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Abstract

A novel method is presented for analyzing fMRI data, which relies on probabilis-

tic estimates of microanatomically defined regions in individual fMRI volunteers.

Postmortem structural and cytoarchitectonic information from the Jülich/Düsseldorf

group in Germany is aligned to the high-resolution structural MR images of func-

tional MRI volunteers. This is achieved using nonlinear registration, which is applied

only to the region of interest. The registered postmortem datasets are then combined

into probability maps for microanatomically defined regions that are tailored to the

anatomy of individual fMRI volunteers. These are then used as weighted spatial fil-

ters on functional MR data. In this thesis, three regions of the primary auditory

cortex (located on Heschl’s gyrus) have been targeted, and the analysis method is

used to explore how these three areas respond to different kinds of sound. Regions

Te1.0 and Te1.2 both demonstrate pitch sensitivity, consistent with published obser-

vations of the functional response of homologous regions in nonhuman primates. Area

Te1.1 displayed sensitivity to both noise and pitch, consistent with the theory that it

is homologous with the microanatomically similar area CM in nonhuman primates.

Furthermore, the custom probability maps are much less diffuse and anatomically

more precise than previous versions generated using the same postmortem data, and
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therefore permit a more sensitive and anatomically precise analysis of functional ac-

tivity. This method could be applied to any other microanatomically defined region

that has been characterized in the Jülich postmortem dataset.
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Glossary

A1 Primary auditory cortex; an auditory cortical ‘core’ area found in primates.

Page 18.

affine A transform that is a linear combination of linear transformations and a

translation. Also a type of registration using the affine transform. Page 24.

AL Anterolateral field; a ‘belt’ area located in the anterolateral part of the

macaque auditory cortex. Page 18.

anterior Towards the nose. Page 21.

axial plane The plane dividing the body between the head and the feet. Page 16.

belt The area surrounding the core. Receives input from thalamus and core

areas, and directs output to core and parabelt areas. Page 18.

binarization The process of making an image binary, or having values of only 0(off)

or 1(on). Page 16.

BOLD signal Blood Oxygenation Level Dependent signal: Brain activity can be

indirectly detected from small changes in the MRI signal due to this effect.

This is based on the knowledge that the magnetic properties of blood

xi



change according to oxygenation level, and oxygen consumption changes

as a result of both neuronal activity and changing blood supply governed

by the HRF. Page 113.

caudal Towards the tail. For humans, this is the same as posterior. For brains,

this means away from face, towards the back of the head. Page 18.

cerebral cortex A brain structure which can be divided into lobes and is involved

in memory, attention, perceptual awareness, thought, language, and con-

sciousness. The human cerebral cortex is 2-4 mm thick and is folded,

creating sulci, and gyri. Page 13.

CL Caudolateral field; a ‘belt’ area located in the caudolateral part of the

macaque auditory cortex. Page 18.

CM Caudomedial field; a ‘belt’ area located in the caudomedial part of the

macaque auditory cortex. Page 18.

Colin27 brain A standard single-brain template which is in MNI space. It is con-

structed the average of 27 scans of the same male subject. Page 14.

Colin27 GM Heschl’s gyrus The volume which is the result of preprocessing the

Colin27 brain template, and consists of just the grey-matter of the first

Heschl’s gyrus in each hemisphere. Page 48.

core An area of the auditory cortex characterized by tonotopic organization. It

responds to pure tones, and receives input from thalamus and directs out-

put to belt areas. This is thought to be synonymous with PAC. Page 18.
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coronal plane The plane separating the front (anterior) and back (posterior) hemi-

spheres. Page 16.

CPB Caudal parabelt field; a ‘parabelt’ area located in the caudal part of the

macaque auditory cortex. Page 18.

CSF Cerebrospinal fluid: The fluid surrounding the brain and filling the central

canal of the spine, and appearing dark grey or black in an in-vivo T1-

weighted MRI. Page 22.

cytoarchitectonic Relating to cytoarchitecture. Page 15.

cytoarchitectonic cubes The cubes extracted from the cytoarchitectonic volumes.

For each hemisphere there are 30 cubes – 3 regions for each postmortem

subject. Page 50.

cytoarchitectonic volumes The labelled volumes obtained from histological clas-

sification. For each postmortem subject there are 3 volumes – one for

each cytoarchitectonic region in Te1. These volumes are co-registered to

the postmortem structurals. Page 42.

cytoarchitecture A micro-architectural property of tissue based on cell type, cell

volume, and cell density. Page 2.

deformable See non-linear. Page 24.

flip angle The tip applied to the magnetic moment vector by an RF pulse. Page 111.

fMRI functional MRI: The brain activity based on the BOLD signal, recorded

in a time series using MRI. Page 1.

xiii



fMRI contrasts The fMRI contrast volumes generated by subtracting the base-

line (usually silence) β values from the sound stimulus β values. For

each fMRI subject there are 6 contrast volumes – 4 regular (noise-silence,

fixed-silence, random-silence, melody-silence) and 2 combined contrasts

(fixed-noise, tonal-silence). These volumes are co-registered to the fMRI

structurals. Page 43.

fMRI GM Heschl’s gyrus A volume which is the result of preprocessing an fMRI

structural, and consists of just the grey-matter of the first Heschl’s gyrus

in each hemisphere. Page 48.

fMRI structural cubes The cubes extracted from the fMRI structurals. For each

hemisphere there are 9 cubes – one for each fMRI subject. Page 50.

fMRI structurals The 9 high resolution T1-weighted MR images – one for each

fMRI subject. Page 43.

GLI Grey Level Index: The index defining the cellular packing density, usually

within a range of 0% to 100%. Page 16.

GLM General Linear Model: A statistical linear model, which can be written

Y = Xβ + ε where Y is a matrix of dependent variables, β is a matrix of

weights, or parameters, for the estimated independent variables X, and ε

is a matrix of errors and noise. Linear regression, t-tests, ANOVAs, and

SPMs are well-known examples. Page 43.

GM Grey Matter: The cell bodies of neurons, and a tissue which appears grey

in in-vivo T1-weighted MRI (as opposed to white or black). Page 15.
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gyri The bumps formed from folding of the cerebral cortex (singular: gyrus).

Page 13.

haemodynamic The effect of blood flow and oxygen consumption. Page 112.

HG Heschl’s gyrus: A gyrus or group of gyri located on the temporal lobe of

the human and monkey cerebral cortex, and the macro-anatomical location

of the PAC. It is also called the transverse temporal gyrus since it runs

mediolaterally in addition to dorsiventrallyk. Page 17.

histology The process of fixing, slicing, and staining a postmortem organ, used for

analysis of microscopic properties of tissue. Page 15.

HRF Haemodynamic Response Function: The function governing the blood flow

and oxygenation levels resulting from neuronal activity. Page 113.

inferior Towards the feet. Page 21.

interpolator In image registration, the function or algorithm which resamples the

image into the new transformed coordinate frame. Page 25.

kurtosis The fourth standardized moment of a probability distribution - measure of

the “peakedness”. A higher value corresponds to a steeper peak, indicating

that more of the variance is due to outliers. Page 16.

lamina The thinnest recognizable layer of cells, differing from other layers in cell

density, composition, or cell size. In the cortex, the grey matter contains

six distinct laminae.

laminar Relating to lamina.

xv



lateral Towards the outside, in a direction perpendicular to the sagittal plane.

Page 18.

linear transform A transform which produces either a rotation, scale, or shear.

All of these preserve parallel lines.

lobes The four topographically defined sections of the human cerebral cortex,

consisting of the frontal lobe, parietal lobe, occipital lobe, and temporal

lobe. Page 13.

LS Lateral sulcus: A sulcus which forms the superior border of the tempo-

ral lobe, running posterior to anterior. Also called the sylvian fissure.

Page 18.

macro-anatomical Anatomical property visible to the naked human eye. Page 14.

medial Towards the centre. Page 18.

metric In image registration, this is a measure of similarity between two images.

Page 25.

MGC medial geniculate complex: A region of the thalamus which relays auditory

stimulus. Page 17.

MI Mutual Information: In image registration, a measure of predictability

between two images. A higher mutual information indicates that the two

images are similar and 0 indicates the images are completely independent.

Page 25.

xvi



micro-anatomical Anatomical property only visible or distinguishable at the mi-

croscopic level. Page 14.

ML Middle lateral field; a ‘belt’ area located in the middle lateral part of the

macaque auditory cortex. Page 18.

MM Medial belt field; a ‘belt’ area located in the medial part of the macaque

auditory cortex. Page 18.

moving image In image registration, the image that is warped to match the target

image. Page 23.

MR Magnetic Resonance: Also known as nuclear magnetic resonance, and in-

volving the manipulation of the spin property of nuclei via a strong mag-

netic field. Page 41.

MRI Magnetic Resonance Imaging: A non-invasive medical imaging modality

which records magnetization of tissues stimulated by a changing magnetic

field. Page 3.

MSD Mean Squared Distance: In image registration, a metric which quantifies

the amount of difference in grey levels between the moving and target

image. Page 25.

optimizer In image registration, the algorithm responsible for tracking and direct-

ing the progress of the registration. Page 26.

PAC Primary Auditory Cortex: the area responsible in humans for low-order

processing of sound stimulus received from the thalamus, and relaying
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sound stimulus to higher level processing areas such as the belt and para-

belt areas, and the temporal, frontal, and parietal lobes. Page 32.

parabelt The area lateral to the lateral belt areas and performing high-level audi-

tory processing. Receives input from thalamus and belt areas, and directs

output to other areas of the cerebral cortex. Page 18.

posterior Away from the nose, or towards the tail: same as caudal. Page 21.

postmortem After death. Page 16.

postmortem GM Heschl’s gyrus A volume which is the result of preprocessing

a postmortem structural, and consists of just the grey-matter of the first

Heschl’s gyrus in each hemisphere. Page 47.

postmortem structural cubes The cubes extracted from the postmortem struc-

turals. For each hemisphere there are 10 cubes – one for each postmortem

brain. Page 50.

postmortem structurals The 10 high resolution T1-weighted MR images – one

for each postmortem brain. Page 42.

R Rostral core field; a ‘core’ area located in the rostral part of the macaque

auditory cortex. Page 18.

registration The process of aligning two or more images, which can be done using

linear rotation, translation, and shear, or non-linear warping. Page 17.

RF Radio Frequency: The pulse used in MRI to excite or ‘tip’ the magnetic

moment vector of molecules. The frequency of the pulse must be the same
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as the molecule’s rotation frequency in order to have an effect. Page 108.

rigid In image registration, a linear transform which is linear a combination of

rotation and translation transforms. Page 23.

RM Rostromedial field; a ‘belt’ area located in the rostromedial part of the

macaque auditory cortex. Page 18.

ROI Region of interest: A region of the brain, such as Heschl’s gyrus. Page 28.

rostral Towards the face: same as anterior. Page 18.

RPB Rostral parabelt field; a ‘parabelt’ area located in the rostral part of the

macaque auditory cortex. Page 18.

RT Rostrotemporal field; a ‘core’ area located in the rostral part of the macaque

auditory cortex. Page 18.

RTL Rostrotemporal lateral field; a ‘belt’ area located in the rostrolateral part

of the macaque auditory cortex. Page 18.

RTM Rostrotemporal medial field; a ‘belt’ area located in the rostromedial part

of the macaque auditory cortex. Page 18.

sagittal plane The plane separating the left and right hemispheres with origin

along the midline of the body. Page 16.

skewness The third standardized moment of a probability distribution - measure

of asymmetry. Page 16.

xix



SPM Statistical Parametric Map: A type of GLM commonly used for analysis of

neuroimages, written Y = Xβ + ε. Here, Y contains the observed activa-

tion over time, X contains the predicted values of the known experimental

variables and confounds, and when solved, β contains the weights of the

experimental variables. Thus, a variable with high β values describes the

observed activation well. Page 28.

stereotactic coordinates A three-dimensional coordinate system allowing a point

to be precisely defined or located in space according to displacement from

the origin in three orthogonal directions. Page 29.

STG Superior Temporal Gyrus: The superior-most gyrus located on the tem-

poral lobe of the primate cerebral cortex, it contains Heschl’s gyrus, and

is responsible for processing of speech and hearing. Page 17.

sulci The crevices formed from folding of the cerebral cortex (singular form:

sulcus). Page 13.

superior Towards the top of the head. Page 21.

target image In image registration, the image that remains unchanged and is used

as a guide for bringing the moving image into alignment. Page 23.

TE Echo Time: The time elapsed between the RF stimulus and the peak of

the echo during MRI image formation. Page 42.

Te1 A cytoarchitectonically defined sound-responsive area in humans. Page 15.

Te1.0 The region of Te1 intermediate to Te1.1 and Te1.2 along the x and y axes.
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It is classified as a core region and homologous with A1 in macaques.

Page 21.

Te1.1 The posterior- and medial-most region of Te1, and probably homologous

to CM in macaques. Page 21.

Te1.2 The anterior- and lateral-most region of Te1, and probably homologous to

R in macaques. Page 21.

template-based probability maps The 3 probability maps in MNI space gener-

ated for the 3 regions of Te1. Created by registering each postmortem

brain to the Colin27 brain template and then superimposing the cytoar-

chitectonic regions in this common MNI space. Page 45.

thalamus A subcortical structure responsible for processing and relaying sensory

information to various parts of the cerebral cortex. Page 13.

TR Repetition Time: The time between each initial excitatory RF stimulus

pulse in MR image formation. Page 42.

transform A function affecting the geometry of an object - a mapping from one

coordinate system to another. Page 23.

translation A transform which shifts all elements equally in a single direction.

Page 24.

transverse plane In MRI, the plane normal to the main B0 field. This is defined

on a molecular level. In addition, when a human is lying face up and

head first in the magnet, the transverse and the axial plane are the same.

Page 107.

xxi



WM White Matter: The glial cells which connect neurons, and a tissue which

appears white in in-vivo T1-weighted MRI. Page 22.
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Chapter 1

Introduction

1.1 Motivation

Advances in functional magnetic resonance imaging (fMRI) have allowed scientists to

discover much about how the brain processes and stores information, but advances

have been quicker in animals than in humans due to the availability of invasive meth-

ods. In humans, we are normally limited to non-invasive neuroimaging techniques like

fMRI, which are limited by their relative lack of anatomical precision and imaging

resolution. This thesis presents a method for conducting a more precise analysis of the

relationship between brain anatomy on a microscopic level, and brain functionality.

In fMRI studies, the recorded functional activity must be aligned with the sub-

ject’s anatomy in order to localize the observed activity (see Sect. 2.8 for details).

Furthermore, functional patterns in single individuals are not so interesting - most

questions in cognitive neuroscience require that activation patterns be consistent

across multiple individuals. Given that there is a large variability in brain anatomy

between subjects, in order to do such comparisons, activity must either be assigned to
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CHAPTER 1. INTRODUCTION 2

standard stereotactic coordinates, or a correspondence between regions in a subject’s

brains must be attained (see Sect. 2.7). The process used to generate the spatial

correspondence between coordinates is called ‘spatial normalization’, or registration,

and is described in Sect. 2.6. Most standard functional imaging studies and soft-

ware use this standard coordinate approach, which permits whole-brain comparison

of results across subjects, and studies, but does not completely overcome the problem

of anatomical variability across subjects. The folding pattern, or macro-anatomy, of

each human brain is unique; just like the whorl pattern of each fingerprint is unique.

Thus, a brain atlas is unlike other atlases used in medical computing – so far, it

can only represent the general shape and size of the brain, and the folding patterns

unique to each subject are lost. Indeed, there is no one-to-one mapping between

brain features, or coordinates, that can completely define the spatial correspondence

between two brains, and the mapping must be approximated. Although linear and

low-dimensional nonlinear registration techniques are generally faster, they result in

a coarser approximation than high-dimensional nonlinear techniques. Consequently,

low-dimensional registration techniques result in greater variability between individ-

uals after registration. This variability is compensated for by spatially smoothing the

data, but at the expense of decreased localization precision, and less sensitivity at

the group level.

In addition, for determining the relationship between function and anatomy, lo-

calizing the functional activity relative to gross landmarks in the subject’s brain is

not ideal. The function of a cortical area is determined by its inputs and outputs,

and by the composition and organization of the cortical lamina (eg cytoarchitecture),

more than by its physical position in the head. This presents another problem, since
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conventional non-invasive techniques such as MRI do not have microscopic resolution.

This means that the anatomical features most relevant for function cannot be seen

on a conventional MRI, and current spatial registration methods are generally based

on minimizing the variability in the location of larger landmark features.

Microanatomical data (cytoarchitectonic information) for 10 postmortem subjects,

coregistered to their structural MR images, are available for multiple brain areas in-

cluding primary sensory and motor cortices, thanks to the work of the Jülich/Düsseldorf

group under Karl Zilles ([39], [41], [42], [45], [3], [2], [88]). These datasets have been

spatially registered using a standard method, and combined to produce 3D maps of

the cytoarchitectonically defined brain regions (see Fig. 1.1). In these ‘probability

maps’, each voxel’s value indexes the likelihood that the voxel in any other brain is

in each cytoarchitectonically defined region, based on the assumption that the target

brain is in the same coordinate space.

Due to the method used for registering the postmortem subjects into the tar-

get space, the existing probability maps are diffuse. They were created using low-

dimensional registration techniques, and thus there is room for improvement here.

In addition, the target coordinate space is a standard template, meaning that fMRI

data must also be registered to this template space prior to application of the proba-

bility maps. Errors resulting from misregistration of the maps to the template, and of

the fMRI subject to the template, will both independently contribute to the overall

registration error, and therefore degrade resolution. It is anticipated that a direct

registration of the postmortem data to the individual anatomy of each fMRI subject

will do a better job of reducing intersubject variability.

Finally, although these types of cytoarchitectonic probability maps are usually
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used simply to locate (using visual approximation) activation foci after analysis with

respect to cytoarchitecture, a new use for the probability maps is proposed. Where

previously, spatial smoothing is applied after normalization to minimize intersubject

variability, instead, the probability maps can be used as part of the analysis. By

applying the cytoarchitectonic probability maps as weighted spatial filters on the

functional data, smoothing is performed in a more anatomically informed way.

Functional activation data for 9 volunteers, co-registered to their structural im-

ages, are also available. The data was used to examine how the auditory system is

organized for the perception of pitch and melody in sound ([47], [95]). Given the

limitations of conventional analysis, an investigation of whether regions of primary

auditory cortex are specialized for different sound types was not performed, or even

possible. Of particular interest is the comparison of sounds with pitch vs spectrally

and temporally matched noise that does not evoke a pitch percept. Studies in non-

human primates reveal that a specific region of auditory cortex is sensitive to stimuli

with pitch, and precise cytoarchitectonic probability maps can be used to evaluate

whether the homologous region in humans is also particularly sensitive to pitch.

1.2 Objectives

A new workflow is proposed which enables analysis of the relationship between func-

tion and anatomy is proposed, where:

• The cytoarchitecture is used instead of landmark anatomy, and

• The analysis of the structural-functional relationship doesn’t require normaliza-

tion to standard stereotactic space, thus introducing more error into the data.
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These objectives are achieved by dividing the workflow into two subsections, or goals:

1. Creating cytoarchitectonic probability maps (as summarized below in Sect. 1.3).

2. Applying the probability maps to perform group analysis (as summarized in

Sect. 1.4).

The primary auditory cortex was chosen to demonstrate the success of this technique,

but the proposed workflow is general enough that it can be used for many other areas

of the cortex for which cytoarchitectonic data are available, such as motor cortex,

visual cortex, somatosensory cortex, and Broca’s area ([39], [41], [42], [45], [3], [2],

[88]).

1.3 Probability Map Generation Method

Goal 1 involves creating probability maps that are not only based on cytoarchitecture,

but that are customized to each individual fMRI subject. The same postmortem

datasets provided by the Jülich/Düsseldorf group are used, but they are registered

directly to each functional subject, rather than to a common template space (see

Fig. 1.3). A flowchart summarizing the proposed method is presented in Fig. 1.2.

The cytoarchitectonic data have been previously co-registered to each postmortem

subject’s structural MR, and the fMRI data were previously co-registered with each

fMRI subject’s structural MR. Thus, the problem of registering cytoarchitecture to

functional data is simplified to a registration between structural MR volumes. By

registering all the structural MR images from the postmortem series (n = 10; [88],

[104]) with those of each subject in an fMRI study (n = 9; [47], [95]), the generated

warping parameters can be applied to the cytoarchitectonic data. At this point,
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the cytoarchitectonic volumes are all in the target functional subject’s coordinates,

and can be combined to create custom probability maps of the cytoarchitecture.

These probability maps can be used to directly analyze the relationship between

cytoarchitecture and function (Goal 2), since they are now in the same coordinate

space as the functional imaging data.

The most significant challenge in this section is to accurately register the post-

mortem structural MRs to the target subject. Preprocessing is necessary, due to

the poor quality of the postmortem structural data, and differences in contrast be-

tween postmortem and in-vivo MRIs. In addition, high-dimensional registration is

necessary to reduce intersubject variability. Probability maps are then created by

superimposing the registered postmortem cytoarchitectonic data. For the current ap-

plication, cytoarchitectonic data for three regions of primary auditory cortex, in each

hemisphere were used. The success of these new custom probability maps, relative

to the previously available template-based probability maps ([88]), is determined by

comparing a) their spatial extent, and b) their ability to filter the functional data and

reveal functional specialization among these three auditory areas, as described in the

following section.

1.4 Structural-Functional Analysis Method

Here, the probability maps are used as a spatial filter on the recorded functional

activation. A summary measure is presented which indexes the degree to which

each cytoarchitectonic region (as defined by the probability maps) is sensitive to a

particular stimulus type. In this thesis, the auditory study described above is used.

Summary measures are computed for each of several different auditory stimulus types,
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and with each of three regions of the primary auditory cortex, in each of the two

hemispheres. This is repeated for each subject, and the summary measures for all the

subjects now constitute a description of each subject’s functional activity with respect

to each cytoarchitectonic region. It is now possible to perform groupwise analysis, and

quantify how differentially specialized the regions are for particular stimulus types.

The quality of the custom probability maps, with respect to the template-based

probability maps, can be evaluated by comparing their abilities to filter the func-

tional data. For simplicity, this comparison is conducted on just one sound stimulus,

which is known to give rise to a robust auditory signal. In addition to this com-

parison of probability maps, this stimulus enables analysis of whether the custom

probability maps are in fact capable of precise analysis of the relationship between

small cytoarchitectonic regions and function.

1.5 Contributions

A new workflow for generating and using cytoarchitectonic probability maps is pre-

sented and implemented. Specifically, contributions are made through:

• The direct registration of cytoarchitectonic data to the target, eliminating the

template from the workflow (see Fig. 1.3).

• The use of cytoarchitectonic probability maps directly in functional analysis,

rather than for localization subsequent to analysis.

In addition, this workflow is used to generate a third contribution: analysis of the

relationship between microanatomy and function, for a specific area – the primary

auditory cortex. At this time, no evidence has been found that analysis of any regions
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within the primary auditory cortex of humans has ever been performed before. As

such, findings can only be compared to those from studies of the nonhuman primate

auditory cortex. Thus, the custom probability map generation method (contribution

1), and the method of applying them for statistical analysis (contribution 2) are used

to discover new relationships between structure and function, and support existing

theories concerning the function of each area in humans and other primates.

The first two contributions have already been published together in the proceed-

ings of the 10th International Conference on Medical Image Processing and Computer

Assisted Interventions ([9]).

1.6 Thesis Outline

The remainder of the thesis is organized as follows:

Chapter 2 Background: Reviews the physiology background necessary for un-

derstanding this thesis, starting with the anatomy of the brain and brain atlases,

followed by the histological process involved in determining cytoarchitectonic parcel-

lation of areas within the brain, and finally a review of the structure, function, and

connections in the primate auditory cortex with details specific to the cytoarchitec-

tonic dataset used in the thesis. The computer science background is also reviewed,

starting with segmentation and image registration, and finishing up with intersubject

registration. Finally, Neuroscience issues such as methods of group fMRI analysis,

and the issue of spatial localization are discussed.

Chapter 3 Methodology: Describes the acquisition and processing previously

performed on the postmortem material, the nature of the stereotaxic template, and

the details of the functional imaging study of the auditory cortex which is re-analysed
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here. Stages of preprocessing, registration, and probability map generation method

are described step by step, and finally, the details of the functional analysis method

and the methods for comparison of the template-based and custom probability maps

are presented.

Chapter 4 Results and Discussion:Displays the postmortem, template, and

functional data prior to application of the probability map generation method. The

results of each step of the probability map generation method are presented, and

the effects of each step is discussed. Finally, the results of the probability map

comparisons and functional analyses are presented and discussed.

Chapter 5 Conclusions: Summarizes the contributions of the work described

in this thesis, and presents some possibilities for future work in this area.
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Figure 1.1: Overview of previous workflow for creating template-based probability
maps.
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Figure 1.2: Overview of proposed workflow for creating custom probability maps for
a single subject.
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Figure 1.3: Abstraction of contribution 1: eliminate the template from the workflow
and register the postmortem data directly to the target subject. This
allows analysis of fMRI data in the subject’s native coordinates.



Chapter 2

Background

2.1 Anatomy of Brain

The adult human brain weighs between 1300 and 1400 g, and varies in length, width,

and height with averages of 167 mm, 140 mm, and 93 mm, respectively. It consists of

the cerebral cortex, cerebellum, subcortical structures such as the thalamus, and the

brain stem. The cerebral cortex consists of neurons arranged in a laminar pattern,

which can be grouped into 6 distinct layers. The surface can be roughly divided into

four sections, or lobes (see Fig. 2.1(a)), which are responsible for different types of

activity. In addition to general variation in size and shape, the folding pattern of the

cerebral cortex into bumps, or gyri, and crevices, or sulci, can differ ([134], [133]).

The folding is so varied that the area defined by a single gyrus in one individual can

correspond to the area defined by two, or even three, gyri in another individual ([90]).

In addition, the spatial location of a gyrus with respect to identifiable landmarks can

vary among people, and a spatial mapping must be defined from each person to a

standard atlas in order to compare subjects (see Sect. 2.5 and 2.8 for more details).

13
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There are two atlas coordinate schemes currently in wide use - one based on a single

female post-mortem subject with a small brain and created in 1988 by Talairach

and Tournoux ([130]), called “Talairach space”, and the other by colleagues at the

Montreal Neurological Institute based on 305 (ICBM-305; [30], [24]) and 152 (MNI-

152) subjects. These MNI atlases are all rigidly registered (see Sect. 2.5) to the

Talairach brain and thus called “Talairach-like space” or “MNI space”. These atlases

represent an average sized adult brain and are thus larger than the Talairach brain,

and differ in coordinates by up to 10 mm ([12]). For a single-subject high-resolution

template, MNI created the Colin27 brain, which is based on 27 scans of a single

subject which were averaged to increase the signal to noise ratio ([64]). Although this

atlas is also oriented according to Talairach, the origin is slightly translated from that

of the multi-subject atlases, thus the coordinate system for the Colin27 brain is called

“anatomical MNI space”. The borders of the macro-anatomy of the Colin27 brain

have been labelled by Tzourio-Mazoyer et al. for automated anatomical labelling

(AAL) of functional activation, or identification of anatomical landmarks such as

Heschl’s gyrus.

Another common atlas coordinate system used in the past was the European

Computerized Human Brain Database (ECHBD; [106], [107]). This was a database

and software which allowed the neuroscience community to view and analyze brain

data online, from various modalities, and in a standardized space as defined by an

atlas based on more than 300 normal young (21-40 yrs) male brains, but is no longer

available.

In addition to the above-mentioned macro-anatomical differences among humans,

there are also significant micro-anatomical variations. One method of micro-anatomical
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classification is based on the cytoarchitecture of the cortical layers, and usually re-

quires histology. Korbinian Brodmann performed a thorough cytoarchitectonic clas-

sification of the entire brain ([13]) in 1909, which resulted in the Brodmann map and

Brodmann labels for each cytoarchitectonically distinct area he found. The borders

of various micro-anatomical regions have been identified ([88], [39], [41], [42], [45], [3],

[2]) and mapped onto the Colin27 brain, but the probability maps identifying each

area are diffuse. This has not been a problem in the past, as they were used only as

an aid for visual identification of which cytoarchitectonic areas are near the area of

an observed functional activation. Areas defined via cytoarchitectonic classification

are roughly confined to macro-anatomical boundaries such as sulci and gyri, but in

many cases this relationship is not reliable ([88], [104]). See Fig. 2.2 for an example of

the difference between the macro-anatomical grey matter (GM) of a single gyrus, and

the corresponding micro-anatomical cytoarchitectonic area Te1. Micro-architecture

is a more reliable indicator of the function performed in that area (see Sect. 2.8 for

explanation), thus reliably classifying and locating the spatial extent of cytoarchitec-

tonically defined areas across a variety of individuals is a valuable research area.

2.2 Histology

The Jülich/Düsseldorf group in Germany, led by Karl Zilles, has published the most

comprehensively studied, and largest, micro-anatomical brain dataset of its kind in

the world (see [5] [147] for review). Their dataset includes results from observer-

independent cytoarchitectonic classification from histology performed on 10 post-

mortem human brains. The details of their method will be discussed in Sect. 3.1.1,

but an overview of histology is presented here. Histological processing of postmortem
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brains, in general, involves acquiring an initial image of the brain, followed by preser-

vation and serial slicing, then staining, digitization, and application specific processing

of each slice, and finally 3D volume reconstruction.

The postmortem brain is imaged prior to slicing in order to keep an accurate record

of brain morphology and dimension, usually with T1-weighted MRI (see Sect. A.1

for details). Preservation is performed by first dehydrating the tissue using alcohol,

then fixing it in paraffin wax and applying a formalin-based mixture to decrease

spatial deformation and decomposition. Slices are obtained serially along the coronal

plane, axial plane, or sagittal plane and are ∼ 20µm thick. Various stains may be

applied, and in the case of cytoarchitectonic applications, silver is used due to its

ability to highlight cell bodies ([85]). Digitization is performed by photographing

small continuous sections from each slice with a high-resolution camera attached to

a microscope.

Processing specific to cytoarchitectonic analysis involves binarization using adap-

tive thresholding, which allows for automatic computation of the grey level index

(GLI), a measure of “cell-packing density” ([110] [111]). The GM in the region of

interest is then divided into ∼ 150µm thick longitudinal sections (see Fig. 2.3), and

the density profile is calculated for each section. Cytoarchitectonic areas are defined

by distinct laminar patterns, which can be characterized by their density profile. Fea-

ture vectors are computed summarizing the density profile for each section of GM and

the Mahalanobis distance ([79]) between feature vectors is computed. The compo-

nents of each vector are the mean, centre of gravity, standard deviation, skewness,

and kurtosis of the GLI. Sections corresponding to the vectors with the maximal
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Mahalanobis distance are selected as areal borders, producing distinct cytoarchitec-

tonic regions defined by this observer-independent process. Finally, the slices and

corresponding cytoarchitectonic classifications are reconstructed into a 3D volume

and aligned to the original T1-weighted MR structural using linear and non-linear

registration. These cytoarchitectonic volumes now define the micro-architecture with

respect to the macro-architecture, and allow examination of the relationships between

cytoarchitectonic regions within the bigger picture such as connectional architecture,

and functional observations, in addition to macro-architecture.

2.3 Primate Auditory Cortex

Within the cortex, on the superior temporal plane in macaques, chimpanzees and

humans ([52]), lies the auditory cortex. There are many areas throughout the cortex

which are responsive to auditory stimuli, but most of these also receive inputs from

other areas and are thus considered multi-sensory, rather than particularly ‘auditory’.

It is therefore necessary to be more restrictive in defining the auditory cortex, and

this has been done based on connectional architecture. The auditory cortex is de-

fined as “any portion of the cerebral cortex that receives its main input from one

or more divisions of the medial geniculate complex (MGC) in the thalamus” ([52]).

Due to experimental regulations, much more physiological research has been done on

monkeys, especially macaques, and although variations in the auditory system exist

among primate species, the general concepts and locations have thus far held ([21],

[46], [48], [54], [56], [55], [63], [62], [61], [73], [94], [117], [118], [119], [120], [122], [138],

or for review, see [49], [50]). In humans, the auditory cortex occupies parts of Heschl’s

gyrus (HG) and parts of the superior temporal gyrus (STG) (see Fig. 2.6). There
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can be up to five gyri which correspond to HG ([15]), although evidence indicates

that in the case of multiple gyri only the anterior-, medial-most gyrus performs the

functions of the primary auditory cortex, the area responsible for the first stages of

cortical sound processing. HG is located between STG and the circular sulcus which

is medial to STG, and runs roughly parallel to the lateral sulcus (LS), but in humans

there is a transverse component – at the caudal end it is more medial, while the

rostral end is more lateral. The macaque auditory cortex is located on STG (also

pictured in Fig. 2.6) and is parallel to LS.

2.3.1 Divisions of Auditory Cortex

The macaque (Fig. 2.5), and presumably the human (Fig. 2.4) auditory cortices

can be divided into three areas: core, belt, and parabelt, which can also be seen in

Fig. 2.6. These divisions are made based on general differences in cytoarchitecture,

chemo-architecture, connectional architecture, and observed physiological response

properties. Whereas the core area of the macaque is further divided into three re-

gions (A1, R, RT), the human core area roughly corresponds to Brodmann area 41

([53], [88]), and has been divided into as little as one ([88]) and as many as eight ([35])

regions. The belt area of the macaque can be divided into seven or eight regions (CL,

ML, AL, RTL, CM, RTM, RM, and lately MM [105]) surrounding the core. The

parabelt area in macaques is divided rostrocaudally into at least two areas: RPB and

CPB. In humans, the various models are somewhat inconsistent and homologies are

uncertain, but the medial belt regions roughly correspond to BA 52 and the lateral

belt and parabelt regions correspond to BA 42 and 22 ([52], see Fig ?? for a map

of Brodmann areas). These principles generally hold in both hemispheres, although
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anatomical or physiological asymmetries are just starting to be examined and dis-

covered, even in core areas of macaques ([101]). Outside of the primary auditory

cortex, functional asymmetry in the temporal pole ([100]) and volumetric asymmetry

of cytoarchitecture in caudal STG, area Tpt ([37]), have been observed in macaques.

In humans, functional ([1], [11], [67]) asymmetry has been confirmed in auditory cor-

tex, but not specifically in core areas. Structural asymmetry has been confirmed in

HG ([26], [103], [71], [97], [136]), and at the cellular level some asymmetry has been

observed ([75], [76], [77], [66]).

2.3.2 Connections of Auditory Cortex

Sound detected by the cochlea is passed through the brainstem, midbrain, and MGC

of the thalamus before reaching the auditory cortex ([70]). The ventral division

of MGC, MGv, projects almost exclusively to core regions, while the anterior and

posterior dorsal sections (MGad, MGpd) project to the belt and parabelt, and the

magnocellular division (MGm) projects to all three areas ([52]). Within the auditory

cortex, the core areas interconnect strongly and also connect closely with neighbouring

belt areas (RT to RTL and RTM and vice versa, for instance). Belt areas connect

strongly to each other and to each region of the parabelt. The parabelt has few

connections with core areas, and in addition to belt connections, it connects with

other areas of the frontal, parietal, occipital, and temporal lobes ([52]).

Note that all connections mentioned are reciprocated, meaning that processing is

done in a feedback loop. Many areas also have multiple inputs, suggesting parallel

processing. The temporal response properties indicate that in addition to parallel

processing, the feedback loop follows a hierarchical system and information generally
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flows from the thalamus, core, belt, parabelt and finally to other multi-sensory cortical

areas, with feedback in the reverse direction. With the exception of the medial belt

regions, this results in a general medial to lateral flow of processing with feedback in

the reverse direction ([52]).

With respect to human connectivity, none of these pathways have been proved

conclusively with tracer studies, but electrophysiology and functional studies have

supported various fragments of the organizational framework presented here ([21],

[46], [48], [54], [56], [55], [63], [62], [61], [73], [94], [117], [118], [119], [120], [122],

[138]).

2.3.3 Function in the Auditory Cortex

According to the theory of Kaas et al. [70], core areas are sensitive to pitch, due to

high activation observed in primates during pure tone stimulus, whereas belt areas

are sensitive to complex tones such as noise and species specific vocalizations. The

parabelt areas are involved with high-level auditory processing and memory, hence

their connections with other areas of the cortex such as the parietal and frontal lobes.

Pitch sensitivity does not rely solely on pure tone stimuli, but also on activation from

complex sounds which simulate pitch by varying either the frequency or temporal

properties of noise. Examples of this type of simulated pitch are missing fundamental

harmonic complex sounds (MFs), and regular interval (RI) sounds, respectively. Al-

though the entire core area responded selectively to pure tones in contrast to noise or

complex sounds, not all areas represent the full meaning of pitch. Bendor and Wang

investigated pitch sensitivity in marmosets using single-unit extracellular recordings

and found neurons residing on the border of A1 and R which responded to both pure
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tones and MFs ([10]). Patterson et al. ([95]) and Penagos et al. ([96]) both used

fMRI on humans and found pitch-sensitive areas in what seemed to be antero-lateral

to A1, likely corresponding to R or RT region of macaques. Patterson’s group also

found consistent activation due to melody, or changes in pitch, in what appeared to

be anterior belt and parabelt areas. Localization in both fMRI studies was performed

using manually generated correspondences based on macro-architecture.

2.3.4 Jülich data

The Jülich/Düsseldorf group has identified three distinct cytoarchitectonic areas of

the primary auditory cortex in humans, Te1.0, Te1.1, and Te1.2, which together are

identified as Te1. We have chosen to use their dataset since it is the largest of its

kind in the world (see [5], [147], for review).

Macroanatomically, Te1.2 occupies the inferior-, anterior- and lateral-most posi-

tion on HG, while Te1.1 occupies the superior-, posterior-, and medial-most position.

Te1.0 is located intermediate to Te1.2 and Te1.1 in all respects (see Fig. 2.4). Cy-

toarchitectonically, all three regions, Te1, are highly granular and possess the char-

acteristics of other primary sensory areas: they are characterized by small granular

cells across all layers of cortex, with small pyramidal cells in layer III, a large layer

IV, and a layer V with few cells. Most of these properties are expressed most strongly

in Te1.0: overall it was more granular, has the thickest layer IV, and the smallest

pyramidal cells in layer III, when compared to Te1.1 and Te1.2. Te1.1 showed less

distinct cortical layering, and contained some medium-sized pyramidal cells in layer

III. Te1.2 has a broad layer III and clusters of medium-sized pyramidal cells. This

type of clustering is found in neighbouring areas which are not primary. Finally, Te1.1
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showed greater cell density than Te1.2, but only in the left hemisphere ([88]).

Therefore, based on cytoarchitecture, they concluded that Te1.0 had core char-

acteristics, while Te1.2 was a transitional zone between core and rostral belt areas.

With respect to homologues in other primates, based on cytoarchitectural proper-

ties, Hackett et al. ([53]) have likened Te1.0 to core area A1. In addition, they have

hypothesized that Te1.1 corresponds to belt area CM of the macaque auditory cortex.

2.4 Segmentation

Comparison and quantification of brain volumes by tissue class, voxel based mor-

phometry (VBM), cortical surface reconstruction algorithms, and some feature-based

registration algorithms, all require brain tissue to be classified or labelled. This can

be achieved by classifying the voxels, or registering a previously labelled brain to the

unknown brain and superimposing the classifications. Tissue can be manually, semi-

automatically, or automatically segmented into three classes: GM, WM, and CSF.

The FMRIB Software Library (FSL, [123]) segmentation algorithm, FAST ([143]),

removes field inhomogeneities, and performs initial segmentation using k-means clas-

sification and iteratively increasing numbers of Gaussians to model the grey levels of

the classes. A hidden Markov random field model is then used to reduce noise, and

fitted using an Expectation Maximization algorithm.

The 2002 version of the SPM software package (SPM2) contains a segmentation

algorithm which requires the brain to be spatially normalized prior to segmenta-

tion ([6]). It utilizes spatial priors from previously segmented images to iteratively

assign probabilities to each voxel from the three cluster classes ([7]). The latest
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version of the SPM software package (SPM5) extends this algorithm and uses a com-

bined segmentation-registration algorithm called unified segmentation, which iter-

atively warps the brain and assigns the tissue probabilities until a good match is

achieved ([8]). Tissue probability maps are combined using a Bayesian framework,

and each class can be represented by a mixture of Gaussians.

2.5 Image Registration

Image registration allows two different images or volumes to be reconciled. No matter

whether the registration input is views of the same object or different objects, and

whether these views are taken from different orientations, or with different technolo-

gies, the result is one (or more) transformed images that match the target image.

Before aligning the moving image to the target image (see Fig. 2.7), it is first neces-

sary to determine a correspondence between them. This can be done by examining

the grey levels of the image, or the features or points of an image. Intensity-based reg-

istration algorithms are the simplest since they do not require any intelligent feature

or point extraction. They may require manipulation of the grey levels, though, such

as intensity normalization, if acquisitions were performed with different technologies.

Feature-based and point-based registration algorithms require segmentation (see Sect.

2.4) before the alignment parameters can be calculated.

Transforms

Several types of transform functions to align images exist, and choosing the correct

transformation depends on what objects and acquisition modalities are used. If the

views are of the same object which does not change over time, one would use a rigid
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transformation. Yet, if the views are acquired with different technologies, this is

called multi-modality registration, and one might need to use an affine transforma-

tion. If the views are of different objects or if the object changes over time such as

the heart, it is necessary to use a non-linear, or deformable, transform to achieve a

good match. Registration that is deformable can utilize an infinite number of pa-

rameters and typically employs anywhere from 101 for low-dimensional registration,

to 105 for high-dimensional registration. In contrast, 3D rigid registration requires

just six parameters (three rotation, three translation) and affine requires just twelve,

(three each of rotation, translation, scale, and shear). Due to the complexity of de-

formable registration, affine registration may be chosen as a substitute if the objects

can be related using an affine mapping without a high loss of accuracy. It is usu-

ally insufficient for inter-subject registration of brains, though, and used more often

for intra-subject applications. A good review of the various transforms used in image

registration of brains is found in the survey article by Gholipour and colleagues ([43]).

Due to the high dimension of parameters needed for deformable registration, the cor-

rect alignment can not be calculated immediately. Many iterations are required until

a satisfactory result can be achieved, thus the choice of optimizer, transform, and

interpolator is crucial to both accuracy and speed.

2.5.1 Interpolators

Applying a transform requires a change in the coordinate frame of the moving image.

This could involve a simple linear shift along the x-axis of 0.5 pixels, for example,

which would mean a pixel at x = 2 should be located at x = 1.5. Pixels are discrete

objects, though, and cannot exist at fractional displacements. This means that each
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pixel must be resampled, and should be adjusted to reflect a combination of the

neighbouring pixels. In this case, the grey level at x = 1 could be a combination

of the grey levels mapped to x = 1.5 and x = 0.5. This type of combination is

called a linear interpolation. An interpolator is required in the registration process

to apply the transform to the moving image after each iteration and compute the

grey levels of the transformed moving image. The nearest-neighbour interpolation

scheme assigns the grey level of the discrete pixel location according to the grey level

of the pixel which was transformed closest to it. Although nearest-neighbour is the

quickest interpolator, it lacks accuracy. Although the windowed sinc interpolator is

closest to ideal, it is often too time-consuming to be practical. Tri-linear, cubic, and

quadratic B-Spline functions are the most popular interpolators for image registration

because they represent a good trade-off between speed and accuracy. The impact

of interpolator choice is discussed in articles independently by Meijering, Lehmann,

Thevenaz, and their colleagues ([74], [83], [84], [131]).

2.5.2 Metrics for Correspondence

Until images are properly aligned, the correspondence generated will not be correct.

Thus, it is necessary for the algorithm to make intelligent choices about whether the

images are properly aligned, which is dictated by a metric. A variety of metrics exist,

such as mutual information (MI) and its variants (for review, see [99], [78]), correlation

ratio, local phase information, and local frequency maps. The mean squared distance

(MSD), and gradient difference metrics are popular alternatives to MI, which are also

intensity-based but require identical or linear mapping of intensities between images,

and can be more robust than MI. Feature-based correspondences are measured using



CHAPTER 2. BACKGROUND 26

the properties which are used to define the features.

2.5.3 Optimizers

An optimizer is used to direct the entire registration process, by examining the metric

values after each iteration and choosing the parameters for the transform which will

best improve the correspondence between the images by minimizing the cost function

while usually maintaining some regularization. This cyclic process (see Fig. 2.8) is

repeated until the optimizer determines that the metric is either sufficient, or can not

be improved further.

2.6 Inter-subject Registration

Registration of subjects to a template, atlas, or another subject, involves either affine

or nonlinear deformation, as described in Sect. 2.5. Many software packages exist

to aid researchers in this process. The above-mentioned software, SPM, is the most

widely used software among neuroscientists, and by default performs affine followed

by non-linear registration. The non-linear registration uses a combination of discrete

cosine basis functions whose weights are determined using a Bayesian framework.

Unfortunately, the non-linear registration built into SPM is relatively low dimensional.

This means that subjects that differ topologically from each other, which occurs

quite frequently, cannot be precisely aligned. The template-based probability maps

presented in Sect. 4.3 are an example of this situation.

Insight Segmentation and Registration Toolkit (ITK), an entirely open-source

C++ toolkit, is another software package commonly used. ITK, originally developed
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by funding from the National Library of Medicine, has various rigid, affine, and non-

linear registration algorithms implemented. A well-known and popular algorithm for

non-linear deformable registration is included, which uses a grid of control points to

represent the transform and B-Splines to interpolate the values between nodes. By

choosing the correct parameters, warping can be highly accurate, as demonstrated

by the custom probability maps in Sect. 4.3. Unfortunately, due to various reasons

discussed in Sect. 4.2, the process can be so slow that it becomes impractical.

Other non-linear registration software in use in the academic community include:

the hierarchical attribute matching elastic method (HAMMER) of Shen and Da-

vatzikos ([121]), the polynomial warps method of Woods et al. ([140]), the demons

method of Thirion ([132]), large deformation fluid diffeomorphisms of Miller, Joshi

and Christensen ([86]), continuum mechanics for elastic registration of Gee and Bajcsy

([38]), inverse-consistent registration of Christensen and Johnson ([16]), Rueckert et

al.’s B-Spline registration ([109]), Hellier et al.’s hierarchical optical flow registration

([59]), Chui et al.’s thin plate spline cortical structure registration ([17], [18]), and

the PASHA algorithm by Cachier and colleagues at INRIA ([14]). These algorithms,

along with many others, are reviewed in a survey of image registration by Gholipour

and colleagues ([43]).

2.7 fMRI Group Analysis

Intersubject registration is a usually a critical precursor of group analysis, because

in order to make general conclusions about brain anatomy and function, consistent

activation observed in a single subject is insufficient. It is necessary to pool the

results of a group of subjects which are, ideally, representative of the population
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being studied. This is usually done on a per-voxel basis, but due to intersubject

variability, correspondences between activation locations in each subject must be

calculated, and in this way, registration is necessary. Assuming the correspondences

are known, statistical analysis can then be performed between subjects. This allows

for detection of voxels which are consistently activated under the same conditions

across a population sample. Statistical analysis is performed using the data across

all spatially corresponding subjects for each activation contrast condition i, using the

contrast volumes computed in the previous section (A.2). A second SPM can then

be constructed to represent activation which is not only consistently correlated with

the specific stimulus, but also consistently found in the population. Because there

are so many voxels, correction for multiple comparisons is usually necessary, but the

major challenge of group analysis is achieving accurate and precise correspondences

between subjects. This problem is discussed in Sect. 2.8.

The Wellcome Trust Centre for Neuroimaging at University College London cre-

ated open-source software based on Matlab which performs all the necessary image

pre-processing; registration; single subject, or fixed-effects, analyses; and groupwise,

or random-effects, analyses. This software is called Statistical Parametric Mapping

(SPM), and is widely used by neuroscientists and psychologists around the world.

An alternative method for groupwise analysis examines the functional responses

with respect to a defined region of interest (ROI) across the subjects. This method

does not require the subjects to be spatially normalized, since the ROI is drawn

on each subject, which can be in their native coordinates. For analysis, the region

is considered a homogeneous unit, and functional activity is then averaged across

the entire region. This ROI analysis method not only increases signal-to-noise ratio
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because of spatial averaging, but also the power of the statistical analysis, since the

number of ROI is small and corrections for multiple corrections are not necessary. The

difficulty of the method lies in the specification of the ROIs, which are usually drawn

based on macro-architecture, either manually, or semi-automatically. If the ROI is

not drawn properly, it may contain more than one distinct function – resulting in loss

of information and statistically significant results. ROIs based on macro-anatomy,

instead of micro-anatomy, are particularly susceptible to this type of problem (see

Sect. 2.8). Groupwise analysis can also be conducted by defining ROIs based on

function alone, but, for obvious reasons, this is useless for examining the relationship

between structure and function.

2.8 Spatial Localization

The ultimate application of registration in neuroscience is to allow localization of

observations and, as described above, to accurately compare results across subjects.

Within a single subject, fMRI results such as Fig. A.2 are generally co-registered

to a high resolution T1-weighted MRI showing the subject’s anatomy, as in Fig.

2.7(b). This allows the activation to be located relative to an individual’s anatomy

and be described in a meaningful way. Researchers have used various methods and

combinations of methods to localize activation, such as Talairach or Talairach-like

(x,y,z) stereotactic coordinates coordinates, or anatomy-based descriptions such as

location with respect to known sulci and gyri, sometimes bolstered with connectivity

information. Function-based descriptions, where a known function is recorded and

its spatial position is used as a reference for other activation, are also used. A fourth

type of description can be generated by comparing the activation location with known
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micro-architecturally defined areas. The Brodmann areas are the most commonly

used system for this, and are based on cytoarchitectonic classification (see Sect. 2.2).

The cytoarchitectonic probability maps created for the Colin27 brain (mentioned in

Sect. 2.1) are a better alternative since they are electronic and can be applied to any

brain after normalization. The benefits and downfalls of these localization schemes

are discussed in a paper by Devlin and Poldrack ([23]).

There are two main factors which reduce consistency of localization. The first

concerns the issue of using micro-architecture versus macro-architecture: although

macro-architecture is visible in all standard functional studies, and enables scientists

to directly link function with corresponding landmarks, it is now accepted that func-

tional areas do not reliably coincide with observable landmarks like particular sulci

or gyri ([88], [104]). Cell type and organization implicitly coincides with function-

ally specific tasks, but cytoarchitecture can not be directly observed in in-vivo MRI.

Recent work with high-field MRI by Walters et al. ([137]) has seen some success in

the cytoarchitectonic classification of T1-weighted structural MR images, but high

field MRI machines necessary for acquiring structural MRIs for a standard functional

imaging study are currently not generally available. We address this problem by gen-

erating cytoarchitectonic probability maps for each subject, as described in Chapt.

3.

The second factor which reduces our ability to accurately and precisely localize

activation comes into effect when results should be reported in coordinates which are

not the subject’s native coordinates. To report activation coordinates which can be

interpreted outside of the specific study, the subject must be spatially normalized to

the standard Talairach atlas, Talairach-like atlases, or any other space which is not
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native. Activation which is observed consistently across stimulus repetitions in one

subject must be compared across subjects (as described in Sect. 2.7), or at least re-

ported in a standard space so the results can be compared across studies. To achieve

this, registration between the subject and an atlas, or inter-subject registration must

be performed. The major impediment in this process is inter-subject variability. All

registration algorithms use the anatomical image to generate the warping, but in most

cases there is not a one-to-one mapping between anatomies of subjects. For instance,

when the target subject or atlas has one gyrus and the moving subject has two, the

correspondence cannot be determined precisely. If topology is preserved, the two gyri

must remain and be matched to the single as best as possible. If topology is not pre-

served, it is possible for the two gyri to be morphed into one and tight overlap can be

achieved with the target gyrus, but the consequences of breaking the topology are not

known. As a result, most registration algorithms do not take this extreme approach,

and accuracy is reduced. Reduced registration accuracy leads to reduced overlap of

activation between subjects and reduced statistical power of the final analysis. The

standard solution to this problem is to apply spatial smoothing to the functional

data, which increases the overlap and the power of the groupwise conclusion. The

obvious downfall of spatial smoothing is the loss of spatial accuracy, which is already

compromised by the lower resolution at which the images are acquired.

Localization of functional activity not only requires accurate registration, but it

also requires a broad knowledge of the macroanatomy, microanatomy, and previous

functional findings to compare to – both within and across species. Unfortunately,

functional and microanatomical knowledge of the human auditory system is far be-

hind that of other systems (see Sect. 2.3), and localization of auditory activity in the
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cortex is difficult. The constituent cytoarchitectural areas of the primary auditory

cortex (PAC) are small, and there is a high degree of macroanatomical intersubject

variability, making registration accuracy crucial. In addition, localization of func-

tional activity with respect to cytoarchitectonic areas is even more difficult, since

microanatomical borders are not guaranteed to be constrained to macroanatomy.

Cytoarchitectonic probability maps are useful in most cases, but again, registration

is crucial for reducing the effect of additional errors from macroanatomic variability.

2.9 Summary and Conclusions

Many of the details of the functional-structural relationships in the human primary

auditory cortex are untested as of yet, and only theories exist which are based on re-

sults from other primates such as the macaque. In order to examine the relationships

between recorded auditory activity and structure, it is best to concentrate on cytoar-

chitecture. Although Devlin and Poldrack ([23]) conclude that reporting activation

according to macroanatomical landmarks is best, this is due to the low resolution

of functional images and the poor accuracy of normalization. They also acknowl-

edge that reporting activation according to Brodmann or cytoarchitectonically de-

fined areas is useful for determining homologies between species, and that the only

worthwhile method of cytoarchitectural localization requires the use of the cytoar-

chitectonic probability maps published by Zilles and colleagues at Jülich/Düsseldorf.

There are probability maps available for the primary auditory cortex, but they are

diffuse and were created using linear registration. Nonlinear registration is superior

for correcting for intersubject variability, but is time intensive. By improving the reg-

istration method it is possible to create more precise probability maps which could
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improve localization. Intersubject variability becomes a problem when attempts are

made to compare subjects in a common space, which requires spatial normalization.

Traditional voxel-based techniques for group analyses require spatial normalization,

but are not the only option.

Therefore, there are two opportunities for improving the accuracy of cytoarchi-

tectonic probability maps – through nonlinear registration, and through registration

of cytoarchitecture directly to each subject and eliminating the problem of normal-

ization to a template. In addition, custom probability maps not only avoid the nor-

malization requirement, but if precise enough, they open the door for performance of

region-based analyses.
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(a) Lobes

(b) Brodmann areas

Figure 2.1: On top is a representation of the lateral cerebral cortex, showing the
frontal, parietal, occipital, and temporal lobes, as well as a rough sketch
of the major sulci and gyri. HG is located on the medial surface of
the temporal lobe, and is not visible. On the bottom is a map of the
Brodmann areas projected onto the lateral surface. Area 41, the primary
auditory cortex, is labelled, although it lies behind the superior temporal
sulcus. Source: Wikipedia ([19])
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(a) HG (b) Te1

Figure 2.2: Macro-anatomical and micro-anatomical views of the same area, demon-
strating the relationship between the a) grey matter of Heschl’s gyrus,
and b) cytoarchitectonic area Te1. Images are axial, and crosshairs are
at (−38,−20,4).

Figure 2.3: Histology slice showing cells and longitudinal divisions used for observer-
independent cytoarchitectonic classification ([110]). Displayed here is pri-
mary visual cortex V1, taken from Schleicher et al. ([110]).
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Figure 2.4: Cytoarchitectonic areas of the human auditory cortex according to Mo-
rosan et al. ([88]). Pictured in the centre are primary auditory areas
Te1.1, Te1.0, and Te1.2, surrounded by higher level auditory areas Te2,
Te3 and TI1. Te1.0 is considered core, Te1.1 is likely caudomedial belt,
while Te1.2 is a transitional area and could be either core or rostral belt
according to Morosan et al. ([88]). This axial slice is complemented by
Fig. 2.6 which shows a coronal slices of the same areas in both humans
and macaques.
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Figure 2.5: Cytoarchitectonic areas of the macaque auditory cortex. Pictured in the
centre, core (red) areas R, RT, A1; surrounding this, lateral (yellow) and
medial (green) belt areas CL, ML, AL, RTL, CM, RTM, RM, and MM;
and lateral to these, parabelt (blue) areas RPB and CPB. This axial slice
is complemented by Fig. 2.6 which shows a coronal slices of the same
areas in both humans and macaques.
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Figure 2.6: The location of auditory cortex in macaques (left) and humans (right),
represented by the coloured areas, and according to Hackett et al. ([52]).
These coronal slices are complemented by Fig. 2.5 and Fig. 2.5, which
show a complete sketch of all areas of the macaque and human auditory
cortex. Scale bars 5mm.
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(a) Moving Image (b) Target Image (c) Registered Image

Figure 2.7: Effect of registration – the moving image (a) is warped to match the
target image (b), resulting in (c) a moving image which is registered to
the target image.

Figure 2.8: Components of registration. The metric is computed and the optimizer
chooses a transform which is applied using an interpolator, and the metric
is computed until the optimizer determines that the halt condition is
satisfied.



Chapter 3

Methodology

The initial data acquired from other sources is described in Sect. 3.1, including the

template-based cytoarchitectonic probability maps generated by MNI. These proba-

bility maps are improved using the custom probability map generation method dis-

cussed in Sect. 3.2. Sect. 3.3 describes the intended use of the probability maps

for fMRI analysis, and methods for comparing the custom probability maps with the

template-based probability maps.

3.1 Obtained Data

3.1.1 Postmortem Data

Cytoarchitectonic data are obtained from the Jülich/Düsseldorf group, who analyzed

10 postmortem brains subsequent to preservation and acquisition of an initial T1-

weighted structural MRI for reasons explained in Sect. 2.2. The average age of

the postmortem subjects is 64.7 ± 16.9, with the gender evenly distributed (5 of

40
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each). Brains were first dehydrated, fixed in paraffin wax, and preserved in either 4%

formalin or Bodian’s solution, which is a mixture of formalin, glacial acetic acid, and

ethanol. Structural MRIs were 1× 1× 1.17 mm resolution, acquired using a Siemens

1.5 T scanner and a FLASH pulse sequence with flip angle 40 degrees, TR = 40 ms,

and TE = 5 ms. The axial plane was later resampled to 1 mm resolution to achieve

volumes with isometric voxels.

Histology slices were obtained serially along the coronal plane and were 20 µm

thick. Various stains were applied in order to perform a comprehensive cyto-, myelo-,

and chemoarchitectonic analysis, and thus, cytoarchitectonic analysis of silver stained

slices was only performed on every 60th slice. Slices were digitized using a Zeiss digital

microscope (Planapo 4.0 × 1.25). 32× 32 µm in-plane resolution cytoarchitectonic

analysis was performed using the GLI method ([111], [110], see Sect. 2.2 for details).

The observer-independent classification method proposed by Schleicher et al. ([110])

and described in Sect. 2.2 was used to determine areal borders. The feature vectors

were computed on 128 µm thick longitudinal sections of grey matter.

The areal borders were traced onto each digitized histology slice using an image

analyzer system (KS400) and these cytoarchitectonic slices were reconstructed into

a 3-D volume. This labelled histology volume was then aligned to the previously

acquired MR structural using linear and non-linear registration ([114], [112], [113]).

Although analysis was performed on every 60th slice, the MR structurals were only 1

mm resolution, therefore the cytoarchitectonic labels were downsampled during reg-

istration, and binarization was lost. Finally, the MR structural was aligned according

to the conventions of Talairach and Tournoux ([130]) and spatially normalized by reg-

istering each MR and co-registered histology volume to the European Computerized
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Human Brain Database (ECHBD) using an affine transform ([115], [116]). This re-

sulted in six volumes of cytoarchitectonic labels, one for each hemisphere of the three

regions of Te1, all of them spatially normalized and aligned with the grey matter of

the corresponding MR volume. Further details are presented in the paper by Morosan

and colleagues ([88]). These 30 cytoarchitectonic label volumes (3 regions of Te1 for

each of the 10 postmortem brains) and 10 MR structurals are the postmortem half

of the data obtained, and from this point on are referred to as the cytoarchitectonic

volumes and postmortem structurals, respectively.

3.1.2 Functional Data

In addition to the postmortem data necessary for cytoarchitectonic probability map

creation, functional data from 9 volunteers was obtained from the Wellcome Brain

Imaging group. The mean age of the volunteers was 34.3± 8.9, with 3 female and 6

male volunteers. The fMRI data was acquired on a 2.0-T Siemens MR imaging system

and included a high resolution T1-weighted structural for each subject. All subjects

gave informed consent and none had any history of hearing or neurological disorders.

Each structural MR volume was acquired using an MP-RAGE sequence with 1 ×

1× 1.5 mm resolution. A sparse temporal imaging technique was used to acquire 16

silent scans and 80 scans after stimulus presentation during each run. Imaging was

performed at the same point in the cardiac cycle using gradient-echo-planar imaging

(TR/TE = 12000/35 ms). The structural MR, and each of the 96 scans × 3 runs

were all rigidly aligned to the first fMRI scan. Spatial normalization was achieved by

bringing the first scan into Talairach-like space ([12]; in this case, by registering to

the standard SPM99 ([126]) EPI template which defines MNI space), and applying
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the same affine and smoothly non-linear transformations to the remaining volumes.

When the structural MR was co-registered to the fMRI volumes it was down-

sampled to 2× 2× 2 mm, allowing the same normalization parameters to be applied.

Heschl’s gyrus was also painted on the structurals according to the criteria of Penhune

et al. ([97]).

Statistical analysis was performed, also using SPM99. A GLM was used to cal-

culate the weights of each experimental variable, or β values, at each voxel. Thus,

for each stimulus (see next section), a volume was generated where the grey-values in

each voxel represent with what magnitude that voxel’s response activation over time

correlated with the presentation of that stimulus. Finally, the β image for the silent

condition was subtracted from each of the other β images for each stimulus type.

This produces contrast volumes for each stimulus condition which show how well

each voxel responded to that stimulus alone, without other influences or confounds.

No smoothing was applied to any of the structural or functional volumes. Further

details are presented in the papers by Griffiths and Patterson, et al. ([47], [95]). The

9 T1-weighted structural MR volumes (one for each volunteer) are hereafter referred

to as the fMRI structurals, while the analysed fMRI activation volumes containing

the β values for each stimulus type contrasted with the baseline β image, are referred

to as the fMRI contrasts.

Auditory Stimuli

Auditory sequences presented to the volunteers consisted of a silent baseline and four

sound conditions – one noise and three conditions constructed from noise, but with

a perceptible pitch. The noise stimulus was generated randomly with no temporal
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regularity or pitch, while the remaining conditions were spectrotemporally matched

to the noise, and created by adding noise to itself 16 times with a temporal delay of

12 ms repeatedly, and then applying high-pass filters between 500 and 4000 Hz. This

delayed repetition introduces a temporal regularity into the noise stimulus which is

detected as a pitch. The three pitch conditions were: sounds at a fixed pitch, sounds

at randomly varying pitches, and sounds where the pitch varied over the same range

as the random stimuli, but where the pitch differences followed the rules of Western

music. Each sequence was constructed from 32 sound elements, each 200 ms in

duration, with 50 ms of silence between each element. Further details are presented

in Griffiths et al., 2001 ([47]). Each sequence, hereafter named silence, noise, fixed,

random, and melody, were presented 16 times in each of the three runs.

3.1.3 Template-based Probability Maps

Cytoarchitectonic probability maps for the auditory cortex, and many other areas,

have already been created by the same Jülich/Düsseldorf group who produced the

postmortem brain set mentioned in Sect. 3.1.1. Subsequent to performing the histol-

ogy, cytoarchitectonic analysis, and co-registering the histology slices to the structural

MRs, further steps involved in which probability map were performed: creation can

be seen in Fig. 3.1; and include: 1) all the postmortem data were normalized to the

target brain template and 2) probability maps were created by superimposing ho-

mologous cytoarchitectonic regions. The original probability maps were created for

ECHBD using the registration procedure described in Sect. 3.1.1, while the group at

MNI released another version of the probability maps for the Colin27 brain. To create
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the probability maps for the Colin27 brain, the postmortem structurals were regis-

tered using “nonlinear warping algorithms” ([80]), and the warping was also applied to

the cytoarchitectonic volumes, to bring them into the Colin27 anatomical MNI space

([29]) as well. The nonlinear warping algorithms referred to is a multi-resolution affine

registration method which uses 9 parameters (3 rotation, 3 translation, and 3 scale)

([24]).

These template-based probability maps and others for various areas of the brain

are available free to the research community online at [80] and are included in the

SPM2 Anatomy Toolbox ([29]). The probability maps for the primary auditory cor-

tex, Te1, are diffuse due to the registration used and inter-subject variability is high

(as discussed in Sect. 2.6). These factors render the maps insufficient for precise

localization of fMRI activity with respect to the individual regions of Te1. High

dimensional nonlinear registration can improve precision, and the following section

details an alternative method of probability map generation using both high dimen-

sional warping and a new data processing flow which generates custom probability

maps for each fMRI subject.

3.2 Probability Map Generation

The above-mentioned template-based probability maps can be improved by examining

various parts of them map creation process. Preprocessing reduces the complexity

of the problem and removes noise, high dimensional non-linear registration can be

performed, and the standard template can be removed from the registration process,

reducing the corruption of information due to intersubject variability. The following

sub-sections contain the details of the preprocessing, registration, and probability
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map creation procedures, and an overview is found in Fig. 3.2. Step 0 in this figure

corresponds to prior processing done to the data before receiving it. Details of these

steps can be found in the background chapter (2). Sect. 3.2.1 corresponds to Step

1 in the figure, while Sect. 3.2.2 corresponds to Step 2, and Sect. 3.2.3 corresponds

to Step 3. The resulting maps are then used as weighted filters on fMRI data, as

described in Sect. 3.3.

3.2.1 Preprocessing

To remove noise and reduce the complexity of the input data, only the grey matter

was used for registration, and only a small area of this grey matter was extracted for

registration. To generate probability maps for the primary auditory cortex, the region

of interest (ROI) used was HG, and for extraction of this area, a cube surrounding

the ROI was isolated. The selection of the GM of Heschl’s gyrus for the postmortem

and target volumes, as well as the cube extraction processes are detailed below.

Since the contrast was inhomogeneous, a threshold value such as 150 was appro-

priate for deeper areas such as the sulci GM, but this level also selected much of

the WM at the surface of the gyri. A value such as 210 was more appropriate for

segmenting the GM/WM border on the outside of the brain, and the higher level was

used. The result of this segmentation

Postmortem Selection

Preprocessing the postmortem volumes provided a challenge due to the unique prop-

erties of fixed ex-vivo brains, which changed the contrast and grey-levels of the images.

Since GM appears brighter than WM in postmortem T1-weighted MRIs, attempts to
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use automatic segmentation of the postmortem structurals in order to collate them

into GM, WM and CSF failed (see Sect. 4.1), so manual segmentation was performed.

The grey matter was segmented by selecting a threshold value which preserved the

most GM voxels without including any WM voxels. The values used for each post-

mortem structural can be seen in Table 3.1, where every voxel greater than the listed

intensity was considered GM. Thresholding was performed using MRIcro ([108]), and

the values expressed below are not the normalized values, but rather the true intensity

values. The manual segmentation was not perfect (see Sect. 4.1.1), so all voxels which

were included in the cytoarchitectonic area Te1, which defines the GM of the primary

auditory cortex on HG, were added. The result is a set of postmortem GM Heschl’s

gyrus volumes which are not probabilistic, but native binary. For a discussion on the

consequences of this segmentation method, see Sect. 4.1.1.

Table 3.1: Threshold values for postmortem segmentation of grey matter.
Brain code Threshold* Max

2/95 115 230
16/96 97 221
24/31 103 184
56/94 87 167
68/95 107 211
146/96 79 149
207/84 67 207
281/93 69 223
382/81 89 152
544/91 64 142

*. Values are expressed as 8-bit unsigned integers, thus maximum possible is 255.
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Target Selection

Preprocessing the target volumes – the fMRI structurals and Colin27 brain template

– involved a combination of automatic segmentation, thresholding, and manual HG

selection. In addition, since the postmortem structurals are 1 mm isotropic resolution,

the fMRI structurals were upsampled from 2 mm to 1 mm.

The GM segment for the Colin27 brain and fMRI structurals was obtained using

SPM2’s ‘segment’ function ([124]). The result is a greyscale image, and binarization

was performed to ensure that the target volumes are as similar as possible to the

postmortem selected HG in thickness. A threshold value of 253 was used for the

Colin27 brain GM, and thresholds as listed in Table 3.2 were used for the fMRI seg-

mented GM volumes. These threshold values were chosen by visually examining the

segmented GM volumes and choosing the threshold that preserved a thickness which

most closely resembled the thickness of the central mantle in postmortem specimens.

The corresponding painted HG (see Sect. 3.1.2 and 3.1.3) were then used to select

the final Colin27 GM Heschl’s gyrus and fMRI GM Heschl’s gyrus volumes. In addi-

tion, the fMRI structurals and fMRI GM Heschl’s gyrus volumes were upsampled to

match the 1 mm postmortem resolution. A lowpass filter (11 × 11) was applied be-

fore resampling. Bilinear interpolation was used for the grey-scale fMRI structurals,

and nearest-neighbour interpolation was used for the binary fMRI GM Heschl’s gyrus

volumes. The result of all the above painting, segmentation, thresholding, upsam-

pling, and selection, is a binary cylindrical horseshoe volume corresponding to the

first Heschl’s gyrus, for all of the postmortem, template, and fMRI subjects.
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Table 3.2: Threshold values for fMRI volunteer binarization.
Case Threshold*

A 130
B 140
C 140
D 140
E 150
F 160
G 180
H 120
I 170

*. Values are expressed as 8-bit unsigned integers, thus maximum is 255.

Cube extraction

Due to isolation of HG from the brain, the vast majority of the image volume is

black “unselected” voxels. Thus, cubes in each hemisphere consisting of the minimal

volume surrounding all selected voxels in that hemisphere were extracted. This was

performed for all of the 10 postmortem structurals, the Colin27 brain, and the 9

fMRI structurals. Their extraction locations in each hemisphere were recorded, along

with the maximum extracted cube size along each axis. The resulting postmortem,

Colin27, and fMRI cubes from the left hemisphere were then padded to match the

maximum left hemisphere cube size, with an additional 2 mm padding in each axis,

and extraction locations updated; the same procedure was repeated for the right

hemisphere. This resulted in 50×50×50 mm cubes for the left HG, and 48×48×48 mm

cubes for the right HG. Left and right cubes of the same size were also extracted from

the cytoarchitectonic volumes at the postmortem cube extraction coordinates. All

volumes were then compressed and stored as 8-bit unsigned integer volumes, to further

decrease the amount of memory required to store them, which allows the registration
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algorithm to store and access them directly in RAM rather than from disk, which

significantly decreases the registration time.

3.2.2 Registration

Each of the 10 extracted postmortem structural cubes in each hemisphere were regis-

tered to each of the 9 fMRI structural cubes and the Colin27 brain template cubes, in

the corresponding hemisphere. The Insight ToolKit (ITK, [68]) BSplineDeformable

registration was used, with a grid size of 10 × 10 × 10, the mean squares metric,

linear interpolator, bounded limited memory Broyden Fletcher Goldfarb Shannon

(LBFGSB) optimizer (with cost function convergence factor of 10 and projected gra-

dient tolerance of 1e− 5) and the B-Spline transform.

The non-linear transformation parameters obtained as a result of registration were

then applied to the cytoarchitectonic cubes of each postmortem, producing a set of

warped cytoarchitectonic cubes for each fMRI subject and the template. Thus, for

each target subject, 60 warped cytoarchitectonic cubes (10 postmortem subjects,

each with 2 cubes for each of the 3 regions (Te1.0, Te1.1 and Te1.2) were created, in

addition to the 10 left and 10 right warped postmortem structural cubes. The warped

postmortem structural and cytoarchitectonic cubes are no longer binary, due to the

resampling performed during registration.

3.2.3 Probability Maps

Custom probability maps were created for each fMRI subject and the Colin27 brain

template using the cytoarchitectonic cubes which were warped to that subject, as

described above. From the 60 cubes for a single subject, 6 probabilistic cubes were
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created – one for each hemisphere of each region of Te1, by superimposing the cytoar-

chitectonic cubes from all 10 postmortems for that region. The resulting grey values

in the probabilistic cube for region r = 1, .., 6 are all between zero and one, and are

determined by Eqn. 3.1 which defines the probability ρr(v) at each voxel v. Assume

for all cytoarchitectonic cubes warped to a single target subject, the binary function

br(v, q) is true if the voxel v is selected in the cytoarchitectonic cube for postmortem

subject q = 1, .., 10,

br(v, q) =

 1 if Vr,q(v) > 0,

0 if Vr,q(v) = 0.

where Vr,q(v) is the warped cytoarchitectonic cube volume defining region r for post-

mortem q. Therefore, the probability ρr(v) is the number of postmortems q who

designate that voxel to be a member of region r, divided by the total number of

postmortems, N and an intersection factor I:

ρr(v) =

∑
q

br(v, q)

NI(v, q)
(3.1)

Since the warping is non-linear and not invertible, there is no mathematical guarantee

that multiple voxels are not transformed to the same destination voxel. Thus, for

each postmortem, the three previously independent Te1 regions have the potential to

intersect as a result of non-linear registration; this was corrected using the intersection

factor I(v, q) =
∑

i

dVi,q(v)e. This intersection factor counts the number of regions i

which map to the same voxel within each cytoarchitectonic cube V . The probabilistic

cytoarchitectonic cubes defined by ρr were then re-inserted into stereotaxic space

according to the locations where HG was originally extracted from the Colin27 brain
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template and each of the fMRI structurals, creating tailor-made probability maps of

each region for the template, and more importantly, each fMRI subject – paving the

way for more precise analysis of activation.

3.3 Analysis

In a previous fMRI study of the human auditory cortex ([95]), it was found that in

certain areas sounds with pitch produced more activation than acoustically matched

sources without pitch, but the exact location of the region responsible for this sensi-

tivity could only be narrowed down to the lateral half of HG, and this localization was

performed manually. Analysis and localization of the recorded fMRI activity can also

be performed by using the custom probability maps described above. By computing

a summary measure to quantify the amount of activation shown in each fMRI sub-

ject due to each stimulus condition at each cytoarchitectonic region, it is possible to

statistically quantify which areas are most sensitive to each type of stimulus, across

subjects. In this section, a summary measure is defined which achieves this goal, and

methods for comparing the success of the custom probability maps and for statistical

analysis of the summary measures are described.

3.3.1 Summary Measure

A summary measure is used to quantify the amount of activation shown in an fMRI

subject due to a certain stimulus condition in a specifically defined spatial area. The

probability maps generated for each region of Te1, as described in Sect. 3.2 above,

are thus used as weighted spatial filters, and allow calculation of the net activation
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in each region, in each subject, due to each stimulus type:

sr,a =

∑
v

ρr(v)Ca(v)

Mr

(3.2)

In this way, sr,a summarizes the correlation between region r = 1, .., 6 and activity

a as defined in the volumes of fMRI contrasts Ca(v). The region is defined by the

probability ρr(v) from Eqn. 3.1. Mr =
∑

v

ρr
2(v) is the normalisation constant for

region r. Normalisation is necessary to ensure the summary measure is scaled into

units of “activation per voxel” and is not biased by the degree of spatial variability

among regions.

3.3.2 Comparison of Probability Maps

The template-based probability maps described in Sect. 3.1.3 are compared to the

custom probability maps described in Sect. 3.2 using two types of criteria. The

probability maps alone are compared by calculating the average size of each region.

This direct comparison is achieved by comparing the template-based probability maps

which are registered to Colin27 to the custom probability map generated for the

Colin27 brain. The span of each region along the medio-lateral, superior-inferior,

and rostro-caudal axis is calculated for the template-based probability maps, and

the custom probability maps. It is expected that the custom probability maps will

demonstrate significantly less span in each direction, since they are less diffuse.

The probability maps are also applied for functional analysis, the ultimate purpose

of their creation, as is detailed below in Sect. 3.3.3. The fMRI dataset described in

Sect. 3.1.2 is used, custom probability maps are generated for each fMRI subject as
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detailed in Sect. 3.2, and a stimulus to which there is an expected outcome is chosen.

The custom probability maps are compared to the template-based probability maps

by determining the support they lend to the outcome: as detailed in Sect. 2.3.3,

core areas in the macaque such as A1 are responsive to pitch, while belt areas are

responsive to noise. Thus, it is expected that cytoarchitectonic area Te1.0 will show

preferential activation to pure tones, Te1.1 will show increased activation for noise

stimuli, and Te1.2 may show activation to pure tones, noise, or both (according to

Sect. 2.3.4). Given these expectations, a single fMRI contrast condition, fixed-noise,

is compared with each probability map type (template-based and custom). Summary

measures are calculated for each region, in each hemisphere, with each probability

map type, and a 3-level repeated-measures MANOVA is performed. Activation due

to the fixed-noise contrast is expected to be significantly higher for Te1.0 using the

custom compared to the template-based probability maps, and significantly lower for

Te1.1.

3.3.3 Functional Investigation

After confirming that the custom probability maps are able to significantly differenti-

ate activation in regions of Te1, in-depth functional analysis can be performed using

the custom probability maps and various fMRI contrasts.

It is hypothesized that differentiation between melodically changing and randomly

changing pitch is a higher level task outside the scope of PAC (see [142] for a review).

Therefore, it is worthwhile to test whether there is any significant difference in acti-

vation within PAC between the melody-silence contrast and random-silence contrast.
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This is done using a repeated-measures MANOVA with three factors: contrast con-

dition, hemisphere, and auditory region. If there is no significant difference, the two

conditions can be combined into a new lively-silence contrast which would increase

the power of the statistical analysis.

As mentioned earlier (Sect. 2.3.3), Patterson et al. found that an area in lateral

PAC is differentially sensitive to pitch versus noise ([95]). We test this localization

with our custom probability maps, and expect area Te1.0 to demonstrate more acti-

vation in not only the fixed-silence contrast, but also the random- and melody-, or

lively-silence contrasts. Although area Te1.1 may also follow this pattern since it is

lateral HG, it may not, since it is thought to be a belt area and therefore not classified

as a part of PAC. Consequently, it may respond to the noise-silence contrast instead.

Area Te1.2 is probably core or and so it may respond in the same way as Te1.0, or it

may be sensitive to fixed pitch while even more sensitive to lively pitch, or in a third

scenario, it may be sensitive to noise in the same manner as Te1.1. In marmosets,

Bendor and Wang ([10]) found the border of A1 and R responded to both pure tones

and noise. If the classifications proposed by Morosan et al. and the homologues sum-

marized in Sect. 2.3.4 are true, we could see Te1.0 and Te1.2 respond to all stimulus

contrasts, yet with a stronger response to pitch than noise (see Fig. 3.3). These

hypotheses are examined using another three-factor MANOVA comparing contrast

condition, hemisphere, and auditory region.



CHAPTER 3. METHODOLOGY 56

3.4 Summary

The initial data acquired from other sources is described, including the acquisition

process of the postmortem and fMRI structurals, the method for determining cy-

toarchitectonic areal borders, and the stimulus and study design of the fMRI study

used for functional analysis. In addition, the downfalls and creation process of the

template-based cytoarchitectonic probability maps are discussed and opportunities

for improvement noted. The main points which are improved upon are an elimi-

nation of the Colin27 brain template from the process, which reduces intersubject

variability, a replacement of the affine registration with a high-dimensional (3e103

parameter) nonlinear registration algorithm, and preprocessing.

The preprocessing steps and their motivations are described in detail, although a

discussion of the consequences of each step is left for Chapter 4. In short, Heschl’s

gyrus is selected in each of the postmortem and target subjects using manual and au-

tomatic segmentation, respectively, then ∼ 5cm3 cubes surrounding each selected HG

and cytoarchitectonic region are extracted from stereotactic space to reduce unneces-

sary computation. ITK’s BSpline deformable transform is then used to register each

postmortem to each target subject, and custom cytoarchitectonic probability maps

for each target subject are created by overlapping the results of the cytoarchitectonic

volumes warped to that subject. The registration and probability map creation steps

are performed for the Colin27 brain template in addition to each fMRI subject.

Thus, the results of the custom probability map generation process for the Colin27

brain template can be quantitatively and visually compared to the results of the

template-based probability map generation method, without having to compensate
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Figure 3.1: Overview of template-based probability map generation process for au-
ditory cortex (areas Te1.0, Te1.1, Te1.2). “PM Struct”: Postmortem
structurals; “Cyto”: cytoarchitectonic.

for intersubject variability. A method for further comparison of the custom probabil-

ity map generation process with the template-based is described, which involves ap-

plying the custom and template-based probability maps for functional analysis. This

comparison is expected to highlight the decrease in intersubject variability inherent

in the custom probability maps. Finally, a method for conducting a full region-based

functional analysis is described, and hypotheses for the roles of the regions of Te1 are

presented. These hypotheses are based on the cytoarchitecture of each region, and

observations of presumably similar areas in marmosets.
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Figure 3.2: Overview of custom probability map generation process for auditory cor-
tex (areas Te1.0, Te1.1, Te1.2). Grey boxes (Step 0) correspond to pro-
cessing done by other groups. “PM Struct” : postmortem structurals,
“fMRI Struct” : fMRI structurals, and “Cyto” : cytoarchitectonic.
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Figure 3.3: Expected response of marmoset core regions A1 and R to noise and pitch
stimuli. A1 and R are expected to respond more strongly to pure tones
and other pitch stimulus than belt areas such as CM. In addition, since
the border of A1 and R contains a subset of pitch-selective neurons which
constitute ∼ 40% of the total pure tone sensitive neurons which reside
throughout both areas ([10]), and ∼ 50% of these pitch-selective neurons
are also highly responsive to noise, it is expected that ∼ 20% of the
total pure-tone sensitive neurons in A1 and R will be equally responsive
to noise stimulus. If the haemodynamic responses of these neurons are
equal (both between neuron types, and within neurons between stimuli,
which are both risky assumptions), A1 and R will show a response to
noise on the ratio of 1 : 5 with respect to the response to a pure tone
stimulus, and a 1 : 2 ratio with respect to complex pitch stimulus.



Chapter 4

Results and Discussion

Examples of the structural data, prior to any preprocessing, can be seen in Fig.

4.1. Examples of the results from each step of the probability map generation process

described in Sect. 3.2 are presented and discussed below, in addition to the results and

discussion of the functional analysis described in Sect. 3.2. Of the three main steps

of the probability map generation process, the results of preprocessing (as described

in Sect. 3.2.1) can be seen in Sect. 4.1, while examples of the registration (described

in Sect. 3.2.2) are displayed in Sect. 4.2. Examples of the final resultant probability

maps (which are generated using the method described in Sect. 3.2.3) are first shown,

and then compared (as described in subsection 3.3.2) in Sect. 4.3. The custom

probability maps are also compared to the template-based using functional analysis

of a single stimulus in Sect. 4.4.1, and a full functional investigation using the custom

probability maps (as described in Sect. 3.3.3) is presented and discussed in Sect. 4.4.2.

60



CHAPTER 4. RESULTS AND DISCUSSION 61

4.1 Preprocessing

The results of the segmentation, thresholding, HG selection and cube extraction dis-

cussed in Sect. 3.2.1 for the postmortem, Colin27 template, and fMRI structurals

are displayed below. The implications of each operation are also discussed. The

cytoarchitectonic volumes are not altered in this preprocessing section, with the ex-

ception of cube extraction as discussed in Sect. 4.1.3, and thus remain unchanged

until registration is performed.

4.1.1 Postmortem Selection

Automatic segmentation of the postmortem structurals was attempted with FSL’s

FAST, and each of SPM’s most recent segmentation algorithms (see Sect. 2.4). The

algorithms all rely on spatial and intensity information, thus the volumes must be

normalized to the algorithm’s required space – in this case, MNI space. An example

of the results of this registration can be seen in Fig. 4.2. Due to the different

MR response properties of postmortem fixed brains, the intensity of the images are

partially inverted from a normal in-vivo MRI. Attempts at correction of this inversion

were unsuccessful, and automatic segmentation failed on the uncorrected volumes (see

examples also in Fig. 4.2).

Manual segmentation was performed, but the results were very similar to the

cytoarchitectonic area Te1 (see Fig. 4.3) which was used. It is important to note that

although Te1 is almost the same area as the grey matter of HG, the location of the

border of HG is subjective, and thus unstable – in the deepest part of the sulci along

the medial border, and along the inferior border where HG joins STG.

It must be stated that it would be more consistent to register the Heschl’s gyri of
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the postmortem subjects to the Heschl’s gyrus of a new test subject, rather than use

Te1, but segmentation, and especially manual segmentation, is a subjective process.

Conversely, the cytoarchitectonic classification used to determine the location of the

Te1.0, Te1.1, and Te1.2 regions is accurate. By using Te1, one may overestimate

the borders of the cytoarchitectonic regions by registering a more conservative post-

mortem “HG” to a less restrained target HG, but by using segmentation the accuracy

may be decreased as well.

4.1.2 Target Selection

The GM result from segmentation of the Colin27 brain template can be seen in

Fig. 4.4. The thresholded GM can also be seen, along with the final Colin27 GM

Heschl’s gyrus which is selected from the painted HG. An example of the GM resulting

from segmentation of the fMRI structurals can be seen in Fig. 4.5, along with the

thresholded GM, and the final selected GM from Heschl’s gyrus in a representative

fMRI subject.

4.1.3 Cube Extraction

Cube extraction around the ROI was performed to reduce the computation time,

since it is counter-productive to store and update transformation parameters for areas

which are far away from any active voxels. The left and right extracted cubes for

all the structurals and the cytoarchitectonic volumes can be seen in Fig. 4.6 and

4.7, respectively. When extraction is performed, there is a risk that the moving

volume will be too constrained in its box during registration. For this reason, extra

padding was added in each direction to all the cubes to allow the volume to stretch
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during registration. Extracting cubes from the cytoarchitectonic volumes allows the

registration parameters which are generated for the postmortem structurals to be

applied to the cytoarchitectonic data as well, and has no effect on the volume within.

4.2 Registration

The results of registering each postmortem GM Heschl’s gyrus to the Colin27 GM

Heschl’s gyrus can be seen in Fig. 4.8. By visually comparing the original postmortem

HG (Fig. 4.3a) to the registered, it can be seen that significant warping has occurred,

and by comparing the registered postmortem HG to the target Colin27 HG (Fig.

4.4c), the registration appears quite successful. One cannot expect a perfect match

– there is no one-to-one mapping between volumes, due to inter-subject variability.

In addition, the difference in contrast and average age between the postmortem and

functional volunteer population further exacerbates the situation. The registration

success is quantitatively analysed in the next section.

As mentioned in Sect. 3.2.2, ITK’s BSpline registration with the mean squares

metric was used to achieve the above results. With 3000 parameters to optimize, and

interpolation and metric evaluation to perform between iterations, this took a signif-

icant amount of time – 2.5 days to register both hemispheres of a single postmortem

to a target subject, using a 2.6 GHz P4 with 1 GB RAM. Attempts with different

metrics (mutual information, normalized cross correlation) were performed with little

success (see Fig. 4.9). A multi-resolution scheme, and jump-starting the registration

with an initial affine transform was also attempted, again with no success (also seen

in Fig. 4.9).

Although the successful ITK registration method with the mean squares metric
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is prohibitively slow and not appropriate for real-world applications in which there

could be anywhere on the order of 101, or even 102 target subjects, it was used to

generate custom probability maps for each of our 9 fMRI subjects. Since attempts at

increasing the registration speed for registration of the postmortems to the Colin27

brain template was unsuccessful, it became necessary to use the slow method in order

to test the registration accuracy and effectiveness of the custom cytoarchitectonic

probability maps with respect to their true goal – functional analysis. An example

of the registration of the postmortem GM Heschl’s gyrus volumes to a fMRI GM

Heschl’s gyrus can be seen in Fig. 4.10. Upon comparison of these results with those

for the Colin27 brain (Fig. 4.8) which were attained using the same method, it is

apparent that the lower 2× 2× 2 mm resolution had a significantly damaging effect

on the registration success. This is further demonstrated in the following section.

It must be stated that the validity of such extreme warping is debatable. For-

tunately, the primary auditory cortex is only associated with the first HG, and thus

only it is selected for registration. This means that two (or more) gyri are never

registered to a single gyrus.

4.3 Probability Maps

The results of registration are used to create custom probability maps for each target

subject. In this way, the success of the registration can be quantitatively assessed

by a) examining the density of the probability maps and b) applying the probability

maps for functional analysis, which is performed later, in Sect. 4.4. After confirming

that the custom probability maps are more focused, custom probability maps are

generated for the fMRI subjects.
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The template-based probability maps (as seen in Fig. 4.11) and the custom prob-

ability maps created for the same Colin27 brain template (as seen in Fig. 4.12),

are compared, and can be seen superimposed on the Colin27 brain structural in Fig.

4.13. The spatial extents of the probability maps are compared by measuring the

maximum span of the voxels in the x, y, and z direction for each region in each hemi-

sphere (see Table 4.1). The custom method provides significantly more focused maps

(F (1, 5) = 21.176, ρ = .006, η2 = .809), spanning an average of 8 mm less in each

dimension, with no significant difference among the dimensions.

Table 4.1: Estimated mean spanning distance (mm) of template-based and custom
probability maps along each axis direction.

x y z
Template-based 28 29 30
Custom 24 20 19

As evidenced by the success of the custom probability maps and concluded by

Crivello et al. ([20]), high-dimensional deformable registration is superior to affine

techniques used by Morosan et al. [88] and MNI. The success of the registration

does not depend solely on the method and dimension of parameters used, but also

on the inherent variability in structural morphology ([20]), and the use of probability

maps registered to a standard brain increases the effect of intersubject variability

compared to the use of maps customised for a given subject’s anatomy. Therefore,

the success of the custom probability maps is not only due to the high-dimensional

deformable registration used which reduces intersubject variability. The success is

also due to the elimination of the template from the process, since the template is not

necessarily a close representative of either the postmortems or the target subjects, and

therefore becomes a mediator which adds additional error to the registration process.



CHAPTER 4. RESULTS AND DISCUSSION 66

The improved registration and the elimination of the template are both extremely

beneficial for group functional analysis.

Although the same registration and preprocessing method was used to create the

fMRI probability maps (see Fig. 4.14) as was used to generate the custom Colin27

brain probability maps, the resultant fMRI probability maps were more diffuse (see

Fig. 4.15). The postmortem structurals and the Colin27 brain structural were both

1 mm isotropic resolution, but the fMRI structurals were 2 mm. This loss of resolu-

tion probably had a negative impact on the registration which could not be resolved

through upsampling. The segmentation method and threshold value also had a signif-

icant impact on the quality of the final registered HG volume. The segmented Colin27

brain HG was thinner than the segmented fMRI HG. Despite the lower success of the

fMRI probability maps, they were still an improvement on the template-based prob-

ability maps, as is demonstrated by their application in the following section.

4.4 Functional Analysis

The success of the registration and custom, templateless method is determined by ex-

amining their success for the intended application – functional analysis. As described

in Sect. 3.3.2, the template-based probability maps are compared to the custom

probability maps by computing summary measures for an activation contrast with

an expected outcome. After affirming that the custom probability maps are a) more

sensitive than the template-based probability maps, and b) are capable of statisti-

cally differentiating the regions of Te1 with respect to an auditory stimulus, they are

used to conduct further analysis of the relationships between structure and function

of the auditory cortex. In addition, advantages and disadvantages of the templateless
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method and high-dimensional registration are presented.

4.4.1 Functional Comparison of Probability Maps

The template-based probability maps and custom probability maps were compared

as detailed in Sect. 3.3.2 using the fixed-silence contrast. Summary measures were

compared using a MANOVA with three factors (probability map type, auditory re-

gion, and hemisphere). Only the effect of region was significant (F (2, 7) = 18.43, ρ =

.002, η2 = .84), although the effect of hemisphere was marginally significant(ρ = .07).

A significant interaction between probability map type and region (see Fig. 4.16) was

observed; no other interactions reached statistical significance.

Sidak-corrected pairwise comparisons were used to examine the main effect of

region. This revealed that lateral area Te1.2 and middle area Te 1.0 did not differ in

activity levels, but that both were significantly more active than medial area Te1.1

(ρ < .005). The interaction between regions of Te1 and probability map type was

also investigated using pairwise comparisons. The custom maps yielded significantly

greater activity in area Te1.0 than did the published maps (ρ = .035); the difference

between map types was not significant in the other two areas.

Thus, the custom maps do appear to give increased sensitivity to signal change

when compared to the template-based probability maps in region Te1.0 as expected,

although not in Te1.2. Furthermore, this analysis demonstrates that Te1.2 and Te1.0

are both sensitive to the presence of temporal structure and pitch in sound, while

Te1.1 is not sensitive to this feature, which is consistent with the theory that not only

is Te1.0 core and similar to macaque area A1, but Te1.2 is a combination core/belt

area similar to macaque area R, and Te1.1 is a belt area similar to CM. Finally,
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there is no evidence for hemispheric asymmetry in sensitivity to pitch in these data.

These preliminary findings suggest that the custom probability maps are capable of

statistically differentiating the regions of Te1 with respect to an auditory stimulus,

and further investigation of these theories is performed below, using more contrast

conditions, as described in Sect. 3.3.3.

4.4.2 Functional Investigation

As mentioned in Sect. 3.3.3, it is worthwhile to test whether there is any significant

difference in activation within PAC between the melody-silence contrast and random-

silence contrast before conducting further statistical analysis. The MANOVA with

three factors (contrast condition, hemisphere, and auditory region) produced no sig-

nificant effect of contrast condition (F (1, 8) = .18, ρ = .68, η2 = .02) and no signifi-

cant two- or three-way interactions. Thus, there is no need to separate the random

and melody sound conditions into separate contrasts, and in the following analy-

sis they are combined to increase the observation power, and form the lively sound

condition described in Sect. 3.3.3. Aside from this, a significant effect of region

(F (2, 7) = 12.27, ρ = .01, η2 = .78) was observed, as well as a marginal effect of

hemisphere (F (1, 8) = 4.81, ρ = .06, η2 = .38), with the right hemisphere showing

1.34 ± 0.61 more activation than the left. Again, further analysis of these effects is

conducted below using all the contrast conditions.

A full investigation of the interactions between region, contrast condition, and

hemisphere using the custom probability maps for regions Te1.0, Te1.1, and Te1.2

involves three contrast conditions: noise-silence, fixed-silence, and lively-silence, as

described in Sect. 3.3.3. The MANOVA test revealed a significant effect of all three
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main effects: the right hemisphere showed 1.16 ± 0.48 more activation (F (1, 8) =

5.92, ρ = .04, η2 = .43) than the left, while the effect of contrast condition and region

were significant (F (2, 7) = 26.45, ρ = .00, η2 = .88; F (2, 7) = 9.68, ρ = .01, η2 = .73).

In addition, there was a significant interaction between contrast condition and region

(F (4, 5) = 9.81, ρ = .01, η2 = .89).

Post-hoc comparisons were done, and the simple effect of contrast was significant

for each region Te1.1, Te1.0, and Te1.2 (F (2, 7) = 8.35, 23.46, 29.84; ρ = .01, .00, .00; η2 =

.70, .87, .90). Sidak-corrected pairwise comparisons show that in each region (Te1.1,

Te1.0, and Te1.0), lively-silence generates more activation than fixed-silence, and

both lively-silence and fixed-silence produce more activation than noise-silence (see

Fig. 4.17). Although this is a non-crossover interaction, it does not rely on equiv-

alent mappings from neural to haemodynamic activity, and therefore constitutes a

qualitative difference ([60]), and it is possible to conclude that the entire primary

auditory cortex is increasingly active as the stimulus condition progresses from noise,

to fixed pitch, and finally to lively sound. This is quite unexpected – for Te1.1 to

show different activation between the lively-silence and fixed-silence conditions, this

indicates that Te1.1 is not only sensitive to noise, but differences in arrangements

of pure tones. In addition, for Te1.0 and Te1.2 to demonstrate different activation

between the lively-silence and fixed-silence conditions, it must be concluded that they

are not limited to simple processing of tone, but are also involved in distinguishing

between types of tones, which was previously thought to be an exclusive feature of

belt and parabelt regions.

The simple effect of region was also significant for each contrast condition (F (2, 7) =
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5.36, 10.79, 12.29; ρ = .04, .01, .01; η2 = .60, .76, .78 for noise, fixed, and lively, respec-

tively). Upon examining the results of pairwise comparisons, it is observed that

Te1.0 showed significantly more activity than Te1.1 for all three conditions: ρ = .03

for noise-silence, and ρ = .00 for both fixed-silence and lively-silence. Te1.2 also

showed significantly more activity than Te1.1 for fixed-silence (ρ = .01) and lively-

silence (ρ = .00), but only marginally more activity for the noise-silence contrast

(ρ = .06). Thus, for each contrast condition, Te1.0 and Te1.2 showed more activation

than Te1.1, with the single exception of the marginal significance between Te1.2 and

Te1.1 for the noise-silence condition.

The higher activity of Te1.0 with respect to Te1.1 in the noise-silence condition

is also quite unexpected, and cannot be attributed to physiological difference in size

because the summary measures are normalized for this possibility. It is possible that

Te1.0 simply has a stronger mapping from neural to haemodynamic activity which

overrides the increase of activity present in Te1.1, since Te1.0 is consistently more

active than Te1.1 and the interaction is non-crossover and dependant on equivalent

mappings. Thus, no qualitative conclusion ([60]) can be made about the increased

responsiveness of Te1.0 with respect to Te1.1. Although it would be nice to conclude

that Te1.0 and Te1.2 respond similarly to each sound stimulus, the failure to disprove

the null hypothesis in all cases leaves the solution open, and further investigation

should be conducted.

With respect to the theories of Morosan et al. concerning the core/belt designa-

tions of regions of Te1, the fact that Te1.2 is only marginally more active than Te1.1

for the noise stimulus, and significantly more active for the pitched stimuli lends sup-

port to the idea that Te1.2 is a transition core/belt area similar, while the increased
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activation shown by Te1.0 for the fixed and lively pitch conditions lend support to

the idea that it is core, but no conclusion can be made do to the increased activation

it showed for the noise stimulus. Other than this exception, the decreased activation

shown by Te1.1 for pitch conditions also lends support to the theory that it is not a

core area.

When compared to the results of the marmoset study by Bendor and Wang ([10]),

an encouraging pattern emerges. Considering that they found pitch-selective neurons

on the border between A1 and R and it is hypothesized that Te1.0 corresponds to A1

and Te1.2 to R, one might expect both Te1.0 and Te1.2 to respond to pitch more than

Te1.1, as was observed. In addition, one would expect that Te1.0 and Te1.2 would

show a response to noise, albeit significantly less strong. This too, was observed, and

thus, support is lent to the theory that Te1.2 corresponds to R and Te1.0 to A1.

4.5 Summary

The results for each step of preprocessing were presented, and the postmortem HG

selection method and the effects of cube extraction were discussed. Results from reg-

istration of the postmortems to Colin27 using the proposed method were displayed,

in addition to the results from unsuccessful attempts aimed at improving the regis-

tration speed. An example of the results of registration to an fMRI subject was also

presented, and possible reasons for the mediocre results outlined. Probability maps

of each region of Te1 were created for Colin27 using the warped cytoarchitectonic

volumes, and displayed. These results were shown to be visually and quantitatively

more focused than the template-based versions, and thus probability maps for the

fMRI subjects were created. The template-based and custom probability maps were
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compared by using each to perform functional analysis on a stimulus for which there is

already an expected activity pattern, and it was concluded that the proposed method

is superior for precise functional analysis. Functional analysis was then performed on

the full stimulus set, and the emergent structural-functional relationships were found

to be similar to those reported for marmosets.
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(a) Colin27 (b) fMRI (c) Postmortem

Figure 4.1: Structural data prior to any preprocessing. On the top row is the Colin27
template (column a) and fMRI subject A (column b), which are both
in MNI space, while postmortem subject 1 is normalized to ECHBD
(column c). On the bottom row is the painted HG superimposed on
the corresponding Colin27 brain and fMRI subject A. Crosshairs are at
(−38,−20,4) for the postmortem subject, and (−46,−20,8) for the MNI
space images.
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(a) Normalized to MNI (b) SPM2

(c) SPM5 (d) FSL

Figure 4.2: Example of automatic segmentation results for postmortem structurals.
Prior to segmentation, normalization to MNI space was required. The
normalized postmortem subject 1 is seen in a), while the remaining figures
show result of segmentation of the subject using b) SPM2, c) SPM5, and
d) FSL. Crosshairs are at (−38,−20,4).
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(a) Painting (b) Manual Segmentation

(c) Selection (d) Te1 (e) Union

Figure 4.3: Postmortem selection for subject 1, showing a) the HG which was man-
ually painted according to Penhune, b) manual segmentation of GM by
thresholding at 115, c) the result of using the painted HG as a mask on
the segmented GM, d) cytoarchitectonic GM area Te1, and e) the union
of Te1 and selected GM HG. Crosshairs are at (−38,−20,4).
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(a) Segmentation (b) Selection (c) Thresholding

Figure 4.4: Template selection involves a) segmentation of GM, then b) using the
painted HG to select the required GM, and finally c) thresholding the
segmentation at .995, resulting in Colin27 GM Heschl’s gyrus volumes.
Crosshairs are at (−46,−20,8).

(a) Segmentation (b) Selection (c) Thresholding

Figure 4.5: Selection for fMRI subject A, showing a) segmentation of GM, then b)
using the painted HG to select the required GM, and finally c) thresh-
olding the segmentation at 130, resulting in the fMRI GM Heschl’s gyrus
volumes. Crosshairs are at (−46,−20,8).
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(a) Colin27 (b) Postmortem (c) fMRI

Figure 4.6: Axial sections of cube extraction results for structurals of Colin27 (col-
umn a), postmortem subject 1 (column b), and fMRI subject A (column
c), where the top row is left, and the bottom row is right hemisphere
cubes. Crosshairs are at (−46,−20,8) for the left and right columns, and
(−38,−20,4) for the centre column.
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.7: Axial sections of cube extraction results for cytoarchitectonic data of post-
mortem subject 1 for Te1.0 (column a), Te1.1 (column b), and Te1.2 (col-
umn c), where the top row is left, and the bottom row is right hemisphere
cubes. Crosshairs are at (−52,−15,9) for Te1.0, (−52,−15,11) for Te1.1,
and (−52,−15,7) for Te1.2.
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(a) HG (b) Te1.0 (c) Te1.1 (d) Te1.2

Figure 4.8: Registration for Colin27, showing axial results of registering HG (column
a) of postmortem subject 1 to Colin27 (seen in Fig. 4.6), and apply-
ing the warp field to the corresponding cytoarchitectonic regions Te1.0
(column b), Te1.1 (column c), and Te1.2 (column d) seen in Fig. 4.7.
The top row contains the left, and the bottom row the right hemisphere
cubes. Crosshairs are at (−46,−20,8) for HG, (−52,−15,9) for Te1.0,
(−52,−15,11) for Te1.1, and (−52,−15,7) for Te1.2.
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(a) Mutual information metric (b) Normalized cross correlation
metric

(c) Multi-resolution

Figure 4.9: Axial views of HG showing failed registration results of postmortem 1 to
Colin27 (seen in Fig. 4.6) using ITK B-Spline with metrics such as a)
mutual information and b) normalized cross correlation. Multi-resolution
registration was also attempted, as seen in c), which is the result of an
affine transform followed by B-Spline registration with the mutual infor-
mation metric. Crosshairs are at (−46,−20,8).
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(a) HG (b) Te1.0 (c) Te1.1 (d) Te1.2

Figure 4.10: Registration for fMRI subject A, showing axial results of registering HG
(column a) of postmortem subject 1 to fMRI subject A, and applying the
warp field to the corresponding cytoarchitectonic regions Te1.0 (column
b), Te1.1 (column c), and Te1.2 (column d). The top row contains the
left, and the bottom row the right hemisphere cubes. Crosshairs are
at (−46,−20,8) for HG, (−52,−15,9) for Te1.0, (−52,−15,11) for Te1.1,
and (−52,−15,7) for Te1.2.
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.11: Close-up axial view of template-based probability maps, showing cy-
toarchitectonic regions Te1.0 (column a), Te1.1 (column b), and Te1.2
(column c), where the top row contains the left, and the bottom row the
right hemisphere cubes. Crosshairs are at (−46,−20,8).
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.12: Close-up axial view of custom probability maps for Colin27, showing
cytoarchitectonic regions Te1.0 (column a), Te1.1 (column b), and Te1.2
(column c), where the top row contains the left, and the bottom row the
right hemisphere cubes. Crosshairs are at (−46,−20,8).
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.13: Comparison of probability maps for Colin27. Top figures show an ax-
ial view of the custom probability maps superimposed on the Colin27
structural, while the smaller bottom figures show the template-based
probability maps also superimposed on Colin27. Cytoarchitectonic re-
gion Te1.0 is shown in a), while Te1.1 is in b), and Te1.2 is in c).
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.14: Custom probability maps for fMRI subject A, showing an axial view of
cytoarchitectonic regions Te1.0 (column a), Te1.1 (column b), and Te1.2
(column c), where the top row contains the left, and the bottom row the
right hemisphere cubes. Crosshairs are at (−46,−20,8).
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(a) Te1.0 (b) Te1.1 (c) Te1.2

Figure 4.15: Comparison of probability maps for fMRI subject A. Top figures show
an axial view of the custom probability maps for fMRI subject A super-
imposed on the subject A structural, while the smaller bottom figures in
each row show the template-based probability maps, also superimposed
on fMRI subject A. Cytoarchitectonic region Te1.0 is shown in a), while
Te1.1 is in b), and Te1.2 is in c).
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Figure 4.16: Functional comparison of probability maps: estimated marginal means
of summary statistics for template-based and custom probability maps
at each region of Te1. The summary statistics were computed on the
‘fixed-noise’ contrast, and demonstrate that the custom probability maps
are significantly more sensitive than the template-based in region Te1.0,
and marginally more sensitive in region Te1.2
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Figure 4.17: Differences in estimated marginal means of regions organized by con-
trast. Sidak-corrected significant mean differences (at the .05 level) are
indicated by *, and marginally significant mean differences (ρ = .06) are
indicated by †.



Chapter 5

Conclusions

5.1 Summary of Contributions

A method for creating custom probability maps for subjects of functional imaging

studies is presented, which results in probability maps that are not only more focused,

but that are also capable of precise investigation of structural-functional relationships.

The probability maps were shown to be more focused than the template-based ver-

sions, and when used for functional analysis as intended, were shown to be more

sensitive to differences in functional activity between the regions of interest ([9]). Al-

though applied to the primary auditory cortex on HG and used for analysis of auditory

functional data, this method could, in principle, be applied to any type of functional

data. Provided that the fMRI subject’s structural volumes are of sufficient resolution

(1 mm or less is ideal, 2 mm minimum is recommended), customized registration of

any cytoarchitectonic data with the anatomy of individual fMRI volunteers can be

performed. It is important to note, though, that the average age of the postmortem

subjects will likely be significantly higher than the average age of the target fMRI

89
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volunteers, and this discrepancy should be noted, at the very least.

Region-based analysis of functional data with respect to each cytoarchitectonic

region of interest was described, and the method was used to perform an investiga-

tion of the structural-functional relationships in the primary auditory cortex. The

proposed homologues between the cytoarchitectonic regions of the human and nonhu-

man primate primary auditory cortex were investigated, and the functional responses

of Te1.0 and Te1.2 reflected the expected responses of the marmoset areas A1 and R.

Te1.1 was sensitive to both pitch and noise, lending support to the theory that it is

a belt area similar to CM.

5.2 Future Work

The speed of the probability map creation method, specifically the registration, can

be improved. Although the ITK libraries are currently being optimized, other mean

squares registration algorithms could be examined, such as Daniel Rueckert’s Image

Registration Toolkit ([109], [69]). Manual segmentation of the postmortems could be

replaced with automatic segmentation after the contrast of the postmortem brains is

adjusted to match a standard T1-weighted MRI. This MNI’s MRI simulator ([72])

may be able to perform this adjustment automatically. Automatic segmentation

would also enable the use of HAMMER for registration, which has the advantage of

being fast and effective ([128]) for registration of MR volumes. An automatic tech-

nique is being developed by Tahmasebi et al. for ‘painting’ a single gyrus ([127],

[129]), and additional integration of this technique to the workflow would allow the

entire process to be automated. The techniques proposed by Walters et al. ([137])
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for cytoarchitectonic classification of in-vivo high-field MR images could be incorpo-

rated into the probability maps. By increasing the weight of voxels for which both

the warped postmortem cytoarchitectonic and in-vivo MR cytoarchitectonic classifi-

cations agree, the quality of the probability maps could be increased, and weighted

towards the known microanatomy of the target subject. In addition, the relationship

between micro- and macro-architecture could be further investigated by comparing

the warped postmortem cytoarchitecture to the results of in-vivo classification. The

validity of the extreme warping performed is not confirmed, and an investigation with

regards to the validity of severely altering the topology should be performed to con-

firm that restricting registration to a single HG is sufficient to avoid changing the

topology drastically. Another approach to avoiding registration of topologically dif-

ferent gyri, would be to use many more than 10 postmortem brains, and only use the

postmortems which are topologically similar to the target subject for probability map

creation. This would also have the added benefit of reducing intersubject variability.
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Appendix A

MRI

A.1 MR Signal and Image Creation

Magnetic resonance (MR), or nuclear magnetic resonance (NMR) has been used for

medical imaging since the 1970s and is a non-invasive technology which can produce

high resolution (1 mm to 100 µm) images and volumes of anatomy. The basics of

magnetic resonance imaging (MRI) are reviewed below in Sect. A.1, and an applica-

tion of MRI, functional magnetic resonance imaging (fMRI) follows in Sect. A.2.

A.1.1 Magnetic properties of molecules

MR imaging relies on the magnetic properties of the nucleus of an atom - the proton.

Hydrogen molecules, along with the majority of other elements, possess a property

called ‘spin’ which, when considered over a group of molecules, can be thought of as

a magnetic moment vector. The magnetic moment causes the protons to behave like

a magnet with north and south poles. Molecules are constantly spinning around this

105



APPENDIX A. MRI 106

axis, which produces an MR signal that can only be detectable when many molecules

are rotating in phase, resulting in a detectable magnetic moment vector. Hydrogen

is abundant in the body, mostly in the form of water, and with only one proton, it is

quite sensitive to magnetic fields, and thus is an excellent source of MR signal. When

exposed to a static magnetic field, B0, the magnetic moment vectors of hydrogen

atoms lose their random directions and align with the magnetic field. This means all

the molecules are rotating in the same plane, and at the same frequency, although

they are not in-phase. They all rotate at a constant frequency ν, since frequency is

only dependent on the applied magnetic field, which in this case is the static B0, and

the gyromagnetic ratio γ of the particle, which is 42.58 MHz/T for hydrogen.

ν = γB (A.1)

This frequency associated with the field strength B0 is designated the Larmor fre-

quency, and when a group of molecules are aligned with the static magnetic field and

rotating at the Larmor frequency they are considered to be in ‘equilibrium’. Note

that the particles inevitably interact with each other and have a small effect on the

frequency and local magnetic field of their neighbours, so the equilibrium condition is

only truly satisfied across a group. The net magnetization, M0, is the sum of all the

magnetic moment vectors, and at equilibrium it lies along B0. In order to differen-

tiate materials such as cells with MR, one can examine their hydrogen composition.

This requires the hydrogen molecules to be ‘excited’ which, in turn, allows for their

relaxation times to be recorded and contrasted with those of other materials or cells.



APPENDIX A. MRI 107

A.1.2 Excitation of molecules

Excitation of magnetic molecules is achieved by applying a radio frequency (RF)

pulse which causes the magnetic moment vector to tip from alignment with B0 tem-

porarily. Since the molecule is spinning and has angular momentum, the tip causes

the magnetic moment vector to precess around B0 just as a spinning top does when

tipped. Repeated pulses in short succession at or near the Larmor frequency have

an additive effect and cause the magnetic moment vector to tip significantly. The

strength, orientation, frequency, and duration of the RF pulse determine the degree

of the tip, and the time required to achieve the tip. When the magnetic moment

vector is tipped from alignment with B0, the component of magnetization along the

z-axis, or longitudinal magnetization Mz, is decreased. At the same time, the magne-

tization in the transverse plane (i.e., along the x- and y- axes, or Mxy), is increased.

While the equilibrium state is defined by Mz = M0 and Mxy = 0, when a molecule’s

spin is tipped 90◦, the magnetization lies solely in the x-y plane and Mz = 0. The

opposite is true after the RF pulse is stopped and the spins are allowed to relax,

or return to equilibrium: the magnetization in the transverse plane decays and the

longitudinal magnetization recovers.

A.1.3 Relaxation of molecules

Relaxation time of tissue depends on 1) the inter-molecular interactions, which are

governed by the type of tissue, 2) the strength of the local magnetic field, which

is never completely homogeneous due to molecular interactions, and 3) the gyro-

magnetic ratio of the molecule. The time required for recovery of the longitudinal

magnetization is called the spin lattice relaxation time, T1, and the time for decay of
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the magnetization in the transverse plane is called the spin-spin relaxation time, T2.

Just as in excitation, recovery of Mz and decay of Mxy occurs in parallel, although

T2 is always less than or equal to T1, due to the additional affect of de-phasing.

Transverse magnetization decay, while simple at the level of a single molecule, is not

equivalent on a group level. When the RF pulse is stopped, the molecules are moving

around. As a result of these interactions, the Mxy for each molecule decreases at a

slightly different rate, causing the rotation to slowly de-phase across the group. This

means the overall Mxy decay rate across a group is higher than the individual rate

as well as higher than the longitudinal recovery rate. Although by definition T2 is

dependent solely on the molecular interactions, inhomogeneity of the magnetic field

also contributes to the decay of Mxy, and this combined relaxation time is called T2*.

A.1.4 MR signal and spatial encoding

The modern MR system consists of three major parts necessary for creating, encoding,

and recording the MR signal: a superconducting magnet which generates the static

magnetic field B0 - usually 1.5T, 3.0T, or 7.0T, an (RF) transmitter and receiver

for exciting the molecules and recording the signals they emit, and three orthogonal,

controllable coils which produce magnetic gradients for spatial encoding, and manip-

ulate the phase of molecules to create echoes. It is important to note that a signal

can only be detected when the selected molecules are in-phase.

The RF transmitter delivers RF pulses at a chosen frequency causing the molecules’

spins to tip and gain energy, as discussed above. When not busy exciting the

molecules, the RF transmitter can be inverted and is able to detect the rotation

frequency of the magnetic moment, which is generated by the excited molecules. By
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applying the reverse Fourier transform, and carefully exciting molecules differently

according to their spatial location, one can produce a 2D image or 3D volume of

the magnetic field. Differences in the magnetic field reveal the relaxation time of

molecules, and thus different types of tissue or material can be identified.

3D spatial encoding can be accomplished by applying small additional magnetic

fields using the orthogonal gradient coils. A magnetic field gradient can be generated

which changes in intensity as position is varied, from −10 G to +10G across a range

of −10 cm to +10 cm, or 1 G/cm, for instance. For slice selection, a gradient along

the z-axis in combination with an RF pulse at a specific frequency will only activate

a subset of the molecules at a certain location along the z-axis. This is a result

of the fact that the gradient changes the Larmor frequency of the molecules, only

the molecules which are rotating at the same frequency as the RF pulse are tipped.

A broad frequency range will have more power, but also excites a thicker slice of

molecules. A stronger gradient will increase the amount of inhomogeneity in the

magnetic field, but will excite a smaller slice of molecules.

Spatial encoding in the xy-plane is achieved through frequency- and phase-encoding,

which involves the second and third coils orthogonal to the slice-selecting gradient coil.

Frequency encoding is achieved by applying a gradient along the x-axis in the same

fashion as the slice-selecting gradient is applied along the z-axis. This is performed

only during readout, when the molecules are in-phase and producing a detectable sig-

nal. Applying the x-axis gradient modifies the magnetic field, and thus the Larmor

frequency of the molecules. Thus, all molecules rotating at ν +x Hz must correspond

to y cm from the centre of the gradient along the x-axis. However, de-phasing is

greatly and unavoidably increased by the application of a gradient. To counteract
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this effect, the frequency gradient is turned on in reverse just before frequency encod-

ing, causing the molecules to de-phase in the opposite direction. The readout is then

initiated as the molecules are progressing towards being in-phase, effectively doubling

the duration of the recordable signal.

Phase encoding requires manipulation of the magnetic moment vector just as

the RF pulse does. By pulsing the x-axis coil, instead of simply turning it on and

producing a gradient, a small magnetic field, B1, is created along the x-axis. When

pulsed at the Larmor frequency, this causes the magnetic moment of the molecules to

rotate clockwise about their local x-axis. For example, by choosing the correct timing

and strength, a 180◦ pulse can be applied. The rotation angle depends on the length

of time the field is on, τ , its magnitude B1, and the gyromagnetic ratio γ.

θ = 2πγτB1 (A.2)

A 180◦ pulse causes magnetic moment vectors previously aligned along the positive

y-axis to be aligned along the negative y-axis. Magnetic moment vectors in the

transverse plane at 45◦ between the x- and y-axes will become 45◦ between the x-

and negative y-axes. The phase of molecules can be adjusted along the y-axis by

applying a gradient using the third, y-axis coil, and simultaneously using the x-axis

coil to generate B1 at a specific frequency.

It is important to note that the frequency- and phase-encoding gradient coils

only have an effect on molecules which have a component of their magnetic moment

vectors in the transverse plane to act upon; this is only true when the molecule is

tipped and is not in equilibrium. After spatial encoding is performed, the molecules

are generally allowed to relax and the MR signal is recorded. The strongest signal
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occurs at excitation, and one or more echoes can be created using either the gradients

or RF pulse, depending on the type of pulse sequence used.

A.1.5 Pulse sequences

Two general types of pulse sequences, gradient echo and spin echo, form the basis of

all MR imaging applications. Both begin by applying one of the orthogonal gradients

in combination with an RF pulse, as explained above for slice-selection. In gradient

echo sequences, the tip applied by the initial RF pulse, called the flip angle, usually

varies between 10◦ and 90◦ depending on the application, and the gradient is used to

create the echo. In spin echo sequences, the flip angle is always 90◦, and an RF pulse

is used to create the echo. Gradient echo pulse sequences have three main parameters

- echo time (TE), repetition time (TR), and flip angle; spin echo always uses a 90◦

flip angle followed by one or more 180◦ flip angles, and only TE and TR are varied.

Independent of the pulse sequence, choosing a large flip angle, and a short TR and

TE will result in a T1-weighted image - one that is sensitive to changes in T1, while

a small flip angle, and a larger TR and TE results in a T2 or T2*-weighted image.

In the case of spin-echo sequences which have a set 90◦ flip-angle, TR and TE must

be very high to achieve T2 weighted images. Echo creation in a spin-echo sequence is

achieved via application of a second 180◦ flip angle t seconds after the 90◦ pulse causes

the partially de-phased molecules to reverse orientation and progress towards being

in-phase instead of towards being de-phased. The results is an MR signal, or echo,

when the molecules are all in phase before they start to de-phase again. This echo

occurs t seconds after the 180◦ pulse, or 2t seconds after the initial excitation pulse.

In the gradient echo sequence, the slice selective gradient is applied again in reverse
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during the phase- and frequency-encoding steps. This again reverses the progress of

molecules from becoming de-phased to becoming in-phase, creating an echo. These

differences in echo-creation have a few implications 1) gradient-echo sequences can

be acquired which differentiate tissues via their T1 and T2* times, but never T2,

while spin-echo sequences can be acquired which differentiate tissues via their T1

and T2, but not T2*. This is because the magnetic field inhomogeneities can not be

cancelled by applying a gradient, while the 180◦ pulse in the spin-echo sequence forces

the magnetic field inhomogeneities to cancel each other. 2) Gradient-echo sequences

allow faster image acquisition (0.5 to 30 seconds for 2562 pixels) than spin-echo (100 to

1000 seconds for 2562 pixels) 3) Spin-echo sequences can achieve higher signal-to-noise

ratio (SNR) and resolution, and are less prone to image artefacts than gradient-echo

sequences. Therefore, spin-echo sequences are often used to acquire high-resolution

images of brain structure (see Fig. 2.7(b) while gradient-echo sequences are used for

applications where speed is more important than resolution, such as observing brain

function.

A.2 Theory of fMRI

Changes in blood flow and consumption, or haemodynamic changes, can ostensibly be

linked to brain activity. When neurons in the brain become active and require more

oxygen, the surrounding capillaries are dilated and blood flow is increased. When the

neurons are no longer active, the blood flow is reduced, but with both adjustments,

there is over-compensation. When the neurons initially become active, the blood

flow increases beyond what is needed. When the neurons are no longer active, the

blood flow drops sharply below original resting levels. This haemodynamic response
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function (HRF) is ∼ 20 seconds in duration and can be seen in Fig. A.1.

Due to a convenient property of blood, these changes in oxygenation can be

recorded using MRI. De-oxygenated blood is paramagnetic while oxygenated blood

is diamagnetic, like water and other “non-magnetic” materials. This means that

de-oxygenated blood acts like other contrast agents such as iron oxide, and behaves

differently in a magnetic field. By acquiring images of the brain at the correct offset

dictated by the HRF, a blood oxygenation level dependent, or BOLD signal emerges

(see Fig. A.2). These images must be acquired very quickly, and resolution is less,

but with this technique it is possible to observe the small, rapid changes in oxygena-

tion at relatively high resolution (2-3 mm). Images can also be timed to reduce the

effect of rhythmical breathing and heart beat which otherwise increase the noise in

the signal.

A large number of images must be obtained for each stimulus condition presented,

in order to isolate and detect the small signal changes due to the stimulus alone.

In addition, the signal acquired after each stimulus always contains all the activity

present including unrelated constant resting or monitoring activity, thus it is necessary

to record additional images of the brain while at a baseline condition. By subtracting

this baseline activity from the stimulus activity, the signal changes unique to the

stimulus are extracted. Choosing an appropriate baseline activity can be difficult,

although for sound stimulus the silence condition is usually used. Analysis of fMRI

results can be achieved using the general linear model (GLM) which models the

signal y observed in a voxel as a function of variables xi and error ε

y = x1β1 + ... + xiβi + ε (A.3)
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Figure A.1: An example of a haemodynamic response function (HRF).

and determines the coefficients β which best account for the output signal as it varies

over time. Variables such as the heart rate can be included and modelled here along

with the specific stimuli. The onset and offset of stimuli is represented by a boxcar

function, and smoothed with the HRF. The i coefficients solved at each voxel are

represented by i beta volumes which can be subtracted to generate contrasts (see

Fig. A.3), such as stimulus condition A subtracted from the baseline condition. A

statistical parametric map (SPM) can be created from these, where the voxel values

represent the result of a Student’s t or F -test. The SPM shows the activation which

is consistently correlated, for the specific subject, with the presentation of a specific

stimulus without the background noise which is removed via the baseline subtraction.
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Figure A.2: An example of a lower resolution (3×3×3 mm) T2*-weighted functional
MRI

Figure A.3: An example of an activation contrast image: the β coeffecients for each
stimulus are created (see Sect. A.2), and the β values of the baseline
condition are subtracted from the β values for the activity of interest.
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