterised by two user-defined parameters, 

TE and TR. The TE, is the time between the application of the 90° pulse, which 

creates the detectable magnetization, and the peak of the detected echo. The time 

between consecutive applications of the 90° pulse is the TR. 
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4.7.2 Fast spin echo pulse (FSE) sequence 

The FSE is a modified SE sequence. It reduces the scan time dramatically in 

comparison with the conventional SE. In conventional SE sequences there is one 

phase encoding for each TR period. With FSE more than one phase encoding is 

acquired per TR, hence more lines of K-space can be filled per phase encode. It 

achieves this by using a ‘train’ of 180° pulses, which produces a series of spin echoes. 

Instead of being put into separate images (as in a dual echo sequence) each echo now 

has a different phase encoding gradient. This means that multiple phase encodings 

are done in each TR period, which therefore reduces scan time significantly. 

The number of echoes phase-encoded is called the ETL. For a given ETL, the 

theoretical reduction in scan time obtained by using FSE as compared to conventional 

SE is a factor of ETL (e.g. for an ETL of 6 the image can be acquired in one-sixth of 

the time). For the same amount of acquisition time (used in a conventional SE 

sequence) the FSE sequence can improve the SNR or the spatial resolution of the 

scans. When FSE is used to obtain PD- or T1-weighted images, the use of long ETLs 

at short TE’s can cause the loss of contrast for small lesions with relatively short T2 

relaxation times. Practically maximum ETL’s of 3-4 are used for T1-weighting. 

Fortunately, this is not a problem in T2-weighted image acquisition. The contrast is 

based on an effective TE as there are echoes with different TE’s contributing to the 

final image. T2-weighted FSE image contrast is similar to that obtained with 

conventional SE for a given set of TE and TR values. The main difference is that fat 

is significantly brighter on T2-weighted FSE sequences than on T2-weighted 

conventional SE sequences using the same TE and TR values. Fat suppression 

techniques are often necessary. In addition, T2-weighted FSE images show less loss 

of signal intensity from susceptibility changes resulting from iron or de- 

oxyhemoglobin. Regions that are hypointense on conventional T2-weighted images 

due to iron (e.g., globus pallidus and red nucleus) or deoxyhemoglobin are less 

hypointense on T2-weighted FSE images. This limits the routine application of FSE 

sequences for intracranial T2-weighted imaging. 
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4.7.3 Gradient echo (GE) pulse sequences 

GE sequences do not use a 180° pulse for refoccusing (see Figure 4.12). The echo is 

generated through gradient reversal. The main reason for using gradients instead of a 

180° pulse is pulse gradients are quicker to apply. Application of imaging gradients 

induce proton dephasing, the application of a second gradient pulse of the same 

duration and magnitude but opposite polarity reverses this dephasing and produces an 

echo known as a gradient echo. GE sequences have gradient reversal pulses in at least 

two directions, the slice selection and the readout directions, that generate the echo 

signal. Flip angles less than 90° are normally used. Unlike the SE pulse sequence, 

GE sequences cannot correct for the Bp inhomogeneities. 

The simplest GE sequence is a spoiled GE sequence. This is also known as SPGR 

(gradient recalled acquisition in the steady state). This sequence uses a spoiling 

scheme, either gradient pulses or RF phase variation, to dephase the transverse 

magnetization following signal detection. 

The scan time can be reduced by using a shorter TR, but at the expense of SNR and 

increased artefact due to the magnetic susceptibility between tissues. The magnetic 

susceptibility is a measure of the electronic polarisation induced by the external 

magnetic field. The degree of polarisation depends on the electronic and atomic 

structure of the sample. At the interface of bone and tissue or air and tissue, there is an 

apparent loss of signal. These artefacts become worse as TE is increased and is more 

obvious at the skull base. The speed of GE sequences has made them the technique of 

choice for obtaining T1-weighted images for a large number of slices or a volume of 

tissue. GE sequences are frequently used to acquire T1l-weighted three-dimensional 

(3D) volume data which can be reformatted to display the slices in any plane. For 

instance, via reformatting, a sagittal prescription can be displayed in an axial, a 

coronal, or any oblique orientation. The reformatted data will not have the same in- 

plane resolution as the original images unless the voxel dimensions are the same in all 

three directions (i.e. isotropic voxels). Volume data have been widely applied to 

construct 3D rendered images for surgical planning. 3D SPGR data sets are presented 

in Chapters 6 and 7. The significance of acquiring SPGR volume data sets is their 
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ability to provide 3D probability maps of the GM and WM compartments (Ashburner 

and Friston, 2000). 

Frequency 
Encode 

Signal   
Figure 4.12 SPGR pulse sequence 

4.8 Artefacts 

There are many types of artefacts that can arise in MRI scanning. These may have a 

direct influence on image quality or give rise to distortions that lead to wrong 

interpretation or diagnosis. The term artefact refers to the occurrence of undesired 

image distortions which lead to misinterpretation of MRI data, i.e. pixels that do not 

faithfully represent the anatomy being studied. Artefacts fall into two main 

categories; those generated by sources external to the patient and those induced by the 

patient. 

The most common artefacts are motion artefacts (i.e. they are caused by the patient). 

MR generally takes a longer time to acquire data relative to other imaging methods 

(eg ultrasound or X-ray techniques). In the process of acquiring image data, 

movement of part or all of the patient will cause undesirable image degradation. 

These artefacts may be caused by arterial pulsations, breathing, swallowing, 

peristalsis, and physical movement of the patient. 
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Gibbs or truncation artefacts are bright or dark lines and usually occur parallel and 

adjacent to interfaces of sudden intensity change. The interface between bright CSF 

and dark spinal cord may cause the artefact and mimic a small syrinx. Gibbs artefacts 

are also seen in other locations such as at the brain/calvarium interface. This artefact 

is associated with the finite number of phase encoding steps employed by the Fourier 

transform to reconstruct an image, and the artefact is reduced by increasing the 

number of phase encoding steps or increasing the matrix size. 

Certain artefacts are easy to confuse with true pathologies. Unidentified bright 

objects can occasionally be observed in the subcortical areas of the brain due to partial 

volume effects induced by deep cortical sulci (see below). 

4.9 Partial volume averaging 

Partial voluming can often be seen on MR images due to the complex nature of tissue 

interfaces. Partial volume is the term used to describe voxels that contain a mixture of 

two or more tissues. The observed signal in partial volume regions is a weighted 

average of the signal from the two constituent tissues. As voxels have finite sizes, 

partial volume effects in brain imaging, even using very thin slices are inevitable. 

Partial volume averaging errors are caused by the finite spatial extent of an imaging 

system’s point spread function. Partial volume averaging occurs when more than one 

tissue is within the extent of the systems point spread function, which for most MR 

systems is approximated by a voxel’s dimensions. Compensating for the partial 

volume effect in MR images is difficult. The convoluted nature of the brain results in 

structures with a large surface area to volume ratio. This results in increased partial 

volume averaging and is most noticeable at the GM/CSF boundary, where a high 

surface area to volume ratio and intrinsic high contrast exist. Voxels along such a 

boundary can take on the entire range of values between the two boundaries and 

therefore contribute to the fuzzy nature of the boundary. These cumulative errors 

confound and complicate boundary definition and present significant obstacles to the 

measurement of GM and WM volumes (Herndon, Lancaster et al., 1996). 
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4.10 Summary 

The advent of new and improved imaging devices has allowed an impressive increase 

in the accuracy and precision of MRI acquisitions. However, the volumetric nature of 

the image formation process implies an inherent uncertainty, known as the partial 

volume effect (see section 4.9), which can be further affected by artefacts such as 

magnetic inhomogeneities and noise (see section 4.8). These degradations seriously 

challenge the application to MRI of any segmentation technique. 

Measurement of GM and WM volume in the in vivo human brain is critical for 

understanding how disease affects these structures. The high spatial resolution, 

excellent tissue contrast between the GM and WM compartments in addition to the 

non-ionising radiation all make MRI a very convenient modality for quantitative 

neuro-imaging studies. 
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Chapter 5 

Stereology and the Cavalieri methods of volume estimation 

Before we apply new stereological formulae for estimating the volume of GM and 

WM in the brain we firstly want to provide the reader with an introduction to 

stereology, in particular the Cavalieri methods of volume estimation. 

Modern stereological methods are named after Bonaventura Cavalieri (1598-1647) 

(see Figure 5.1), who as a student of Galileo in the seventeenth century made 

significant advances in the mathematics of numerical integration and was the first to 

consider the measurement of volume via the analysis of sections through 3D solid 

objects. 

  

Figure 5.1 Portrait of Bonaventura Cavalieri (1598-1647) 
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In this chapter two mathematically unbiased stereological methods for estimating 

volume are described, firstly, the Cavalieri sections method and secondly, Cavalieri 

slices method of modern design stereology (Cavalieri, 1635) (Gundersen and Jensen, 

1987) (Gual Arnau and Cruz-Orive, 1998). 

Modern brain imaging techniques such as MRI and X-ray CT have made it possible to 

make non-invasive volumetric measurements of brain structures in their exact 

locations. 

The precision of a volume estimate obtained using the Cavalieri sections method can 

be measured by its CE, (CE = standard error (SE) /mean). Conventional statistical 

formulae cannot be applied to measure the error prediction because Standard error on 

the mean (SEM) = Standard deviation/Vn and standard deviation (SD) can only be 

applied to random sampling. Since these sections were acquired systematically, one 

transect area of a section is not independent from the rest. Gundersen & Jensen 

(Gundersen and Jensen, 1987) developed a formula to assess the precision of the 

volume estimate based on the theory by Matheron (Matheron, 1965; Matheron, 1971) 

and Cruz Orive further developed this formula (Cruz-Orive, 1993). 

Modern stereological methods are design based, i.e. they make no assumption about 

the shape or orientation of the object being investigated. Design based methods, 

developed over the past decade, dictate the optimum sampling strategies for efficient 

and unbiased quantification of the size and morphology of 3D structures from image 

sections. Model based methods take the shape of the object into account and may be 

biased to an unknown extent (Howard, 1990). 

5.1. Definitions and concepts of design based stereology 

Stereology is fundamentally statistical in nature. The methods rely upon appropriate 

sampling design and a robust sampling theory. Regardless of their origin such images 

should always be collected by random sampling procedures. The reason being that 

only rigorously defined and executed random sampling, giving every item in the 

population the same chance of being selected will provide an unbiased sample. This 

is important because any other sampling scheme will introduce bias. (Gundersen and 
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Jensen, 1987) (Mayhew, 1992) (Cruz-Orive, 1993) (Cruz-Orive and Roberts, 1993) 

(Roberts, Cruz-Orive et al., 1993) (Roberts, Garden et al., 1994) (Howard and Reed, 

1998) (Gundersen, Jensen et al., 1999) (Cruz-Orive, 1999) (McNulty, Cruz-Orive et 

al., 2000). 

The fundamental feature of the methods used in stereological research is their ability 

to determine the size of such structures by measurements on the cut surface of the 

specimen. In stereology, 2D figures provide information on 3D structures. The 

theory was only realised after appreciable developments in geometry, statistics and 

mathematics. The basic principles and actual stereological methods were mostly due 

to the work of petrographers and material scientists (De Hoff and Rhines, 1968) 

(Underwood, 1970) (Williams, 1978) (Weibel, 1979) (Weibel, 1980). The virtues of 

the stereological methods were acknowledged with the formation of the International 

Society for Stereology in 1961. A large share of the exponential growth during recent 

decades has resulted in the application of stereological methods in biology rather than 

in material sciences. These developments have largely been due to the work of Ewald 

R. Weibel and his group in Berne (Gundersen, 1984). 

Stereology is concerned with making quantitative estimates of the ‘amount’ of 

geometrical feature within the object of interest. Stereology has been defined as the 

“statistical inference of geometrical parameters using sampled information” (Davy 

and Miles, 1977) (Weibel, 1979) (Baddeley, Gunderson et al., 1986). 

Stereological methods can be applied at all levels of organisation from the organelle 

to the whole organ and can be employed to estimate: numbers of particles (e.g. nerve 

fibres, neurons or glial cells), lengths (e.g. of neurites), surface areas (e.g. cerebral 

cortex) and volumes (e.g. GM, WM and HEM, temporal lobes, hippocampi, 

amygdali, caudate nucleus, lateral ventricles etc.) (Mayhew, 1992). Physical and 

optical slices are excellent methods of analysing data. The advent of modern 3D 

medical imaging techniques such as MRI and CT have made in vivo volume 

estimations a reality. (Roberts, Cruz-Orive et al., 1993) (Roberts, Garden et al., 1994) 

(Keshaven, Anderson et al., 1995) (Light, Roberts et al., 1995) (Mackay, Roberts et 

al., 1998) (Mackay, Pakkenberg et al., 1999) (McNulty, Cruz-Orive et al., 2000) 

(Roberts, Puddephat et al., 2000). } 
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The reader is directed to the following references (and references therein) for further 

reviews and explanations on the stereological estimators (Gundersen, 1984) (Cruz- 

Orive and Hunziker, 1986) (Gundersen and Jensen, 1987) (Mayhew, 1991) (Mayhew, 

1992) (Cruz-Orive, 1993) (Cruz-Orive, 1994) (Cruz-Orive and Howard, 1995) 

(Howard and Reed, 1998). 

2D sections contain quantitative information about 3D structures only in a statistical 

sense. For this statistical information to be ‘true’ or unbiased certain requirements 

should be fulfilled about the sections and the way in which they are obtained 

(Gundersen, 1984). Bias is the measure of accuracy of the estimator and means 

‘without systematic deviation from the true value’. After an infinite number of trials, 

an unbiased estimator will, by definition, converge on the correct result. 

Alternatively, a biased estimator will systematically converge on a value that is 

incorrect. Efficiency means ‘with low variability after spending a moderate amount 

of time’ (Howard, 1990). 

5.2 Estimation of section area 

Both manual and semi-automated methods are developed for estimation of section 

areas. When an imaging technique is used for data acquisition, two methods are most 

commonly employed; those of planimetry and point counting. 

5.2.1 Planimetry 

Planimetry is the tracing around and defining of ROIs with a mouse or other pointing 

device and counting the number of pixels in that area. A computer algorithm gives 

the number of pixels within the area. As the size of the pixel is known it is 

straightforward to calculate the area and volume. 

5.2.2 Point counting 

Point counting methods involve overlaying a test system over an image. The test 

system being a regularly spaced area of points, lines or areas used for estimating 

length, area or volume. It can be a transparent sheet overlaid the hardcopy of 

transects or it can be incorporated into computer software and then superimposed 

upon digital images. By counting the number of points that fall inside the ROI and 
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multiplying the total number of points by the area per point gives an unbiased 

estimate of section area. 

5.3 Estimation of volume using the Cavalieri sections 
method 

5.3.1 Volume estimator 

Estimation of volume by the Cavalieri sections method begins with exhaustive 

sectioning of the object with infinitely thin parallel slices, a constant distance apart 

(Gundersen and Jensen, 1987). There should be no preferred starting position for 

slicing and sectioning should begin at a random position within the interval 0<z<T, 

where z is the starting position and T is the sectioning interval. Each part of the object 

therefore has the same chance of being included in the sample before sampling 

actually starts. Next sections are obtained at equal distances (7) from the previous 

(see Figure 5.2). 

Volume of 4" slab = A, - 7 

  

Figure 5.2 Illustration of the Cavalieri method. An object of arbitrary shape is intersected by a series 
of parallel cutting planes/transects (i.e. serial sections) a known and fixed distance apart of T units. The 

number of sections hitting the object in this example is eight which gives rise to nine slabs of the 
object. The fourth slab is shown extracted from the object. The thickness of the slab is T units, and the 

volume is given approximately by the cross-sectional area of the third transect times the distance factor 
T (Figure reproduced from Howard and Reid, 1998). 

The Cavalieri sections estimator of the volume (V), (Gundersen, 1987) (Gual Arnau 

and Cruz-Orive, 1998) is: 

V=T-> A(z+kT) 
keZ 
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=T-(A, +A, +....+A,), cm’, 

[Equation 5.1] 

where A;, A, denote the first and last non-zero section areas respectively and A», As, 

..., An.1 denote the intermediate section areas in sequential order; some of these may 

be zero if the object consists of several separate parts. The unbiasedness property 

tightly depends upon the ‘random start’ of the series, formalised by the requirement 

that z is uniform random between 0 and 7. The mean number n of sections is H/T, 

where #7 is the length of the shortest connected segment containing the orthogonal 

linear projection of the object onto the sampling axis. If the section areas can not be 

properly be segmented and measured automatically, then point counting techniques 

represent a reliable and efficient approach (Mathieu, Cruz-Orive et al., 1981) 

(Gundersen and Jensen, 1987) (Roberts, Cruz-Orive et al., 1993) (Roberts, Garden et 

al., 1994) (Roberts, Puddephat et al., 2000). 

The unbiasedness property of the Cavalieri estimator is guaranteed by a strict 

observation of the sampling rules, and neither can, nor has to be validated with data 

(Howard and Reed, 1998), p.39, 155, (Cruz-Orive, 1994). Contrary to the volume 

estimator itself, which is always unbiased irrespective of object shape, the error 

prediction formulae give good approximations which depend on object shape; there is 

scope to devise empirical re-sampling methods to check the adequacy of such formula 

for specific objects. 

Numerous reports have been published using in vivo data and the Cavalieri sections 

method of modern design stereology (Roberts, Cruz-Orive et al., 1993) (Roberts, 

Garden et al., 1994) (Roberts, Puddephat et al., 2000) (Mayhew, 1992) (Gundersen 

and Jensen, 1987) (Keshaven, Anderson et al., 1995) (Mackay, Pakkenberg et al., 

1999), 

5.3.2 Error prediction formulae 

The precision of a volume estimate obtained using the Cavalieri sections method can 

be measured by its CE. Prediction of the CE for systematic sections is not 
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straightforward. Areas of the structure of interest on consecutive systematic sections 

are not independent quantities and so conventional statistical formulae can not be 

applied. A reasonable (but not mathematically unbiased) error prediction formula for 

the Cavalieri method was developed by Gundersen and Jensen in 1987 (see Equation 

5.2) (Gundersen and Jensen, 1987) based on the theoretical work of Matheron in 1965 

and 1971) (Matheron, 1965; Matheron, 1971). It had long been known that the 

variance of an estimate obtained by systematic sampling corresponds to the difference 

between the integral of the covariogram of the true function and a discrete 

approximation of this integral. Matheron showed that the difference could be 

evaluated using the so-called Euler-MacLaurin formula to model the behaviour of the 

covariogram near the origin (Matheron, 1965; Matheron, 1971). 

cav)=(Sa) 2 [a4 SAA. -4S4 AC } 

[Equation 5.2] 

Gundersen and Jensen (1987) (Gundersen and Jensen, 1987) demonstrated that 

systematic sampling is more efficient than random sampling by a factor that is 

generally equal to the square root of the number of sections analysed. For example, 

only ten systematic sections are required to give the same precision as 100 random 

sections. 

In a study estimating the volumes of body composition Roberts and colleagues 

(Roberts, Cruz-Orive et al., 1993) found that Equation 5.2 tended to underestimate the 

true variance for irregular, occasionally disconnected structures. Subsequently Cruz- 

Orive proposed an alternative error prediction formulae to be used in volume 

estimation of structures in which the profile of transect areas on consecutive sections 

is similar to that obtained for an ellipsoid (see Equation 5.3) (Cruz-Orive, 1993). 

CE(V )= ($4) jae he 4D AA } 
i=l 

[Equation 5.3] 
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5.4 Estimation of volume using the Cavalieri slices method 

The Cavalieri sections method strictly applies to infinitely thin sections for sampling 

(Gundersen and Jensen, 1987). Unfortunately this is not the case in MRI, in which 

the images refer to slabs of tissue with a certain thickness. The finite thickness of 

slices causes superimposition of adjacent structures (the partial volume effect). 

Partial voluming can reduce the accuracy of the volume estimate and may introduce 

bias. Methods of image acquisition and analysis continue to develop in order that we 

may minimise (or even eliminate the partial voluming artefact). In these situations the 

stereological method known as the Cavalieri slices method can be used to estimate the 

volume of a structure using slices of finite thickness. Gual Arnau & Cruz-Orive have 

described the method and proposed formulae to predict the CE on the volume 

estimate (Gual Arnau and Cruz-Orive, 1998). 

5.4.1 Volume estimator 

As was the case with Cavalieri sections sampling the Cavalieri slices method requires 

that the structure of interest is sectioned from end to end with a series of systematic 

slab probes of thickness t and with a constant distance T > t between consecutive 

slabs. Sampling should begin from a uniform random starting position; (e.g. the left 

hand edge of the first slab probe should be uniform random in the interval 7). 

The unbiased Cavalieri slices estimate of tissue volume is given by Equation 5.4 

V=— DV (c+ kD) 
kez 

a eh eee 
t 

[Equation 5.4] 

where Vj, V, denote the first and last non-zero slice volumes, respectively and V2, V3, 

..-» Vn denote the intermediate slice volumes (some of which may be zero) in 

sequential order. The mean value of n is shown to be (A + £)/T. 

5.4.2 Error prediction formulae for the Cavalieri slices method 
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Predicting the CE associated with the Cavalieri slices method can be performed for 

objects of arbitrary shape and for those of quasi-ellipsoidal shape (see Equation 5.5) 

(Gual Arnau and Cruz-Orive, 1998). 

i =: n=. NY, n 

CE(V) = fawn ‘BV + F VV us 4S VV, ) DEA 
i=l i=l i=l i=l 

[Equation 5.5] 

The choice of the coefficient a@(t/T) depends on the value of the smoothness 

constant (m) of the area function A(- ) (Kieu, Souchet et al., 1999) (Cruz-Orive, 1999) 

(Souchet, 1995) (Kieu, 1997). 

5.4.3 Calculation of the smoothness constant m 

To estimate m (see Equation 5.6) we need a sample of Cavalieri sections satisfying 

the following conditions: 

@ Their number should be similar to that used in subsequent routine work, but in any 

case no less than five. 

¢ They should come from the type of object under study; for instance, if we are 

interested in the in vivo human brain, the sections should come from a similar 

brain. To estimate m it may suffice to use one or two objects of the chosen type. 

¢ They should cut the object at the same orientation (e.g. coronal) as the routine 

series to be used later. The value of m may vary with section orientation. 

@ They should ideally be infinitely thin (i.e. of zero thickness), or ‘as thin as 

possible’ in practice for large brain compartments, slices of t <1 mm thickness 

will do; i.e. these slices maybe regarded as infinitely thin ones. 

Let r denote the number of Cavalieri sections used which satisfy the preceding 

conditions, and let {Aj, A», ..., A,} represent the corresponding section areas, 

measured with negligible error. Apply the Kiéu-Souchet formula (Kieu, 1997) (Kieu, 

Souchet et al., 1999): 
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1 3) A; + S A, Ai, ~~ DY A, Ai.) 
m= -lo i=0 i=0 i=0 

log4 
  

r—2 | si See eh tock . 
3)" A; + y A; A... 7 yy AA.) : 

i=0 i=0 i=0 

[Equation 5.6] 

The value obtained using Equation 5.6 for m is used to classify objects as to whether 

they behave as Objects-0 or Objects-1 (see sections 5.4.3.1 and 5.4.3.2 respectively). 

5.4.3.1 Objects-0 

If m <0.5, then take m = O and adopt the following formula (Equation 5.7) to 

compute the relevant coefficient in the right hand side of Equation 5.5. 

2 

Me Py 
6 2-t/T 

[Equation 5.7] 

5.4.3.2 Objects-1 

If a > 0.5, then take m = 1 and use Equation 5.8. 

ager al! i eonT—2GfTy 4/7)? 
6 40-10(t/T)* +3(t/T)° 

[Equation 5.8] 

If the section areas are estimated with error (e.g. by point counting, see (Roberts, 

Cruz-Orive et al., 1993) (Roberts, Garden et al., 1994) (Light, Roberts et al., 1995) 

(Mackay, Roberts et al., 1998), then a modified version of Equation 5.5 is available 

(see (Cruz-Orive, 1999) (Kieu, 1997)). 

There are two main strategies for predicting the error variance (V) of the Cavalieri 

slices estimator (V) given by Equation 5.4. In Chapter 6 we investigate the efficacy of 
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the error prediction formulae developed for Cavalieri slices by comparing the CE 

values predicted theoretically with the empirical CE’s. Empirical CE determination is 

presented in section 5.5. 

5.5 Empirical re-sampling 

The ideal application of empirical re-sampling requires a complete knowledge of the 

area function A(- ). Empirical re-sampling requires an exhaustive series of No slices 

which are as thin as possible. It is assumed the infinitely thin sections and volumes 

{v1, Vz, ..-» Vvo}cm’, represent the basic population vector. Some of the intermediate 

v’s may be zero if the object is not connected, but they must be retained. Zeros 

preceding the first positive volume, and following the last one, may be deleted, or 

retained as convenient. 

All possible Cavalieri samples of slices for each t, JT, (1St<T<co)must be 

constructed (see steps 1-2) .The required CE(V) is computed in step 3. 

STEP 1 

The integers kp and N must firstly be constructed (i.e. see [5.9]) 

N, +t 
K, =1+ Integral part of Es N=K I. [5.9] 

The extended vector is then constructed (i.e. see [5.10]), 

10%023....08 5¥%,14,-5%y, 0,0°,..,0° 7" [5.10] 

=the fro fut 

i.e. a vector of length N whose first t elements are zero, followed by the basic vector, 

and then N - No- t zeros. The N elements of the extended vector are then relabelled 

{fi fa -» Fri. 
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STEP 2 

The total number of distinct Cavalieri samples of slices which can be constructed 

from the data is precisely T. The number of slices per sample is ko’. The leading 

primary slice volumes (i.e. the volumes of the first primary Siees on the ‘left hand 

side’, for example, of each final slice) of the i" sample, are: 

Uist ipiel eet id = Ty cke-T). [5.11] 

The i" sample of volumes of the final slices of thickness t is: 

Vine, PG = E25 TP, [5.12] 

where Vj; represents the volume of the j" slice within the i® sample. It is the sum of 

leading primary slice volume fj+;-7yr plus the next ¢ - 1 primary slice volumes, i.e.: 

t-l 

V = otic ied, G5 TD cey T; fe 1,2) 4 ak). [5.13] 
k=0 

(In the preceding sum we set f, = 0 whenever i > No + #). Note that some slice 

volumes may be zero. 

STEP 3 

Next we compute what we may regard as the true volume of the object: 

V=v, tv, +...+Vy, cm’. [5.14] 

Now, compute the volume estimate for each of the T samples using Equation 5.4, (i.e. 

see [5.15]) 

T ko 

Vi=—-YV,, G=12,...D). [5.15] 
jal 

lt we arrange the elements of the extended vector [5.10] columnwise into a T x ky matrix. The T rows of this 

matrix are the T samples of leading primary slices - in other words, the 7" row of this matrix is the vector [5.11]. 
? Definition 1; The sample {Vj, Vj, ... Vio} is a Cavalieri sample if the index i is a uniform random integer from 

the set {1, 2)-:..; TF}. 
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The CV? among _ the preceding YT estimators is, by definition 

SD’ (V)/V? =SE’(V)/V? =CE’(V) for the given pair t, T, that is, 

  

T 

CE? (V)= = Wi) -1. [5.16] 
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Chapter 6 

Estimation of brain compartment volume from MR Cavalieri 
slices 

6.1 Introduction 

A new stereological method for estimating tissue volumes from systematic slices of 

arbitrary thickness has been described by Gual Arnau and Cruz-Orive (see Chapter 5) 

(Gual Arnau and Cruz-Orive, 1996) who also provide formulae for predicting the 

corresponding error. The first application of these formulae using an in vivo cerebral 

data set are presented in McNulty and colleagues, 2000, (McNulty, Cruz-Orive et al., 

2000). The method is facilitated by one of the new image analysis methods 

appropriate to 3D data sets (Friston, Holmes et al., 1995) (Friston, Ashburner et al., 

1995) and also by the acquisition of MR images with inherently higher SNR. The 

application of this method of volume estimation is illustrated using a novel MR data 

set provided by the Montréal Neurological Institute (M.N.I.), Montréal, Canada. 

The aim of this chapter is to: 

(1) Investigate the efficiency of the Cavalieri slices method in combination with MRI 

for estimating the volume of the GM, WM and HEM. In particular, to empirically 

determine the number of slices required to achieve a CE of 3%, 5% and 10%. 
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(2) Investigate the efficacy of new error prediction formulae for predicting the CE on 

volume estimates obtained using the Cavalieri slices method. In particular, to 

compare the empirical CE’s with values predicted theoretically. 

6.2 Materials and methods 

A paradigm high-resolution 3D MR data set of the human brain, obtained by co- 

registering and averaging 27 individual data sets was obtained on different occasions 

for the same subject, and corrected for field inhomogeneities. Application of a fuzzy 

clustering algorithm to the average image has provided a measure of the proportions 

of GM, WM and CSF in each of the brain voxels. The compartments were defined on 

the basis of the segmentation results, ic. GM, WM and glial tissue, the latter 

reflecting a region of high signal adjacent to the lateral ventricles. We have chosen to 

incorporate the glial tissue compartment within the WM compartment. We call the 

union of GM and this new WM compartment HEM. The motivation for the 

acquisition of the paradigm data set was to provide ground truth for assessing the 

performance of different image processing algorithms and various image analysis 

methods (Holmes, MacDonald et al., 1996) (Holmes, Hoge et al., 1998) in advance of 

our later application upon a cohort of male and female subjects (see Chapter 7). The 

data set is available from the MNI web site (http://www.mni.mcgill.ca/brainweb). 

(Collins, Neelin et al., 1994) (Collins, Peters et al., 1994) (Collins, Holmes et al., 

1995) (Holmes, MacDonald et al., 1996) (Holmes, Hoge et al., 1998). 

6.2.1 Data acquisition by MRI 

MRI volume scans corresponding to the paradigmatic cerebral data set were acquired 

at the McConnell Brain Imaging Centre, Montréal Neurological Institute (M.N.L), 

McGill University, Montréal , Canada, using a Philips Gyroscan 1.5T whole body 

imaging system and a standard quadrature head coil. The protocol employed a 

propriety T1-weighted radio frequency (RF) spoiled GE sequence using a TR of 18 

msec, an TE of 10 msec and a flip angle of 30 degrees. The brain was exhaustively 

scanned into serial 183 slices of 1 mm thickness, parallel to the sagittal plane. Each 

slice was composed of isotropic voxels of 1 mm side length. The acquisition matrix 

consisted of 183 x 217 x 183 pixels and the FOV was 183 mm (SI) x 217 mm (AP). 
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Each of the data sets (acquired for the same healthy 30 year old male volunteer over a 

period of five months) were corrected for coil non-uniformities by modeling noise and 

spatial RF inhomogeneities (Kwan, Evans et al., 1996). The images were 

automatically registered and transformed into the MNI_305 average brain space 

(based on Talairach and Tournoux, (Talairach and Tournoux, 1993) (Talairach and 

Tournoux, 1988)) using an automatic registration tool before normalisation and 

intensity averaging. By averaging the 27 volume scans, the SNR increased by a factor 

of 5.2 (Holmes, MacDonald et al., 1996). 

6.2.2 Image processing 

The voxel data were classified using a fuzzy clustering minimum distance algorithm 

with training points for GM and WM identified by a neurologist. The output images 

consisted of 3D tissue compartments where the volume of tissue within every voxel 

was known. The intensity (of between 0 and 1) of each voxel represented the volume 

fraction of a particular tissue class. Voxels with an intensity of one represent pure 

GM or WM. Those voxels with zero intensity contain no tissue corresponding to 

either GM or WM (see Figure 6.1). 

  
Figure 6.1 Top: Five systematic slices through the high-resolution paradigmatic 3D MR cerebral data 

set. Middle: Corresponding output segmentations of GM. Bottom: Corresponding output 

segmentations of WM. 
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Each tissue compartment was input to ANALYZE software (Mayo Foundation, Min- 

nesota, U.S.A.) running on a SPARC 10 workstation (SUN Microsystems, CA, 

U.S.A.) and exhaustively re-sliced into 217 slices of 1 mm thickness parallel to the 

coronal plane. The study was restricted to the supratentorial GM and WM only (see 

Figure 6.2); the cerebellum and brain stem were traced and deleted from the averaged 

data set. A mask was created for use on each of the tissue compartments. The 

volumes for each of the tissue compartments in each of the No = 183 slices which 

sampled the whole HEM were calculated using ROI signal intensity sampling 

(Keshaven, Anderson et al., 1995) (Herndon, Lancaster et al., 1996). The volumes of 

HEM, GM and WM, computed via Equation 5.4, were 1352.3 cm*, 724.0 cm? and 

628.3 cm’, respectively (see Appendix 1). 

  
Figure 6.2 Top: Three slices through the brain for the paradigmatic 3D images (i.e. with 

cerebellum/brain stem). Bottom: Corresponding slices after the application of a mask for the removal 

of cerebellum and brain stem. 

With appropriate integration of the GM and WM compartments it was possible to 

generate new data sets corresponding to slices of any arbitrary thickness. A sub- 

sampling experiment was subsequently carried out to estimate empirically the error 

variance of the volume estimate as a function of the number of slices for slice 

thicknesses of between 1 and 27 mm for GM, WM and HEM (see Figure 6.3). 
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Figure 6.3 Top: Coronal GM slices of 1 mm (left most slice), 3 mm, 9 mm and 27 mm thickness (right 

most slice). Bottom: Corresponding coronal slices of 1 mm (left most slice), 3 mm, 9 mm and 27 mm 
(right most slice) for WM. 

6.3. Cerebral hemisphere volume estimation 

We present a worked example of how to calculate HEM volume and predict the 

corresponding CE theoretically from a Cavalieri sample of slabs of t = 9 mm 

thickness and T = 37 mm. 

6.3.1 Volume estimation 

Our basic set consisted of Np =183 slices of known thickness to = 1 mm and known 

volumes {Vv}, v2, ..., Vig3} cm?. 

First, we use [5.9] to compute the integers kp = | + [(183 + 9)/37] = 6 and N= 6 x 37 

= 222. Then we construct the extended vector according to [5.10], i.e.: 

0" 02 ,...,0°,¥;, > s-s-0Vja3:0%,0%,..,0°} [oa] 

= {fis Soo» Sor}: 

Next, we take a random integer among {1, 2, ..., 7=37}. This can be done by taking 

a random number U in the interval (0,1), as supplied by most calculators, and then 

taking the ‘ceiling’ of U x T. For instance, we got U = 0.131, whereby ceiling (0.131 

x 37) =5. The volumes of the f) = 1 mm thick leading slices were: 

tetas Fao Fire Fiss Fivo }= 0° > ¥33>V70>Vi07 > Viaa> Vigi } [6.2] 
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which correspond to the ‘left hand side faces’ of the required t = 9 mm thick Cavalieri 

slices. The volumes of the latter are obtained by adding up to each element of the 

vector in [6.2] the following 8 elements - this is what [5.13] does. For example: 

V, =0° +...4+0° +y, +...4v, =0.22 cm? 

V, =V53 +..-+V,, = 61.14 cm? [6.3] 

Vo = Vig, tot Vig3 + 0° +...40° = 0.19 cm? 

The six slice volumes (rounded off to the first decimal place) are displayed in Table 

ON (re 0.2cm?, 61.1cm’, 104.0cm?, 97.3cm? 60.7cm? and 0.2cm? = 323.5cm?). 

Vi-View VieV iva    

  

    

  

       
           

   

   
   

    

1 0.2 0.0 122) 20.8 

2 61.1 3733.2 6354.4 5945.0 

3 104.0 10816.0 10119.2 6312.8 

“t 97.3 9467.3 5906.1 19.5 

5 60.7 3684.5 12 - 

6 0.2 0.0 - - 

Total 323:5 27701.1 22404.1 12298.1 

Table 6.1 Slice volumes (V;) (in cm”) and calculations to estimate HEM volume, and the corresponding 

CE, from 6 Cavalieri slices of t= 9 mm thickness, with T= 37 mm between slice midplanes. 

      

Applying Equation. 5.4 we get: 

V (HEM) = “7 x323.5 = 1329.9cm’. [6.4] 

6.3.2 Coefficient of error calculations 

To estimate the corresponding CE by Equation 5.5 we have to firstly estimate the m 

using Equation 5.6, in order to choose the coefficient a@(t/T) among Equations [5.7] 

and [5.8] (see Appendix 2). To do this we may use the five non-zero leading basic 

slices of tp = 1 mm thickness obtained, (see [6.2]). The corresponding calculations are 

illustrated in Table 6.2. 
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Section, i             A;A i+]             
   

      
   

  

   

  

A j°A ix2 Aj-A isa 
    

           

     

  

            

1 63.7 4014.5 6955.0 6905.6 105.2 
2 109.8 12049.5 11963.8 8121.9 - 
3 109.0 11878.8 8064.2 180.9 - 

4 74.0 5474.5 122.8 - - 

5 1.7 2.8 - - - 

33420.0 27105.9 15208.4 105.2 

Table 6.2 Estimation of m by the Kiéu-Souchet formula (Equation 5.6) by means of five Cavalieri 

slices of 1 mm thickness with T = 37 mm (these slices correspond to the left hand side faces of the 9 
mm thick slices numbered 2-6 in Table 6.1). 

Now, 

  

- 1 1 Se Pee ) 1 =. log -—=0.75 [6.5] 
log4 “| 3x 33420.04+15208.41—4%27105.85 } 2 

Thus we adopt the value m = 1 for the smoothness constant, and we choose Equation 

5.8: 

(1+ 2(9/37) — 2(9/37)? \1-9/37)? 01(9/37) = —- : ; 
6  40-10(9/37)? +3(9/37): 

= 0.0033. [6.6] 

with which Equation 5.6 yields the required CE for the Cavalieri sample of 6 slices 

with t= 9 mm and 7 = 37 mm. (Table 6.1): 

_ (0.0033 x (3x 27701.07 +12208.09 — 4x 22404.07))”2 

3 323.5 
CE =0.0135, [6.7] 

i.e. 1.35%. If we need the SE, then: 

SE =Vx CE =1329.9x0.0135 =18.0cm? [6.8] 

With the data displayed in Table 6.2 we can also, estimate V and CE for the Cavalieri 

sample of 5 thin slices with ¢= 1 mm and T= 37 mm. Now a@(1/37) =0.00415 and 

we get: 

V (HEM) = 135.777 = 1323.7 cm’, 
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(0.00415 x (3x 33420.04 + 15208.41-—4x 27 105.85) 

35717 
CE = =0.0151, [6.9] 

ie. 1.51%, SE =20.0cm’. 

These results illustrate that the five slices of 1 mm thickness (CE = 0.0135%) supply a 

similar precision as the 6 slices of 9 mm thickness (CE = 0.0151%). 

6.4 GM, WM and HEM volume estimation 

We used a similar procedure to that described in section 6.3 for GM, WM and HEM 

for each of four slice thicknesses, i.e. for t = 1 mm, 3 mm, 9 mm and 27 mm, always 

with JT = 45 mm. The mean number of slices is: 

E (number of slices n) = “2 : , [6.10]   

i.e. 4.09, 4.13, 4.27 and 4.67 for t = 1, 3, 9 and 27 mm, respectively. We generated 

the Cavalieri samples from a unique Cavalieri sample of basic leading slices of to = 1 

mm thickness. 

To do this properly it was necessary to start with the largest slice thickness, i.e. t = 27 

mm in this case. Thus, kj = 5, N = 225. We chose at random the number U = 0.294, 

ceiling(0.294 x 45) = 14. The leading slice volumes were: 

— Jnaa 
1a Fo Fos Fras Siva }= {o" > V39 9V97 > Vi20 > Vi67 }. [6.11] 

The case t = 1 mm is illustrated in Figure 6.4 and the cases t = 9 mm and 27 mm are 

illustrated in Figure 6.5 (a) & (b). 

The number of slices containing HEM was n = 4 for f= | mm, 3 mm, 9 mn, but it 

raised to n = 5 for t= 27 mm. In the latter case, the first and the fifth HEM slices 

were ‘cap’ slices with only one planar face each. 

The smoothness constant adopted was m = | in all cases. We used Equation 5.5 with 

Equation 5.8. The results are displayed in Table 6.3. 
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Figure 6.4 (a) Volume rendering for GM of the in vivo paradigmatic cerebral data set analyzed. Five 
systematic coronal slices have been overlaid (¢ = 1 mm and 7= 45 mm). Of the five slices displayed in 
(a) four hit the brain. (b) Projections of these corresponding tissue slices are represented in their natural 

order. The real images lie in the upper row, the segmented versions on the lower row. The GM is 
labelled in red and the WM in blue. (c) The ordinate of each curve at a given abscissa x is the mean 
planar section area Af(x) of the corresponding tissue within a slice of thickness = 1 mm. As ¢ is 

relatively small here, Af(x) * A(x), i.e. the corresponding area function. The four systematic section 
areas corresponding to the slices illustrated in the middle panel correspond to the four broken vertical 

lines shown in the plot below. 
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Figure 6.5 (a) Top: Five systematic slices hitting HEM, of thickness t= 9 mm (left) and t= 27 mm 
(right), with T= 45 mm in both cases. Bottom: Projections of the 5 slices illustrated above are 

represented beneath. The right hand side of each panel have been obtained by binarising the images in 
the corresponding left hand side so that all pixels that contain any GM are shown in red and all pixels 

that contain no GM are shown in black. (b) Graphs of the corresponding mean section areas A,(x) 
illustrated above. 
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GM Slice Volume, V;, cm? 

Slice number t=3mm t=9mm t=27mm 

Slice Volume, V;, cm> 

t=3mm t=9mm t=27mm 

Slice Volume, V;, cm* 

t=3mm t=9mm 

1399.5 1401.0 1385.5 

ee 1.71 1.7 

Table 6.3 Cavalieri samples of slices with t= 1, 3, 9 and 27 mm and with T= 45 mm between slice 

midplanes, through the compartments GM and WM, and HEM. 

  
6.4.1. Practical error prediction by empirical re-sampling 

We predicted CE first by empirical re-sampling, as described in Chapter 5 for each of 

the compartments GM, WM and HEM, and for each of the four slice thicknesses t = 1 

mm, 3 mm, 9 mm and 27 mm. We studied the variation of CE as a function of the 

distance T between slices or, in virtue of Equation 6.10, as a function of the mean 

number of slices hitting the relevant compartment in each case. We varied T from T 

= t mm (which corresponds to the maximum mean number of slices, in which case 

CE = 0], to T = H + t mm, (which corresponds to En = | slice) in 1 mm steps. The 

results are displayed in Figure 6.6 as solid curves. 

90
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Figure 6.6 CE of the Cavalieri slices estimator of volume, for (a) GM, (b) WM and (c) Cerebrum for 

slices of thickness 1 mm, 3 mm, 9 mm and 27 mm respectively (top to bottom). The continuous curves 

represent the empirical CE obtained by re-sampling from the basic data set (see Equation 5.16). The 

broken lines represent theoretical predictions computed via Equation 5.5 and Equation 5.7 (which 
correspond to m= 0), and the dotted lines represent the theoretical predictions computed via Equations 

5.5 and 5.8 (which correspond to m = 1) (see Appendix 2). 

Next, we computed the corresponding theoretical predictions of CE, in turn for the 

values m = 0 (broken lines in Figure 6.6) and m = | (dotted lines in Figure 6.6) of the 

smoothness constant. The predictions based on m = 1 were best for HEM (which is 

comeistent with [6.5]). For GM and WM the true CE laid in between both predictors; 

as supplied by Equation 5.5 with Equations 5.7 and 5.8, respectively. 

In Figure 6.7 the minimum number of slices of a specified thickness required to 

estimate the volume of each the GM, WM, and HEM, with a CE of 3%, 5% and 10%, 

respectively are presented. 
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(a) Grey Matter (b) White Matter (c) Cerebrum 
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Figure 6.7 Minimum number of systematic slices required to estimate the volume of (a) GM (b) WM 
and (ce) Cerebrum, for slices of thickness 1 mm, 3 mm, 9 mm and 27 mm. The predictions that were 

obtained empirically are joined by continuous line segments. Those obtained by theoretical predictions 
are joined by broken lines. The more conservative predictions based on Equations 5.5 and 5.7 lie 

above those corresponding to Equations 5.5 and 5.8. 
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6.5 Discussion 

Irrespective of slice thickness, a minimum of three, five and ten slices provided 

estimates of the true total volume of GM and WM in the HEM with CE’s of 10, 5 and 

3% respectively. For HEM a minimum of two, three and four slices were required for 

CE’s of the same precision. 

It was not our purpose in this chapter to study inter-specimen variability, but only 

intra-specimen variability due to geometric (Cavalieri slices) sampling alone. To 

know the latter is essential to separate the true variation among individuals from the 

total observed variation among individual estimates in further routine studies (Cruz- 

Orive, 1994) (McNulty, Cruz-Orive et al., 2000). 

As usual in modern stereology, the estimators (i.e. Equations 5.1 and 5.4) are 

unbiased only with regard to geometric sampling - biases emanating from MRI and 

image processing are not accounted for. The error prediction techniques described do 

not provide unbiased estimators but only approximations. The corresponding theory 

is evolving rapidly (Gundersen, Jensen et al., 1999) (Gual Arnau and Cruz-Orive, 

1998) (Kieu, Souchet et al., 1997) (Cruz-Orive, 1999) (Kieu, 1997) (Garcia-Finana 

and Cruz-Orive, 1998). Nonetheless, the results displayed in Figure 6.6 suggest there 

is still scope to improve the quality of the error predictions. The fractional predictor of 

the CE represents a clear improvement over the integral predictors used so far 

(Garcia-Finana and Cruz-Orive, 2000) (see Chapter 8). 
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Table 6.3 and Figures 6.5 and 6.6 suggest that, for a given distance T between slice 

midplanes, CE is relatively insensitive to slice thickness 4 This may seem 

paradoxical as a thick slice contains more information than a thinner slice. From a 

statistical viewpoint, all planar sections inside a slice tend to have very similar areas, 

and they tend to supply only relatively redundant information. CE rapidly tends to 

zero only if t becomes relatively large (e.g. when ¢t varies from about 0.5 T to T,). 

Unless t approaches T, a given number of thin sections (t=0) will estimate V with 

nearly the same precision as a comparable number of thick slices (t > 0 not too close 

to T). The possibility of using slices instead of thin sections may render quantitative 

MRI more flexible to estimate an object’s volume, but will not necessarily improve 

the estimation precision to a significant extent unless T/2 <t< T. 
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Chapter 7 

Application of the Cavalieri slices method on 3D MR images 
of the brain 

7.1. Introduction 

It would be highly impractical to scan cohorts of subjects on 27 separate occasions 

and subsequently co-register these data prior to an analysis of compartment volume 

(as performed in Chapter 6). Consequently, in this chapter we use image bias 

correction and segmentation routines developed within SPM99 to classify 3D MR 

images into compartments of GM and WM for the analysis of GM, WM and HEM 

volumes in a cohort of fifteen male and fifteen female subjects. 

In this analysis it was convenient to manually extract the GM and WM corresponding 

only to the cerebral hemispheres for each of the segmented 3D MR images. This 

technique would have been highly labour intensive should the operator have needed to 

edit the entire data set (i.e. 124 slices) (of the order 2-3 hours per subject). The 

analysis in Chapter 6, however, provided us with appropriate sampling guidelines 

regarding the number of slices to be analysed to achieve a CE of < 5 % on individual 

volume estimates (i.e. five Cavalieri slices). This sampling intensity was adopted for 

GM, WM and HEM, with new random starting position for each individual data set, 

for the proposed analysis (taking of the order 20 minutes per subject). 
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The methods used within this chapter are described in section 7.2. The repeatability 

of the technique (i.e. the volume variation in four subjects, scanned once and analysed 

twice) are described in section 7.3. The reproducibility (i.e. the volume variations in 

one subject scanned on four occasions over a period of six weeks) is described in 

section 7.4. In section 7.5 we provide an application of the methods on a cohort of 

male and female subjects in order to determine whether sex differences in the 

compartments of GM, WM and HEM exist. 

7.2 Methods 

7.2.1 Data acquisition by MRI 

3D MR images of the brain were acquired using the propriety head coil on a 1.5T 

SIGNA whole body MR imaging system (General Electric, Milwaukee, USA). All 

subjects scanned were right handed according to the Edinburgh Handedness Inventory 

(Oldfield, 1971). In particular, one hundred and twenty four coronal T1-weighted 

MR images were obtained using a 3D spoiled gradient echo (SPGR) pulse sequence 

(TR 34ms, TE 9ms and flip angle 30°). The FOV of the images is 20 cm, and each 

image refers to a contiguous 1.6 mm thick tissue slice. The acquired images were 

transferred to a SPARC ULTRA 10 workstation (SUN Microsystems, CA, USA) for 

data pre-processing and analysis. 

Subjects were scanned in the supine position. The head was aligned in the head coil 

using laser alignment lights so that the position of the nasion was approximately the 

same for every subject in relation to the head coil. Head position was maintained 

using foam head supports provided by the manufacturer. 

To minimise discomfort due to acoustic noise each of the subjects was given earplugs. 

The subjects were monitored during the course of their scans using a pulse oximeter 

and a buzzer was available in case subjects felt uncomfortable or claustrophobic 

during the course of their scans. The images were acquired over two years (October 

1996 — July 1998). 

The cohort comprised fifteen male subjects (mean age of 28.5 years, SD = 6.05 years, 

max = 39 years, min = 20 years) and fifteen female subjects (mean age of 28.5 years, 
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SD = 5.33 years, max = 37 years, min = 21 years) (see section 7.5). These data were 

a sub sample of subjects acquired at MARIARC of the University of Liverpool for a 

study of age related changes in ‘healthy subjects’ (Cezayirli, 2000). Each of the 

subjects underwent medical screening prior to MRI scanning. This was to ensure 

each of the subjects were ‘healthy’ i.e. they had no history of current or previous 

disorders that could affect brain function and volume. 

Mean body weight for each of the fifteen male subjects was 79.7 kg (SD = 15.7 kg, 

max = 120 kg, min = 60 kg). Mean body weight for each of the fifteen female subjects 

was 61.6 kg (SD = 10.3 kg, max = 86 kg, min = 45 kg). Body weights were obtained 

from the volunteer questionnaires completed by each of the subjects (i.e. self 

assessed). Only those subjects who had no idea of their weight were weighed prior to 

their MRI scan. 

The data presented in section 7.3 comprises four subjects (two randomly selected 

male and two randomly selected female subjects) extracted from the cohort. The data 

presented in section 7.4 comprised one male subject (this time selected from the 

cohort). This subject was scanned on four further occasions for the reproducibility 

study. 

7.2.2 Image segmentation using SPM99 

SPM99 software was used for the correction of image intensity non-uniformity (i.e. 

bias correction) and subsequent tissue segmentation. 

Each data set was input to ANALYZE software (Mayo Foundation, Minnesota, USA) 

where it was converted from 16bit to 8bit format. Subsequently, each of the data sets 

were input to SPM99 software for the correction of image intensity non-uniformity 

(Wellcome Department of Cognitive Neurology, London, UK) (Ashburner and 

Friston, 2000). The images were then segmented into four compartments; GM, WM, 

CSF and other, using a modified clustering algorithm based on the maximum 

likelihood mixture model (Hartigan, 1975) (see Figure 7.1). 
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Figure 7.1 Four corresponding slices selected to illustrate the segmentation process in SPM99. On the 

right is the original image, to its left is the bias corrected image and then presented are the output 

segmentations for the compartments of GM and WM. 

The algorithm uses knowledge of the underlying multi-normal distribution of tissue 

Tl relaxation times, and a series of images representing the voxel by voxel prior 

probability of tissue belonging to a particular compartment. The voxel signal 

intensities in the output images correspond to the percentage of the voxel occupied by 

the compartment. For many applications, the output segmentations can be normalised 

(for example voxel based morphometry techniques (VBM); i.e. corrected for global 

size differences via co-registration with a reference image in Talairach co-ordinates 

(Ashburner and Friston, 2000). In our study, the output segmentations are non- 

normalised, i.e. each of the 3D segmentations is in the same orientation as the 

acquired images. The segmentations refer to the whole brain and further processing is 

required in order to obtain measures of the absolute volume of GM and WM 

compartments in the cerebral hemispheres alone. 

7.2.3 Cavalieri slice selection 

A systematic series of five Cavalieri slices were randomly selected for each of the 

subjects in this study (see Chapter 5). Corresponding slices for the GM and WM 

compartments were selected. The five randomly selected Cavalieri slices for each 

subject are presented in sections 7.3, 7.4 and 7.5. 

7.2.4 Manual editing of the GM and WM compartments 

Prior to volume estimation the cerebellum and brain stem were excluded from the 

output segmentations of SPM99 using the trace facility available within ANALYZE 

software (Mayo Foundation, Minnesota, USA) (see Figure 7.2). 
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Figure 7.2 Top: Five systematic Cavalieri slices for GM. Bottom: Corresponding systematic slices for 
WM. The trace facility in ANALYZE software was used for manual editing of these data. All areas 
of the brain which lay outside of the traced lines (depicted in red) were removed from the images prior 

to re-saving and further analyses. 

7.2.5 GM, WM and HEM volume estimation 

The absolute volume of GM and WM in the five Cavalieri slices (manually edited in 

section 7.2.4) was calculated using ANALYZE software. The software uses an 

intensity based sampling technique requiring knowledge of the volume of a voxel, the 

number of voxels within the sample and the mean intensity of the voxels within the 

sample. 

7.2.6 Coefficient of variation 

CV rorat) represents the total variance of our sample of slices. It includes errors due 

to the biological differences in our sample of subjects, the errors due to the MR 

system hardware and software (CVanstrumenty) and the errors due to Cavalieri 

sampling (CV(stereotocy) = I/n > CE’). CVanstruMENT) Maybe substituted for 

CV rruz) When new series of systematic Cavalieri samples are acquired for subjects 

(see Equation 7.1) (Gundersen, Jensen et al., 1999). 

2 2.1 2 
CVrora, = CV insrrumenti true + 7 > CE 

Equation [7.1] 
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7.3 Repeatability in four subjects 

The 3D MR images acquired on one occasion for four subjects from our cohort (two 

males (MO1 and M10) and two females (F04 and F08)) were randomly chosen. We 

performed our measurements (methods described in sections 7.2.2 — 7.2.5) on two 

separate occasions, one month apart, to estimate the volume of GM, WM and HEM in 

these subjects. We define REPEATABILITY as the % difference in the two volume 

estimations divided by the mean volume between these estimates. 

The five systematic random Cavalieri slices for the random subjects are illustrated in 

Table 7.1. The same five Cavalieri slices were used for the re-analysis. Five such 

Cavalieri slices for the compartments of GM and WM compartments are illustrated 

for one subject in Figure 7.3. 

Males Slices Females Slices 

MOl1 18 40 62 84 106 FO4 14 36 58 80 102 

M10 16 38 60 82 104 FO8 17 39 61 83 105 

Table 7.1 Five systematic random Cavalieri slices selected for the two male and two female subjects. 
(Repeatability study) 

Measurement of GM, WM and HEM volumes were performed on two occasions for 

the same set of 3D MR images. The volume estimates generated on both occasions 

were analysed. Pearson’s product moment correlation was used to examine the 

relationships between the volume estimates. Paired t-tests were used to analyse the 

significance of the differences between the estimates. Our data was normally 

distributed; i.e. gaussian, as determined by calculating the values of mean, median and 

mode. The values for the mean and median for each data set were determined to be 

within 4 % of each other. No mode existed for these data sets as each of the volume 

estimates for all compartments were different. Details of these statistical methods can 

be found in Spiegel, 1990. 

7.3.1 Results 

Presented in Table 7.2(a) are the volume estimates and corresponding predicted CE’s 

for the compartments of GM, WM and HEM for the two randomly selected male 

subjects. Also presented are the volume differences for these two estimates, the mean 

estimate, the VAR, the SD, the SE, CVrorat) (%) and REPEATABILITY. 
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Corresponding results for the two randomly selected female subjects are shown in 

Table 7.2(b). 

The volumes of the compartments of GM, WM and HEM measured and estimated on 

two separate occasions (one month apart) are plotted for the two males and two 

females in Figure 7.4. 

In Figure 7.5 the volumes estimated on two separate occasions (1) and (2) are plotted 

for each of the male and female subjects. For each of the compartments of GM, WM 

and HEM both estimates of volume were highly correlated (r = 0.99, p = 0.001) as 

assessed using Pearson’s product moment correlation. 
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GM WM HEM 
Volume (cm*) & CE (% 

619.2 (1.2) 485.5 (1.3)                

  

              
    

  

MO! (1) 1104.8 (1.1) 

MO1 (2) 619.8 (1.2) 487.2 (1.3) 1107.0 (1.1) 

Volume difference (cm?) -0.6 -1.7 -2.2 

Mean volume (cm?) 619.5 486.4 1105.9 
VAR 0.19 1.40 2.61 

SD 0.4 1.2, 1.6 

SE 0.3 0.8 1.1 

CV orat (%) 0.07 0.24 0.15 

    0.10 

GM WM HEM 
Volume (cm*) & CE (% 

546.1 (2.2) 324.5 (2.3) 

REPEATABILITY (%) 

  

               

  

     

   
   

M10 (1) 870.5 (2.2) 

M10 (2) 546.3 (2.2) 324.2 (2.3) 870.5 (2.2) 

Volume difference (cm) -0.2 0.2 0.0 

Mean volume (cm’) 546.2 324.4 870.5 

VAR 0.02 0.02 0.0002 

SD 0.1 0.2 0.0 

SE 0.1 0.1 0.0 

CV oraz (%) 0.03 0.05 0.002 

      

      
   

  

   

    

    

    

     

REPEATABILITY (%) 0.04 

value 0.3 0.6 0.5 

GM WM HEM 

Volume (cm*) & CE (% 

F04 (1) 548.2 (1.5) 353.6 (2.1) 901.8 (1.6) 

F04 (2) 547.8 (1.5) 353.4 (2.1) 901.2 (1.6) 

Volume difference (cm*) 0.4 0.2 0.6 

Mean volume (cm’) 548.0 353.5 901.5 
VAR 0.06 0.03 0.16 

SD 0.2 0.2 0.4 

SE 0.2 0.1 0.3 

CVeroray (%) 0.04 0.05 0.04 

REPEATABILITY (%) 0.07 0.07 0.06 

GM WM HEM 

Volume (cm*) & CE (% 

FO08 (1) 624.8 (1.1) 335.6 (1.7) 960.4 (1.2) 

FO08 (2) 624.8 (1.1) 335.3 (1.7) 960.1 (1.2) 

Volume difference (cm?) 0.0 0.3 0.3 

Mean volume (cm’) 624.8 335.5 960.3 
VAR 0.00 0.06 0.06 

SD 0.0 0.2 0.2 

SE 0.0 0.2 0.2 

CV croraty (%) 0.001 0.07 0.02 

REPEATABILITY (%) 0.00 0.10 0.03 

  

P value 0.5 0.1 0.2 

Table 7.2 Volume estimates and corresponding CE’s (%) for the compartments of GM, WM and HEM 

for the two randomly selected male (M01 and M10) and female subjects (F04 and F08). Also shown 
are the volume differences for the two volume estimates generated one month apart, the mean volume 
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estimate, the VAR, the SD, the SE (SE=SDvn), CV rorat) (%), REPEATABILITY (%) and p values as 

assessed by a paired samples t-test. 

  Figure 7.3 Five Cavalieri slices for one of the four randomly selected subjects (a) GM and (b) WM. 

The top row illustrates the slices output from SPM99 prior to manual editing (i.e. note the cerebellum 

and brain stem are still present, also note areas of poor segmentation where the skull has been classified 

as belonging to the GM compartment). The middle row represents the results of the manual editing 
step performed on the first occasion (1). The bottom row represents the results of the manual editing 

step performed on the second occasion (2), one month later. 
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Figure 7.4 Volumes of the compartments of GM (top), WM (middle) and HEM (bottom) for both 

males and females. The volumes were estimated on two occasions for each subject (1) and (2). Error 
bars are plotted representing 2 times the predicted CE for GM, WM and HEM, for each subject (see 

Table 7.2). 
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Figure 7.5 Volume estimates (1) and (2), for GM, WM and HEM, measured on two separate occasions 
are plotted for each of the male and female subjects. Error bars are plotted representing 2 times the 

predicted CE for GM, WM and HEM, for each subject (see Table 7.2). 

The mean volumes of GM, WM and HEM (i.e. the average of the two volume 

estimations) have been plotted in Figure 7.6 against the difference in volume 

measured for each of the four subjects to illustrate the repeatability of the technique. 

Error bars that intersect with the x-axis equate to the two volume estimates recorded 

not being significantly different from each other and the technique is thus repeatable. 
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Figure 7.6 Mean volume of GM, WM and HEM for each of the male and female subjects plotted 

against the differences in volume between the two estimations. Error bars are plotted representing 2 

times the SE for each of the compartments of GM, WM and HEM, for each subject (see Table 7.2). 

7.3.2 Summary of repeatability results 

All repeat analyses were within 1 % of each other. For all subjects the correlation 

between the two estimates of volume for GM, WM and HEM, performed a month 

apart were significantly high (r = 0.99, p = 0.001). For each of the compartments of 

GM, WM and HEM there was no significant differences in the two volume estimates 

for either the male (GM p = 0.3, WM p = 0.6 and HEM p = 0.5) or the female 

subjects (GM p = 0.5, WM p = 0.1 and HEM p = 0.2). 

For each of the four subjects the maximum CV tora.) for GM was 0.07 %, for WM 

the maximum CV rorat) was 0.24 % and for HEM the maximum CVtoraL) was 

0.15 %. The predicted CE’s due to Cavalieri slice sampling for males was found to be 

between 1.2 - 2.2 % for GM; 1.3 — 2.3 % for WM and 1.1 —2.2 % for HEM. The 

predicted CE’s for females was found to be between 1.1 — 1.5 % for GM; 1.7—2.1 % 

for WM and 1.2 —1 .6 % for HEM. 
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Average repeatability in males and females was very good. For the compartment of 

GM there was no difference in the repeatability measurements for males and females 

(0.07 % in males and females). Repeatability in the compartments of WM and HEM 

was relatively better in females than in males (WM 0.07 % females, 0.5 % males; 

HEM 0.05 % females and 0.2 % males). 

7.4 Reproducibility in one subject over a period of six weeks 

Reproducibility is defined here as the volume variation in the compartments of GM, 

WM and HEM for one subject who was scanned on four occasions over a period of 

six weeks. We determine the contribution of CV" UNsTRUMENT) and CV’ sTEREOLOGY) 

(i.e. 1/n > CE’) to the total error variance CV" roraL using Equation 7.1. 

3D MR images were acquired on four occasions for one male subject selected from 

our cohort. We performed our measurements (i.e. methods described in sections 7.2.2 

— 7.2.6) after the acquisition of each data set. 

The five systematic random series of five Cavalieri slices generated for each of the 

four cerebral data sets (baseline, two weeks, four weeks and six weeks) for this 

subject are presented in Table 7.3. 

M04 Slices 

  

BASELINE | 15 3759 81 103 
2 WEEKS 16 38 60 82 104 
4 WEEKS 19 41 63 85 107 
6 WEEKS 14 36 58 80 102 

Table 7.3 Five systematic random Cavalieri slices generated for the four cerebral data sets acquired for 

one male subject (M04) over a period of six weeks. 

(Reproducibility study) 

7.4.1 Results 

In Table 7.4 the volumes of the compartments of GM, WM and HEM are presented 

for our subject at each time period (i.e. baseline corresponding to the first of the four 

volume data sets; 2 weeks corresponding to the second of the four volume data sets 

acquired two weeks later; 4 weeks corresponding to the third of the four volume data 

sets acquired four weeks later and 6 weeks corresponding to the fourth of the four 

volume data sets acquired six weeks later). 
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Volume, cm’ and (CE %) 

Baseline 740.9 (1.1) 456.0 (1.2) 1196.9 (1.0) 

2 weeks 733.8 (1.2) 460.2 (1.3) 1194.0 (1.0) 

4 weeks 738.5 (1.1) 463.2 (1.2) 1201.6 (1.0) 

758.0 (1.3) 417.5 (1.4) 1175.5 (1.1)       

CVtotaL) (%) 

Table 7.4 Volume estimates and corresponding CE’s (%) for the compartments of GM and WM and 
HEM for one subject scanned serially over a period of 6 weeks (baseline, 2 weeks, 4 weeks and 6 
weeks). Also illustrated are the maximum (Max), minimum (Min) and Mean volumes obtained for 
each compartment over all four volume estimates as well as VAR, SD, SE and the CV¢roraty (%). 

Figure 7.7 illustrates the mean volumes obtained for the compartments of GM, WM 

and HEM for each time period (i.e. baseline, two weeks, four weeks and six weeks). 

These results include the variations due to both sampling and weekly variations in the 

volumes of GM, WM and HEM for this subject over the six week study period. 

In Table 7.5 the results of the significance of differences in volume results obtained 

between time points over a period of six weeks are presented (as assessed by paired 

samples t-test). 

  

Paired samples t-test GM WM HEM 

values 

Baseline v 2 weeks 0.12 0.69: 0.82 

Baseline v 4 weeks 0.79 0.77 0.68 
Baseline v 6 weeks 0.59 0.28 0.71 

2 weeks v 4 weeks 0.58 0.90 0.50 

2 weeks v 6 weeks 0.48 0.31 0.79 

4 weeks v 6 weeks 0.84 0.40 0.69 

Table 7.5 Significance of differences in volume results obtained for one subject and four time points 
over a period of six weeks as assessed by paired samples t-test. 
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Figure 7.7 Four volume estimates obtained for each of the compartments of GM, WM and HEM for 
one male subject. Error bars are plotted representing 2 times the predicted CE on the volume estimate. 
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The contribution due to CV" anstauMEND and CV" sTeREOLoGy) are shown in Table 7.6 

(see Equation 7.1) . 

REPRODUCIBILITY STUDY 

GM WM HEM 

      

   

  

    

CV(ToTAL) % 

0.8 4.6 0.0 

1.4 1.6 1.1 

CV (INSTRUMENT) % 

CV(STEREOLOGY) % 

% STEREOLOGY 
% INSTRUMENT 

Table 7.6 CV (tora) CVanstrumenty 2nd CV(sterEotocy) are all presented. The % contribution due to 

stereology and instrument to the total error variance are also shown. 

7.4.2 Summary of reproducibility results 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

No significant differences were found between the volume estimations for the 

compartments of GM and WM and for HEM at any time point for each of the 

four volume estimations acquired over the period of six weeks (see Table 7.5). 

The predicted CE’s due to Cavalieri sampling were found to be between 1.1 — 

1.3 % for GM, 1.2 — 1.4 % for WM and 1.0 — 1.1 % for HEM (see Table 7.4) 

There was little variation in the GM (CV roraL) = 14 %) and HEM (CV tora) = 

1.0 %) compartment volumes for this subject (i.e. stereological sampling and 

instrumental variation summed). More variation existed in the compartment of 

WM, CV(toraL) = 4.8 %) over this six week time period (see Table 7.6). 

The error due to the volume variations in this subject (over a six week period) 

including instrument effects (i.e. CVanstrument)) resulted in very little variation 

over the six week time period for GM (CVanstrumenr = 9.8 %). More variation 

existed in the compartment of WM (CVanstrument) = 4.6 %) (see Table 7.6). 

For HEM the total variance (CV(roraL)) was smaller than the variance due to 

sampling resulting in no variation in CVqnstRUMENT)- 

Stereology (CV(sterEoLocy)) contributed 71.4 %, 6.9 % and 100 % to the total 

error variance for the compartments of GM, WM and HEM respectively. This 

corresponded with CVanstrumenT) Which contributed 28.6 %, 93.1 % and 0 % to 

the total error variance for GM, WM and HEM respectively (see Table 7.6). 
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7.5 Application of the Cavalieri slices method in a cohort of 
young male and female subjects 

3D MR images of the brain were acquired for a cohort of fifteen male and fifteen 

female subjects for an application of the Cavalieri slices method on the GM and WM 

segmentations output from SPM99 software (see sections 7.2.1 - 7.2.5 and objectives 

outset in Chapter 2 section 2.2). We present results for whole hemisphere GM, WM 

and HEM volumes (section 7.5.1). With additional manual editing of the data sets we 

also present volumes for the compartments of GM, WM and HEM for the left and 

right hemispheres separately (see Figure 7.8 and section 7.5.3). 

The five systematic random Cavalieri slices for each of the fifteen male and fifteen 

female subjects are presented in Table 7.7. 

Males 

  

Mol 
M02 
M03 
M04 
M05 
M06 
M07 
MO8 
M09 
M10 
Mil 
M12 
M13 
M14 

M15 
Table 7.7 Five systematic random Cavalieri slices selected for each of the 15 male and 15 female 

Slices 

18 40 62 84 106 

16 38 60 82 104 

19 41 63 85 107 

15 37 59 81 103 

17 39 61 83 105 

22 44 66 88 110 

15 37 59 81 103 

18 40 62 84 106 

15 37 59 81 103 

16 38 60 82 104 

14 36 58 80 102 

13 35 57 79 101 

10 32 54 76 98 

18 40 62 84 106 

17 39 61 83 105 

Females 

FO1 
F02 
F03 
F04 
FOS 
F06 
FO7 
F08 
F09 
F10 
Fil 
F12 

F13 
F14 

BIS 

Slices 

12 34 56 78 100 

17 39 61 83 105 

15 37 59 81 103 

14 36 58 80 102 

17 39 61 83 105 

12 34 56 78 100 

15 37 59 81 103 

17 39 61 83 105 

13 35 57 79 101 

15 3759 81 103 

15 37 59 81 103 

17 39 61 83 105 

11 33 55 77 99 

16 38 60 82 104 

15 37 59 81 103 

subjects from the cohort. 
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  Figure 7.8 Five Cavalieri slices for (a) GM and (b) WM for one 3D SPGR data set selected from our 
cohort. The first row of images shows whole hemisphere compartments (after the first step of manual 
editing). In the second row the left and right hemisphere compartments are illustrated (after a further 

step of manual editing). 

7.5.1 Sex differences in GM, WM and HEM 

The volumes of the GM, WM and HEM for the fifteen male and fifteen female 

subjects are presented in Table 7.8(a) and Table 7.8(b) respectively. The volumes 

have been calculated using the Cavalieri slices volume estimator (Equation 5.4) using 

five systematic random Cavalieri slices (see Table 7.7). 

111



a a a a 
Volume estimates (in cm ) for the compartments of GM, WM and HEM 

MALES | _ GM m CB% | WM m_ CE% HEM m_  CE% 

  Table 7.8(a) Results for 15 male subjects scanned at MARIARC: Volumes for the compartments of 

GM, WM and HEM, with corresponding values for the smoothness function (m) and CE’s %. 

Volume estimates (in cm ) for the compartments of GM, WM and HEM      

  

Table 7.8(b) Results for 1 

GM, WM and HEM, with corresponding values for the smoothness function (m) and CE’s %. 
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For GM, WM and HEM the mean volume for the male subjects and female subjects 

and the mean volume difference between males and females are presented in Table 

19. 

GM WM HEM 

384.7 

602.7 341.8 944.5 

42.0 42.9 84.9 

0.005*  0.003* 

M>F 
Table 7.9 Mean volume estimates for the 15 male and 15 female subjects with the corresponding mean 
volume differences (i.e. mean volume males — mean volume females), the p value (as assessed using 

paired samples t-test) and the order of the volume differences. Highly significant p-values are 
annotated with an asterisk*. 

  

    Mean volume Males (cm’) 

Mean volume Females (cm’*) 

MEAN VOL DIFF (cm?) 

p value 

     

  

     

Figure 7.9 illustrates each of the fifteen volume estimates recorded for male and 

female subjects; for GM, WM and HEM. Also plotted are the mean volume 

estimations for each these compartments with error bars representing 2 times the 

predicted CE for each subject. 

The contribution due to CV’(rrug) and CV*;sterEoLocy) are shown in Table 7.10 (see 

Equation 7.1) 

  

MALES 
GM WM HEM 

CV(ToTAL) % 10.7 12.4 9.2 

CVcrRuE) Jo 10.6 12.3 9.1 | 

CVisteREOLOGy) % 1.9 2.5 17 

er gp 

% TRUE 98.4 98.4 98.0 

FEMALES 
GM WM HEM 

CV(ToTAL) % 6.8 8.7 55 

CVcruE) % 6.6 8.5 53 
-CV(STEREOLOGY) % 1.9 3.2 1.7 

% STEREOLOGY 4.2 4.2 5.7 
% TRUE 95.8 95.8 94,3 

  

Table 7.10 CV rota) CV rrue) and CV (sTEREOLOGY) are all presented (for 15 male subjects (top) and 15 

female subjects (bottom). The % contribution due to stereology and true variance to the total error 
variance are also shown. 
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Figure 7.9 Volume estimates obtained for the compartments of GM (top), WM (middle) and HEM 
(bottom) for each of the 15 male (left column) and 15 female subjects (right column). On the left hand 
side of each plot the individual volume estimates for each subject are plotted. On the right hand side of 

each plot the mean volume estimate for the corresponding compartment are plotted with error bars 
representing 2 times the average predicted CE. 

Table 7.11 illustrates the percentages of GM and WM in the HEM for each of the (a) 

males and (b) female subjects. In Table 7.11 (c) we present paired samples t-tests for 

the compartments of GM and WM for males compared with females. 
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MALES ] GM %  WM% FEMALES GM % WM % 

  

MOl1 56.0 4.0 FOI 66.2 33.8 
M02 66.4 33.6 FO2 61.3 38.7 
M03 60.1 39.9 F03 65.0 35.0 
M04 63.1 36.9 F04 60.8 39.2 
M05 63.4 36.6 FO5 66.7 33.3 
M06 Died 42.9 FO6 62.6 37.4 

M07 63.7 36.3 FO7 63.9 36.1 

M08 64.7 35.3 FO8 65.1 34.9 

MO9 63.4 36.6 FO9 65.6 34.4 

M10 62.7 37.3 F10 66.0 34.0 
Mil 66.8 8372) Fll 57.6 42.4 

M12 65:5 34.5 F12 65.0 35.0 

M13 62.8 372 F13 62.1 37.9 

M14 63.4 36.6 F14 64.2 35.8 

M15 60.3 39.7 F15 65.1 34.9 

Max 66.8 44.0 Max : 

Min 56.0 33.2 Min 57.6 33.3 

Mean 62.6 37.4 Mean 63.8 36.2 

VAR 9.56 9.56 VAR 6.20 6.20 

SD 3.09 3.09 SD 2.49 2.49 
(a) CV (%) 4.94 8.27 (b) CV (%) 

(c) 
Paired samples t-test 

GM Males v GM Females p=0.3 

WM Males v WM Females = 0.3 

Table 7.11 Percentage of GM and WM in the HEM for each of the (a) male and (b) female subjects (c) 

Paired samples t-tests between the GM and WM compartments for males and females are presented. 

7.5.2 Summary of sex differences in GM, WM and HEM results 

Males had larger GM, WM and HEM compartments than female subjects. The 

mean volume of the WM compartment was significantly larger in males (42.9 cm?) 

compared with females (p = 0.005). Males had on average significantly larger 

HEM compartments (84.9 cm*) compared with females (p = 0.003) (see Table 

7.9). 

Relatively, but not significantly more GM was found in female subjects (on 

average) compared with male subjects (63.8 % in females and 62.6 % in males; p 

= 0.3). In contrast, relatively more WM was found in male subjects compared 

with female subjects (37.4 % in males and 36.2 % in females; p = 0.3) (see Table 

TAL), 

The variance in CVroraL) was greater in males compared with females (i.e. in 

males CVrorat) was 10.7 %, 12.4 % and 9.2 % for GM, WM and HEM 

respectively. In females CV tora) was 6.8 %, 8.7 % and 5.5 % for GM, WM and 
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HEM respectively). However more variance in CV;torar) due to stereology 

(CV (stEREOLoGy)) was found in female subjects compared with male subjects (i.e. 

CV(stEREOLOGY) in females was of the order 4.2 — 5.7 %, in contrast with males 1.6 

—2%). 

7.5.3 Laterality differences in GM, WM and HEM results 

The volumes of the compartments of GM and WM for the left and right hemisphere 

compartments for the fifteen male and fifteen female 3D MR data sets are recorded in 

Tables 7.12 - 7.14 and Tables 7.16 - 7.18 respectively. In Table 7.15 and Table 7.19 

the mean volumes are summarised for males and females respectively with paired 

samples t-tests between groups. 

MALES GM L m CE % GM R m CE % 

  
Table 7.12 Volume estimations of the compartment of GM for the left (GM L) and right hemispheres 
(GM R) for the 15 male subjects. Volumes are in cm’. Also illustrated are the values obtained for the 

smoothness function (m) and predicted CE’s %. 
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MALES WML m CE % WMR m CE % 

  
Table 7.13 Volume estimations of the compartment of WM for the left (WM L) and right (WM R) 

hemispheres for the 15 male subjects. Volumes are in cm’. Also illustrated are the values obtained for 
the smoothness function (m) and predicted CE’s %. 

MALES HEM L m CE% | HEMR m CE % 

MO 1.0 0 

MO02 1 0.8 1.3 

M03 1.5 0.9 1.6 

M04 1.1 0.9 1.2 

M05 1.1 1.0 1.3 

M06 1.4 1.0 1.3 

MO7 1.2 1.0 1.2 

M08 v1 0.9 1.2 

MO09 i 0.9 je 

M10 2.3 0.7 2a 

M11 0.8 1.3 

M12 0.8 12 

M13 0.8 1.4 

M14 1.0 1:2 

M15 1.0 1.1 

Max 1.0 21 

Min 0.7 1.1 

Mean 0.9 1.3 

VAR 

SD 

SE 

CV (%)   
Table 7.14 Volume estimations of the compartment of HEM for the left (HEM L) and right (HEM R) 

hemispheres for the 15 male subjects. Volumes are in cm’. Also illustrated are the values obtained for 

the smoothness function (m) and predicted CE’s %. 
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319.9 194.4 514.3 

324.8 190.4 315.2 

Mean volume males LEFT (cm) 

Mean volume males RIGHT (cm’) 

Mean volume difference (cm) 4.9 4.0 0.9 

p value 0.048* 0.024* 0.658 

R>L L>R RoL 
Table 7.15 Mean left and right hemisphere volume estimates for the 15 male and 15 female subjects, 

for GM, WM and HEM are presented. Corresponding mean volume differences, p values (as assessed 
using paired samples t-test) and the order of the volume differences (i.e. which of the two 

measurements are larger) are also presented. Significant p-values are shown in bold script and 
annotated with an asterisk*. 

  
Table 7.16 Volume estimations of the compartment of GM for the left (GM L) and right (GM R) 

hemispheres for the 15 female subjects. Volumes are in cm’, Also illustrated are the values obtained 
for the smoothness function (m) and predicted CE’s %. 
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Table 7.17 Volume estimations of the compartment of WM for the left (WM L) and right (WM R) 

hemispheres for the 15 female subjects. Volumes are in cm’. Also illustrated are the values obtained 
for the smoothness function (m) and predicted CE %. 

FEMALES | HEML m CE% | HEMR m CE % 

  
Table 7.18 Volume estimations of the compartment of HEM for the left (HEM L) and right (HEM R) 

hemispheres for the 15 female subjects. Volumes are in cm’. Also illustrated are the values obtained 
for the smoothness function (m) and predicted CE %. 
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297.8 170.7 468.4 

304.9 171.2 476.1. 

Mean volume females LEFT (cm ) 

Mean volume difference (cm) 72 0.5 77] 
p value 0.0003* 0.784 ~0.001* 

RoL R>L R>oL, 
Table 7.19 Mean left and right hemisphere volume estimates for the 15 male and 15 female subjects, 

for GM, WM and HEM are presented. Corresponding mean volume differences, p values (as assessed 
using paired samples t-test) and the order of the volume differences are also presented. Significant p- 

values are shown in bold script and annotated with an asterisk*. 

For the left and right hemispheres for GM, WM and HEM the mean volume for male 

and female subjects are summarised. Also presented are the mean volume differences 

between males and females for the left and right hemispheres (see Table 7.20). 

GM WM HEM 

Mean volume males LEFT (cm) 319.9 194.4 514.3 

Mean volume females LEFT (cm’) 304.9 1712 476.1 
Mean volume males RIGHT (cm’) 324.8 190.4. 515.2 

Mean volume females RIGHT(cm’) 3049-1712, 476.1 
MEAN VOL DIFF Males v Females LEFT (cm) 15.0 23.2 38.2 

p value 0.075. 0.002* 0.002* 

M>F M>F M>F 

MEAN VOL DIFF Males v Females RIGHT (cm’) 19.9 19.2 39.1 

p value 0.087 0.013* 0.007* 

M>F MOF M>F 

Table 7.20 Mean volume estimates for the 15 male and 15 female subjects with the corresponding 

mean volume differences (i.e. mean volume males — mean volume females), the p value (as assessed 

using paired samples t-test) and the order of the volume differences. 

Highly significant p-values are shown in bold script and annotated with an asterisk*. 

Figure 7.10(a) — (c) presents the left and right hemisphere volumes for GM, WM and 

HEM for both males and females with associated correlation values. 

Figure 7.11(a) and (b) illustrates the absolute volume differences between male and 

female subjects and the order of the volume difference for GM and WM, for males 

and females. The results represent the mean differences obtained for the fifteen male 

and fifteen female subjects. 
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Figure 7.10(a) Left and right hemisphere volumes plotted for GM. Linear regressions are also shown 

with associated correlation values (R’) as assessed by Pearson’s product moment correlation. 
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Figure 7.11(a) Graph to illustrate the absolute volume differences and the order of the volume 
difference for GM for males (shown in blue) and females (shown in pink). The results represent the 
mean differences obtained for the fifteen male and fifteen female subjects. Significant p-values are 

annotated. 
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Figure 7.11(b) Graph to illustrate the absolute volume differences and the order of the volume 

difference for WM for males (shown in blue) and females (shown in pink). The results represent the 

mean differences obtained for the fifteen male and fifteen female subjects. Significant p-values are 
annotated. 

The contribution due to CV’(rrur) and CV’ sreroLocy) are shown in Table 7.21 (see 

Equation 7.1). 

   
       

  

    

    
   

‘i MALES 
GMR_ | WML WMR_ HEML___HEMR 

  

GM L_         
CV(roTAL) % 

CVcrruE) % 11.0 10.1 11.7 13.1 9.2 9.2 
CV(STEREOLOGY) % 1.8 5.1 2.5 2.7) | 1.6 1.8 

% STEREOLOGY 15 47 18 1.6 19 2.1 
% TRUE 98.5 95.3 98.2 98.4. 98.1 97.9 

  

   

   
FEMALES 

| WML | WMR 

  

    
    

     

  

(CVcroTAL) % | 

CVcrRuE) % ; mo) 6.4 9.1) 8.0 54 5.4 

CV(STEREOLOGY) % : 6.2 22 32. 75 1.6 1.9 

'% STEREOLOGY 126 5. 3.7 10.4 5.4 6.0 
% TRUE 87.4 94.9 963 89.6 94.6 94.0 

Table 7.21 CV¢rorat) CVcrrur) and CVistercoLocy) are all presented for the laterality study (for 15 ° 

male subjects (top) and 15 female subjects (bottom)). The % contribution due to stereology and true 

biology of the sample to the total error variance are also shown. 

Table 7.22 presents the percentages of GM and WM in the left and right hemispheres 

for each of the male subjects. Table 7.23 provides corresponding results for female 

subjects. 
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VAR 
SD      

   
5 0.82 SE 

(a) CV (% i 5.02 (b) CV (% 

(c) 
Paired samples t-test 

GM Males left v GM Males right p=0.02 
WM Males left v WM Males right = 0.02 

Table 7.22 Percentages of (a) GM L and GM R and (b) WM L and WM R in the HEM for each of the 

male subjects:(c) Paired samples t-tests between the left and right hemispheres for the GM and WM 
compartments are also shown. 

60.8 61.7 
64.3 65.6 
60.4 61.2 
66.6 66.8 
62.0 63.3 
62.5 65.2 
64.6 65.5 
64.8 66.4 
66.0 66.1 
Sve 58.2 
66.0 64.0 
61.5 62.5 
64.6 63.8 
65.5 64.7 

57.1 58.2 
63.6 64.0 
7.68 5.50 VAR 
2.77 2.34 SD 
0.72 0.61 SE 
4.36 3.66 (p) CV (%   

Paired samples t-test 

GM Females left v GM Females right p =0.2 

WM Females left v WM Females right p= 0.2 

Table 7.23 Percentages of (a) GM L and GM R and (b) WM L and WM R in the HEM for each of the 

female subjects (c) Paired samples t-tests between the left and right hemispheres for the GM and WM 

compartments are also shown. 
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In Table 7.24 the results of paired samples t-test are presented for GM and WM, for 

males compared with females. 

       

  

     

Paired samples t-test 

p =03 

p=0.4 
p=O3 

GM Males left v GM Females left 
GM Males right v GM Females right 
WM Males left v WM Females left 

WM Males right v WM Females right 

Table 7.24 Paired samples t-tests for males and females for the left and right hemisphere compartments 
of GM and WM. 

7.5.4 Summary of laterality differences in GM, WM and HEM results 

Males have larger GM, WM and HEM compartments in both the left and right 

hemispheres than female subjects. Males have (on average) 15.0 cm* more GM in the 

left hemisphere compared with female subjects (p = 0.075). In the right hemisphere 

males have (on average) 19.9 cm* more GM compared with females (p = 0.087). 

Males have significantly more WM in the left (23.2 cm*) and right hemispheres (19.2 

cm*) compared with female subjects (p = 0.002 and p = 0.013 respectively). 

Significantly more HEM was found in males compared with females for both the left 

(38.2 cm*) and right (39.1 cm*), p = 0.002 and p = 0.007 respectively (see Table 

7.20). 

In males, the volume of GM was significantly larger in the right hemisphere 

compared with left hemisphere (volume difference R > L (4.9 cm’), p = 0.048). The 

volume of WM was significantly larger in the left hemisphere compared with right 

hemisphere (volume difference L > R (4.0 cm>), p = 0.024). The volume of right 

HEM was larger, but not significantly than the volume of left HEM (volume 

difference R > L (0.9 cm’), p = 0.658) (see Table 7.15). 

In females, as in males, the volume of GM was significantly larger in the right 

compared with the left hemisphere (volume difference R > L (7.2 cm’), p = 0.0003). 

Also as in males the volume of WM was larger in the right hemisphere compared with 

the left hemisphere (volume difference R > L (0.5 cm’), p = 0.784) but on this 

occasion the difference was not significant. The volume of right HEM was 

significantly larger than the volume of left HEM (volume difference R > L (7.7 cm?*), 

p = 0.001) (see Table 7.19). 
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Relatively more GM was found in both the left and right HEM in female subjects 

compared with male subjects (females: GM L = 63.6%; males: GM L = 62.2%, (p = 

0.28); females: GM R = 64.0 %; males: GM R = 63.1%, (p = 0.4/)). In contrast, 

males subjects were found to have relatively more WM in both the left and right HEM 

compared with females subjects (males: WM L = 37.8 %; females: WM L = 36.4 %, 

(p = 0.28); males: WM R = 36.9 %; females: WM R = 36.0 %, (p = 0.41)) (see Table 

7.21). 

More variance in CVrorat) due to stereology (CV(stErEoLoGy)) Was found in female 

subjects compared with male subjects for each of the left and right GM, WM and 

HEM compartments (i.e. CV(stergoLocy) in females was of the order 3.7 — 12.6 %, in 

contrast with 1.5 — 4.7 % in males). The contribution of CV¢rrug in males of the total 

error variance was larger than that found in females (of the order 95.3 — 98.5 % in 

males compared with 87.4 — 96.9 % in females). 

7.6 Chapter summary 

Sex differences in the GM, WM and HEM compartments of male and female subjects 

have been illustrated. We present a highly repeatable and reproducible method of 

analysing the volumes of GM, WM and HEM compartments and present a subsequent 

study sex and laterality differences in a cohort of male and female subjects. Presented 

in Table 7.25 is a summary of our main findings in Chapter 7. 

Repeatability REPEATABILITY < | % REPEATABILITY < 1% | REPEATABILITY <1 % 

(4 subjects) CV rorat) = 9.07 % CV crorat) = 0.24 % CV rorat) = 0.15 % 
Reproducibility CV roraL) = 1.4 % CV rorat) = 4.8 % CV rorat) = 1.0 % 

(1 subject) STEREOLOGY 71.4 % of | STEREOLOGY 6.9 % of | STEREOLOGY 100 % of 

  

       

    

         
    

     

    
      

    

   

  

    

total error variance total error variance total error variance 
a | 

ae ree. 
Laterality differences Males and Females Males Females 

R>L L>R R>L 

p = 0.048 (Males) p = 0.024 (Males) p = 0.001 (Females) 

p = 0.0003 (Females) 

CV(sTEREOLOGY) 
Females > Males 

CV reve) 
Males > Females 

    

   

  

    

te ee Se 
M>F M>F 

p = 0.005 (whole HEM) p = 0.003 (whole HEM) 

p = 0.002 (Left) p = 0.002 (Left) 

p = 0.013 (Right) p = 0.007 (Right) 

   

   
             

  

            
         

    

    

       

    

   
     

   
    

  

CV (sTEREOLOGY) 
Females > Males 

CV rue) 
Males > Females 

CV (sTEREOLOGY) 
Females > Males 

CV true) 
Males > Females 

Variance ... 

contribution of 

CV srerEoLocy) and 
CV crrue) 

to CV OTAL 

GM/WM vol fraction % GMF>M % WM M>FEF 

Table 7.25 Chapter 7: summary of results. 
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Chapter 8 

Discussion 

The objectives of our study are outlined in Chapter 2, section 2.2. In this chapter we 

provide a summary of the significant results obtained (see section 8.1). In section 8.2 

we interpret our results in relation to other studies prior to discussing the implications 

of our findings (see section 8.3). In section 8.4 we provide ideas for further work. In 

section 8.5 we draw conclusions from this research. 

8.1 Summary of results 

8.1.1 Cavalieri slices error prediction formulae 

Results of the Montréal paradigmatic data set have revealed that three, five and ten 

Cavalieri slices are appropriate for the estimation of GM and WM volumes for a 

stereological precision of 10%, 5 % and 3 % respectively on the volume estimate. For 

HEM we found that two, three and four slices were required for CE’s of the same 

precision. This was appropriate for slices of any arbitrary thickness (illustrated in 

Chapter 6 of between 1 and 27 mm thickness). 

The predictions of CE according to Equation 5.5 in combination with Equations 5.7 

and 5.8 showed that predictions based on m = / were best for HEM (i.e. Equation 

5.8). For the compartments of GM and WM the true CE was in between both 

predictors (i.e. Equations 5.7 and 5.8) (see Chapter 6). 
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8.1.2 Repeatability 

The reliability study found highly correlated results for each of the four subjects who 

were scanned on one occasion and the estimations of GM, WM and HEM volume 

performed twice a month apart (i.e. re-analysis). No significant differences were 

observed in estimating the volumes of the compartments of GM, WM and HEM for 

these subjects and the repeatability of the measurements was within 1 %. 

Average repeatability in males and females was very good. For the compartment of 

GM there was no difference in the repeatability measurements for males and females 

(0.07 % in males and females). Repeatability in the compartments of WM and HEM 

was relatively better in females than in males (WM 0.07 % females, 0.5 % males; 

HEM 0.05 % females and 0.2 % males). 

8.1.3 Reproducibility 

There was little variation in the GM (CV tora) = 1.4 %) and HEM (CV tora = 1.0 

%) compartment volumes for this subject. More variation did exist in the 

compartment of WM, CV tora = 4.8 %) over this six week time period (see Table 

Dade 

The error due to the volume variations in this subject (over a six week period) 

including instrument effects (i.e. CVanstrument) resulted in very little variation over 

the six week time period for GM (CV rrug) = 0.8 %). More variation existed in the 

compartment of WM (CV rtrug) = 4.6 %) (see Table 7.6). For HEM the total variance 

(CV toraL)) was smaller than the variance due to sampling resulting in no variation in 

CV aNsTRUMENT)- 

Stereology (CV(sterEoLocy)) contributed 71.4 %, 6.9 % and 100 % to the total error 

variance for the compartments of GM, WM and HEM respectively. This 

corresponded with CVqnstrumenr Contributing 28.6 %, 93.1 % and O % to the total 

error variance for GM, WM and HEM respectively. 
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8.1.4 Sex differences 

Males were found to have significantly larger WM (p = 0.005) and HEM (p = 0.003) 

compartments than female subjects (see Table 7.25 and section 8.2). 

8.1.5 Laterality differences 

Males were found to have larger GM, WM and HEM compartments in both the left 

and right hemispheres than female subjects. Males had significantly more WM (p = 

0.002 WM L; p = 0.013 WM R) and HEM (p = 0.002 HEM L; p = 0.007 HEM R) 

volumes (see Table 7.25). 

In males, the volume of GM was significantly larger in the right hemisphere 

compared with left hemisphere (p = 0.048). The volume of WM was significantly 

larger in the left hemisphere compared with right hemisphere (p = 0.024). 

In females, as in males, the volume of GM was significantly larger in the right 

compared with the left hemisphere (p = 0.0003). The volume of right HEM was 

significantly larger than the volume of left HEM (p = 0.00/). 

8.1.6 Variance 

More variance in CV tora) due to stereology (CV(sterEoLocy)) Was found in female 

subjects compared with male subjects for each of the left and right GM, WM and 

HEM compartments (i.e. CV(sterEoLocy) in females was of the order 3.7 — 12.6 %, in 

contrast with 1.5 — 4.7 % in males). 

The contribution of CV rrug) in males of the total error variance was larger than that 

found in females (of the order 95.3 — 98.5 % in males compared with 87.4 — 96.9 % in 

females). 

8.1.7 GM and WM volume fractions 

An interesting result, although not significant was the fact relatively more GM was 

found in both the left and right HEM in female subjects compared with male subjects. 

In contrast, male subjects were found to have relatively more WM in both the left and 

right HEM compared with female subjects. 
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8.2 Discussion of our findings 

8.2.1 MRI 

MRI, CT, PET and SPECT imaging systems all employ slab probes to produce 

images of tissue slices. Radiologists concerned with diagnosis, and 

Radiographers/Physicists concerned with image analysis, tend not to adopt the 

unbiased sampling strategy described in Chapters 5-7 and only rarely is the finite 

thickness of the slice taken into account by those measuring the volume of a structure 

of interest using these modalities. Instead, the image is assumed to refer to a section 

of zero thickness, such as would be produced by a plane probe at the slice centre, and 

volume is obtained as the sum of the section areas multiplied by the distance between 

sections. This assumption may indeed be reasonable when the thickness of the slice is 

small in relation to the size and complexity of the structure of interest (e.g. 10 mm 

thick slices through the fetus, 4 mm thick slices through the urinary bladder (Light, 

Roberts et al., 1995), or 1 to 2 mm thick slices through brain structures such as the 

hippocampus (Mackay, Roberts ef al., 1998). 

The imperative has arisen that together with proper sampling we should aim to use the 

Cavalieri slices method, rather than assume that the Cavalieri sections method is 

generally applicable, for the analysis of medical images (see Chapters 6 and 7). Of 

critical importance is the development of approaches to determine the volume of the 

compartment of interest in the sampled slices; an endeavour which, of course, is not 

the direct concern of stereology. 

The problem has fortunately already been addressed by several researchers and the 

modality of MR, in particular, offers several approaches. Two scenarios exist for the 

distribution of a compartment of interest within the MR image slice. Either the 

compartments are intimately mixed with (i.e. fat and water molecules), or else is 

juxtaposed with (i.e. boundary between GM and WM), one another. In both cases 

partial voluming is produced when the data are represented as pixels (Phoenix, Betal 

et al., 1996). 
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Partial voluming artefact can be removed by the development of computer based 

image analysis techniques to reliably determine the relative amounts of each tissue in 

every image voxel. Several authors have used this approach in in vivo studies 

(Rusinek, de Leon et al., 1991) (Rusinek and Chandra, 1993) (Bullmore, Brammer et 

al., 1994) (Wright, McGuire et al., 1995) (Ashburner and Friston, 1997) (Chua, 

Wright et al., 1997) (Shah, Ebmeier et al., 1998) (Brooks, Roberts et al., 1999). 

In the case of mixed compartments, Magnetic Resonance Spectroscopy (MRS) 

techniques provide a basis for quantification. For example, MR spectra may be 

obtained in which the areas under the fat and water peaks are proportional to the 

respective amounts of each compartment in the slice, and via calibration with an 

appropriate external reference the absolute volumes of the two compartments can be 

determined. For juxtaposed compartments, several combinations of MR image 

acquisition and analysis techniques have been applied. The methods of Rusinek and 

colleagues, (Rusinek, de hed et al., 1991; Rusinek and Chandra, 1993) and Friston 

and colleagues, (Friston, Ashburner et al., 1995) represent two fundamentally 

different approaches focusing on novel acquisition and analysis strategies 

respectively. 

Rusinek and colleagues in 1991, illustrated this acquisition strategy to determine the 

relative amounts of GM, WM and CSF in a series of MR images which refer to 5 to 

10 mm thick slices. Their approach is based on the acquisition of two MRI sequences 

each providing a different contrast. The two sequences define a system of linear 

equations that can be solved for partial volumes of brain tissues (Rusinek, de Leon et 

al., 1991). Friston and colleagues, use statistical techniques to automatically 

determine 3D GM and WM probability maps from high-resolution, i.e. 3D MR data 

sets, as illustrated in Chapter 7 using SPM99 software (Friston, Ashburner et al., 

1995). 

Both methods require further development so as to be able to take account of effects 

such as age related changes in brain tissue and pathology, which may be focal or 

diffuse. The theoretical limit to the quality of the result obtained by Rusinek and 

colleagues, is limited by the point spread function of the MR imaging system 

(Rossmann, 1969) (Robson, Gore et al., 1997) whereas that of Friston and colleagues, 
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is additionally limited by the variable gyral anatomy of different subjects. SPM99 

relies on the ability to mould each of the 3D MR data sets into that of the template 

images for probabilistic segmentation. Further analyses are required on subjects with 

cerebral atrophy and in conditions where the brain can not easily be moulded into that 

of the template images for accurate tissue based segmentation. 

Although many of the gross features are recognizable and are comparable between 

subjects there is considerable variation in the smaller gyri (Ono, Kubik et al., 1990). 

An understanding of the gyrification process is of interest in the study of human 

evolution and in the definition of normal development with subsequent reference to 

the abnormal development. Numerous developmental disorders, such as epilepsy and 

cerebral palsy, are characterised by disruption of the normal gyral pattern. The advent 

of high quality volumetric MR imaging has enabled these developmental 

abnormalities to be observed where they were previously unseen (Li, Fish et al., 

1995). 

The approaches of Rusinek and Friston can of course be compromised by chemical 

shift and susceptibility artefacts and FOV and slice thickness calibration inaccuracies. 

The chemical shift artefact may arise because, while fat and water protons at a given 

location in a specimen contribute simultaneously to the MR signal, they exhibit 

slightly different resonant frequencies, and therefore may be allocated to non- 

coincident pixels along the frequency encoding direction of the resulting image. If the 

difference in resonance frequency between the fat and the water peaks at 1.5T is 200 

Hz, then for a receiver bandwidth of 32 000 Hz and 256 pixels in the frequency 

encoding direction of the image the displacement between fat and water signals will 

be (256/32000) x 200 = 1.6 pixels (Roberts, Garden et al., 1994). 

Visualisation of sub-cortical nuclei is improved at 4T and even at 8T with that of 

conventional imaging techniques at 1.5T (the red nuclei and the substantia nigra are 

well defined). Even the internal capsule WM tracts are better visualised and the 

differences between the basal ganglia and the WM of the internal capsule is readily 

observed. Unfortunately high field strength imaging can be performed at few sites 

because of the restricted availability of these units. The possibility of performing 

ultra high-resolution imaging in these units is now possible and must be fully 
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exploited (Bourekas, Christoforidis et al., 1999) (Ugurbil, Chen et al., 1999) 

(Robitaille, Abduljalil et al., 2000). 

8.2.2 Sex and laterality differences 

We found that male subjects had significantly larger WM and HEM compartments 

than female subjects (p = 0.005 and p = 0.003 respectively) (see Table 7.25). 

Recent MRI studies have evaluated a variety of aspects of sexual dimorphism of the 

brain, such as shape and size of the corpus callosum (Bishop and Wahlsten, 1997), 

asymmetry of the planum temporale (Kulynych, Vladar et al., 1994), tissue 

composition of the prefrontal cortex and superior temporal gyrus (Schlaefer, Harris et 

al., 1995) and interaction between sex and aging effects (Coffey, Lucke et al., 1998). 

Although a few studies have evaluated sex differences in brain morphology in 

children (Caviness, Kennedy et al., 1996) (Giedd, Rumsey et al., 1996) (Giedd, Snell 

et al., 1996) (Giedd, Catellanos et al., 1997) even fewer studies have been done on 

adult populations evaluating sexual dimorphism with regard to regional analysis of 

cerebral lobes, tissue composition (GM verses WM) or surface anatomy. Of those 

studies that have been done findings are inconsistent. In studies evaluating tissue 

composition Scahlaefer and colleagues in 1995 found no sex difference in the overall 

percentage of GM and WM, although more GM was found in female subjects and 

more WM in male subjects (Schlaefer, Harris et al., 1995). In contrast, two further 

studies have found that male brains have significantly more WM than females 

(Filipek, Richelme et al., 1994) (Passe, Rajagopalan et al., 1997). In 1999, Gur and 

colleagues complimented this research by finding that females have a greater 

percentage of GM in their HEM whereas males were found to have a greater 

percentage of WM and CSF (Nopoulos, Flaum et al., 2000), confirming previous 

findings in a study done in 1982, using the '33xenon clearance method (Gur, Gur et 

al., 1982). We also found the same trend in our results to that of the study by Gur and 

colleagues in 1999, i.e. males had a greater percentage of WM and females a greater 

percentage of GM in the cerebrum. The results of our study did not reach significant 

levels with the number of subjects in the cohort (see Table 7.25). 

Sisodiya and colleagues in 1996, also determined GM and WM volumes in the left 

and right HEM of healthy subjects on 3D Tl-weighted MR images. Mean GM 
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volumes in males and females were found to be significantly greater in the right HEM 

which also corresponds with our results (Sisodiya, Free et al., 1996). 

Maes and colleagues in 1999, presented results using an automated approach (see 

section 8.4.1.1) to measure the left and right GM and WM volumes in control male 

(mean age 27.7 years) and female (mean age 30.6 years) subjects. A tendency for 

slightly larger left compared with right GM and WM volumes was found although the 

significance of these results was not reported in this study (Maes, Leemput et al., 

1999). Although the cohort was slightly older than that described in our study similar 

results were found between the two studies for the compartment of WM. For GM we 

report a larger right compared with left hemispheric volume for both males and 

females (see Table 7.25). 

Considering GM is the somatodendritic tissue where computation is done whereas 

WM is the myelinated connective tissue needed for information transfer across distant 

regions, a higher percentage of GM in women increases the proportion of tissue 

available for computational purposes. According to Gur and colleagues in 1999, this 

is a reasonable evolutionary strategy because smaller brains require shorter distances 

for information transfer; hence there could be relatively less need for WM (Gur, 

Turetsky et al., 1999). The findings of lower overall proportions of WM in women 

(as also found in our study) seems to contrast with reports of higher volumes of the 

corpus callosum (Steinmetz, Volkmann et al., 1991). Men and women differ in the 

relative amount of inter and intra-hemispheric communication. Further functional 

MRI (fMRI) and VBM (see section 8.4.1.2) experiments will enable a greater 

understanding of these relationships. 

As brains enlarge they become more convoluted. There has been much interest in 

laterality differences in the cerebral hemispheres of human brains in the context of 

speech and handedness. Mayhew and colleagues in 1996 investigated the anatomical 

and functional asymmetries between the two cerebral hemispheres in human fetal 

brains in addition to the brains of horses, oxen, pigs, goats, dogs, cats and rabbits. 

Mean body weights of the domestic mammals varied from 4 kg to 460 kg and brain 

weights from 10 kg to 636 kg. Fetuses weighed 39-610 g (crown-rump lengths 85- 

185 mm) and brain volumes were 4-56 cm*. The Cavalieri principle and vertical 
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sectioning were to used to estimate the volumes, surface areas and thicknesses of the 

cerebral cortex. Hemisphere shape did vary between species but no lateral or sex 

differences were detected. One possibility for this is that changes at local cortical 

sites are accompanied by compensatory changes elsewhere (see section 8.4.1.1) 

(Mayhew et al., 1990) (Mayhew et al., 1996) (Mayhew et al., 1996). 

8.3 Implications 

MRI has revolutionised the structural neuro-imaging of the brain. It provides images 

that show remarkable detail and contrast between GM, WM and abnormal tissue, such 

as that found in tumours, haematomas and gliotic regions. 

Appropriate sampling intensities for efficient and unbiased estimation of GM, WM 

and HEM volumes using MR Cavalieri slices have been provided (see Chapter 6). 

The use of five Cavalieri slices reduces the time spent performing image analysis and 

volume quantification (in comparison with the Cavalieri sections method and point 

counting techniques) (Roberts, Cruz-Orive et al., 1993) (Roberts, Garden et al., 1994) 

(Mackay, Roberts et al., 1998) (Roberts, Puddephat et al., 2000). The most time 

consuming component in the Cavalieri slices method of volume quantification is the 

determination of the volume of tissue within the systematic random slices; i.e. the 

appropriate segmentation of images and manual editing (if appropriate) of data for the 

compartment analysis. 

8.4 Further work 

Manual tracing of GM and WM in MR images by a human expert can be time 

consuming for studies involving large amounts of data (Van Leemput, Maes et al., 

1998) (Van Leemput, Maes et al., 1999) (Maes, Leemput et al., 1999). 

8.4.1 MRI and image processing 

Newer automatic and more rapid methods of extracting GM and WM compartment 

volumes continue to be developed. Minimal operator intervention when analysing 

cerebral data sets is highly desirable due to the fact operations are tedious, difficult 

and can be time consuming. Longitudinal studies investigating operator repeatability 

have produced excellent results but automated approaches are being investigated. 

Automated and reliable intensity based tissue classification is complicated by the 
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spectral overlap of MR intensities of different tissue classes and a major problem for 

automated MR image segmentation is the corruption with a smoothly varying 

intensity inhomogeneity or bias field (Simmons, Tofts et al., 1994) (Sled and Pike, 

1998). This bias is inherent to MR imaging and is caused by equipment limitations 

and patient-induced electrodynamic interactions (Sled and Pike, 1998). Although not 

always visible to the human eye, such a bias can cause serious misclassifications 

when intensity-based segmentation techniques are used. Correcting the MR image 

intensities for bias field inhomogeneity is therefore a necessary requirement for robust 

automated segmentation (Van Leemput, Maes et al., 1999). 

8.4.1.1. Automatic extraction of GM and WM 

GM and WM are segmented after bias correction by the intensity based tissue 

classification algorithm of Van Leemput (Van Leemput, Maes et al., 1998). Only 

voxels to which the atlas assigns a non-zero a priori brain tissue probability are 

considered during the segmentation. Separation of the computed GM and WM 

probability maps into left and right hemispheres is achieved by non-rigid registration 

- of the study image to a template MR image in which the left and right hemispheres 

have been carefully segmented (see Figure 8.1). Finally, volumes for GM and WM 

for each HEM are computed by integrating the corresponding probability maps within 

the brain regions of interest defined by the matched template image. Further work 

focusing on the reduction in the falsely classified non-brain pixels (due to a lack of 

contrast between true GM and some non brain tissues in images) and on extending the 

approach to smaller subregions in the brain has been reported by the authors of 

automated technique (Van Leemput, Maes et al., 1999). It is possible that subregions 

where sex differences may be found are accompanied by compensatory changes 

elsewhere in the brain resulting in a failure to identify these regional differences when 

investigating total hemisphere results only (Mayhew et al., 1996). 
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Figure 8.1 (a) Sagittal magnetization prepared rapid gradient echo (MPRAGE) image and 

corresponding GM and WM segmentations (b) Coronal cross section with matched labelled template 
and GM and WM segmentations before and after hemispheric separation (c) Volume renderings of GM 
and WM segmentation maps for each hemisphere separately (Figure reproduced from Frederik Maes, 

1999, with permission). 

8.4.1.2 SPM and VBM 

Statistical parametric mapping (SPM) techniques may be applied for voxel based 

analysis of structural MRI data (Wright, McGuire et al., 1995). VBM represents a 

novel way of determining cerebral compartment differences in cohorts such as those 

of male and female subjects (see Publications for VBM abstract accepted for the 

Human Brain Mapping Conference in Dusseldorf, HBM99, McNulty and colleagues, 

1999). 
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The technique works by spatially normalising each of the data sets with a reference 

template using a twelve point affine transformation to Talairach space (Talairach and 

Tournoux, 1988) and segmented using the modified mixture algorithm (Hartigan, 

1975). Subsequently, voxel by voxel maps of the significant differences (i.e. for 

example p < 0.01) in GM and WM density between the cohorts can be analysed. Prior 

to statistical comparison, the spatially normalised segments were smoothed with an 8 

mm full width at half maximum isotropic Gaussian kernel. The statistical procedures 

correct for multiple comparisons and the non-independence of image voxels. 

Corrected probability values were computed which take into account the whole 

volume analysed, the smoothness of the data, the size of the cluster with p < 0.0/] and 

the peak effect (Z-value). 

VBM techniques (enabling group comparisons) have been reported in normal subjects 

contrasting regional differences with subjects with epilepsy, schizophrenia dementia 

chronic depression (Ashburner, Neelin et al., 1997) (Ashburner and Friston, 1999) 

(Sowell and Jernigan, 1998) (Sowell, Thompson ef al., 1999) (Shah, Ebmeier et al., 

1998) (Ebmeier, Glabus et al., 1998) (Woermann, Free eft al., 1999) (Wright, 

McGuire et al., 1995) (Wright, Ellison et al., 1999) (Chua, Wright et al., 1997) 

(Ashburner and Friston, 2000). 

8.4.2 Stereology 

Unlike the Cavalieri sections and slices estimators which are always unbiased under 

systematic sampling, the corresponding variance predictors are only approximations 

whose quality depends on the adequacy of the underlying assumptions. Therefore 

variance predictors may now and then be subjected to improvement as theory 

advances parallel to practical experience. 

One of the main virtues of recent theory is the identification of the constant m as a key 

property of the measurement function. Further work is in progress to assess whether 

other smoothness constants other than m = 0 or m = | can be described and modelled 

(Garcia-Finana and Cruz-Orive, 1998). A more general estimator of the variance has 

been described (Garcia-Finana and Cruz-Orive, 2000). This new development has 

been prompted by the current theory failing to suit many real situations (Roberts, 

Garden et al., 1994) (Garcia-Finana and Cruz-Orive, 2000) (McNulty, Cruz-Orive et 
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al., 2000). The new variance predictors developed generalise the theory described in 

Chapter 5 and improve on existing predictors. The fractional predictor of the CE 

represents a clear improvement over the integral predictors used so far. A detailed 

explanation of the fractional predictor is described and illustrated using data described 

in McNulty and colleagues, 2000 (Garcia-Finana and Cruz-Orive, 2000). 

8.5 Conclusion 

Accurate measurement of GM, WM and CSF volumes is critical for understanding 

how certain diseases affect these structures, for studies of brain development and in 

ageing. Ideally these measurements should require a minimum of operator 

intervention and should be computationally fast whilst not sacrificing accuracy. 

The combination of high-resolution MRI data sets with excellent GM and WM 

contrast, in combination with suitable image segmentation software and the Cavalieri 

slices approach enable the convenient estimation of cerebral compartment volume. 

Developments in imaging sequences and the increased use of high field strength MR 

systems for increasing the contrast between the deep GM and WM compartments 

make it possible to improve the segmentations for the accurate classification of the 

GM and WM in the brain. 
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Appendix 2 

SPLUS (Statsci), scripts used within Chapters 6 and 7 

¢ Program for the calculation of the smoothness constant m 

For example; the volumes o valli ri slices are: 
PROG.est.m(x) 0 

ee 
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For example; i    
PROG.vol.ce outputs VOLUME = 242.3 cm’, CE = 1.22 % 

+ 

¢ Program for the generation of Figure 6.6 (see Chapter 6) 
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Splus programs generated through the collaboration of Luis Cruz-Orive and Vicky 

McNulty. 
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Vicky McNulty, Luis M. Cruz-Orive, Neil Roberts, Colin J. Holmes, and Ximo Gual-Arnau 

Estimation of Brain Compartment Volume from MR 

Cavalieri Slices 

Purpose: Recent theory has been developed to estimate volume from a systematic 
sample of tissue slices of a given thickness and to predict the corresponding error. Our 
goal was to check the error prediction formulas by resampling and to determine the 

» minimum number of MR slices required to estimate the volumes of the cerebrum and 
of the compartments of gray matter (GM) and white matter (WM) with prescribed 
errors. 

Method: Our working data set comprised the GM and WM segmentations obtained 
from a paradigmatic high signal-to-noise ratio 3D spoiled GRASS MR volume data set 
for a single healthy human subject. The data were classified using a fuzzy clustering 
minimum distance algorithm. We thereby obtained a stack of 183 serial coronal slices 
of 1 mm thickness encompassing the whole cerebrum. Empirical resampling was 
carried out using the corresponding data vectors, and the theoretical error predictors 
were thereby checked for slice thicknesses of 1, 3, 9, and 27 mm, with a distance of 
45 mm between slice midplanes. 

Results: Irrespective of slice thickness, a minimum of 3, 5, and 10 slices provided 
estimates of the true total volume of GM and WM in the cerebrum with coefficients 
of error (CEs) of 10, 5, and 3%, respectively, where CE(V)% = 100 - SE(V)/V. For 
the cerebrum, a minimum of two, three, and four slices were required for CEs of the 
same precision. 

Conclusion: In combination with high signal-to-noise ratio and enhanced tissue 
contrast, Cavalieri slices are the most appropriate for MRI, they supply unbiased and 
highly efficient volume estimates of brain compartments. For a given number of slices, 
CE(V) decreases rapidly when the slices are thicker than the gaps between them; when 
the slices are thinner than the gaps, then CE(V) is similar to that in the situation when 
the slice thickness is zero. 

Index Terms: Brain, anatomy—Atlas and atlases—Magnetic resonance imaging, 
physics. 

In recent years, MRI has been successfully combined 

with design-based stereology to develop a methodology 
for the efficient and accurate estimation of the volume of 
organs and components in the living human body (1-5). 
The basic stereological tool used in these articles was the 
Cavalieri sections estimator of volume (6—9,35). Specific 
to this estimator are the following features: 

1. The content of each section is projected orthogonally 
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onto an observation plane parallel to the section faces, 
and the relevant areas are measured on the projected 
image. The Cavalieri sections estimator is unbiased if 
the sections are truly planar, namely, of zero thick- 
ness. Therefore, section thickness is a nuisance be- 

cause it induces estimation bias to an unknown 
degree. 

2. Automatic measurement of section areas requires a 
segmentation of the corresponding images, which is 
not always warranted in biomedical imaging. Failing 
this, the most efficient area estimation method is 

manual point counting (2—5,8,10). The subsequent er- 

rors can be reduced, but nonetheless they may con- 
stitute an important contribution to the final error of 
the volume estimator. 

More recently, a new estimator of volume, called here 

the Cavalieri slices estimator, has been proposed (11), 

which is based on systematic slices of a positive thick-
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ness. Here the estimation requires determination of the 
corresponding slice volumes, and it enjoys the following 
three advantages: 

1. The direct estimation of slice volumes was unthink- 
able before the advent of noninvasive scanning such 
as MRI and CT and of 3D image manipulation and 
quantification. Whenever relevant tissue compart- 
ments can be accurately “segmented,” that is, their 
partial volumes determined, appropriate integration of 
voxels can produce slice volumes for data sets of any 
arbitrary thickness. 

2. The error variance of the Cavalieri sections estimator 
approaches zero only when the number of sections 
approaches infinity. On the contrary, with Cavalieri 
slices, exhaustive sampling yielding the exact object 
volume is possible with a finite number of adjacent 
slices. Thus, slice thickness, which was a nuisance for 

the former estimator, is turned into an advantage for 

the latter. 
3. The only error variance component of the final esti- 

mator is that due to slicing, because slice volumes are 

measured with negligible error. 

The unbiased property of a Cavalieri estimator is guar- 
anteed by a strict observation of the sampling rules and 
neither can nor has to be validated with data (8,12). The 
error prediction problem is nontrivial because the sec- 
tions or slices can be strongly dependent. Useful error 
prediction formulas have been developed for the Cava- 
lieri sections estimator (2,3,7,13—18) and for the Cava- 

lieri slices estimator (11,18). Contrary to the volume es- 

timator itself, which is always unbiased irrespective of 
object shape, the error prediction formulas give approxi- 
mations that depend on object shape; there is therefore 
scope here to devise empirical resampling methods to 
check the adequacy of such formulas for specific objects. 

The purpose of this article is twofold: to assess the 
performance of the recently proposed error prediction 
formulas for Cavalieri slices on the corresponding vol- 
ume estimates and to predict the minimum number of 
slices (of a given thickness) required on each compart- 
ment to attain estimation errors of a prescribed size. 

MATERIAL 

Tn our study, we have investigated a paradigmatic high 

resolution 3D MR data set of the human brain, obtained 

by co-registering and averaging 27 individual data sets 
obtained on different occasions for the same subject and 

corrected for field inhomogeneity. Application of a fuzzy 
clustering algorithm to the average image has provided a 
measure of the proportions of gray matter (GM), white 

matter (WM), and cerebrospinal fluid in each of the brain 

voxels. The authors of the database defined three com- 
partments on the basis of their segmentation results, 
namely, GM, WM, and glial tissue, the latter reflecting a 

region of high signal adjacent to the lateral ventricles. 

We have chosen to incorporate the glial tissue compart- 

ment within the WM compartment. We call the union of 
GM and this new WM compartment “cerebrum.” The 
motivation for the acquisition of the paradigmatic data 
set was to provide ground truth for assessing the perfor- 
mance of different image-processing algorithms and 
various image analysis methods (19,20). The data set is 
available from the Montreal Neurological Institute 
(MNI) web site (http://www.mni.mcgill.ca/brainweb). 

ESTIMATION OF THE VOLUME OF AN 
OBJECT BY THE CAVALIERI SLICES 

METHOD: THEORY 

Cavalieri Sections Method by Way of Introduction 

The target quantity is the volume V of a bounded 
object of arbitrary shape in 3D. The concepts introduced 
in this subsection are illustrated in Fig. 1. Fix a conve- 
nient sampling axis Ox, and let A(x) denote the area of 
the intersection between the object and a plane normal to 
Ox at a point of abscissa x. If the plane does not hit the 
object, then set A(x) = 0. We call A(-) the area function 
of the object, which will in general depend on the choice 
of sampling axis. The area under the corresponding 
graph is the volume of the object, namely, 

v= fo Ag)ax (1) 
for any choice of the sampling axis. 

We estimate V from systematic plane sections a dis- 
tance T apart, normal to the sampling axis at the abscis- 
sas {z + kT, k integer}, where z = U- T and Uisa 
uniform random number in the interval (0,1). The Cava- 

lieri estimator of V, which is easily shown to be unbiased 
(7,11), is 

V=T- > A(c+kT)=T* (Aj +Ag+-..+4,) (2) 
keZ 

where A,, A, denote the first and last nonzero section 
areas, respectively, and A,, A3, ... A, _ , denote the 
intermediate section areas in sequential order; some of 

these areas may be zero if the object consists of several 

separate parts. Note that the unbiased property tightly 

depends on the “random start” of the series, formalized 
by the requirement that z is uniform random between 0 
and 7. The mean of the number n of sections is H/T, 

where H is the length of the shortest connected segment 

containing the orthogonal linear projection of the object 

onto Ox. 

Cavalieri Slices Method 

Here, to estimate V, we use systematic slabs instead of 

plane sections (see Fig. 2). We define a “slab [x, x + f)” 

of thickness t > 0 at a point of abscissa x, as the portion 
of space between two parallel planes normal to the sam- 

pling axis at the points x and x + f, respectively. The 
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“slice [x, x + 1)” is the intersection between the corre- 

sponding slab and the object. The volume V,(x) of this 

slice is clearly 

V(x) = f SE A(y)dy (3) 

where A(-) is the area function of the object for the cho- 

sen sampling axis, The mean value A,(x) of the area 

function “within” the slice [x, x + 1) is 

V(x) 

t 
  A(x) = (4) 

Logically, the area under the graph of this mean area 

function is also V: 

we 
1 x 

v= f- A(x)dx = “fo V,(x)dx (5) 

J Comput Assist Tomogr, Vol. 24, No, 3, 2000 

White Matter 

FIG. 1. a: Volume rendering for gray matter (GM) 

of the in vivo human brain analyzed in this study, 

produced within Analyze software (Mayo Founda- 

tion, Rochester, MN, U.S.A.). See text for details. 

Five systematic coronal slices, normal to the plane 

of the paper, have been overlaid (f = 1 mm is the 

slice thickness and T = 45 mm the distance be- 

tween slice midplanes; see five lines above). b: Of 

the five slices displayed in (a), four hit the cere- 

brum. Projections of the corresponding tissue slices 

are represented in their natural order. The real im- 

ages lie in the upper row and the segmented ver- 

sions in the lower row. The GM is labeled in red and 

the white matter (WM) in blue. c: The ordinate of 

each curve at a given abscissa xis the mean planar 

section area A,(x) of the corresponding tissue within 

a slice of thickness t = 1 mm, that is, the volume 

Vx) of the slice of thickness i starting at that ab- 

scissa (Eq. 3) divided by t (Eq. 4). As tis relatively 

small here, A,(x) = A(x), namely, the corresponding 

area function. The four systematic section areas 

corresponding to the slices illustrated in (a) and (b) 

correspond to the four broken vertical lines. 

The area under the graph of A,(x) between the abscissas 

x and x + ft, however, is not the volume of the corre- 

sponding slice, in general. In Fig. 2c, the mean area 

function A,(x) has been represented for each of the brain 

compartments GM, WM, and cerebrum and for two dif- 

ferent slice thicknesses. At each abscissa x, the ordinate 

of any of these curves is, according to Egs. 3 and 4, the 

volume of the corresponding slice [x, x + 1) divided by 1, 

namely, area under the graph of A(x) between the abscis- 

sas x and x + 1 divided by #. It can be noted that the 

corresponding curves become smoother as / increases 

(cf. also Fig. 1c). In fact, in the statistical terminology, 

A,-) is a “regularization” (analogous to a moving aver- 

age) of A(-) by the segment [0, 1) (11,13,14). 

To estimate V, we use a series of systematic slices of 

thickness f, with a distance 7 > ¢ between slice midplanes 

(i.e., with gaps T — t > 0 between consecutive slices) and 
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with a random start between 0 and 7. More precisely, the 
slices are {|x + AT, z + kT + ft), k integer}, where z = 
U-T and U is uniform random in the interval (0,1). The 
(unbiased) Cavalieri slices estimator of V (11) is as 
follows: 

T 
 DVc+ kT == (V; +Vz+...+V,) ©) 
keZ 

V= 

where V,, V,, denote the first and last nonzero slice vol- 
umes, respectively, and V3, V3, ..., V,,_; denote the in- 
termediate slice volumes (some of which may be zero) 
in sequential order. The mean value of n is shown to be 
(H + 1)/T. 

FIG. 2. a: Five systematic slices hitting the cerebrum, of 
thicknesses t= 9 mm (left) and t= 27 mm (right), respec- 
tively, with T= 45 mm in both cases. b: Projections of the 
five slices illustrated in (a) are represented beneath. Illus- 
trated are slices of 9 (left) and 27 (right) mm thickness. 
The right-hand sides of each panel have been obtained by 
binarizing the images in the corresponding left-hand side 
so that all pixels that contain any gray matter (GM) are 
shown in red and all pixels that contain no GM are shown 
in black. c: Graphs of the corresponding mean (or regu- 
larized) section areas A,x) defined in the legend to Fig. 1c. 

—— White Matter 

Distance x along sampling axis, cm 

Note that the V; values depend on the slice thickness ¢. 
If we define the “mean section area” A; = V,/t corre- 
sponding to the ith slice, then Eq. 6 can be written as Eq. 
2 (but now the A; values are “regularized” section areas, 

not real section areas). In other words, the Cavalieri 

slices estimator for the area function A(-) coincides for- 

mally with the Cavalieri sections estimator for the regu- 
larized area function A,(-). 

Error Prediction Methods: Empirical Resampling 
and Theoretical Predictors 

Our purpose is to predict the error variance Var( V) of 
the Cavalieri slices estimator V given by Eq. 6 in terms 
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of t, T, and a single systematic sample of slice volumes 
{V,, Vo,...; V,,}. If we can predict Var(V), then we can 

always choose 1,T to achieve a desired precision. 
The volume estimator V is a random variable because 

it depends on the uniform random variable z; for the 

moment, it is therefore convenient to write V(z). By defi- 
nition, 

’ ‘ “ d: 
Var[V(z)] = SEL V(z)] = f i [Vio a -v (7) 

We shall also use the corresponding coefficient of error, 
namely: 

CE[V(z)] = seve Ve] (8) 

The required prediction is nontrivial. For instance, we 
cannot readily write SE[V(z)] = (SD among slice vol- 
umes)/nys because the slice volumes are not independent. 
There are two main strategies to predict Var[V (z)]. 

Empirical Resampling 

This is a very general approach that always yields an 
arbitrarily good approximation to the required error vari- 
ance. Its ideal application, however, requires a complete 
knowledge of the area function A(:); in practice, it re- 
quires an exhaustive series of No primary slices that are 
as thin as possible; in our study, this basic set consisted 
of No = 183 consecutive coronal slices of 1 mm thick- 
ness through the whole brain (see previously). Hence- 
forth, we assume that the basic set consists of No primary 
slices of thickness fj = 1 mm and volumes {¥,, vo, ..., 
Vyo} cm?, which represent our basic population vector. 
(Note: Some of the intermediate v values may be zero if 
the object is not connected, but they must be retained. 
Zeros preceding the first positive volume and following 
the last one may be deleted or retained, as convenient. 
Also, the area of a face of the ith primary slice is 10v; 
cm?), We want to predict CE(V) for a given slice thick- 

ness t mm and a distance T mm, and we assume that both 
t and T, expressed in millimeters, are integers. First, we 
describe how to construct all possible Cavalieri samples 
of slices for each t, T, (1 = t S T < ~) (Steps | and 2). 

The required CE(V) is computed in Step 3. 

Step 1. Compute the integers ky and WN as follows: 

. No+t 
ky = 1 + integer part of TT N=k. (9) 

Next, construct the extended vector: 

{0', 07, ...50°, Vis Var -++1 Vg» 0's O°, «.-, OF MO} 

= ffi, fo» ».-sfnt (10) 

namely, a vector of length N whose first t elements are 

zero, followed by the basic vector, and then N — Nog - t 

zeros. The N elements of the extended vector are then 

relabeled {f,, 5, ...» fv}- 
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Step 2. The total number of distinct Cavalieri samples 
of slices that can be constructed from the data is precisely 
T, and the number of slices per sample is kp (see Remark 
1). The leading primary slice volumes (namely, the vol- 
umes of the first primary slices on the “left-hand side,” 

say, of each final slice) of the ith sample, are 

{fir Fiars «+ ((=1,2,...7) (1) 

Thus, the ith sample of volumes of the final slices of 

thickness t is: 

{Vin Vias +++ Vieot (i= 1, 2, ..., 7) (12) 

where V;,  Tepresents the volume of the jth slice within the 
ith sample, and it is the sum of leading primary slice 
volume f;,j-1yr Plus the next t— 1 primary slice volumes, 
namely, 

Sinteg= 1 rt 

tl 

Vy = Dy Siug-nyree (i=1, 2, ..., T;f=1, 2, ..., ko) 
0 

(13) 

(In the preceding sum, we set f, = 0 whenever i > No + 
t.) Note that some slice volumes may be zero. 

Remark 1. If we arrange the elements of the extended 
vector in Eq. 10) columnwise into a T x kg matrix, then 
the T rows of this matrix are the. T samples of leading 
primary slices—in other words, the ith row of this matrix 
is the vector in Eq. 11. 

Definition 1. The sample {V;,, Vir, - . -. Vizg} is a Cava- 
lieri sample if the index i is a uniform random integer 
from the set {1, 2, ..., T}. 

Step 3. Compute what we may regard as the true vol- 
ume of the object: 

Vevyyt+vo+ .. + Vy, em? (14) 

Now, compute the volume estimate for each of the T 
samples using Eq. (6), namely, 

eo 
Was Vy G=12%-.D 5) 

j=l 

The CV? (square of the coefficient of variation), among 
the preceding T estimators is, by definition SD* (WIV? = = 
SE*(V)/V2 = = CE?(V) for the given pair t, T, namely: 

x 1 a 
CEN) = S (V)r-1 (16) 

=1 

Remark 2. It is easy to show that the mean of the T 
estimates {V;} given by Eq. 15 is precisely f, + fp + 
+ fy = V. This amounts to saying that for a Cavalieri 
sample (according to Definition 1 above), the estimator V 
is unbiased for V. 

Theoretical Prediction Formulas 

The preceding approach is possible only in method- 
ological studies whenever the object of interest has been
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scanned entirely and the complete data set is available. In 
a routine study, however, one has only one Cavalieri 
sample of slice volumes {V,, V3, ..., V,,} for each fixed 
pair t and 7. Gual-Arnau and Cruz-Orive (11) have ob- 

tained the following approximation: 

CE(V) = 

() Q T : 

The choice of the coefficient a(t/T) depends on the value 

of the smoothness constant m of the area function A(-) 
(17,18,21,22). Thus, the first step is to estimate m. To do 

this, we need a sample of Cavalieri sections satisfying 
the following conditions: 

n—2 n n—-1 

(3302 + SV os 4 > VVie1 
i=1 i=1 i=1 
ee ae ee ie 

DV: 
i=l 

1/2 

(17) 

1. Their number should be similar to that used in sub- 
sequent routine work, but in any case no less than 5 
for the present purpose. 

2. They should come from the type of object under 
study; for instance, if we are interested in control 

human brains, the sections should come from a simi- 

lar brain. To estimate m, it may suffice to use one or 
two objects of the chosen type. 

. They should cut the object at the same orientation 
(e.g., coronal) as the routine series to be used later. 

This is important; in fact, for a given object, the shape 
of the area function A(-) depends in general on section 
orientation, and as a consequence the value of m may 

also vary with section orientation. 
4. They should be ideally of zero thickness, or “as thin 

as possible” in practice. For large brain compart- 
ments, slices of t = 1 mm thickness should do. 

os
) 

Let r denote the number of Cavalieri sections used that 
satisfy the preceding conditions, and let {A,, A>,...,A,} 
represent the corresponding section areas, measured with 
negligible error. Apply the Kiéu-Souchet formula (17,18, 
D2 

r r-4 

3 >A? + DA Aig 
i=0 re 

=o > AjAio 

Stil) ee (18) 
r r—2 

3 > A; + > AjAin2 
i=0 i=0 

1 

log 4 
  I m= 

r-1 

—4 = AAjs1 
i=0 

If m < 0.5, then take m = 0 and adopt the following 

formula to compute the relevant coefficient in the right- 
hand side of Eq. 17: 

t \2 

t , (1-7) feet aa, 
If # > 0.5, then take m = 1 and 

(*) beawed Ca 
49 10(2) 432) ms 

40 - 10( =) + a(t 

If the section areas are estimated with error [e.g., by 

point counting (2,3)], then a modified version of Eq. 18 
is available (18,22). 

A basic goal of this article is to check the reliability of 
the approach described in Theoretical Predictions For- 
mulas by means of the approach described in Empirical 
Resampling. 

T 

IMPLEMENTATION OF THE CAVALIERI 
SLICES METHOD ON 

BRAIN COMPARTMENTS 

Data Acquisition by MRI 

MR volume scans corresponding to the brain under 
study were acquired at the McConnell Brain Imaging 
Centre (MNI, McGill University, Montreal, Quebec, 

Canada) using a Philips Gyroscan 1.5 T whole-body im- 
aging system and a standard quadrature head coil. The 
protocol employed a proprietary T1-weighted RF spoiled 
gradient echo sequence with a TR of 18 ms, a TE of 10 
ms, and a flip angle of 30°. The brain was exhaustively 
scanned into 183 serial slices of 1 mm thickness parallel 
to the sagittal plane. Each slice was composed of cubic 
voxels of 1 mm side length. The acquisition matrix con- 
sisted of 183 x 217 x 183 pixels and the field of view 
was 183 mm (superoinferior) x 217 mm (anteroposte- 

rior). 
Twenty-seven volume scans were acquired, according 

to the preceding protocol, for the same healthy 30-year- 
old male volunteer over a period of 5 months. Each of the 
data sets was corrected for coil nonuniformities by mod- 
eling noise and spatial RF inhomogeneities (23). The 
images were automatically registered and transformed 
into the MNI_305 average brain space (based on ref. (24) 
using an automatic registration tool before normalization 
and intensity averaging. By averaging the 27 volume 
scans, the signal-to-noise ratio increased by a factor of 
5.2 (19). 

Image Processing 

The voxel data were classified using a fuzzy clustering 
minimum distance algorithm with training points for GM 
and WM identified by a neurologist. The output con- 
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sisted of 3D tissue compartments where the volume of 
tissue within every voxel was known. The intensity (be- 
tween 0 and 1) of each voxel represented the volume 
fraction of a particular tissue class. Voxels with an in- 
tensity of 1 represent pure GM or WM, and those with 0 
intensity contain no tissue corresponding to either GM 
or WM. 

Each tissue compartment was input to Analyze soft- 
ware (Mayo Foundation, Rochester, MN, U.S.A.) run- 

ning on a Sparc 10 workstation (Sun Microsystems, CA, 

U.S.A.) and exhaustively resliced into 217 slices of 1 
mm thickness parallel to the coronal plane. The study 
was restricted to the supratentorial GM and WM only; 

the cerebellum and brainstem were therefore traced and 
deleted from the averaged data set, and a mask was cre- 
ated for use on each of the tissue compartments. The 
volumes for each of the tissue compartments in each of 
the No = 183 slices that sampled the whole cerebrum 
were calculated using region-of-interest signal intensity 
sampling (25,26). The volumes of GM, WM, and whole 

cerebrum, computed via Eq. 14, were 724, 628, and 

1,352 cm, respectively. 
For each compartment, the estimates of the area curves 

A,(x), defined according to Eq. 4, were computed for t = 

1 mm (Fig. 1c) and for t = 9 and 27 mm (Fig. 2c). Each 

WM curve is colored in blue, the corresponding GM 

curve in red, and the cerebrum curve in black. In prac- 

tice, each curve was plotted by joining the points 

{i A@]  i=1,2,..,N} 

(,=0 if k>No+t) (21) 

where {f;, f5, . - -» fy} is the extended vector in Eq. 10 for 
the corresponding compartment. 

Below we illustrate the estimation of compartment 

volume and the prediction of the corresponding standard 

errors, according to methods already described. Then we 

implement the resampling procedure of Empirical Re- 
sampling to check the performance of the theoretical 

error predictions (Fig. 3). There we describe also Fig. 4 

to help the researcher choose sample sizes to attain a 

prescribed error. 

Volume Estimation from a Single Cavalieri Sample 
of Slices and Error Prediction: Numerical Examples 

Our basic set consisted of Np = 183 slices of known 
thickness fj = 1 mm and known volumes {vj, v2, ..., 

V133} cm?. We consider the estimation of the volume of 
the cerebrum by means of a Cavalieri sample of slabs of 

t = 9 mm thickness and J = 37 mm, according to 

Definition 1. 
First, use Eq. 9 to compute ky = 1 + [(183 + 9)/37] = 

6 and N = 6x 37 = 222. Construct the extended vector 

according to Eq. 10, namely, 
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1 2 9 1 -2 3 {0', 07, ..., 07, Vy, Vo, «++ Viga» 07, 0°, ..., O77} 

= ffi. fr Sorat (22) 

Next, take a random integer among {1, 2,..., T = 37}. 

This can be done by taking a random number U in the 
interval (0,1), as supplied by most calculators, and then 
taking the “ceiling” of U x T. For instance, we got U = 
0.131, whereby ceiling(0.131 x 37) = 5. The volumes of 
the fj = 1-mm-thick leading slices were therefore 

nS 
{f5>.f42» Fro Fi16> S153» frgot = {0° 33» V70» Vioz Via» Visit 

(23) 

which correspond to the “left-hand side faces” of the 
required t = 9-mm-thick Cavalieri slices. The volumes 
of the latter are obtained by adding up to each element of 
the vector in Eq. 23 the following eight elements—this is 
what Eq. 13 does. For instance, 

V, =0°+...+0° +, +... +¥4=0.22 cm? 

V> = Va3 +... + V4; = 61.14 cm? 2 33 41 (24) 

Vs =Vyg1 + «+ + Vyg3 + 0' +... +0°=0.19 cm? 

Note that the left-hand side face of the first slice and the 
right-hand side face of the last slice fall outside the brain; 
that is, these slices are brain “caps.” The six slice vol- 

umes (rounded off to the first decimal place) are dis- 
played in Table 1. Applying Eq. 6, we get 

V (cerebrum) = > x 323.5 =1,329.9cem? (25) 

To estimate the corresponding CE(V) by Eq. 17, we 
have to estimate first the smoothness constant m by Eq. 
18 to choose the coefficient a(t/T) among Eqs. 19 and 

20. To do this, we may use the five nonzero leading basic 

slices of fj = 1 mm thickness obtained above (Eq. 23). 
The corresponding calculations are illustrated in Table 2. 

Now, 

3 x 33,420.04 + 105.18 
i il —4x 15,208.41 1 
™=Toe4 °F \ 3x 33,420.04 + 15,208.41 ] 2 

—4x 27,105.85 
=0.75 (26) 

Thus, we adopt the value m = 1 for the smoothness 

constant, and therefore we choose Eq. 20: 

9 9 \2 9 \2 

o\_1 [1+2(H) 20) |(-3) 
a(2)=5: 9 \2 9 \3 

40 - 10( =) + 3(=) 

= 0.0033 (27) 

with which Eq. 17 yields the required coefficient of error 

for the Cavalieri sample of six slices with t = 9 mm and 
T = 37 mm (Table 1):
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FIG. 3. Coefficient of error of the Cavalieri slices estimator of volume for gray matter (a), white matter (b), and cerebrum (c), for slice 

thicknesses of 1, 3, 9, and 27 mm, respectively (top to bottom). The continuous curves represent the empirical coefficient of error obtained 

by resampling from the basic data set; see Eq. 16. The broken lines represent theoretical predictions computed via Eqs. 17 and 19 (which 

correspond to a smoothness constant m = 0; see Eq. 18), and the dotted lines represent theoretical predictions computed via Eqs. 17 and 

20 (which correspond to a smoothness constant m = 1). 
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FIG. 4. Minimum number of systematic slices required to esti- 
mate the volume of gray matter (a), white matter (b), and cere- 
brum (c) for slice thicknesses of 1, 3, 9, and 27 mm. The results 
are based on those of Fig. 3. The predictions obtained empirically 
are joined by continuous lines, whereas those obtained by theo- 
retical predictions are joined by broken lines. The more conser- 
vative predictions based on Eqs. 17 and 19 lie above those cor- 
responding to Eqs. 17 and 20. 
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TABLE 1. Slice volumes (V;) and calculations to estimate 
cerebrum volume, and the corresponding coefficient of error, 
from 6 Cavalieri slices of t = 9 mm thickness, with T = 37 

mm between slice midplanes 

Slice, i V; Vv? Vi + View Vi > Vise 

1 0.2 0.04 12.22 20.80 
2 61.1 3,733.21 6,354.40 5,945.03 
3 104.0 10,816.00 10,119.20 6,312.80 
4 97.3 9,467.29 5,906.11 19.46 
5 60.7 3,684.49 12.14 _ 
6 0.2 0.04 — _ 
Total 323.5 27,701.07 22,404.07 12,298.09 

CE(V) = 

0.0033 x (3 x 27,701.07 + 12,208.09 |!” 
-4 x 22,404.07) 

= 0.0135 323.5 
(28) 

namely, 1.35%. If we need the standard error, then 

SE(V) = Vx CE(V) = 1,329.9 x 0.0135 = 18.0 cm? 
(29) 

With the data displayed in Table 2, we can also esti- 
mate V and CE(V) for the Cavalieri sample of five thin 
slices with t = 1 mm and T = 37 mm. Now a(1/37) = 
0.00415 and we get 

; 37 
V (cerebrum) = = x 35.777 = 1,323.7 cm? 

CE(V) = CE(V) (30) 

0.00415 x (3 x 33,420.04 + 15,208.41 |!” 
—4 x 27,105.85) 

357.77 =0.0151 

namely, 1.51%, SE(V). Thus, the five slices of 1 mm 
thickness supply a similar precision as the six slices of 9 
mm thickness. 

We used a similar procedure for each of the available 
brain compartments and for each of four slice thick- 

TABLE 2. Estimation of the smoothness constant m by the 
Kiéu-Souchet formula (18) by means of 5 Cavalieri slices of 
I mm thickness with T = 37 mm (these slices correspond to 
the left hand side faces of the 9 mm thick slices numbered 

2-6 in Table 1) 

  

Section, i A; A? AA.) AAin2 AAing 

1 63.36 4,014.49 6,955.03 6,905.61 105.18 
2 109.77 12,049.45 11,963.83 8,121.88 —_— 
3 108.99 11,878.82 8,064.17 180.92 —_— 
of 73.99 5,474.52 122.82 — — 
5 1.66 2.76 
Total 357.77 33,420.04 27,105.85 15,208.41 105.18
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nesses, namely, ¢ = 1, 3, 9, and 27 mm, always with T 
= 45 mm. The mean number of slices is 

Nott 
E(number of slices n) = Tt (31) 

namely, 4.09, 4.13, 4.27, and 4.67 fort = 1, 3, 9, and 27 
mm, respectively. We generated the Cavalieri samples 
from a unique Cavalieri sample of basic leading slices of 
t) = 1 mm thickness. To do this properly, it was neces- 
sary to start with the largest slice thickness, namely, t = 
27 mm, in this case. Thus, ky) = 5, N = 225. We chose 
at random the number U = 0.294, ceiling(0.294 x 45) = 
14. The leading slice volumes were 

{fia-fso-fioaSiso>Sioat = {o"*, V325 V77» Vi22» Viezt (32) 

The case t = 1 mm is illustrated in Fig. 1, whereas the 
cases t = 9 and 27 mm are illustrated in Fig. 2. The 
number of slices containing cerebrum was n = 4 fort = 
1, 3, 9 mm, but it increased ton = 5 fort = 27 mm. In 

the latter case, the first and the fifth cerebrum slices were 
“cap” slices with only one planar face each. 

The smoothness constant adopted was m = 1 in all 
cases. Hence, we used Eq. 17 with Eq. 20. The results are 
displayed in Table 3. 

Practical Error Prediction by Empirical Resampling 

We predicted CE(V) first by empirical resampling, as 
described earlier, for each of the compartments GM, 

WM, and cerebrum and for each of the four slice thick- 

TABLE 3. Cavalieri samples of slices with thickness of 1, 3, 
9 and 27 mm and with T = 45 mm between slice midplanes, 

through the compartments GM and WM, and whole 
cerebrum; see text 

Slice volume, V,(cm?) 
  

Slice no. t=1mm t=3mm ¢t=9mm t= 27mm 
  

Grey matter 
— — — 11.1 

2 3.4 10.2 30.8 109.1 

3 6.1 18.2 55.7 155.0 
4 4.9 14.8 44.2 128.5 

Ji 19 2) 132 16.2 

V (cm*) 733.5 730.5 719.5 699.8 

CE (V)% 1.66 1.66 1.65 0.99 

White matter 

1 =. —_— ~~ 2.3 

2 2.8 8.8 29.3 99.5 

3 5.8 17.4 51.9 162.1 

4 4.8 14.2 42.2 103.4 

DI 1.6 4.3 9.8 11.3 

V (cm*) 675.0 670.5 666.0 631.0 

CE(V)% 1.77 1.78 175 1.10 
Cerebrum 

1 — — — 13.4 
2 6.1 19.0 60.1 208.7 

3 11.9 35.6 107.6 317.1 
4 9.7 29.0 86.4 231.9 

3) 3.4 9.8 23.0 27.5 

Vv (cm?) 1,399.5 1,401.0 1,385.5 1,331.0 

CE(V)% 1.72 LID 1.70 1.02 

nesses t = 1, 3, 9, and 27 mm. We thereby studied the 
variation of CE(V) as a function of the distance T be- 
tween slices or, in virtue of Eq. 31, as a function of the 
mean number of slices hitting the relevant compartment 
in each case. We varied T from JT = t mm [which cor- 
responds to the maximum mean number of slices, in 
which case CE(V) = 0], to T = H + t mm (which 
corresponds to En = 1 slice) in 1 mm steps. The results 
are displayed in Fig. 3 as solid curves. 

Next, we computed the corresponding theoretical 
predictions of CE(V) according to Theoretical Prediction 
Formulas, in turn for the values m = 0 (broken lines in 
Fig. 3) and m = 1 (dotted lines) of the smoothness 
constant. The predictions based on m = 1 were best for 
the cerebrum [which is consistent with the result in Eq. 
(26)]. For GM and WM, the true coefficient of error was 
in between both predictors—as supplied by Eq. 17 with 
Egs. 19 and 20, respectively. 

We used the curves in Fig. 3 in the reverse way, 
namely, finding the mean number of slices for prescribed 
CE(V) values, to construct Fig. 4. This figure displays the 
minimum number of slices of a specified thickness re- 
quired to estimate the volume of the GM, WM, and 

whole cerebrum, with a CE of 3, 5, and 10%, respec- 

tively. 

DISCUSSION 

Stereology 

It was not our purpose to study interspecimen vari- 
ability, but only intraspecimen variability due to geomet- 
ric (Cavalieri slices) sampling alone. Knowing the latter 
is essential to separate the true variation among individu- 
als from the total observed variation among individual 
estimates in further routine studies (12). 

As usual in modern stereology, the estimators in Eqs. 
2 and 6 are unbiased only with regard to geometric sam- 
pling—biases emanating from MRI and image process- 
ing (see below) are not accounted for. The error predic- 
tion techniques described in Theoretical Prediction For- 
mulas, however, do not provide unbiased estimators but 
only approximations. The corresponding theory is evolv- 
ing rapidly (9,11,17,18,22,27). Nonetheless, the results 
displayed in Fig. 3 suggest that there is still scope to 
improve the quality of the error predictions. 

Table 3 and Figs. 3 and 4 suggest that, for a given 
distance T between slice midplanes, CE(V) is relatively 
insensitive to slice thickness ¢. This may seem paradoxi- 
cal inasmuch as a thick slice contains more information 
than a thinner slice. From a statistical viewpoint, how- 

ever, all planar sections inside a slice tend to have very 
similar areas, and therefore they tend to supply relatively 
redundant information only. In fact, CE(V) rapidly tends 
to 0 only if t becomes relatively large (e.g., when t varies 
from about 0.5T to T). In other words, unless ¢ ap- 
proaches J, a given number of thin sections (¢ = 0) will 

estimate V with nearly the same precision as a compa- 
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rable number of thick slices (t > 0 not too close to 7). The 
possibility of using slices instead of thin sections may 

therefore render quantitative MRI more flexible to esti- 
mate an object’s volume but will not necessarily improve 
the estimation precision to a significant extent unless 7/2 
<t<T (roughly speaking). 

MRI and Image Processing 

MRI, X-ray CT, positron emission tomography, and 
single photon emission CT imaging systems all employ 

slab probes to produce images of tissue slices. However, 

radiologists concerned with diagnosis and radiographers/ 

physicists concerned with image acquisition naturally tend 
not to adopt the unbiased sampling strategy described 

herein. Furthermore, only rarely is the finite thickness of 

the slice taken into account by researchers measuring the 

volume of a structure of interest using these modalities. 

Instead the image is assumed to refer to a section of zero 

thickness, such as would be produced by a plane probe at 

the slice center, and volume is obtained as the sum of the 

section areas multiplied by the distance between sec- 

tions. This assumption may indeed be reasonable when 

the thickness of the slice is small in relation to the size 

and complexity of the structure of interest [e.g., 10-mm- 

thick slices through the fetus (3), 4-mm-thick slices 

through the urinary bladder (28), or 1- to 2-mm-thick 

slices through brain structures such as the hippocampus 

(29)]. The imperative has, however, arisen that together 

with proper sampling researchers should aim to use the 

Cavalieri slices method rather than assume that the Cava- 

lieri sections method is generally applicable for the 

analysis of medical images. Of critical importance, there- 

fore, is the development of approaches to determine the 

volume of the compartment of interest in the sampled 

slices—an endeavor that, of course, is not the direct con- 

cern of stereology. The problem has fortunately already 

been addressed by several researchers, and the modality 

of MRI, in particular, offers several approaches. 

Two scenarios exist for the distribution of a compart- 

ment of interest within the MR image slice. Either the 

compartments are intimately mixed with (i.e., fat and 

water molecules) or else juxtaposed with (i.e., boundary 

between GM and WM) one another. In both cases, an 

artifact known as partial voluming is produced when the 

data are represented as pixels. In the case of mixed com- 

partments, MR spectroscopy techniques provide a basis 

for quantification. For example, MR spectra may be ob- 

tained in which the areas under the fat and water peaks 

are proportional to the respective amounts of each com- 

partment in the slice, and via calibration with an appro- 

priate external reference, the absolute volumes of the two 

compartments can be determined. In the case of juxta- 
posed compartments, several combinations of MR image 
acquisition and analysis techniques have been applied. In 

particular, the methods of Rusinek et al. (30,31) and 

Friston et al. (32) represent two fundamentally different 

approaches focusing on novel acquisition and analysis 
strategies, respectively. 
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Both the above methods require further development 
so as to be able to take into account effects such as 

age-related changes in brain tissue and pathology, which 

may be focal or diffuse. The theoretical limit to the qual- 

ity of the result obtained by Rusinek et al. is the point 

spread function of the MR system (33,34), whereas that 

of Friston et al. is additionally the variable gyral anatomy 

of different subjects. Both approaches can, of course, be 

compromised by chemical shift and susceptibility arti- 

facts and field of view and slice thickness calibration 

inaccuracies. The inherent movements of a living subject 

(e.g., respiration, heart beat, twitching, or tremor) also 

limit the accuracy of measurements obtained from medi- 

cal images using the Cavalieri slices method. 
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Review article 

The benefit of stereology for quantitative radiology 

N ROBERTS, M J PUDDEPHAT and V MCNULTY 

Magnetic Resonance and Image Analysis Research Centre (MARIARC), University of Liverpool, PO Box 147, 
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Abstract. A knowledge of stereology (ie. proper sampling), the opportunities provided by 

computers for image analysis (i.e. image segmentation, image registration, data base exploration, 

3D reconstruction), and the strengths (i.e. non-invasive) and limitations (i.e. finite resolution, 

image artefacts) of medical imaging equipment must all be combined for reliable quantitative 

magnetic resonance imaging (MRI), the goal of which is to obtain a deeper understanding of the 

structure, function, life cycle and evolution of the human body, especially the brain, and a more 

objective diagnosis of disease and assessment of its response to treatment. In this article we 

illustrate the first of these requirements. We describe the application of proper sampling strategies 

and efficient computer-based counting procedures for obtaining unbiased estimates of volume by 

the Cavalieri method and of surface area from vertical sections. In particular, we estimate the 

volume of a brain tumour from Cavalieri sections, the volume of grey matter in the cerebral 

hemispheres from Cavalieri slices and the surface area of the cerebral cortex from vertical 

sections. The estimates obtained are mathematically unbiased. In each case, we assess the 

precision of the estimates empirically. Application of formulae available for predicting the 

precision of volume estimates obtained using the Cavalieri sections and slices methods is also 

described. 

The purpose of this article is to demonstrate 

that the acquisition and analysis of medical images 

in accordance with the rules of modern design 

stereology [1] enables precise unbiased estimates of 

geometric quantities such as volume and surface 

area to be obtained for only a moderate workload. 

Computers have made the process of measurement 

more convenient, and stereological methods are 

now available via interactive menus in a variety of 

image analysis software. 

Mathematical unbiasedness is an_ inherent 

property of the design of stereological methods 

that does not need to be, and cannot be, proven 
by experiment. Unfortunately, many measure- 

ment techniques are rooted in potentially biased 

methods developed to analyse projection images. 

By using stereological methods, volume [1-6], 

surface area [7-10] and curve length [11, 12] are 

estimated free from any systematic error (i.e. bias) 

relating to the sampling strategy and without the 

need for any assumptions regarding the shape of 

the structure being investigated. If the measure- 

ment process is repeated, the average of all trials 

will be the true value of the quantity of interest. 

Although stereological methods are generally 

applied manually, they are extremely efficient. 

Time is not wasted gathering an unnecessarily 

large amount of data. Beginning from a random 

  

Received 15 July 1997 and in revised form 19 May 1999, 
accepted 28 June 1999. 

The British Journal of Radiology, July 2000 

starting position, measurements are made at 

constant linear or angular intervals. New statis- 

tical theory has been developed for predicting the 

precision of quantities obtained by this strategy of 

systematic sampling [3, 4, 13-19]. 

The theoretical limit of the precision of 

measurements obtained from medical images is 

determined by the point spread function of the 

imaging device [20, 21]. In practice, however, the 

limit is determined by the physiological move- 

ments of a living subject (e.g. respiration, heart 

beat and tremor). The finite thickness of the slice 

of tissue imaged may also represent a constraint. 

Partial voluming is produced if the signals arising 

from different tissue compartments cannot be 

separated within each voxel. This uncertainty in 

the exact contents of any voxel is an inherent 

property of the discretized image and would even 

exist if the contrast between tissues were infinite. 

Also, in the case of MRI, chemical shift and 

susceptibility artefacts [22], magnetic field and 

radiofrequency non-uniformity, and field of view 

and slice thickness calibration inaccuracies can all 

compromise the accuracy with which quantitative 

information can be obtained for a structure of 

interest in the living body. A detailed analysis of 

all these effects is beyond the scope of this article. 

Our concern here is to highlight the importance of 

correct sampling. 

The urinary bladder serves to illustrate the wide 
range of methods that have been applied to 
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measure organ volume in vivo. Unfortunately, few 

of these methods are unbiased. The bladder has 
been assumed to have a shape that can be 

described mathematically; for example cubic 

[23], spherical [24] or ellipsoidal [25]. Its volume 

is then computed from caliper measurements on 

single or orthogonal ultrasound images in which 

the area of the bladder transect(s) is a maximum. 

The application of two stereological methods for 

estimating bladder volume, the Cavalieri and 

Pappus methods, has been described using MRI 

[26] and ultrasound [27]. 

Measurements are routinely reported on ultra- 

sound images of the fetus [28]. All of these 

measurements are ad hoc one- or two-dimensional 

descriptions of a three-dimensional fetus, the 

growth of which should preferably be described 
in terms of volume [4, 29]. Most of the methods 

available for assessing human body composition 

are based on empirical regression equations or 

shape assumptions [30], and stereological methods 

are only rarely employed [15]. 
A variety of approaches have been used for 

measuring brain structures and lesions on MR 

images obtained in vivo [31]. Most commonly, 

computer-based planimetry and semi-automatic 

boundary tracing techniques have been employed 

to measure, for example, the volume of the 

hippocampus and amygdala in patients with 

temporal lobe epilepsy [32, 33] and cerebral 
atrophy in Alzheimer’s disease [34, 35]. 

However, stereological methods are being increas- 
ingly used for analysis of MR images of the brain. 
For example, the Cavalieri method has been used 

in combination with point counting to estimate 
the volume of the subcortical nuclei [36-39], 
pituitary gland [40], hippocampus [41], amygdala 
[42] and lateral cerebral ventricles [43-45]. 

Planimetric techniques are tedious to employ for 

repeatedly outlining boundaries of the gyri and sulci 

on MR images. However, the Cavalieri method has 

been used in combination with point counting to 

estimate the volume of the cerebellum [46], frontal 

lobes [47] and cerebral hemispheres [45, 48]. 

The cerebral cortex is highly convoluted, so 

that approximately two-thirds of its surface is 
hidden within gyri, and measurement of its total 
surface area is not easy. Although a wide range of 

strategies have been used to obtain surface area 

measurements, none have used the isotropic 

sampling required for unbiased estimation of 

surface area. Moran [49] measured the surface 

area of a convex body using line probes oriented 

in the directions of the vertices of regular solids, 

and this was a precursor to the development of 
proper stereological methods [l, 7, 8, 50-54], 
which have since been used in various studies [55— 

59]. We have recently developed a computer 

software (Easy Measure) to enable convenient 
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application of stereological methods for estimat- 

ing the surface area of structures of interest on 

medical images [10]. 

In this article we are concerned with the 
stereology of single objects [1]. We demonstrate 

that stereological methods for estimating the 
volume and surface area of structures of clinical 
interest are straightforward to apply and highly 

efficient. We illustrate the application of stereo- 

logical methods for (i) estimating the volume 

of a brain tumour from Cavalieri sections, 

(ii) estimating the volume of grey matter in the 

cerebral hemispheres from Cavalieri slices and 

(ili) estimating the surface area of the cerebral 

cortex from vertical sections. The latter two 

studies are works in progress in this laboratory 

[60, 61]. In each case, the methods are applied via 

a purpose built computer interface and appro- 

priate images have been obtained by MRI. The 
methods described are not, however, limited to 

investigations employing this modality. 

Volume 

The Cavalieri method 

The Cavalieri method is named in honour of 

Bonaventura Cavalieri (1598-1647) who, as a 

student of Galileo in the seventeenth century, 

made significant advances in the mathematics of 

numerical integration and was the first to consider 

measurement of volume via the analysis of 

sections through three-dimensional solid objects. 

By using the Cavalieri method, an unbiased 

estimate of the volume of a structure of arbitrary 

shape and size may be obtained efficiently and 

with known precision. In the Cavalieri method as 
originally described, now known as the Cavalieri 

sections method [1-4, 15, 62, 63], beginning with a 

random starting point the structure of interest is 

cut from end to end with a series of parallel plane 
probes at a constant distance apart. The areas of 

the sections through the structure of interest 

(which on each image may comprise several 

distinct section profiles, often referred to as 
transects) are estimated by point counting. An 

alternative to the Cavalieri sections method has 
been described by Gual Arnau and Cruz-Orive 

[64] for the case when the sampling probes have a 

finite thickness. This is known as the Cavalieri 

slices method', and involves analysis of the 

  

'In truth, all MR images refer to tissue slices of finite 

thickness. These slices may reasonably be assumed to refer to 

infinitely thin sections at the slice centres, and the Cavalieri 
sections method applied, when the slice thickness is small in 
relation to the size and complexity of the structure of interest. 

If it is possible to determine the volume of the tissue 

represented in each slice, then the Cavalieri slices method 

can, and should, be used. 
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volume of the tissue slices (which on each image 

may comprise several distinct slice profiles) within 

the slab probes. The two approaches are described 
and illustrated below. Although the theory of the 

Cavalieri slices method is fully developed, further 

progress in acquisition protocols are required 

before it can be employed routinely in in vivo 

studies using MRI. In particular, methods must 

be developed for determining the signals arising 

from different tissue compartments within every 

voxel, ie. for solving the problem of partial 

voluming. 

Cavalieri sections of zero thickness 

The Cavalieri sections method requires that, 

beginning from a uniform random starting 

position within the sectioning interval, a structure 

of interest is exhaustively sectioned with a series 

of parallel plane probes a constant distance apart, 

whereupon an unbiased estimate of volume V is 

obtained by multiplying the total area of all 

sections through the structure by the sectioning 

interval T, ie. 

est; V =T(A)+A24+...+An) (1) 

where A), A>, ... A, denote the section areas and T 

is the sectioning interval for the n consecutive 

sections, or when this is not constant the average 

distance between sections (i.e. T; see [58]). If the 

section areas cannot be properly segmented and 

measured automatically, then the semi-automatic 

approach based on manual tracing of the transect 

boundaries on the digital images is rarely justified. 

Interactive point counting techniques represent a 

more reliable and efficient approach [65, 66]. 

The point counting method involves overlying 

each MR image with a regular grid of test points 

(see Figure 1). After each superimposition, the 

number of test points hitting the structure of 

interest is counted on each section, and the 

unbiased estimator becomes 

enr=7(2) (P;+P2+...Pn) (2) 

where P,, Po, ... P,, denote the point counts and 

(a/p) represents the area associated with each test 

point, corrected for any minification or magnifi- 

cation of the image as it is displayed on the 

computer screen. The area of each section 4; is 

now estimated by (a/p)P;. The subscript 2 in est2V 

indicates that the volume is estimated by a two- 

stage process, namely sectioning and point 

counting. To avoid bias, the position of the test 

system should be uniform random with respect to 

the section. The orientation of the test system 
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does not affect unbiasedness, although certain 

orientations may improve the estimation preci- 

sion. However, if one is to apply formulae that 

are available (see Equations (5) and (6) below) 

for predicting the precision of a Cavalieri estimate 

of volume obtained by sectioning and point 

counting, then it is necessary to endow the test 

system with a new random position and isotropic 

orientation on each section. In this laboratory we 

use a computer interface that has been especially 

developed for point counting in ANALYZE 

(Mayo Foundation, Minnesota, USA) software 

[67]. 
The precision of a volume estimate obtained 

using the Cavalieri sections method may be 

measured by its coefficient of error (CE), or 

“relative standard error’. However, prediction of 

the CE for systematic sections is not straightfor- 

ward. Since consecutive section areas are not 

independent quantities, conventional statistical 

formulae cannot be applied to determine their 

variance. A reasonable (but not mathematically 

unbiased) error prediction formula for the 

Cavalieri sections method was developed by 

Gundersen and Jensen [3] based on the theoretical 

work of Matheron [68, 69]. A plot of section area 

against distance along the sampling axis is termed 

the measurement function of the structure of 

interest. The variance of an estimate obtained by 

systematic sampling corresponds to the difference 

between the integral of the covariogram of the 

true measurement function and the discrete 

approximation of this integral derived from the 

available section area measurements [13, 70, 71]. 

Since the true measurement function is not 

known, it has to be modelled. Critically, 

Matheron [70, 71] showed that the relevant 

difference could be evaluated from the section 

area measurements by using the so-called Euler— 

MacLaurin formula to model the behaviour of the 

covariogram near the origin. 

The error prediction formula proposed by 

Gundersen and Jensen [3] is shown in Equation 

(3) below: 

Ch = 

CE(est; V) = (>: 4) x 
i=1 

n—2 

Pe (3 Ss AP + AE AjAj+2— 
i=1 i=1 

n—1 

Sat) 
i=! 

1/2 

  

(3) 

where A; is the area of the ith section. 

The authors demonstrated that systematic 

sampling is more efficient than random sampling 
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Figure 1. Demonstration of the application of the Cavalieri sections method to estimate the volume of a menin- 
gioma in the right cerebral hemisphere using stereology menus within ANALYZE software (Mayo Foundation, 
Minnesota, USA). The same five systematic random axial sections are shown in both rows. In the top row, the 

images are overlain with a square grid suitable for obtaining estimates, by point and intersection counting, of the 
dimensionless shape coefficient B//A. In the bottom row, the images are overlain with a test system for point 
counting to estimate tumour volume. The test systems in both rows have both new random position and new iso- 
tropic orientation on each section. Details of the calculation of B//A, tumour volume and the precision of the 
volume estimate are given in the text. 

by a factor that is generally equal to the square 

root of the number of sections analysed. For 

example, only ten systematic sections are required 

to give the same precision as 100 random sections. 

Cruz-Orive [14] has proposed that Equation (4) 

below 

CE(est; V )= (S41), 7 
i=1 

si (2354+ Satin 
i=1 

na—! 1/2 

Sates) (4) 

i=] 

should be used in place of Equation (3) for 

unusually regular objects that have an almost 

ellipsoidal shape or, more precisely, to objects in 

which the areas of consecutive sections are similar 

to those that would be obtained for an ellipsoid. 

Originally, it was supposed that the contribu- 

tion of point counting to a Cavalieri estimate of 

volume could be ignored even for relatively low 

total point counts (i.e. ~50) and the above 

Equations (3) and (4) were employed with the 

point counts on successive sections used in place 

of the specified area measurements [3, 58]. More 

recently, it has been appreciated that the point 

counting contribution should be included, and 

this is made possible via formulae provided by 

Cruz-Orive [14]. In particular, Equation (5) is, like 

Equation (3), suited to objects with a wide variety 

of shapes: 
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CE(est2V) = (x: P; ) x 
1 

E (sms SP Pia 
i=1 i=1 

n—1l 

45° Pr) + 
i=l 

aos (J alt ya) | (5) 

where B is the total boundary length of the 

transects. 
Equation (6), however, like Equation (4), is 

appropriate for quasi-ellipsoidal objects: 

I 

E(est2V) = (x: °) x 
i=l 

n=2 

a (ses S > PiPin2- 
i=1 

n—1 z 

4 ris) woanis( 7 ). 
d, VA 

i. 1/25 1/2 

=! 

The second term in Equations (5) and (6) 

reflects the contribution of point counting to the 

precision of the Cavalieri estimate of volume. 
Point counting contributes in two ways: (i) there 

is an inherent uncertainty in the section areas, 

(6) 

  
The British Journal of Radiology, July 2000



Review article: Benefit of stereology for quantitative radiology 

which are estimates, and (ii) there is an increase in 

that part of the variance due to the missing 

information between sections. Calculation of the 

point counting contribution requires knowledge 

of the dimensionless coefficient (BI A), which is 

equivalent to the mean boundary length of the 

sections divided by the square root of their mean 

area [58], and is a measure of the average shape of 

the profiles through the object of interest on the 

sections. Total boundary length B may be 
estimated by counting intersections 7 between 

the boundary and a square grid of test lines of 

separation d superimposed with random orienta- 

tion and position on the images. If (a//) is the test 

line area per test line length, then B=(z/2)(a/lI 

=(n/4)dI. Total section area A may be estimated 

by point counting using the same grid such that 

A=Pad’. It follows, therefore, that 

B/VA=(n/4)(1/VP)(1/vn) (7) 

For a particular object, B//A will vary depending 
upon the direction chosen for sectioning. 

Generally, it will suffice to estimate BIA once 

in a pilot study. The second term in Equations (5) 

and (6) will be especially large when a relatively 

small number of counts are obtained in structures 

such as the cerebral cortex, for which the sections 

have a complex morphology and inherently large 

value of B//A. For a fixed number of sections, as 

more points are counted the relative size of the 

second term in Equations (5) and (6) will 

decrease. For a fixed number of point counts, 

as more sections are analysed the relative size of 

the second term in Equations (5) and (6) will 

increase. 

The exact contribution of point counting to the 

estimation of the area of n sections (i.e. the former 

of the two above-mentioned contributions of 

point counting to the precision of the Cavalieri 

estimate of volume) may be predicted by 

Equation (8) below: 

estCE (>: r) = 
i=1 

  

nl 1/2 

0.0724 vn | 

“(P) 
t=1 

(8) 

which again requires a knowledge of the dimen- 

sionless shape coefficient BIA [5, 58]. Cruz-Orive 

[18], in keeping with Matheron [68], refers to 

Equation (8) as the nugget term, whereas 

Gundersen et al [19] refer to it as the noise term. 

There has recently been much discussion among 

stereologists as to whether Equation (5) or 
Equation (6) is, in general, the more appropriate 
error prediction formula to use for the study of 
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biological structures. Kieu et al [16] have devel- 

oped a procedure for determining which formula 

to use. The theory, based on a refined version of 

the Euler-MacLaurin formula used by Matheron 

[68, 69], reveals that the variance depends on the 

smoothness properties of the measurement func- 

tion, and that an appropriate measure of the 

smoothness of the data (i.e. m) can be obtained 

providing that section area estimates are available 

for a minimum of five systematic random sections 

through a structure of interest. In particular, m 

may be estimated using Equation (9) below: 

3(Co— S02) +C.—40s 
=] i=l 1 

=(log4)~ log }—JT____ 5 75 

3(Co— 00?) +40 
i=1 

where 
n—k 

Ce= SSifirk, (K=0,1,....2-1), 
i=] 

S02 =0.0724u!4 (J, alt ya) 
i=!1 

fiaw P; 

and u=grid size [18]. If section areas have been 

measured exactly then 

Sy a2=0 
i=1 

If the smoothness parameter m is 0 then (for the 

sampling direction in question) the object is 

referred to as an object-0; its measurement 

function will have jumps. If m=1 then the 

object is referred to as an object-1; its measure- 

ment function will be continuous and its deriva- 
tive will have finite jumps. In practice, when m 

may be approximated to 0 (ie. if m<0O.5) it is 

recommended that Equation (5) is applied, 

whereas when m may be approximated to | (ie. 

if m>0.5) it is recommended that Equation (6) is 

applied. For almost all biological structures we 

may expect (especially when 

> 2=0) 
i=] 

the measurement function to be continuous and 

without appreciable jumps (i.e. that of an object- 

1), and the procedure developed by Kieu et al [16] 

to identify Equation (6) as a more appropriate 
error prediction formulae than Equation (5). 
However, some empirical studies have suggested 
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the opposite [18], and further research is required 
to develop procedures for assessing the ranges of 
T (i.e. sectioning intensity) and grid size (i.e. point 
count sampling intensity) over which the measure- 
ment function of a particular object can be 
described as continuous, and the corresponding 
ranges when jumps in the measurement function 
become significant [18, 19]. Research is also 
ongoing to assess whether classes of object 
other than object-0 and object-1 can be described 
and modelled [17]. 

For practical purposes, stereological methods 
should provide volume estimates in the order of a 
few minutes; this means that one has time to 
count only a few hundred points, perhaps 200. 
Suppose that 10 systematic random sections are 
available for a object of interest. When an image 

analyser is used to measure the relevant section 

areas exactly, the CE on the estimate of volume is 

likely to be 1-3%, whereas when the same sections 

are analysed by obtaining about 200 point counts 

the CE is likely to be 3-5%. Whether a CE of 

3-5% is acceptable depends critically upon the 
hypothesis one is testing. Point counting is 

particularly cost effective when one is comparing 

the mean of volume estimates obtained for two 
cohorts of subjects. However, especially when the 

volume estimates are accompanied by a reliable 

prediction of their precision, the Cavalieri method 

may also be helpful in serial studies of individual 

subjects. On all occasions, estimates obtained 

using the Cavalieri method are mathematically 
unbiased. 

Below we illustrate the application of the 
Cavalieri sections method in combination with 
point counting to estimate the volume of a 
cerebral meningioma, and we investigate the 
efficacy of Equations (5) and (6) for predicting 
the precision of the volume estimate. In particu- 
lar, we compare the predictions with empirical 
CEs obtained by subsampling a detailed dataset 
of consecutive section area estimates obtained for 
this structure. 

Estimating the volume of a brain tumour from 

Cavalieri sections 

To illustrate the application of the Cavalieri 

sections method we will use data obtained for a 
meningioma. The meningioma was enhanced by 
intravenous gadolintum-DTPA prior to MR 

imaging using a 3D spoiled grass (SPGR) 
sequence, with repetition time (TR) of 34 ms, 

echo time (TE) of 5 ms and flip angle of 25°, ona 

1.5 T SIGNA whole body MR imaging system 

(General Electric, Milwaukee, USA). The acquisi- 

tion provided 124 images referring to contiguous 
1.6 mm thick slices through the brain. The field of 

view (FOV) is 20 cm for an acquisition matrix of 

256 readings of 128 phase encodings, with two 
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acquisitions per phase encoding (i.e. 2 NEX). The 

images were transferred to ANALYZE software 

(Mayo Foundation, Minnesota, USA) and lin- 

early interpolated to 254 slices, comprising cubic 
voxels of side 0.781 mm. We will assume that 
these contiguous 0.781 mm thick slices can be 

approximated as infinitely thin sections 0.781 mm 

apart. Five systematic random sections through 

the meningioma, separated by a distance of 13 

images (i.e. 10.153 mm), are shown in Figure 1. 

By counting intersections with the square grid of 

test lines overlain on the tumour sections in the 

top row of Figure 1, the value of B//A for the 
tumour is estimated to be (1/4) (INP) (1//n)= 
(1/4)(66/)42)(1/5)=3.6. In the bottom row of 

Figure | the same sections are overlain with a 
point counting test system for which the distance 
between test points is 10 pixels (7.81 mm), so that 
the area per test point is 60.9961 mm. The point 
counts recorded on the five sections are 15, 41, 48, 

43 and 29, respectively. An unbiased estimate of 
the volume of the tumour is_ therefore 
176 x 0.609961 x 1.0153=109.0 cm*. The point 

count information was inserted along with the 

value for B//A in Equations (5) and (6) to yield 
predicted values for the CE of the volume 
estimate of 5.4% and 1.9%, respectively. The 

value of m obtained by inserting the point counts 
and value of B//A into Equation (9) is 0.76, 
indicating that the tumour is an object-1 and that 
Equation (6) may be used to predict the precision 
of the volume estimate (ie. CE=1.9%). This is 

supported by the empirical analysis described 

below. 
An empirical procedure for investigating the 

optimal sectioning intensity and for testing the 

efficacy of the formulae available for predicting 

the CE of volume estimates obtained by section- 
ing and point counting has been described with 
reference to organs and tissue compartments in 

several studies from this laboratory [6, 15, 26]. It 
consists of estimating precisely the areas of 
far more sections through the structure than 

would usually be required to obtain a volume 
estimate with reasonable precision (Figure 2a). 
Subsequently, subsamples are extracted from the 

large dataset. First, using a sampling intensity 

one-half that of the original, two unique sub- 
samples of systematic sections are obtained. Next, 

using a sampling intensity one-third of the 
original, three unique subsamples of systematic 
sections are obtained, and so on. At each 
sampling level, the mean of the volumes obtained 

from the relevant subsamples is equal to the 
volume determined from the original dataset prior 
to subsampling. The standard deviation among 
the volume estimates at each sampling level is a 
precise prediction of the required standard error 

of the mean (SE). Values of the empirical CE, 
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Figure 2. (a) The estimated areas of consecutive axial 
sections through the meningioma of Figure 1. 
(b,c) The empirical coefficient of error (CE) (¢) 
among volume estimates at different sampling levels 
is plotted against the mean number of sections in the 
subsamples. The solid line passing approximately 
through these points denotes the empirical CE com- 
puted from the measurement function obtained by fit- 
ting a spline to the raw data in (a). Also, plotted in 
(b) are the average predicted CEs obtained by apply- 
ing Equation (5) (—) and Equation (6) (.....) to the 
point count data represented in the fitted measure- 
ment function, and in (c) are the average predicted 
CEs obtained by applying Equation (3) (- -) and 
Equation (4) (...) to the point count data represented 
in the fitted measurement function. 

ie. SE/(mean volume), are plotted against the 

average number of sections in the subsamples in 

Figures 2b,c. The full line passing approximately 

through the empirical data denotes the CE 

computed from the measurement function 

obtained by fitting a spline to the consecutive 

section area estimates. From Figure 2 we learn 

that to obtain CEs of 10%, 5% and 3% in 

estimating the volume of the meningioma, only 

two, three and four systematic random sections 

are required, respectively. 

Also plotted in Figure 2 are the average 

predicted CEs obtained at each sampling intensity 

by applying Equations (3)-(6) to the point count 

data. It is apparent that Equation (6) provides a 

better prediction of the CE on the tumour volume 

estimates obtained by point counting than does 

Equation (5). 

Highly precise estimates of volume may be 

obtained for a very small workload for the 

ellipsoid-shaped meningioma to which the above 

analyses refer; for example, a CE of ~2% from 

less than 200 point counts on five systematic 

random sections. With only several more sections 

and one hundred or so more point counts this 

precision can be maintained in studies of tumours 

with a wide variety of shapes. 
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Cavalieri slices of arbitrary thickness 

The Cavalieri slices method for estimating the 
volume of a structure of interest using systematic 
slab probes of finite positive thickness has been 

described by Gual Arnau and Cruz-Orive [64], 

who also report a method for predicting the CE 

on the volume estimate. The Cavalieri slices 

method requires that the structure of interest is 

sectioned from end to end with a series of 

systematic slab probes of thickness ¢ and with a 

constant distance T7>f between the midplanes of 

consecutive slabs. As was the case for the 

Cavalieri sections method, sampling should 

begin from a uniform random starting position, 

e.g. the left-hand side face of the first slab probe 

should be uniform random in the interval T. An 

unbiased estimate of the volume of the structure is 
given by 

qe n 

Vee V; (10) 
i=1 

where JV; is the total volume of the tissue slice 

(which may comprise several slice profiles) in the 
ith slab. Formulae for predicting the CE on an 

estimate of volume obtained by the Cavalieri 

slices method have been presented by Gual Arnau 
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and Cruz-Orive [64] for arbitrary objects 

(Equation 11) and for quasi-ellipsoid objects 

(Equation 12) 
—1 

7 1|Gd=Hry 
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and these formulae may also be applied in 

methods where the global quantity of interest is 

obtained by measurement of slice contents other 

than volume, for example surface area and 

number. 

The Cavalieri slices method, which coincides 

formally with the Cavalieri scetions estimator for 

the regularized area function (ie. replacing 

consecutive V; by V;/t), represents something of 

a departure for modern design stereology by 

virtue of the fact that it is difficult to conceive of 

it being applied entirely manually in the context 

of medical imaging. This point is discussed below, 

prior to an illustration of the application of the 

Cavalieri slices method to estimate the total 

volume of grey matter in the cerebral hemispheres. 

Estimating the volume of grey matter in the 

cerebral hemispheres from Cavalieri slices 

The way forward for obtaining precise and 

accurate measures of the total volumes of grey 

and white matter in the brain by MRI is to 

develop computer-based image analysis tech- 

niques for reliably determining the amount of 

each compartment represented in every image 

voxel. So far, two different approaches have been 

explored. 

Rusinek et al [72, 73] use a novel data 

acquisition strategy to determine the relative 
amounts of grey matter, white matter and 

cerebrospinal fluid (CSF) in a series of MR 

images that refer to 5-10 mm thick slices, whereas 

Friston et al [74, 75] use statistical techniques to 

automatically determine 3D grey and white 
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matter probability maps from high resolution 

3D MR data sets. 

Rusinek et al assume that the signal intensities 

of two MR images obtained for the same slice, 

with acquisition parameters chosen to portray 

CSF (T> weighted image), and grey and white 

matter (7; weighted image), respectively, are a 

linear combination of contributions from all three 
compartments. By making the assumption that 

contributions from grey and white matter may be 

ignored in the CSF image and identifying relevant 

regions of interest (ROIs) comprising voxels of 

pure CSF in the 75 weighted image, and pure grey 

matter and pure white matter in the 7; weighted 

image, two simultaneous equations can be solved 

to yield voxel-by-voxel maps of the relative 

amount of grey matter, white matter and CSF 

in each voxel. Subsequently, the voxel values can 

be integrated to yield, for example, the total 

volume of cortical grey matter in each slice 

through the cerebral hemispheres. If several 

slices have been acquired according to the 

requirements of the Cavalieri slices method, the 

sum of the grey matter volumes determined for 

each slice multiplied by the sampling interval is an 

unbiased estimate of total grey matter volume. 

The analysis used by Friston et al is based on 

image analysis strategies originally developed for 

the analysis of brain activation data such as those 

provided by PET and functional MRI and known 

as Statistical Parametric Mapping (SPM) [76]. A 

priori probabilities are provided by an atlas 

obtained by averaging the spatially-transformed 

semi-manually segmented images of grey matter, 

white matter and CSF in a reference population. 

The approach of Rusinek et al is direct and can, 

in principle, be employed for the analysis of 

individual subjects, while that of Friston et al is 

statistical and better suited to the analysis of data 

obtained for groups of subjects. 

A unique opportunity to investigate the effi- 

ciency of the Cavalieri slices method for estimat- 

ing the volume of grey matter in the cerebral 

hemispheres, and the efficacy of the formulae for 

predicting the CE on these estimates (Equations 
(11) and (12)), was provided by a high quality 3D 

MRI dataset available at the Brainweb internet 

site of the McConnell Brain Imaging Centre, 

McGill University, Montreal, Canada (http:// 

www.mni.mcegill.ca/brainweb). This paradigm 

dataset is produced from 3D 7, weighted MR 

images, with cubic voxels of size 1 mm*, obtained 

on 27 different occasions over a period of 5 

months, using a 1.5 T Gyroscan (Philips Medical 

Systems, The Netherlands) for a healthy 30-year- 

old male subject. Holmes et al [77] have corrected 

the individual images for field non-uniformity and 
co-registered them to produce a combined image 

that has a signal-to-noise ratio 5.2 times greater 
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than that of any of the individual images. 

Subsequently, measures of the segmentation 

strength produced by a fuzzy clustering algorithm 

were used to assess the amount of grey matter, 

white matter and CSF in every voxel of the 

composite image. The resulting images, one for 

each compartment, are referred to as probability 

maps. The signal intensities of the voxels in the 

probability maps range from 0 to 100 and 

correspond to the percentage of the voxel 

occupied by the compartment of interest. A 

segmentation of quality comparable with that 

obtained from the average of 27 3D MR images 

could not have been so readily obtained from any 

individual 3D MR image. Below we use this 

dataset to illustrate the application of the 

Cavalieri slices method. In particular, we inves- 

tigate the efficiency of the method for estimating 

the volume of grey matter in the cerebral hemi- 

spheres. 

We first reformatted the axially acquired data 

in the coronal orientation. We subsequently used 
manual editing techniques to obtain a mask of the 

cerebral hemispheres on the composite 3D T, 

weighted MR image. This mask was used to 

extract only data corresponding to the cerebral 

hemispheres from the Brainweb probability maps. 

The regularized section areas (i.e. A;=V/t) of grey 

matter in consecutive 1 mm thick coronal slices 

through the cerebral hemispheres in the Brainweb 

dataset are plotted in Figure 3c. Original and 

segmented MR images and grey matter prob- 

ability maps corresponding to the five 1 mm thick 

systematic random slices with T equal to 45 mm 

overlain on the volume rendering of Figure 3a 

(obtained using ANALYZE software; Mayo 

Foundation, Minnesota, USA) are shown in the 

upper, middle and lower rows, respectively, of 

Figure 3b. 

The location of the left-hand side faces of the 

Cavalieri slices in Figures 4a,b are identical to 

each other and to those of the five 1 mm thick 

slices with T equal to 45 mm shown in Figure 3a. 

The thickness of the slices in Figures 4a and b is 

9mm and 27mm, respectively. The signal 

intensities of the left-sided columns’ of 

Figure 4a,b are proportional to the volume of 

grey matter in the five slices of the upper panels 

and correspond to volumes of 0 cm*, 30.8 cm?, 

55.7 cm*, 44.2 cm? and 13.2 cm? for the 9 cm 
thick slices, and 11.1 cm, 109.1 cm*, 155.0 cm?, 

128.5 cm* and 16.2 cm’ for the 27 mm thick 
slices, which add up to 143.9 cm? and 419.9 cm?, 

respectively. Since the respective values of the 

ratio t/T for the 9 mm and 27 mm slices are 9/45 

and 27/45, according to Equation (10) the 

corresponding unbiased estimates of the volume 

of grey matter in the brain obtained from the two 

systematic series of five 9 mm and five 27 mm 
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Figure 3. The regularized section areas (ie. A;=V;/t) 
of grey matter in consecutive | mm thick coronal 
slices through the cerebral hemispheres of the dataset 
formed by averaging 27 3D MR images are plotted 
in (c). Original and segmented MR images and grey 
matter probability density maps corresponding to the 
1 mm thick systematic random coronal slices, with 
the sectioning interval T equal to 45 mm, shown in 
the volume rendering of (a), obtained using 
ANALYZE software, are shown in the upper, middle 
and lower rows of (b), respectively. In the segmented 
images, if the main component of a voxel, by 
volume, is grey matter, the voxel is coloured red, if it 
is white matter it is coloured blue. 

thick Cavalieri slices are 719.5 cm* and 699.8 cm?, 

respectively, and the CEs on the volume estimates 

predicted by Equation (11) and Equation (12) are 

6.7% and 1.7%, and 4.2% and 1.0%, respectively. 

The total volume of grey matter in the cerebral 

hemispheres obtained from all 183 1 mm thick 

coronal slices is 724 cm*, with CEs predicted by 

Equations (11) and (12) of 0.1% and 0.01%, 

respectively. 

By appropriate addition of the signal intensities 

of voxels in consecutive images, we have been able 

to obtain datasets corresponding to thicker tissue 

slices and to carry out subsampling experiments 

similar to those described for the tumour in 
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Figure 2, to investigate the empirical error 

variance of estimates of the volume of the 

whole cerebral hemisphere and its compartments 

of grey and white matter as a function of the 

number of slices at increasing sampling levels (i.e. 

increasing values of 7). The results for 9 mm and 

27mm thick slices in cerebral grey matter are 

presented in the lower left and right panels of 

Figure 4, respectively. We found that for the 

9 mm thick slices, of the order of 3, 5 and 6 slices 

were required to produce estimates of the total 
volume of grey matter in the cerebral hemisphere 

with CEs of 10%, 5% and 3%, respectively 

(Figure 4c), The same precision was achieved 

with slightly fewer (ie. 2, 4 and 5, respectively) 

27 mm thick slices (Figure 4d). The results for the 

white matter compartment are almost identical. 

However, for the cerebral hemispheres as a whole, 

whatever the thickness only two, three and four 

slices were required for CEs of 10%, 5% and 3%, 
respectively. For a given distance T between slice 

midplanes, the Cavalieri slices estimator is thus 

relatively insensitive to slice thickness. This may 

appear paradoxical in view of the fact that a thick 
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(b) 

Figure 4. In (a) and (b), two sys- 

tematic series of Cavalieri slices are 
shown overlain on a volume render- 
ing of the brain, obtained using 
ANALYZE software. The locations 
of the left-hand side faces of the 
slices in the two series are identical 
to each other and to those of the 
five | mm thick slices shown in 
Figure 3a. The thickness of the 
slices is 9 mm and 27 mm in (a) 

and (b), respectively. The signal 
intensities of the five images in the 
left-sided columns of (a) and (b) 
are proportional to the volume of 
grey matter (cortex plus central 
grey matter) in the five slices that 
cut the brain, whereas the right- 
sided columns show the correspond- 
ing segmentations. The results of 
subsampling experiments to investi- 
gate the empirical error variance of 
estimates of the volume of cerebral 
hemisphere grey matter are pre- 
sented in (c) and (d). The empirical 

coefficient of error (CE) (—) and 

the mean of the CEs predicted 
using Equation (10) (- - -) and 

Equation (11) (——-) are plotted 
against the mean number of slices 
at each sampling level for (c) 9 mm 
and (d) 27 mm thick slices. 

(d) 

2 50 8=100 

slice contains more information than a thin slice. 

However, from a statistical viewpoint all planar 

sections within a slice tend to have similar areas 

and thus supply relatively redundant information. 

Consequently, although the Cavalieri slices 

method may render quantitative MRI more 

flexible in terms of providing greater scope with 
regard to image acquisition, it will not necessarily 
improve estimation precision to a_ significant 

extent unless the slice thickness is close to T. 

We compared the empirical error variances 

with the theoretical predictions of Equation (11) 

and Equation (12). For the cerebral hemispheres 

as a whole, the formula developed for quasi- 

ellipsoidal objects provided excellent error pre- 

diction (i.e. Equation (12)), whereas for grey 

matter (Figures 4c,d) and white matter the 

formula for arbitrary shaped structures 

(i.e. Equation (11)) performed better. A reason- 

able prediction, therefore, of the CE of the 

estimate of grey matter in the cerebral hemisphere 

obtained from the series of five 9 mm and five 

27 mm thick Cavalieri slices shown in Figure 3 is 

6.7% and 4.2%, respectively. 
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Surface area 

Estimation of surface area from vertical 
sections 

The principal stereological method for estimat- 

ing surface area requires that MR sections are 

obtained through a structure of interest with 

isotropic orientation and uniform random posi- 

tion (Ze. IUR sections) [7]. The IUR sections are 

overlain with a test system of IUR test lines, and 

surface area per unit volume (S/V) is estimated 

without bias as 

(S/V)=2(/L) (13) 

where / is the number of intersections between the 

test probes of total length ZL and the boundary of 

the structure of interest on the sections. If the 

volume of the structure is subsequently estimated 

independently, using, for example, either the 

Cavalieri sections or slices methods described 

above, total surface area S may be obtained as 

(S/V)V. 

An alternative and frequently more practical 

approach is to estimate surface area from vertical, 

rather than IUR, sections, ie. from sections that 

are perpendicular to a fixed horizontal plane [8]. 

The vertical sections method offers a distinct 

advantage. For example, if the vertical direction is 

taken as perpendicular to the axial plane, the 

radiologist will be analysing vertical sections of 

the brain that range from sagittal to coronal in 

orientation. In contrast, IUR sections can take 

any orientation so that with this sampling scheme 

the brain will frequently appear upside down. 

Equation (13) may again be used for computing 

S/V from vertical sections but now, instead of 

IUR test lines, the test system comprises an array 

of cycloids overlain at random positions on the 

images with the short axis of the cycloids parallel 

to the vertical direction (Figure 6). A cycloid is a 

line for which the length of are oriented in a 

particular direction is proportional to the sine of 

the angle that direction makes with the vertical. 

The bias produced by opting, for convenience, to 

take vertical as opposed to IUR sections is exactly 

cancelled by the inherent sine weighting of the 

orientation of the cycloid test lines, so that the IUR 

and vertical sections methods are equivalent [8]. 
Henery and Mayhew [9] have applied the 

vertical sections method to obtain estimates of 

the pial surface area and the surface area of the 

boundary between cortex and subcortical matter 

in whole cerebral hemisphere specimens. For each 

specimen, an estimate of cortical volume obtained 

using the Cavalieri sections method was divided 

by the average of the two surface area estimates 

to provide unbiased estimates of the mean 

thickness of the cerebral cortex. 

A method for estimating surface area directly 
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Figure 5. The three vertical sections shown on the 
right represent every third section in a series of verti- 
cal sections obtained with random offset about a 
fixed vertical axis perpendicular to the axial plane 
and passing through O. The vertical sections, which 
correspond to series 3 in Table 1, are oriented at a 
systematic random angle of @=12+15+15° (ie. 
random start of 12° and then two systematic intervals 
of 15°) with respect to the horizontal axis. The loca- 
tion of the vertical sections with respect to the hori- 
zontal and vertical axis are shown schematically in 
the upper left panel and with respect to an axial MR 
image in the lower left panel. The top vertical section 
corresponds to the right-most yellow line on the 
image in the lower left panel. 

from vertical sections, rather than via an initial 

measurement of surface density, has been 

described by Michel and Cruz-Orive [52]. The 

method, which is particularly appropriate for use 

with MRI, requires that the structure of interest 

is sampled with exhaustive series of vertical 

sections (Figures 5 and 6) in several systematic 

random orientations, each randomly offset with 

respect to a fixed vertical axis. This requirement is 

readily satisfied in the study of structures of 

clinical interest from digital 3D MR datasets, 

since the structure may be cut in any specified 

orientation, “reassembled” and cut again repeat- 

edly (for example, using ANALYZE software). 

The relevant formula for estimating surface area 

from an exhaustive series of vertical sections is 

obtained by combining Equation (13) and 

Equation (2), whereby 

s=2/2)7=241 lin 2] x 
i=1 

T(a/p) > P=2T(a/)lI 
i=] (14) 
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Figure 6, Every other section in every other series of 
vertical sections obtained through the left and right 
cerebral hemispheres in a 30-year-old male subject. 
The first series of vertical sections was obtained at an 
angle of 12° in the direction ¢ with respect to the x- 
axis in Figure 5, Subsequent series were obtained at 
intervals of 15°, so that the six series shown are sepa- 
rated by angular intervals of 30°. Each series of verti- 
cal sections is randomly offset with respect to the 
vertical axis of Figure 5. For further details see text. 

where //p is equal to test line length associated 

with each test point hitting the structure and T is 

the distance between successive vertical sections. 

Alternatively, Equation (14) may be applied in the 

analysis with IUR test lines of an exhaustive series 

of sections acquired in an isotropic orientation, 
the so called “isotropic Cavalieri” method [1]. The 

precision of the surface area estimate obtained 

from a single exhaustive series of vertical or 

isotropic sections may to a first approximation 

(Ze. without correction for the nugget effect) be 

predicted using Equation (3), with the area 

measurements replaced by intersection counts 

[52]. At present, an explicit formula is not 
available for predicting the precision of an 

estimate of surface area obtained as the mean 

of estimates from several exhaustive series of 

vertical sections obtained at systematic random 

angles. Gundersen et al [19] recommend that 

Equation (3) may again be the appropriate 

formula to apply. Empirical studies, however, 

indicate that systematic angular sampling is even 
more efficient than systematic linear sampling. 

Estimating the surface area and mean thickness 

of the cerebral cortex 

We will illustrate the method of surface area 

estimation proposed by Michel and Cruz-Orive 

[52] in the case of estimating the mean thickness 

of cortical grey matter in the left and right 

cerebral hemispheres. We use the same high 

contrast dataset as for the illustration of 

the Cavalieri slices method described above. 
Beginning from a random angle within 

the interval 0° to 15° (ie. 12°), the cerebral 
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hemispheres were sampled with 12 exhaustive 

series of vertical sections at 15° intervals about a 
fixed vertical axis. Each series comprises between 
10 and 12 vertical sections at intervals of 15 

voxels (ie. 1.5cm) and was obtained with a 

random offset with respect to the fixed vertical 

axis. The offsets for each of the 12 series of 

vertical sections were chosen at random without 

replacement from the set of values (n/12)T mm, 

where n=1 to 12. In Figure 5, the location of 

every third section in the first series of vertical 

sections is shown with respect to the axial MR 

image that defined the horizontal plane, and in 

Figure 6 every second vertical section in every 

other series is presented. For analysis, the vertical 

section images were transferred to a software 

package called Easy Measure, running on an IBM 

compatible personal computer. The images were 

overlain with a cycloid test system, for which (a//) 

is equal to 2.9805 cm (Figure 7). The unbiased 

estimates of the pial surface area and the surface 

area of the boundary between cortex and 

subcortical matter in each hemisphere determined 

from each of the 12 series of vertical sections 

using Equation (14) are presented in Table | and 

plotted against sampling direction in Figure 8. 

The mean values over all 12 orientations for the 

pial surface area in the left and right cerebral 

hemispheres, with CEs predicted using Equation 

(3), are 979 cm? (CE=3.9%) and 1035 cm? 

(CE=3.9%), respectively. Corresponding values 

for the surface area of the boundary between 

cortex and subcortical matter are 925 cm” (4.1%) 

and 900 cm? (4.0%). In addition to the estimation 

of surface area, unbiased estimates of the volume 

of the cerebral cortex were obtained for each 

cerebral hemisphere by application of the 

Cavalieri sections method to one of the series of 

vertical sections, with, since m=1, the precision of 

the estimate predicted using Equation (6). The 

relevant values were 440.6 cm? (CE=3.1%) for the 

left cerebral hemisphere and 416.8 cm* 

(CE=3.1%) for the right cerebral hemisphere. 

For each series of vertical sections, the volume of 

the cerebral hemisphere was divided by the 

average of the estimates of pial surface area, 

and the surface area of the boundary between 

cortex and subcortical matter obtained for that 

hemisphere to obtain unbiased estimates of 

cortical thickness, and these are plotted in 
Figure 9 (see also Table 1). To our knowledge, 

the average values represent the first unbiased in 

vivo estimates of the thickness of the cerebral 

cortex, which is estimated to be 4.67 mm 

(CE=3.1%) and 4.33 mm (CE=3.2%) in the left 

and right cerebral hemisphere, respectively. 

The variability among the estimates of cortical 

thickness obtained from the 12 series of vertical 
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Figure 7. A total of 108 and 139 intersections, respectively, were recorded between the cycloid test system and the 
pial surface of the left and right cerebral hemispheres on the 12 vertical sections, which correspond to series 3 in 
Table 1. Since the distance between consecutive sections T is 1.5 cm and (a//) for the test system is 2.9805 cm, 
corresponding estimates of the pial surface area for the left and right cerebral hemispheres are 967 cm? and 1244 
cm’, respectively. One of the vertical sections is enlarged so that the illustrated intersections between the cycloid 
test system and the boundary between cerebral cortex and white matter may be more clearly discerned. 

sections (Figures 9a,b) highlights the need to take 

several systematic series of vertical sections in the 

interval 0° to 180° to obtain an unbiased estimate 
of cortical thickness. However, from Figures 9c,d 

we learn that three systematic random angles are 

sufficient to provide a CE of less than 5%. 

The mean value of cortical thickness obtained 

by averaging the values obtained for the left and 

right cerebral hemisphere in this subject is 

4.50 mm (CE=4.5%). This is more than twice 

the average value of 2.17 mm reported by Henery 

and Mayhew [9] from six formalin-fixed cerebral 

hemisphere specimens obtained for male subjects 

with average age of 79 years. The difference is 

probably related to partial volume artefact in the 

MR images, or to shrinkage or the presence of 

age-related cerebral atrophy in the specimens 

studied by Henery and Mayhew. 

Discussion 

We have previously made several investigations 

of the accuracy of the Cavalieri sections method 

and point counting for estimating the volume of 
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the living human body and its internal organs and 

compartments using MRI [15, 26, 29]. In Roberts 

at al [15], total body volume obtained by MRI 

was 0.6% greater than the value obtained via a 

technique known as underwater weighing; in 

Light et al [26], no significant difference was 

observed between the voided volume, estimated 

from pre- and post-micturition MR images, and 

the volume of urine collected in a measuring 

cylinder for a group of 19 subjects; and in Gong 

et al [29], no significant difference was observed 

between predicted and measured birth volume 

(computed from the measured birth weights 

assuming an average fetal density of 1 g cm °) 

in 18 normal pregnancies. 

Equations (3) to (6) predict the standard error 

of the mean volume obtained by systematic 

random sampling of a structure of interest with 

Cavalieri sections. Under the assumption that the 

population of all possible volume estimates 

obtained by systematic sectioning of the structure 

are normally distributed, a 95% confidence 

interval on an individual Cavalieri estimate of 
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Figure 8. Variation in the estimate of pial surface area (@) and surface area of the boundary between cerebral 
cortex and white matter (O) among the 12 series of vertical sections obtained at intervals of 15°, and random 
offset, with respect to the fixed vertical axis, for (a) the left and (b) the right cerebral hemispheres. 

volume may be obtained by multiplying the 

predicted standard error by +1.96. This informa- 

tion may be useful for assessing whether a tumour 

shows a significant response to treatment. 

Stereological methods have traditionally been 

employed for the investigation of differences 

between groups of subjects. A common feature 

of these studies is that the sampling strategies 

have been optimized for efficient hypothesis 

testing. The approach may be illustrated by 

assessing whether the volume of the hippocampus 

is reduced in a group of patients relative to 

controls. Bartzokis et al [78] have reported that 

hippocampal volume is on average reduced by 10— 

20% in patients with schizophrenia, by 30-35% in 
patients with temporal lobe epilepsy and by 40% 

in patients with Alzheimer’s disease. The meas- 

ured variance among hippocampal volume 

estimates in a group of subjects will contain 

a contribution from the inherent biological 

variation and a contribution due to the fact 

that the hippocampal volumes have been esti- 

mated rather than measured exactly. Gundersen 

and Osterby [79] have shown that the square of 

the coefficient of variation (CV) of the mean 

volume is equal to the square of the inherent 

biological CV plus the mean of the squares of the 

predicted CEs on the individual volume estimates. 

Since the former is measured and the latter may 

be predicted it is possible to calculate the 

magnitude of the biological variation. Once this 

is known, sampling strategies may be optimized. 

For example, if the difference in the mean volume 

of the hippocampus between two groups of 
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subjects is 10%, then assuming that the samples 

are independent, that the volumes are normally 

distributed (i.e. unimodal and not too asymmet- 

rical) and that the two groups have identical 

inherent biological variations of 10%, 20% and 

30%, respectively, 7, 22 and 50 subjects should be 

studied from each group in order to confirm that 

the 10% difference in the means is significant at 

the 95% confidence level. We have, of course, 

assumed there to be no imprecision in the volume 

estimates to be obtained in the study phase, and 

this will obviously need to be incorporated in the 

final design for any prospective study. The 

approach of Gundersen and Osterby [79] may 
also be employed to optimize the number of 

sections analysed and points counted to obtain a 

pre-defined precision in estimating the volume of 

the hippocampus in each subject. The square of 

the CE due to sectioning plus point counting (ie. 

Equation (6)) is equal to the square of the CE due 

to sectioning plus the square of the mean CE due 

to point counting (ie. Equation (9)). By subtrac- 

tion it is, therefore, possible to determine the CE 

due to sectioning [4]. 

Application of image registration techniques 

enables very precise measurements to be made of 

changes in the volume of a structure of interest. 

The co-registration of 3D MR images obtained 

for the same subject on different occasions [80, 

81], and even the non-rigid registration of 3D MR 

images obtained for different subjects [82] has, 

generally, been more straightforward than the 

segmentation of a structure of interest in a 

particular image. Therefore, measurement of 

The British Journal of Radiology, July 2000



Review article: Benefit of stereology for quantitative radiology 

6 Left Hemisphere 
Co
rt
ic
al
 
th
ic
kn
es
s,
 
m
m
 

w
 

12 27 42 57 72 87 102 117 132 147 162 177 

Orientation, degrees 

(a) 

Left Hemisphere 

Co
rt

ic
al

 
th
ic
kn
es
s,
 
m
m
 

wo
 

12 3 4 5 6 7 8 9 10 11 

Number of orientations 

(c) 

    

Right Hemisphere 

12 27 42 57 72 87 102 117 132 147 162 177 

Orientation, degrees 

(b) 

Right Hemisphere 

  

1 23 4 5 6 7 8 9 10 11 12 

Number of orientations 

(d) 

Figure 9. The mean thickness of the cerebral cortex obtained by dividing the volume of the cerebral cortex by the 
average of the estimates of pial surface area and the surface area of the subcortical matter is plotted for each 
series of vertical sections for the left and right cerebral hemispheres in (a) and (b), respectively. In (c) and (d) the 
effect of combining the data obtained from every first, second and third series of vertical sections on the estimate 
of the mean thickness of the cortex in the left and right cerebral hemispheres, respectively, is investigated. The 
single datum point on the right of these panels corresponds to the cortical thickness estimate obtained from all 
12 series of vertical sections; the two data points to the left refer to the two systematic random series of six verti- 
cal sections extracted from the overall datasets; and so on. 

volume may be automated if 3D MR images can 

be co-registered with an existing atlas in which the 

brain structures of interest are dlready segmented. 

Similarly, if a structure of interest can be 
segmented in the first image of a time series, 

perhaps by using the watershed algorithm of 

mathematical morphology [83, 84], then it may be 

possible to automatically propagate the segmen- 

tation to subsequent images in the time series. 

Thus, it is possible to automatically quantify 

The British Journal of Radiology, July 2000 

volume changes in the structure of interest [85, 

86]. Application of the Cavalieri sections method 

and point counting is useful for validation of the 

approach and for quantification of changes in the 

volumes of structures that are not readily 

automatically segmented on the co-registered 

images. 

There are several reports of the development of 

fully automated procedures for measuring the 

surface area of a structure of interest in 3D digital 
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for example, brain surface area obtained using 

MRI are to be compared between subjects. It is 

also important to assess the limitations of a 

discrete pixel lattice for representing stereology 

test systems. Currently, we are investigating the 

range of radii with which digital cycloid probes 

can be reliably represented in the 256 by 256 pixel 

matrix typically used in MRI. 

In this article we have described, and illu- 

strated, the strategies that should be employed for 

the acquisition and analysis of MR images in 

order that the volume and surface area of 

structures of clinical interest may be estimated 

free from sampling bias. Only relatively few 

images need be analysed in order to obtain 

fairly precise estimates. Increasingly, editors are 

stipulating that where geometric parameters are to 
be reported, only papers employing stereological 

methods will be considered for publication. For 

this reason, and, more importantly, for effective 

clinical practice it is of paramount importance 

that radiologists should be familiar with the 

application of stereological methods. 
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SPM comparison of cerebral grey and white matter compartments 
in healthy young males and females 

Y. Spark*, M.F: Glabus}, A.R. Mayesi, N. Roberts* 

*Magnetic Resonance and Image Analysis Research Centre (MARIAC), University of Liverpool, UK 

7+MRC Brain Metabolism Unit, Royal Edinburgh Hospital, UK 

#Department of Clinical Neurology, University of Sheffield, UK 

Introduction: 

We have applied image registration, image segmentation and statistical analysis techniques available in SPM’96 software 
(Wellcome Department of Cognitive Neurology, (http://www.fil.ion.ucl.ac.uk)) to compare the cerebral grey and white matter 
compartments of healthy young males and females. 

Methods: 

High resolution 3D SPGR images were obtained for 20 healthy young males (mean age 21.7 years) and females (mean age 20.1 
years) on a 1.5T SIGNA whole body MR imaging system (General Electric, Milwaukee, USA) equipped with a propriety head coil. 
The images which have a FOV of 20 cm refer to 124 contiguous 1.6 mm thick tissue slices, and were obtained with a matrix of 
256 readings of 192 phase encodings, TR of 34 ms, TE of 9 ms and flip angle of 30. All the images were spatially co-registered 
with a reference template using a 12 point affine transformation in the Talairach-space. The spatially normalised images were each 
segmented into grey matter (GM) and white matter (WM) compartments using a modified clustering algorithm. Prior to statistical 
comparison the segmented images were smoothed with an 8 mm FWHM isotropic Gaussian filter. Voxel by voxel Statistical 
Parametric Maps of differences in grey and white matter density between males and females were thresholded at a corrected 
significance level of p=0.01. 

Results: 

Regions of the brain with significantly increased GM density in males com- 
pared to females occur predominantly in the superior and medial aspects of the 
cerebellum on both the left and right, the left inferior parietal lobe, left superior 
temporal lobe and inferior rostral gyrus in the right frontal lobe (see upper 
panels in Fig. 1). In comparison, regions of significantly increased GM density 
in females occur predominantly in the posterior and anterior portions of the 
brain; in particular, the cuneus, precuneus, medial occipital gyrus in the right 
occipital lobe, the lateral aspect of the right cerebellum and the right aRSGEION 
frontal gyrus in the frontal lobe (see lower panels in Fig. 1). FIG. 1. Projections of the z-scores obtained 

Regions of significantly increased WM density in males compared to from an SPM analysis of GM density differences 
females are the left and right frontal and orbital gyri, whereas WM density is between males and females. 
significantly higher in females compared to males in the left and right superior 
longitudinal fasciculi. 
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Discussion: 

The GM and WM compartments of the brain exhibit significant sexual dimorphism, the nature of which is of relevant to studies 
of sex differences in the development [1], aging [2] and functional organisation [3,4] of the brain. 
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Age-related decrease in NAA concentration and NAA/creatine ratio revealed by single voxel “H-MRS and 
compartmentation analysis in fifty subjects 
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Introduction 
The extent to which age-related brain atrophy is due to 

neuronal loss has been widely debated. A recent study (1) 

’ using proper stereological methods, found a global decline of 

10% in neocortical neuron number from the age of 20 to 90 

years. In vivo studies of age-related changes in the size of 

neuronal populations, and analysis of regional and sex- 

specific differences, are possible via measurement of the 

concentration of the neuronal marker N-acetylaspartate 

(NAA) using ‘H-MRS (2). We have applied quantitative 

single voxel ‘H-MRS, incorporating correction for metabolite 

T, relaxation times and compartmentation analysis to correct 

for the amounts of brain water and CSF in the voxel, to 

measure NAA concentration in 10 male subjects for each 

decade between the age of 20 and 70 years. The voxel was 

prescribed in frontal lobe grey matter, the volume of which is 

reported to be preferentially reduced with age in MRI studies 

(3, 4). 

Subjects and Methods 
Subjects were recruited from the local community and 

screened for possible neurological disease. All subjects gave 

written consent to participate in the study, which had local 

Ethics Committee approval. Examinations were performed on 

a 1.5 T SIGNA whole body imaging system (General Electric, 

Milwaukee, USA) using the standard quadrature headcoil. 
_ Images suitable for prescription of the voxel and estimation of 

voxel grey and white matter fractions using SPM (5) were 

obtained using a 3D fast IR prepared GRASS sequence 

(TE/flip/TI = 3.5 ms/30°/450 ms, 1.6 mm slice thickness, 124 

contiguous slices, FOV = 20 cm). Water suppressed 1H 

spectra were acquired using the STEAM sequence from 8 cm? 

voxels, placed over the interhemispheric cleft of the frontal 
lobes, and analysed using time domain fitting routines in 

MRUI software. Acquisition of spectra at five TE values (30, 
72, 144, 216, 288 msec) and constant relaxation decay 

(RD=TR-TE/2-TM=2971.3 msec) allowed correction for T, 

relaxation. Compartmentation analysis was performed using 

both spectroscopy and imaging based approaches, as 
described in (6) and (7), respectively. Using results from both 

compartmentation techniques, two sets of absolute 

concentrations were determined for N-acetylaspartate (NAA) 

and creatine/phosphocreatine (Cr) in units of millimoles per 
litre of brain water. 

Results 
The fraction of CSF estimated by compartmentation analysis 

increased significantly with age (p<0.001). The grey matter 
fraction of the voxel, with mean value 85% (SD 5%), did not 

depend on age (p=0.62), The Figure shows the concentrations 
. of NAA and Cr and the ratio of NAA to Cr as a function of 

age (data are the average of values acquired using the two 

compartmentation techniques). The results of regression 
analysis of NAA, Cr and the ratio NAA:Cr are presented in 

the Table. Significant decreases in both NAA concentration 
(p<0.01) and NAA:Cr (p<0.001) were observed with age (see 

Figure). 
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20 30 
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Figure: NAA and Cr concentration (top and middle panel, 
respectively) and the ratio of NAA to Cr (bottom panel) 

plotted as a function of age. Solid lines show the results of 
linear regression analysis (see Table). 

   
PC NAA) Cr). is [NAAJICr] 

SPECTRO | -0. 35 0. 013) 0. 18 0. 20) 0. 63 (<0. 001) 

Table: Results of regression analysis against age, expresssed 

as correlation coefficient (p-value). 

  

    

Discussion 
We have shown a significant decrease in NAA concentration in 

frontal lobe grey matter with age, and this is probably the result 
of an age-related decrease in neuronal number (1). This 
decrease in NAA concentration was not found in a previous, 
smaller, mixed-sex 'H-MRS study over a similar age range (8). 
However, both this (8) and another report (9) were consistent 

with the present study in finding an age-related decrease in 
NAA:Cr, which was attributed to increasing Cr concentration 

with age, a tendency which was not significant in our study. 
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Estimation Of Brain Compartment Volumes With Cavalieri Slices: A New Approach 
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INTRODUCTION A stereological method for estimating 

tissue volume from systematic slices of arbitrary thickness 

has recently been described by Gual Arnau and Cruz-Orive, 

(1997). The new approach known as the Cavalieri slices 

method, requires that, beginning from a random starting 

position the tissue of interest is sampled from end to end with 

a series of systematic slices of finite positive thickness, t, and 

with a constant distance T > ft between the centres of 

consecutive slices. An unbiased estimate of the volume of 

tissue is given by: 

-l¥ A V= . 2; (Eq.1) 

where V; is the volume of the tissue in the i slice. Formulae 

for predicting the Coefficient of Error (CE) on the estimate of 

volume obtained by this new method have been developed, 

for objects of arbitrary shape: 

wee (Su) [E (SUD) E+ Lr aBivn] — 
it tt 

and for objects of quasi-ellipsoidal shape (Eq.3 below): 

m YT (0420/7 -20/ 0-0) ) (2 = yl” 
esce=($,) {i mn100 7 +341) (3 +E 4B] 

METHODS The application of the new stereological method 

is illustrated, and its efficiency investigated, using MRI data 

obtained from the M°Connell Brain Imaging Centre, 

Montréal, Canada. These data comprise 27 T1-weighted 

volume scans, acquired with a Philips Gyroscan 1.5T for the 

same healthy male volunteer. The protocol employed a TR of 

18 ms, TE of 10 ms and flip angle of 30°. Each 3D image is 

made up of 181x217x145 cubic voxels, of size 1 mm’. The 

27 datasets were co-registered, corrected for field 

inhomogeneity and, using a fuzzy clustering algorithm, 

segmented into compartments of grey matter (GM), white 

matter (WM) and cerebro-spinal fluid (CSF). The measures 

of the segmentation strength have been used to assess the 

amount of partial voluming of the different tissues in each 

voxel. Accordingly, the absolute amounts of GM, WM and 

CSF in every voxel have been established. The total volumes 

of GM and whole brain obtained from all 145, 1 mm thick 

slices are 898.8 cm’ and 1568.3 cm’ respectively. 

By appropriate integration of the GM, WM and CSF 

fractions it was possible to generate new datasets 

corresponding to slices of any arbitrary thickness. A sub- 

sampling experiment was subsequently carried out to 

estimate empirically the error variance of the volume 

estimate as a function of the number of slices, for slice 

thicknesses of between 1 and 27 mm. The utility of the 

formulae (i.e. Eq.2 and Eq.3) for predicting the CE on the 

volume estimate were assessed for the compartment of GM 

and for the whole brain. 

RESULTS Four systematic slices of 3 mm and 27 mm 

thickness, superimposed upon a volume rendered image of 

the brain are shown in the upper and lower left panels of 

Figure 1, respectively. The locations of the slice mid-planes 

are identical in each panel and separated by 36 mm. The 

signal intensities of the four images positioned underneath 

the 3D renderings are proportional to the volume of GM in 

each voxel. 

Irrespective of slice thickness, of the order four, seven and 

ten slices were required to produce estimates of the total 

1380 

volume of GM in the brain with empirically determined CE's 

of 10%, 5% and 3%, respectively (see Figure 2). For GM the 

error prediction formula developed for arbitrary shaped 

objects (Eq.2) performed well (Figure 1). For whole brain, 

the formula developed for quasi-ellipsoidal objects (Eq.3) 

was more appropriate (Figure 2). 

     
Figure I The left panel shows four systematic slices of thickness 

3 mm, (top) and 27 mm, (bottom), superimposed upon volume 

rendered images of the brain. In the right hand panel the empirical 

and predicted CE's are plotted as a function of the number of slices 

sampling the GM. The irregular shaped curve represents the 

empirical CE, the upper curve the predicted CE for arbitrary 

shaped objects (Eq.2) and the lower curve the predicted CE for 

quasi-ellipsoidal objects (Eq.3). 
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Figure 2 Analysis of data for the whole brain in the manner shown 

for the right hand panel of Figure 1 for slices of thickness 3 mm 

(left) and 27 mm (right). The predicted CE for quasi-ellipsoidal 

shaped objects (Eq.3) was found to provide an appropriate 

prediction of the CE on the volume of the brain (lower curve). 

Unbiased estimates of the volume of GM in the brain 

obtained from the two series of four 3 mm and four 27 mm 

thick Cavalieri slices are 905.7 cm’ (CE = 10% (Eq.2)) and 

902.4 cm? (CE = 7% (Eq.2)) respectively. Corresponding 

estimates for the volume of the brain obtained for the same 

slices were 1613.8cm> (CE = 2.5% (Eq.3)) and 1590.3cm? 

(CE = 1.5% (Eq.3)), respectively. 

DISCUSSION MR images refer to tissue slices of finite 

thickness and should be analysed accordingly. The fact that 

the volume of the brain may be estimated with a precision of 

5% from four systematic Cavalieri slices is of importance 

since it increases the scope of MR imaging sequenccs which 

may be employed to fulfil the requirement of determining the 

volume of tissue within each slice. 
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ESTIMATION OF BRAIN VOLUME WITH 
CAVALIERI SLABS: A NEW APPROACH 
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Introduction: Gual Amau and Cruz-Orive, (1997) describe a stereological method to 
estimate the volume of an object from slices of a positive thickness, and the corresponding 
error. We implement this theory to estimate brain volume from MR images. 

Methods: Twenty seven 3D MRI brain data sets obtained with 1mm? voxels using a Philips 
Gyroscan 1.5T were co-registered, corrected for field inhomogeneity and, using a fuzzy 
clustering algorithm, differentiated into compartments of grey matter (GM), white matter 
(WM) and CSF. Measures of the segmentation strength were used to assess the amount of 
partial voluming in each voxel. By appropriate integration of the high resolution data set, a 
sub-sampling experiment was carried out to estimate empirically the error variance of a volume 
estimate as a function of the number of sections, with section thicknesses of 1, 2, 4, 8, 16 and 
32mm. The empirical error variances were thereby compared with the corresponding 
theoretical predictions. 

Results: Three, seven and ten sections yielded volume estimates with coefficients of error 
(CE) of 10%, 5% and 3%, respectively. For GM, WM and whole brain, the error prediction 
formula developed for quasi-ellipsoidal objects provided excellent error predictions. For CSF a 
more general formula for arbitrary objects performed better. 

Discussion: The volume of the brain may be estimated very efficiently and without bias from 
systematic slices of an arbitrary thickness. Traditional Cavalieri sampling requires essentially 
planar sections, and slice thickness induces bias due to partial voluming. With the new 
approach, slice thickness is turned into an advantage, because a reduction in dimensionality is 
avoided and CE's can thereby be arbitrarily reduced. 

Gual Armau X, Cruz-Orive LM, (1997) Adv. Appl. Prob. (Submitted for publication). 
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Introduction: Stereology represents the preferred approach for estimating the surface area of 

a structure such as the cerebral cortex. The basic data set comprises systematic series of vertical 

sections. Surface area, S, is obtained directly as S$ = 2 a/1.T.I (Michel and Cruz-Orive, 

1988). T is the distance between successive vertical sections. | is the number of intersections 

between the boundary of the structure of interest and a test system of cycloids overlain on the 

images. a/1 is the area of test system per unit length of test line. Henery and Mayhew (1989) 

have determined mean cortical thickness in-vitro. 

Methods: MR data of the brain were acquired for a healthy, 28 year-old, male volunteer 

using a 3D SPGR pulse sequence on a 1.5 T SIGNA whole body MR imaging system (General 

Electric, Milwaukee, USA). The brain was sectioned at 15° intervals with 12 series of vertical 

sections (T=1.56cm). Intersection counts between the cycloids (a/1 = 2.344cm) and the 

pial surface and cortical grey-white matter boundary were recorded. The thickness of the 

cerebral cortex was calculated by dividing the volume of the cerebral cortex, obtained using the 

Cavalieri method, by the mean of the pial and grey-white matter boundary surface areas. 

Results: Mean cortical thickness was calculated to be 3.5mm. 

Discussion: Estimation of feature surface area from MR images may have clinical relevance 

for assessing atrophy of the brain in, for example, Alzheimer’s disease, and also in radiotherapy 

dose planning. 

Henery CC, Mayhew TM [1989] J. Anat. 167:167-180 
Michel RP, Cruz-Orive, LM [1988] J. Microsc. 150.117-136 
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