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  Abstract 
 
Dopamine is an important neurotransmitter that is involved in several human 

functions such as reward, cognition, emotions and movement. Abnormalities of the 

neurotransmitter itself, or the dopamine receptors through which it exerts its actions, 

contribute to a wide range of psychiatric and neurological disorders such as 

Parkinson’s disease and schizophrenia. Thus far, despite the great interest and 

extensive research, the exact role of dopamine and the causalities of dopamine-

related disorders are not fully understood. 

Here we have developed multimodal imaging methods, to investigate the release of 

dopamine and the distribution of the dopamine D2-like receptor family in-vivo in 

healthy humans. We use the [11C]PHNO PET ligand, which enables exploration of 

dopamine-related parameters in striatal regions, and for the first time in extrastriatal 

regions, that are known to be associated with distinctive functions and disorders. Our 

methods involve robust approaches for the manual and automated delineation of 

these brain regions, in terms of structural and functional organisation, using 

information from structural and diffusion MRI images. These data have been 

combined with [11C]PHNO PET data for quantitative dopamine imaging.   

Our investigation has revealed the distribution and the relative density of the D3R 

and D2R sites of the dopamine D2-like receptor family, in healthy humans. In 

addition, we have demonstrated that the release of dopamine has a functional rather 

than a structural specificity and that the relative densities of the D3R and D2R sites 

do not drive this specificity. We have also shown that the dopamine D3R receptor is 

primarily distributed in regions that have a central role in reward and addiction. A 

finding that supports theories that assigns a primarily limbic role to the D3R.   
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Chapter 1

Introduction

The brain is the most complex and the most important organ in the human body.

It initiates, processes, executes and maintains numerous functions essential for phys-

ical survival and others that give rise to consciousness, memories and emotions. The

brain contains billions of neurones that transfer information between brain regions

and to the rest of the human body. In the brain, the information is encoded in

electrochemical signals that are transmitted via the release of biomolecules known as

neurotransmitters. One important neurotransmitter that has a direct impact on ev-

eryday life is dopamine. Dopamine is involved in cognitive, sensorimotor, emotional

and reward processes, and is also implicated in several neurological and psychiatric

disorders such as Parkinson’s disease, schizophrenia and addiction. The involvement

of dopamine and the proteins through which dopamine exerts its actions (dopamine

receptors) in these key processes and diseases makes dopamine and the dopamine

receptors an important target for research and drug discovery. Thus far, despite the

great interest and extensive research, the exact role of dopamine and the causalities

of dopamine-related disorders are not fully understood.

In this thesis, we explore dopamine and the D2-like receptor family, in the human

brain via a multimodal imaging approach using positron emission tomography (pet)

and magnetic resonance imaging (mri). In pet, a positron emitting radioactive ra-

1
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dioligand can be injected into subjects, which enables the in–vivo visualisation and

quantification (figure 1.1,a) of a neurotransmitter and its receptors. mri on the other

hand, uses the magnetic properties of protons to provide high resolution images of

both the anatomy and physiology of the brain (figure 1.1,b).

A B
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D

V

D

V

Figure 1.1: a) pet and b) structural mri images. R=right; L=left; D=dorsal; V=ventral.

Until recently, the in–vivo investigation and successful quantification of dopamine

and the dopamine D2-like receptor family has been restricted mainly to one brain

region the striatum. This is primarily due to the radioligands available, which give

sufficient signal for quantification only in the striatum, where these receptors are

highly expressed. Moreover, the D2-like family consists of the d2r, d3r and d4r,

and previously available radioligands did not allow a distinction between the receptor

subtypes of the D2-like family. Knowledge of each receptor’s distribution will help

in understanding their function and their involvement in brain disorders. The recent

development of [11c]phno as a radioligand, which binds preferably to the d3r, en-

ables for the first time, imaging of the d3r and the d2r in extrastriatal regions and

the distinction of these two subtypes. In recent years, there has been great interest in

imaging the d3r, both to study their implication in conditions such as addiction and

schizophrenia and also to aid in development of drugs that interact with the d3r. In

addition, the increased sensitivity of [11c]phno could offer advantages in detecting
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fluctuations in endogenous dopamine levels as dopamine is expected to compete more

efficiently with an agonist radioligand.

Observations from recent studies that investigate the release of dopamine in the brain,

suggest that dopamine might have a functional rather than a structural specificity.

That means that dopamine is selectively released in brain areas that execute specific

functions. Confirmation of the functional specificity of dopamine will help under-

stand the role of dopamine and its involvement in neurological disorders where cer-

tain functions are impaired. This will have consequences for the design, analysis and

interpretation of future dopamine studies in normal conditions and pathophysiology.

These observations, together with the importance of dopamine in health and disease,

combined with the recent introduction of [11c]phno were the stimulus for developing

the research questions and goals of this thesis.

The overarching aim of this work is to explore the regional distribution of the d2r and

d3r sites and assess the functional specificity of dopamine. In this thesis, methods

have been developed to facilitate the study of dopamine and the D2-like receptor sub-

types, in the structural and connectivity-based functional subdivisions of the human

brain. Region of interest (rois) guidelines, tailored to structural mri information,

have been developed to allow a reproducible and robust segmentation of the striatal

and extrastriatal brain regions. In addition, diffusion weighted imaging data (dwi)

are employed to study the striatal-cortical and pallidal-striatal anatomical connec-

tions and in turn, obtain the functional subdivisions of the striatum and pallidum.

These methods are subsequently applied to [11c]phno pet data acquired before and

after the administration of pharmacological challenges, including a d3r antagonist

compound and the dopamine releasing agent amphetamine.
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Moreover, in quantitative pet imaging studies there is often a relatively high inter–

subject variability in the ligand-receptor binding measurements. One hypothesis

about this variability is that any differences in the pet signal might be attributed to

differences in the receptor densities among subjects. Using dwi mri and [11c]phno

pet, we explore whether there is an association between the nigrostriatal pathway

potency that could impact the density of the dopamine D2-like receptors and explain

the inter–subject variability in pet measurements.

1.1 Molecular imaging of dopamine

Molecular imaging enables the assessment of the biochemical and physiological pro-

cesses in the living brain. pet is the first imaging modality that has been used for

quantitative molecular imaging and since the early 1980’s it has become an integral

and indispensable tool for the study of dopamine. The subsequent introduction of

single photon emission computed tomography (spect) — an imaging modality that

also requires the injection of a radioligand — has further broadened the use of molec-

ular imaging techniques for the study of dopamine. To the best of our knowledge,

the first in–vivo dopamine study in humans was performed by Wagner and colleaques

[185] in 1983. They demonstrated for the first time that [11c]-n-methylspiroperon and

pet can be used to study the distribution of dopamine receptors in the human brain.

Subsequantly, Farde and colleagues [58] injected [11c]raclopride, a radioligand that

has a high selectivity for the D2-like receptors, into healthy humans and showed that

radioligands with sufficient selectivity for the target of interest and with favourable

kinetics (rapid association and disassociation between the ligand and the target) can

be used for quantitative measurement of the dopaminergic system.

The ability of pet and of selected radioligands to image and quantify acute changes in

extracellular dopamine levels, was demonstrated in the early 1990’s. In 1990 Dewey et
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al. [46] employed benztropine, a dopamine uptake inhibitor, and reported a reduction

in the striatal uptake of [18f]-n-methylspiroperidol. Two imaging studies followed, one

in baboons with the d3r/d2r ligand [18f]-n-methylspiroperidol [45] and the other in

humans with [11c]raclopride [60]. These studies acquired imaging data before and af-

ter the administration of amphetamine and showed that amphetamine, which induces

release of dopamine, and which, in turn, competes with the ligand, decreased the mea-

sured pet signal. The principle that underlies the competitive binding paradigm is:

changes in the synaptic dopamine levels results in changes in the number of receptors

that are occupied by the neurotransmitter and this leads to changes in the number of

available receptors for the ligand to bind. For example, increased levels of dopamine,

increases the number of the receptors occupied by the neurotransmitter and reduces

the availability of receptors for the ligand to bind. Therefore the pet signal, which

corresponds to ligand-receptor binding, drops. The use of this technique has been

validated and has been used extensively to study dopamine. In 1998 Koepp and co-

workers [104] measured the release of dopamine after a non-pharmacological stimulus

that involved a video–game playing. This study effectively demonstrated that pet is

sensitive enough to measure small changes of dopamine levels and enables the mon-

itoring of the dopamine system under physiological conditions. The high sensitivity

of pet in quantifying low material concentrations is the essential advantage of the

modality over other functional techniques. For example, according to Grunder [67]

magnetic resonance spectroscopy (mrs) allows for assessment of gaba only in con-

centrations up to 10−3m whereas pet can detect as low as 10−9m to 10−12m.

pet has been used extensively as an imaging tool to investigate the implication of

dopamine in a range of neurological and psychiatric conditions. For example patients

with schizophrenia have been studied with both the dopamine releasing agent am-

phetamine and the a-mpt depletion paradigm. The findings indicate that patients

with schizophrenia have increased levels of synaptic dopamine as compared to healthy
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controls [2, 112, 3]. In contrast, studies with amphetamine or methylphenidate in pa-

tients with addiction or Parkinson’s disease have shown that there are decreased

synaptic levels of dopamine as compared to healthy controls [121, 126, 184, 105, 147].

Understanding the functional role of dopamine and knowledge of the distribution

of the dopamine receptors has helped the discovery and development of drugs for

several dopamine-related diseases. pet can aid drug discovery via biodistribution

or competition studies. In biodistribution studies the drug itself is labeled with a

radioactive molecule and this is injected into the subject. The aim in these types

of studies is to assess whether the drug enters the brain, monitor the distribution

and measure the concentration-time course of the drugs in tissues of interest. In

competition (or occupancy) studies, a radioligand with a high selectivity for the

therapeutic target of interest is used in the absence and presence of a cold dose of

the compound under investigation. Competition studies can be used for dose ranging

as they allow a direct assessment of the relationship between the concentration of

the drug in the plasma and the occupancy of the target. The benefits of using pet

in drug discovery are such that nowadays pharmaceutical companies consider pet

imaging routinely and at the earliest stages of new drug development [128].

1.2 Thesis outline

The structure of the thesis is illustrated in the road map shown in figure 1.2. Before

presenting our methodological developments, applications and findings, chapters 2

and 3 introduce some background information that will help the reader understand

basic concepts that are essential for a comprehensive understanding of the thesis.

Chapters 4 and 5 present the methodological developments of this thesis while chap-

ters 6 to 7 apply these methods to [11c]phno pet and mri data sets to characterise

both the distribution of the D2-like receptors and dopamine release. In chapter 8 we

explore potential correspondence between the potency of the nigrostriatal pathway
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and the density of the dopamine receptors measured with pet. Finally, chapter 9

summarises the results and discuss future perspectives.

Chapter 2 introduces the reader to basic brain anatomy and the anatomy of the

functional unit of the central nervous system, the neurone. In this chapter, particu-

lar emphasis is given to the neurotransmitter dopamine and the dopamine receptors

through which dopamine exerts its actions. A concise description of the dopaminer-

gic pathways, their origin, projections and the implication of each pathway for spe-

cific functions is presented. At the end of the chapter we introduce amphetamine, a

psycho-stimulant agent that is used here as a means to provoke and measure dopamine

neurotransmission.

In chapter 3 the basic principles of the magnetic resonance imaging and positron

emission tomography physics are presented. A synopsis of the structural and dif-

fusion weighted mr imaging modalities are given as well as a brief introduction of

diffusion tractography methods. An overview of the pet image reconstruction and

data correction methods are also covered in this chapter. In order to quantify the

in–vivo pet signal, which results from the radioligand-receptor interactions, pharma-

cokinetic compartmental modelling is used. A review of compartmental modelling

methods is presented as well as an explanation of the experimental paradigm which

allows the in–vivo assessment of synaptic neurotransmission. Furthermore, we sum-

marise the dopaminergic pet ligands and outline their binding characteristics with

regard to the D2-like receptors. To conclude this chapter, we introduce the regis-

tration algorithms that have enabled the fusion of multimodal information and the

current literature on brain segmentation methods.

[11c]phno is the first radioligand that has a higher selectivity for the d3r receptors

and can also image extrastriatal d3r/d2r sites. In chapter 4 we develop a set of
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region of interest guidelines to segment the relevant anatomical regions. As manual

roi delineation is both time consuming and a labour intensive procedure we con-

structed an anatomical atlas, wherein the subcortical regions are defined according to

these guidelines. This atlas enables automated definition of the rois with immediate

benefits for the resource and time required. Lastly, we investigate the robustness and

reproducibility of the manual rois and the performance of the automated approach.

Anatomical regions in the human brain can be approached with regard to their

cytoarchitectonical or functional organisation. The cytoarchitectonic organisation

of anatomical regions can be obtained from high resolution structural mri images.

Therefore, nowadays it is common practice in pet studies to acquire a structural mri

image to help identify the cytoarchitectonical differentiated regions (chapter 4). How-

ever, the functional organisation is not readily available and more advanced analysis

approaches are required for their subdivision. The functional organisation of a region

is determined from the connections with other brain regions. With diffusion weighted

imaging and probabilistic tractography methods it has been possible to identify the

connectivity profile of brain regions and determine their functional organisation. In

chapter 5 probabilistic tractography is used to estimate the striatal–cortical and the

pallidal–striatal connections in order to subdivide the striatum and pallidum accord-

ing to their connections.

Until recently, pet radioligands did not have sufficient selectivity to enable imaging

of the individual subtypes of the D2-like family of dopamine receptors and therefore

they were only informative for the distribution of the D2-like receptors as a whole.

The introduction of [11c]phno ligand, which has a preferential affinity for the d3r

sites, enables for the first time an investigation of both the d2r and d3r receptor dis-

tributions. In Chapter 6 we acquired [11c]phno data in healthy volunteers scanned

before and after the administration of a selective d3r antagonist compound. Using
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a competition model we were able to characterise the distribution of each receptor

subtype and estimate their relative densities in the human brain.

Observations in pet studies suggest that the release of dopamine is not explained by

the cytoarchitecture of the anatomical regions but rather seems to be aligned with

the functional organisation of these regions. In chapter 7 we use [11c]phno and

[11c]raclopride pet data acquired before and after the administration of the dopamine

releasing agent amphetamine, to examine the functional specificity of dopamine re-

lease in striatum and pallidum.

Chapter 8 examines whether there is a correlation between the potency of the nigros-

triatal pathway and the density of the D2-like receptors as measured with [11c]phno

pet. Probabilistic tractography is used to both identify the dopaminergic nigrostri-

atal pathway and assess its potency.

In chapter 9 we summarise and critically review our developments and findings and

we discuss their limitations. Finally we outline some future perspectives that have

emerged from the limitations of this work and from the necessity to further address

dopamine related issues under the framework of multimodal imaging.
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Chapter 2

Brain Anatomy and Dopamine

The nervous system is a complex network that receives, interprets, processes and

conveys essential information for the normal functioning of the human body. The

functional units of the nervous system are the neurones or nerve cells and the glial

cells. The human nervous system is divided into the central nervous system (cns)

and the peripheral nervous system (pns). The pns connects the limbs and the inter-

nal organs with the cns and is subdivided into somatic and autonomic. The somatic

division contains the sensory neurones that detect stimuli from the skin, the joints

and the muscles and informs the cns. The autonomic division contains the neurones

that receive information from the glands, viscera and other internal structures and

helps regulate the body’s functions.

The cns consists of the brain and the spinal cord. The spinal cord serves as a canal

for the transmission of sensory information to the brain and motor information from

the brain to the rest of the body. The brain, or encephalon, is the fundamental part

of the cns and is the most complex and among the least understood organs in the

human body. It contains billions of neurones that are interconnected to facilitate

the basic everyday actions and the most advanced functions. This chapter gives

a brief introduction to the basic neuroanatomy of the human brain and covers the

neurotransmitter dopamine and the associated dopamine receptors.

17
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2.1 Brain

The brain consists of three major divisions: the cerebrum, or forebrain, the cere-

bellum and the brainstem. Running through these three anatomical compartments

are fluid-filled cavities, called the ventricular system. The forebrain consists of two

hemispheres, the left and right, which are relatively symmetrical, and it is the most

developed part of the cns, being involved in the planning, execution and control of

both basic and ingenious functions.

2.1.1 Ventricular system

The ventricular system consists of four ventricles that are interconnected by narrow

channels (figure 2.1). The four ventricles are: a) the lateral ventricle, b) third ventricle

c) fourth ventricle and d) the cerebral aqueduct. The lateral ventricles extend from

the brain’s midline into the brain hemispheres. The third ventricle is located in the

midline of the brain, between the right and the left diencephalon (see section 2.1.4).

The fourth ventricle is a cavity between the brainstem and the cerebellum and the

cerebral aqueduct is the bridge between the third and the fourth ventricles. The

fluid in the cavities is the cerebrospinal fluid (csf) and serves multiple roles such as

to protect the brain, excrete waste and enable chemical communication within the

brain. csf is produced by the choroid plexus, a structure located in the ventricles.

2.1.2 Cerebellum

The cerebellum contains approximately 50% of the brain’s neurones and takes up

less than 10% of the total brain volume [103]. The cerebellum is located at the

bottom of the brain, posterior to the brainstem and is connected with other parts of

the brain through the pons (figure 2.2). A medial structure, the vermis, separates

the cerebellum into two symmetric hemispheres. Each hemisphere consists of a grey

matter area, the cerebellar cortex, and beneath this are the four deep cerebellar

nuclei and the white matter with the characteristic “tree-like” branching pattern (for
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Figure 2.1: The ventricular system. Image courtesy of www.rci.rutgers.edu

Spinal

cord

Medulla

Figure 2.2: The central nervous system
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information about the grey and white matter see section 2.2.1). The cerebellar cortex

is a highly folded structure and these folds, called folia, are organised into ten groups

termed the cerebellar lobules. This structure is essential for motor coordination, for

posture and balance maintenance and influences muscle activity and muscle tone.

2.1.3 Brainstem

The brainstem is located at the base of the brain and is the structure that connects

the forebrain with both the cerebellum and the spinal cord. It contains a number

of important nuclei that are involved in vital autonomic body functions such as the

control of blood pressure, respiration and heartbeat. The brainstem is a conduit for

several major tracts that convey sensory and motor information between the forebrain

and the spinal cord. Almost all of the cranial nerves originate or pass through the

brainstem. Due to the numerous ascending and descending neurones that go through

the brainstem and the important nuclei that reside in this area, small lesions may

have profound implications.

From ventral to dorsal, the brainstem is composed of three parts: the medulla, the

pons and the midbrain, or mesencephalon (figure 2.2). The mesencephalon contains

the substantia nigra (sn) and the ventral tegmentum area (vta), two regions where

the dopaminergic pathways emerge (see section 2.3.4). sn, a member of the basal

ganglial nuclei, consists of the substantia nigra compacta (snc) and substantia nigra

reticulata (snr). The two components of the sn are connected in different ways to

the other parts of the brain: the snc is connected to the pedunculopontine nucleus

and the thalamus whereas the majority of neurones in the snr are dopaminergic and

send their axons to the striatum. Neurones in the vta send their axons mainly to

the nucleus accumbens of the striatum and the frontal lobe.
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2.1.4 Forebrain

The forebrain consists of the telencephalon and the diencephalon (figure 2.2), which

comprises of the thalamus and hypothalamus. The telencephalon coarsely consists of

an outer grey matter layer, termed the cortex, which overlays an inner layer of white

matter and a deeper layer of subcortical grey matter nuclei (figure 2.3). The terms

white matter and grey matter are introduced in section 2.2.1.

Cortexa

Cortex

White matter

Subcortical

regions 

LR

A

P

Figure 2.3: The brain. A structural mri image from a representative subject. R=right;
L=left; A=anterior; P=posterior

Cortex

Cortex is the surface of the brain and is a highly folded region. The elevated convolu-

tions on the surface are called gyri and the furrows are termed sulci. The gyri and the

sulci divide the surface of the brain into four anatomical areas: the frontal, parietal,

occipital and temporal lobes (figure 2.4). Two structures, the insula and the cingu-

late gyrus, although they are not located on the surface of the brain, are considered

as cortical regions. The insula lies beneath the frontal, parietal and temporal lobes
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whereas the cingulate cortex is in the medial surface, superior to the corpus callosum

(see section 2.1.4) and below the frontal, parietal and occipital lobes. The following

paragraphs in this section, provide an overview of the basic high-level functional roles

of the cortical regions although these functions are not exclusive.

Frontal lobe

Parietal lobe

Occipital lobe

Cerebellum

Brain stem

Temporal lobe

Figure 2.4: Cortical anatomy

The frontal lobe is considered to be the most evolved part of the brain. Different

areas of the frontal lobe are considered to be involved in executing specific functions.

For instance, the posterior part of the frontal lobe, the precentral gyrus, contains the

primary motor cortex, which is involved in the execution of movements. Anterior to

the precentral gyrus is the premotor areas, which are involved in planning movements

and in motor decision making, whereas the ventromedial prefrontal cortex it is con-

sidered a limbic area, which means that is engaged in emotion and reward. Much

of the frontal lobe is executive cortex, which means that it is involved in planning,

working memory, attention, problem solving and other cognitive processes.

The parietal lobe is separated from the frontal lobe by the central sulcus and from the

occipital lobe by the parietoccipital sulcus. The parietal lobe contains the primary
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somatic sensory cortex (postcentral gyrus) that processes sensory information. Other

areas within the parietal lobe are involved in visuospatial and limbic information pro-

cessing. The occipital lobe contains the primary visual cortex and is mainly involved

in visual perception. The temporal lobe is a multifunctional structure and is involved

with functions such as understanding and processing of language, emotional stability

and processing of auditory information. In the medial surface of the temporal lobe

lies the amygdala and hippocampus. The amygdala is involved in emotions and the

hippocampus in spatial memory and navigation. The insula cortex is known to be

associated with pain whereas the anterior cingulate gyrus is associated with emotions

and reward processes.

Basal ganglial

The basal ganglial (bg) is a set of anatomical nuclei that are situated bilaterally at

the base of the forebrain (figure 2.5). The bg consists of the striatum, pallidum,

subthalamic nucleus and the substantia nigra, which is located in the mesencephalon

and has been described in section 2.1.3.

Caudate

Putamen

GP external

GP internal

Thalamus

Substantia

Nigra

Subthalamic 

nucleus

Figure 2.5: Basal ganglial nuclei
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The largest component of the bg complex is the striatum (figure 2.6). The striatum

consists of the caudate nucleus (cd), the putamen (pu) and the nucleus accumbens

(nac). The cd is a c–shaped structure that lies lateral to the lateral ventricles. The

cd consists of three components: the head, that is the anterior part of the structure;

the body; and the posterior part of the cd, the tail. Lateral to the caudate is the

internal capsule, a white matter area that is spatially segmented into the anterior

limb, the genu and the posterior limb. The anterior limb of the internal capsule

separates the cd from the pu, in the area rostral to the anterior commissure (for

anterior commissure see section 2.1.4) whereas the posterior limb separates the pu

and the pallidum from the body and tail of the cd and the thalamus (see section

2.1.4). Although the internal capsule separates the cd and pu, the two structures

are linked through grey matter cell bridges (figure 2.6). The nac is situated rostral

to the anterior commissure, ventral to the internal capsule, where the pu and cd are

joined. Anatomically, the nac consists of the shell and the core and together with

the anterior ventromedial cd and pu it comprises the ventral striatum (vst).

CD
PU

NAC

GM bridge

Internal

Capsule

WM

GM

R L

D

V

Figure 2.6: Anatomy of the striatum. A structural mri image from a representative
subject. CD: caudate; PU:putamen; NAC: nucleus accumbens; GM: grey matter; WM:
white matter; R=right; L=left; D=dorsal; V=ventral.
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The pallidum together with the pu are known as the lenticular nucleus. The pallidum

consists of the ventral pallidum (vp) and the globus pallidus (gp) which is further

subdivided into the internal segment (gpi) and the external sement (gpe). The gp

is separated from the vp by a white matter bundle, the anterior commissure. The

subthalamic nucleus is the least studied structure of the bg complex, and its function

is not fully understood. As its name suggests it is located ventral to the thalamus

and dorsal to the substantia nigra.

The bg nuclei receive projections from the cortex and brainstem and are related to

a variety of functions. At first, the bg were considered primarily a motor structure,

which along with the cortex, plan and coordinate motor functions. The projections

they receive from cognitive and limbic regions together with findings from functional

and lesion studies, indicate that the bg also plays a central role in cognition, motiva-

tion and emotion. The incoming information in the bg is processed in a dually organ-

ised system permitting both parallel and integrative information processing [73, 141].

The parallel processing hypothesis assumes that functional information from distinct

cortical areas is processed independently while, on the other hand, the integrative hy-

pothesis assumes that functional information from distinct cortical areas is converging

and integrated in the bg [73, 141]. Recently, popular theories have implicated the bg

in action selection, that is, the bg would be the arbiter of which of several possible

behaviours is executed at a given time.

bg dysfunction is implicated in several neurological and psychiatric disorders includ-

ing Parkinson’s disease, schizophrenia, Huntington’s disease, obsessive–compulsive

disorder, major depressive disorder etc. Damage to the neuronal projections to the

bg or neuronal losses within the bg itself may cause problems with the control of

speech, movement, posture, memory, behavioural and cognitive function.
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Diencephalon

The diencephalon consists of the thalamus and hypothalamus. The thalamus receives

information from the bg and, in turn, sends signals back to the cortex. Anatomically,

it is subdivided into cytoarchitectonically discrete nuclei that can also be approached

from a functional perspective, as they have distinct connections. The thalamus is in-

volved in numerous functions including learning, memory, emotions, cognition, move-

ment planning and sensory integration.

The hypothalamus has a crucial role in processing the information from the auto-

nomic nervous system and producing the behaviours necessary for the survival, such

as drinking and feeding. In addition, the hypothalamus integrates emotional informa-

tion and visceral and environmental stimuli in order to organise the body’s response

and control the secretion of hormones. Anatomically, the hypothalamus consists of

numerous small nuclei located in the periphery of the third ventricle.

Commissures

The two hemispheres of the brain are connected through three white matter bundles,

termed the commissures. The largest commissure in the human brain is the corpus

callosum and it is subdivided into the rostrum, genu, body and splenium. The corpus

callosum connects mainly the cortical lobes of the two hemispheres. The other two

white matter bundles, which are substantially smaller, are the anterior commissure

and posterior commissure. The anterior commissure connects the temporal lobes

and the amygdala while the posterior commissure connects the mesencephalon and

diencephalon.
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2.2 Neuroanatomy

2.2.1 Neuron

The neurones and the glial are the functional units of the cns. Neurones respond to

stimuli, by generating electrical impulses called action potentials, which are propa-

gated throughout the neurone and along its axon. Anatomically, a neurone consists

of the dendrite, the cell body or soma, the axon and the axon terminals (figure 2.7).

The dendrites and the cell body, are the receptive components of a neurone. The

cell body also processes the received signals, which in turn are conducted through

the axon to the axon terminals. In most neurones, the axon is intermittently covered

by a lipid-rich membrane, the myelin sheath. The myelin sheath, provides electrical

isolation for the axon and, in conjunction with the nodes of Ranvier (gaps where

the axon is not covered with myelin sheath) help the action potentials to propagate

faster, more effectively, and travel long distances. The axon of the neurone, exclud-

ing electrical signals, transports material from the cell body to the axon terminals

(anterograde transport) and from the axon terminals back to the soma (retrograde

transport). Depending on their functionality, neurones vary in size, shape and com-

plexity.

The glial cells constitute about 85% of brain cells and they play an important role in

supporting the neurones, structurally and metabolically. Glial cells are classified into

either microglia or macroglia. Microglia respond to infections of the nervous system

by destroying invading microorganisms, removing debris and promoting tissue repair

[124]. Macroglia consist of three different cell types that have different support and

nutritive functions: the oligodendrocytes, astrocytes and ependymal cells. Briefly, the

oligodendrocytes form the myelin sheath, the astrocytes, the most abundant cells in

the human brain, have important structural and metabolic functions and the ependy-

mal cells cover the fluid-filled cavities of the nervous system and regulate the flow of
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chemicals from these cavities.

Dendrites

Axon 

terminals

Cell body
Myelin sheath

Nucleus Node of Ranvier Axon

Figure 2.7: The structure of a neurone. A neurone comprises of a cell body, multiple
dendrites, an axon and axon terminals

In the brain, the areas that predominately contain cell bodies of the neurones and

glial are termed grey matter, whereas the regions that predominately contains the

myelinated neuronal axons constitutes the white matter (figure 2.6). The white ap-

pearance of white matter is due to the presence of the myelin sheath that surrounds

the axons of the brain.

2.2.2 Synapse

A synapse is the intercellular area between neurones where signals are propagated

and this permits neurones to communicate (figure 2.8). The synapse consists of three

elements: a) the pre-synaptic terminal; b) the synaptic cleft; and c) the post-synaptic

neurone. There are two classes of synapses. The first class is the electrical synapse

where the neurones communicate with a direct flow of electrical current from the

presynaptic neurone to the postsynaptic dendrite. The second class is the chemical

synapse and this constitutes the majority of synapses found in the human brain. In

the chemical synapse, the neurones communicate via the release of chemical agents

called neurotransmitters. On arrival of an action potential to the axon’s terminal, the

pre-synaptic ending is depolarised and in turn, the neurotransmitters that are stored

in the synaptic vesicles of the pre-synaptic neurone are released in the synaptic cleft
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and these bind to the post-synaptic receptors. This chemical signal, upon binding, is

converted into an electrical signal post-synaptically, which can depolarise (excitatory

post-synaptic potentials) or hyperpolarise (inhibitory post-synaptic potentials) the

neurone.

Synaptic

cleft

Dendrites

Axon 

Terminal

Receptor

Neurotransmitter

Transporters

Synaptic 

Vesicles

Figure 2.8: Neurotransmission at a synapse.

2.2.3 Neurotransmitters

Neurones in the human brain communicate with each other, for the most part, by

releasing chemical messengers called neurotransmitters. Acetylcholine was the first

neurotransmitter that was identified and the early criteria for a chemical to be classi-

fied as a neurotransmitter, were based on acetylcholine. However, new findings that

suggest that neurones can also communicate via their cell bodies, axons and dendrites

has put this definition under question. It is broadly accepted that a neurotransmitter

is a chemical molecule that exhibits two types of physiological action on the target

cell: a) opening or closing of ion channels (fast action) and b) metabolic alteration of

the target cell (slow action). However, a more liberal definition proposed by Cowan

[40] states that “a transmitter is a molecule, released by neurones or glia, that phys-
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iologically influences the electrochemical state of adjacent cells”. Presently, we know

of at least 100 neurotransmitters belonging to diverse chemical classes including the

biogenic amines, amino acids, gases and peptides [40]. Some neurones can release

more than one neurotransmitter with the frequency of the stimulus, being the de-

termining factor for the selection of the neurotransmitter to be released. Excitatory

neurotransmitters depolarise the post-synaptic neurone and provoke the generation

of action potentials. Glutamate, is the principal excitatory neurotransmitter and is

found in the majority of brain synapses. Inhibitory neurotransmitters hyperpolarise

the post-synaptic neurone and inhibit the generation of action potentials. gaba is

the principal inhibitory neurotransmitter involving 25-30% of brain synapses [40].

2.2.4 Receptors

Receptors are complex proteins that are located on the pre- and post-synaptic mem-

branes of neurones or in the cytoplasm and are activated upon the binding of a

molecule. A molecule that binds to a receptor is called a ligand and it can fully

activate (agonist ligands) or partially activate (partial agonist ligands) the receptor

or inhibit (antagonists) further biological responses. Receptors located on the pre-

synaptic neurone are termed autoreceptors and they can affect the neuronal firing

rate and regulate the synthesis and release of the neurotransmitter in response to

changes in the extracellular neurotransmitter levels. A receptor can bind to only one

neurotransmitter. However, a neurotransmitter can bind to many different receptors,

inducing different biological effects upon activation of each receptor subtype.

2.3 Dopamine

Dopamine belongs to the catecholamines, a group of hormones or neurotransmit-

ters produced by the amino acid tyrosine. Until the late 1960’s the perception

of dopamine was that it serves as a precursor for the other two catecholamines,

epinephrine (adrenaline) and norepinephrine (noradrenalin). At that time, Arvid
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Carlson made the seminal discovery that dopamine is a neurotransmitter in its own

right. For his work on dopamine and its effects on Parkinson’s disease Carlson re-

ceived the 2000 Nobel prize in physiology and medicine.

In the last thirty years dopamine has been extensively studied and this research

has advanced our understanding of this complex system in both the normal and

diseased brain. Dopamine exerts its myriad of actions on the neurones it innervates,

both directly and via dopamine receptors. Dopamine controls pleasurable reward,

cognition, attention and emotions and also regulates movements. Abnormalities of

the neurotransmitter itself, or its receptors, contribute to a wide range of psychiatric

and neurological disorders such as Parkinson’s disease and schizophrenia, where one

or more of the aforementioned functions are impaired.

2.3.1 Dopamine synthesis and release

The synthesis of dopamine begins with tyrosine, which is synthesised in the liver by

phenylalanine and is also found abundantly in dietary proteins. Tyrosine crosses the

blood brain barrier and subsequently is transported into the dopaminergic neurones

where it is converted to the dopamine precursor levodopa (l-dopa) by the cytosolic

enzyme tyrosine hydroxilase, the main enzyme that can limit dopamine synthesis.

Dopamine is formed by the decarboxylation of l-dopa and after its synthesis is ei-

ther converted to norepinephrine by the enzyme called dopamine β-hydroylase or it

is stored in the synaptic vesicles for subsequent release. Upon the arrival of an ac-

tion potential in a dopaminergic neurone dopamine is released in the synaptic cleft

where it can bind post-synaptically to dopamine receptors or pre-synaptically to the

autoreceptors and/or the membrane dopamine transporters (dat). The presynaptic

binding sites (autoreceptors and membrane transporters) are responsible for regulat-

ing dopamine release and synthesis.
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2.3.2 Dopamine transporter

After the synthesis and release of dopamine in the synaptic cleft, neurotransmission is

terminated by the re-uptake of dopamine back into the cytosol through the dopamine

transporter (dat). Through this mechanism, dat, regulates the synaptic concentra-

tion of dopamine and the level of dopamine receptor activation. However, the uptake

mechanisms of dat can be reversed, enabling transportation of dopamine in both di-

rections. For example, it is believed that amphetamine binds to dat and stimulates

the release of dopamine into the synaptic cleft. Moreover, dat, has been implicated in

the reinforcing actions of psychostimulants, such as cocaine, which bind to dat with

high affinity and block the re-uptake process. In the human brain, dat was found

in areas with established dopaminergic circuitry and with a dense and heterogeneous

distribution in the striatum [38].

2.3.3 Dopamine receptors

Dopamine exerts its actions through at least five distinct but closely related g protein-

coupled receptors (gpcrs) that are categorised into two families, the D1-like family

and the D2-like family, on the basis of biochemical and pharmacological (i.e preferen-

tial affinity to agonists and antagonists) evidence. The D1-like family comprises the

d1r and d5r and activates the enzyme adenylate cyclase. The D2-like family exerts

an inhibitory influence on adenylate cyclase and consists of the d2r, d3r and d4r.

The d1r is the most widespread dopamine receptor and is expressed at higher levels

than any other dopamine receptor [133]. d1r mrna is distributed in the striatum,

thalamus, hypothalamus and in cortical regions. The second member of the D1-like

family, the d5r, is found at considerably lower levels than the d1r and it is predom-

inately localised in the hippocampus and hypothalamus, and at lower levels in the

striatum.
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The d2r are found in brain regions that receive major dopaminergic projections. The

highest density of d2r mrna is detected in the caudate, putamen and nucleus ac-

cumbens. d2r mrna is also found in dopaminergic cell bodies in the mesencephalon,

suggesting a presynaptic as well as postsynaptic role for the d2r. d2r are also found,

at lower concentrations, in the frontal cortex, cingulate cortex, amygdala, hippocam-

pus and temporal lobe [133, 130, 131].

Regional analysis of the d3r and d4r sites indicates that these receptors are at lower

concentrations and are more narrowly distributed in comparison to the d2r sites.

d3r mrna is expressed predominantly in the nucleus accumbens, pallidum and hy-

pothalamus and at considerably lower levels in the caudate and putamen. The d3r

were also found, at low expression levels, in the hippocampus and cortical subregions

of the medial temporal lobe [27, 166]. Like the d2r, the d3r, are also found in

the substantia nigra and ventral tegmental area, a finding that indicates that d3r

are also autoreceptors, serving as feedback for the regulation of dopamine synthesis

and dopamine release. d4r is highly expressed in the frontal lobe, amygdala, hy-

pothalamus, hippocampus and mesencephalon, with lower concentrations found in

the striatum.

The d2r and d3r types exist in interconvertible states of low and high affinity for

dopamine [122, 163]. However, the difference in affinity of dopamine for the two states

of the d3r is similar and it is justifiable to consider them as the same [163]. Dopamine

demonstrates a different preferential affinity for each receptor subtype. Specifically,

for the D1-like family, dopamine has a higher affinity for the d5r [172] whereas with

regard to the D2-like family, dopamine has higher selectivity for the d3r, followed by

the d2rhigh and the d2rlow.
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Through these receptor subtypes dopamine exerts different functions. Specifically,

the d1r and the d2r interact to determine locomotion, whereas the d3r inhibit

locomotion [87, 168]. The d1r and d2r mediate learning and memory and are also

involved in the reinforcing effects elicited by addictive drugs. More specifically, the

d2r initiate the reinforcing effects and the d1r plays a permissive role [133]. The

d2r are also thought to have a central role in psychosis as the clinically effective

antipsychotics block these receptors. The regional distribution of the d3r has led

to the hypothesis that they mediate dopaminergic control of limbic and executive

functions [164]. Nevertheless, the specific functional role of the d3r, and of the d4r

and d5r, remains largely unknown.

2.3.4 Dopamine Pathways

The dopaminergic cells are located in the mesencephalon (sn and vta), and in the

hypothalamus. The axons of the dopamine cells are organised into four pathways,

namely the nigrostriatal, mesolimbic, mesocortical and tuberoinfundibular. The ni-

grostriatal pathway originates in the sn and innervates the cd and pu. This pathway

is thought to be involved in movement disorders such as Parkinson’s disease. The neu-

rones of the mesolimbic pathway have their soma in the vta and project to the vst,

amygala and hippocampus. This pathway is involved in reward and addiction. The

mesocortical pathway transmits dopamine from the vta to the prefrontal cortex and

is involved in motivational and emotional responses. Finally, the tuberoinfundibular

pathway originates from cells located in the hypothalamus and transmits dopamine

to the pituitary gland, regulating the secretion of prolactin. Figure 2.9 shows the

three dopaminergic pathways that originate from the mesencephalon.

2.4 Amphetamine

Amphetamine was discovered at the end of the 19th century and was used as a

drug for the treatment of sleep disorders such as narcolepsy and attention-deficit
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Figure 2.9: Dopaminergic pathways that originate from the mesencephalon

hyperactivity disorder. However, due to its addictive nature, it was classified as a

schedule ii drug by the United Nations in 1971. A schedule ii drug is classified as one

that has a high potential for abuse, has a currently-accepted medical use, is used under

severe restrictions, and has a high possibility of severe psychological and physiological

dependence (www.drugs-forum.com). In molecular imaging research, amphetamine

is widely used as a means to measure dopamine transmission in healthy and diseased

cohorts. Amphetamine induces dopamine release by reverse transport of dopamine

from the cytoplasmic pool to the synapse through the dopamine transporter dat [111]

and it has been shown that there is a dose dependent effect [113]. To characterise

the effect of amphetamine in relation to the doses administered, two studies have

been performed with simultaneous microdialysis and spect or pet imaging [29, 113].

Both studies elegantly demonstrated that a large increase in extracellular dopamine

release is associated with a relatively small effect on the tracer’s binding following

amphetamine. Nevertheless, a linear correlation between microdialysis and receptor-

ligand binding measurements was established which supports the usefulness of this

paradigm in imaging studies in order to non-invasively assess dopamine release [111].



Chapter 3

Brain Imaging – mri and pet

Medical imaging techniques such as pet and mri have enabled the investigation of

anatomy and function of the living human brain in both health and disease. mri is

an imaging modality that is sensitive to the magnetic properties of protons, which

are in turn used to provide information about the anatomy and physiology of the hu-

man brain. mri has a broad range of applications including high resolution imaging

of anatomical information, the study of changing neuronal activity (functional mri

(fmri)), the diffusion of water molecules in biological tissues (dwi) and the levels of

different metabolites in body tissues (spectroscopy). The versatile information pro-

vided by mri, combined with no known side effects from the use of the magnetic field,

have rendered mri as one of the most widely used imaging modalities. In contrast,

pet does not have as good spatial resolution as mri but its unique strength relies on

the robust and well validated quantitative estimates of in–vivo function. pet uses the

decay properties of positron-emitting radioactive biomolecules to map human brain

function. From the very beginning of molecular imaging pet has been an integral

tool for studying brain physiology and more recently for understanding pharmacoki-

netics and pharmacodynamics of cns drugs in drug development, in addition to its

heavy use in oncology and cardiology. During the last two decades there has been a

tendency for pet-mri multimodal imaging applications to increase as a result of the

distinctive yet complementary information that these two imaging modalities provide.

36
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Multimodal imaging is the sequential or simultaneous acquisition of two or more

types of images of the same subject. Multimodal imaging has been made feasible

either by the development of combined instrumentation or through the evolution of

advanced image co-registration software. The first multimodal imaging instruments

were pet/ct and spect/ct scanners, with the two modalities combined in a single

gantry system to allow sequential image acquisition. spect (single photon emission

computed tomography) is an alternative molecular imaging modality that uses longer

lived single photon emitting isotopes. It has lower sensitivity and resolution compared

to pet. ct (computed tomography) is a diagnostic imaging modality that uses a

combination of x-rays to produce detailed anatomical images of the body and the

brain, although the soft tissue contrast in brain, is considerably lower than the con-

trast obtained by mri. The strengths of pet and mri modalities have recently led to

the construction of hybrid pet/mri systems that facilitate the simultaneous acquisi-

tion of both sets of images. Combining pet and mri in one apparatus is challenging

due to interferences of the magnetic field on the positron range and other technical

problems, which in turn can compromise the capabilities and strengths of the two

modalities in contrast to when they are used separately.

In this thesis we have used sequential multi-modal pet and mri, acquired from dif-

ferent imaging equipment, to study dopamine in–vivo. In this chapter we introduce

the basic principles of the two imaging modalities. At the end of this chapter we

introduce image processing methods and in particular registration methods that have

enabled the fusion of information obtained from the two modalities. Finally we give

a brief review of different approaches for the segmentation of region of interest (roi)

in the human brain.
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3.1 mri

mri began in 1946 and is widely used as a diagnostic tool as well as in clinical and

preclinical research. mri is based on findings from two independent groups (Bloch

and Purcell groups [23, 148]) who demonstrated that nuclei with an odd number of

protons have an intrinsic magnetic moment and when placed in an external magnetic

field (B0), they tend to line up with that field and precess with a frequency propor-

tional to the (B0). An MRI scanner establishes a homogeneous B0 field within the

scanner bore, and it is into this bore that the subject is placed when they are being

scanned.

For full body human mri scanners, the B0 ranges from 0.5T to 7T with the 3T being

the most widely used for research and the 1.5T for clinical applications. 7T scanners

have been recently introduced and at the moment are mainly used for research with a

limited number of clinical applications. The advantage of the 7T scanner is the high

signal to noise (snr) and contrast to noise (cnr) ratios. The high magnetic field

benefits mri spectroscopy, functional mri and techniques that exploit susceptibility

induced contrast [180]. In the following sections we introduce the basic principles of

mri, we present structural and diffusion mri and we discuss tractography methods.

3.1.1 Basic principles of Magnetic Resonance Imaging

Nuclei with odd numbers of protons have an intrinsic magnetic moment, which is

associated with the quantum spin property of the nucleus. Only these nuclei can be

used for mri as nuclei with even numbers of protons do not have a net magnetic field

since their protons are paired and they effectively cancel each others magnetisation.

Hydrogen is the atom that is mainly used for mri due to its abundance in the human

body. When the patient is placed in the mri scanner, the magnetic moment of the

nucleus tends to align with B0, giving rise to a net magnetisation (M0), which is
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proportional to the number of hydrogen atoms. The net magnetisation precesses

about the axis of the B0 at a rate expressed by the Larmor equation:

ω = γ B0 (3.1)

where γ is the gyromagnetic ratio, a constant characterising the nucleus under inves-

tigation, and B0 is the strength of the external magnetic field. An rf pulse can then

be used to perturb the alignment of the net magnetisation, by the application of a

magnetic field, B1, perpendicular to B0. If the frequency of the rf pulse matches

the precession frequency (equation 3.1) then a resonance occurs [31]. The net mag-

netisation precesses about the new net magnetic field (vector sum of B0 and B1) and

upon termination of the rf pulse the net magnetisation slowly returns to its original

alignment (relaxation). The precession of the net magnetisation in the transverse

plane produces the signal that is measured by the mri scanner. The measured signal

is a function of, the density of the protons and of the two relaxation constants, T1

and T2. The T1 and T2 vary according to tissue type and are used to construct

images that provide different types of tissue contrast.

In addition to tissue contrast, mri can produce signal intensities that depend on

other properties such as the diffusion of water molecules (diffusion mri) and local

blood oxygen-level depended changes (fmri). Other mri sequences include mri an-

giography, that produces images of the blood vessels (figure 3.1, bottom left image),

inversion-recovery pulse sequences, which are used to null signal from selected sub-

stances such as fluids (flair sequence) or white matter (fgatir sequence), susceptibility-

weighted sequences, which measure the susceptibility differences (degree of magneti-

sation in response to an external magnetic field) between tissues, and many others.
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3.1.2 Structural mri

As mentioned above, one of the most important advantages of mri over the other

imaging modalities is the high spatial resolution and its ability to provide versatile

soft tissue contrast. For structural imaging, tissue properties such as T1, T2 and

proton density along with the pulse sequence determine the MRI signal and the fact

that the properties are different in different tissues gives rise to tissue contrast. Tis-

sue contrasts, are otherwise termed tissue “weighting”. For instance, the T1-weighted

image shows differences in the T1 relaxation time. T1 is the longitudinal relaxation

time and refers to a time constant that characterises the required time for the net

magnetisation to realign back to the external magnetic field. The T1-weighted images

provide a good contrast between the white matter, grey matter and csf. On a typical

T1-weighted image (figures 2.6, 3.1 bottom left) the bright areas (high intensity) cor-

respond to the white matter, the intermediate intensities to the grey matter and the

nearly black areas to the csf. T1-weighted is the standard structural image modality

acquired of gross visualisation of the brain anatomy. In this thesis the T1-weighted

images are employed for the delineation of the cortical and subcortical rois. In ad-

dition due to the high contrast between the white matter, grey matter and csf the

T1-weighted images are also employed to segment the brain into these components,

to enable the image registration (see section 3.3.1) across or within subjects or to the

mni brain template (http://www2.bic.mni.mcgill.ca/).

Other parameters of interest are the transverse magnetisation time constant, T2, and

time constant T2*. The T2-weighted image depicts csf as bright whereas white

matter is darker than the grey matter. This mri sequence is particularly useful for

imaging pathology, such as edema. The T2* reflects variations in both B0 and lo-

cal magnetic field inhomogeneities in the tissue. The proton density (pd-weighted)

sequence detects the signal that comes from differences in the amount of available
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spins, which is generally proportional, in the brain, to the density of water (figure

3.1). pd-weighted images provide good depiction of anatomical regions, such as the

sn, which are not shown on the standard T1-weighted images. Here the pd-weighted

images are used to provide information about the location and the size of the sn

region.

Figure 3.1: mri images, with different contrasts, acquired at the same level in the
same volunteer. Proton density (PD, top left), T1-weighted (T1, bottom left), T2-
weighted (T2, top right), and MR angiography (MRA, bottom right). Image courtesy of
http://blog.radiology.ucsf.edu/

3.1.3 Diffusion mr imaging

Diffusion is the random motion of molecules due to their thermal energy, which occurs

even in thermodynamic equilibrium. This perpetual motion of the molecules, which

results in mass transport, is termed Brownian motion and is named after Robert

Brown, a botanist who first reported this motion. Einstein, reportedly unaware of

Brown’s research, determined how far a particle travels in a given time interval.
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According to Einstein, the mean square displacement of a molecule in a homogeneous

material, due to its Brownian motion, is given by:

〈
χ2
〉

= 2D τ (3.2)

where 〈χ2〉 is the mean square displacement, D is the diffusion coefficient, and τ the

elapsed time.

Diffusion imaging is an in–vivo technique that allows quantitative assessment of

diffusion processes in biological systems. In a homogeneous substance, molecules

move along the three dimensions isotropically. In a biological tissue, the diffusivity

of the substance along a certain direction or directions can be restricted or com-

pletely blocked due to the present of hindrances including cell membranes and macro-

molecules. Diffusion imaging can detect and quantify this anisotropy in the diffusion

of the molecules within the tissue and can therefore give information about the bio-

logical microstructure.

The ability of mri to probe the structural environment of biological tissues was first

recognised by Edwin Hahn [79]. Hahn reported reduction of the measured mri sig-

nal, which was attributed to dephasing of the spins due to translational diffusion.

Since then mri sequences have been developed to be sensitive and able to record

the diffusion of molecules. These mri sequences can detect translational motion, by

utilising additional magnetic gradients. These diffusion encoding gradients make the

mri signal sensitive to water diffusion.

As mentioned above, according to the Larmor equation 3.1 the precessional frequency

is proportional to strength of the magnetic field. After a given time, spins will ac-

quire a certain phase depending on their location. Typically, this phase is reversed
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by application of a gradient of the same magnitude but of opposite polarity [91]. If

the molecules remain at the same position the net phase will be zero. However, if the

molecules move, they will experience a different magnetic field and will precess at a

different frequency according to equation 3.1. This will result in a net phase change

that will depend on net displacement [94]. Since diffusion is a random translational

motion, the molecules will experience differential displacements and therefore a dis-

tribution of phases, which leads to a loss of signal coherence and therefore a reduction

of signal magnitude [94]. The reduction of the signal is proportional to the apparent

diffusion coefficient but is only sensitive to molecular displacements along the direc-

tion of the gradient. Therefore, anisotropic diffusion can be detected by observing

variations in the diffusion signal when the direction of the diffusion encoding gradients

is changed [114]. The change of the mri signal due to the diffusion is given by:

I2
I1

= exp(−bADC)) (3.3)

where b is the “b-value”, which is proportional to the square of the gradient strength

and the duration of the gradient pulse and characterises the level of sensitivity to

diffusion. adc is the apparent diffusion coefficient, an estimate of the theoretical

diffusion coefficient (equation 3.2). I1 is the mri signal intensity when no diffusion

encoding gradient is applied (i.e. b-value =0) whereas I2 is the mri signal measured

when a diffusion encoding gradient is applied (b − value 6= 0). Thus, to quantify

the diffusion at least two signal measurements are required; normally one without

gradient and one with an applied gradient.

Figure 3.2 shows diffusion–weighted images of a human brain in which the diffusion

encoding gradient changes direction. In areas where the signal remains unchanged

the adc is equal along all directions, and diffusion in that area is isotropic. Dark
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areas have high adc whereas bright areas have low adc.

R L R L R L
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P

A

P

A

P

Figure 3.2: Effect of diffusion gradients on the diffusion weighted signal in a single subject.
The arrows at the top of the figure show the direction of the gradient. The red arrows show
the splenium of the corpus callosum. Dark areas have high apparent diffusion coefficient
(adc) whereas bright areas have low adc. R=right; L=left; A=anterior; P=posterior

Since the measured adc depends on the direction, the introduction of a model that

can characterise diffusion in 3D was essential. The diffusion tensor model was in-

troduced (equation 3.4), and assumes that diffusivity in different directions is not

uniform. In short, this model is a symmetric matrix that characterises the adc in

3D [94].

D =

Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

 (3.4)

The diagonal elements of the tensor matrix correspond to diffusion displacements

along the x, y and z axis, whereas the off-diagonal elements correspond to the correla-

tion between displacements along those orthogonal axes [94]. However, the estimation
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of adcs along the principal axes of a local coordinate system (local tissue fiber tract

orientation) are of interest. Therefore, the diffusion tensor could be diagonalised and

its diagonal elements, which correspond to the three diffusivities along the principle

axes, are calculated. These values are termed eigenvalues (λ1, λ2, λ3) and the orienta-

tion of the principle axes eigenvectors (ε1, ε2, ε3). The largest eigenvalue corresponds

to the principal eigenvector, which in turn corresponds to the orientation of the ten-

sor and is typically associated with the principal fibre orientation of the underlying

tissue structure. Therefore, the diffusion tensor determines both the magnitude of

the diffusion anisotropy and the likely orientation of the principle fibre [37].

A number of diffusion-relevant scalar magnitudes can be estimated from the diffu-

sion tensor. The most widely used measures are the mean diffusivity (md) and the

fractional anisotropy (fa). These measures are given by the following equations:

MD =
Dxx +Dyy +Dzz

3
=
λ1 + λ2 + λ3

3
(3.5)

FA =

√√√√3
∑3

i=1

(
λi − λ̄

)2
2
∑3

i=1 λ
2
i

(3.6)

fa is zero (0) for isotropic diffusion (λ1 = λ2 = λ3) and one (1) for anisotropic

diffusion (λ1 6= 0, λ2 = λ3 = 0). Figure 3.3 shows three diffusion tensor derived

images.

Diffusion image artefacts

In diffusion mri there are physiological noise and system-related artefacts that con-

tribute to bias and variability in the diffusion mri measurements. Physiological noise

includes head motion and cardiac pulsation. Head motion can be minimised by ensur-

ing that the patient is comfortable and padded appropriately during image acquisition
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Figure 3.3: Diffusion tensor derived images in a single subject. A) mean diffusitivity,
B) fractional anisotropy and C) the principle tensor eigenvector overlaid on a fractional
anisotropy image. The latter is colour-encoded by orientation. Left-right is shown in
red, anterior-posterior in green and ventral-dorsal in blue. R=right; L=left; A=anterior;
P=posterior

and also can be rectified post acquisition by realignment of the 4D diffusion data using

registration methods (for registration see section 3.3.1). Cardiac pulsation during the

systolic part of the cardiac cycle causes pulsation of the brain which results in signal

loss (signal dropout) that is particularly prominent in certain regions such as the

mesencephalon, ventricles and other regions that are at the interface between tissue

and csf. Cardiac pulsation affects the tensor parameters (eigenvalues, eigenvectors)

and diffusion tensor-derived images due to the corruption of the dwi images by the

signal dropouts and due to local mis-registration from the brain moving during the

cardiac cycle [95]. Cardiac pulsation effects can be partially controlled or limited by

triggering the acquisition from the heart cycle of the subject (cardiac gating) or by

removing the artifactual data [95, 94].

System-related artefacts affect significantly, the diffusion tensor and the estimated

adc. These artefacts result in geometrical or intensity distortions that are caused by

inhomogeneities of the static B0, concomitant fields, or due to eddy currents [95]. Im-
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age distortion is the misplacement of signal as the assumption of a linear relationship

between frequency and position is violated due to magnetic field inhomogeneities.

In diffusion imaging, large and rapidly changing magnetic field gradients are used,

which give rise to eddy currents that in turn produce unwanted magnetic fields. Eddy

current-induced distortions are different for different gradient directions and result in

mis-registrations within the dwi data sets. One approach to correct eddy current dis-

tortions is to register (see section 3.3.1) the diffusion data to a reference non-diffusion

image. According to Pierpaoli [95], eddy currents contribute also to additional diffu-

sion sensitisation, which is impractical to quantify and correct, and therefore is not

accounted for in the calculation of the b-value.

Geometric distortions due to B0 inhomogeneities or concomitant fields, degrade the

anatomy of the image but they do not introduce major errors in the estimation of

diffusion parameters. This is due to the fact that each voxel has the same, or similar,

B0-induced distortion in each acquisition, although the distortions are very different

at different points in space, and signal intensities used to compute the tensor at that

location are scaled by the same factor [95]. However, it is important to correct for

these distortions as it is important to have anatomical correspondence with struc-

tural data and also because they can potentially affect diffusion-based tractography.

Although uncorrected data will have the correct fiber orientation at each voxel the

estimated fiber trajectories (see section 3.1.3) will be anatomically incorrect. One

efficacious approach to correct these distortions is the acquisition of two dwi data

sets with their gradients reversed (i.e blip-up – blip-down) [10, 35]. The two dwi data

sets will have distortions of equal magnitude but in opposite directions. This method

allows the distorted signal to be corrected as the displacement can be calculated from

the two data sets.
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During the acquisition of all data in this thesis, to avoid or minimise the afore-

mentioned artefacts, the volunteer’s head was constrained and brain volumes were

realigned post-acquisition in order to minimise the motion artefacts. Software com-

ponents from the fsl llibrary [90] were used to correct for eddy currents and geo-

metric distortions. The corrections aim to improve the diffusion tensor fit, the dwi

-derived quantitative estimates and the anatomical correspondence between the dwi

and structural mri images.

Diffusion tractography

Diffusion-based tractography identifies white matter pathways in the human brain

and enables studying of the human brain connections in–vivo. Before the develop-

ment of diffusion-tractography methods, neuronal connections were studied only in

non-human primates with tracing techniques. Tracing studies enable the visualisation

of the axonal transport of a tracer from (anterograde) or towards (retrograde) a neu-

rone’s cell body, and are informative about the neuronal connections between brain

regions. This is an invasive procedure which necessitates the sacrifice of the animal

and therefore is not applicable to humans. On the contrary, diffusion-based tractogra-

phy, is a non-invasive method that obtains information from the diffusion mri images.

Specifically, diffusion-based tractography estimates 3D white matter fiber tracts, by

incorporating information from the preferred diffusion direction of water molecules

from a starting or “seed” region. The main assumption that underpins tractography

is that the direction of the principal eigenvector within a voxel is aligned with the

orientation of the white matter bundle [37]. In order to reconstruct the white matter

bundles or estimate the connectivity profile of an area there are numerous algorithms

and tractography approaches can be classified into two categories, deterministic or

probabilistic.
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In deterministic tractography, a white matter tract or a streamline is generated by

connecting adjacent voxels on the basis of the best estimates of the underlying fiber

orientation. The criteria that two voxels are to be connected in order to form a

streamline are: a) adjacent voxels whose principal diffusion directions form an an-

gle smaller than a predetermined value (curvature threshold); and b) adjacent voxels

whose anisotropy value is higher than a predetermined value (anisotropy threshold).

If the angle is bigger or the anisotropy is smaller than the predetermined threshold

the streamline is terminated or rejected. Figure 3.4 shows an example of a streamline

defined with a deterministic tractography method. Deterministic tractography has

been successfully used to identify and delineate major white matter pathways. How-

ever, prior anatomical knowledge of the pathway is necessary in order to perform the

in–vivo identification of a white matter bundle. Normally, two anatomical rois are

given and only streamlines that pass through these rois are retained. One weakness

of deterministic tractography methods is that errors accumulate along the streamline

and it is therefore likely to reconstruct white matter pathways that are less anatom-

ically meaningful.

Figure 3.4: Diffusion image showing the diffusion tensor at each voxel. The long axis
of each tensor shows the direction of the principal eigenvector. The white line shows a
streamline obtained by connecting a set of pixels based on the principle diffusion directions.
Image courtesy of www.humanconnectome.org
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Probabilistic tractography, on the other hand, estimates the uncertainty in fiber ori-

entation, takes into account this uncertainty and, for a given pathway, provides the

user with the “confidence level” they should have in the results together with informa-

tion about the impact of potential errors. According to Behrens and colleagues [18]

probabilistic tractography estimates represent the following: given the data and the

model, I have x% confidence that the route of least hindrance to diffusion from seed

point a passes through region b. Or, alternatively, it represents an assessment of the

confidence in whether a pathway or a connection exists. In contrast to deterministic

tractography, probabilistic tractography methods are able to track through regions of

high uncertainty instead of terminating or rejecting pathways.

In probabilistic tractography we incorporate the uncertainty in the tracking process,

and instead of discrete estimates of fiber orientation, probability density functions

(pdfs) are estimated in order to capture the distribution of possible fiber orienta-

tions within each voxel [95]. Subsequently a deterministic approach, such as the

streamline process, is run on the data multiple times with each streamline sampling,

for each run, randomly from the pdf sample at each voxel [95]. This procedure will

provide a quantitative indication of the confidence level that the trajectory exists and

the degree of the dispersion.

Probabilistic tractography methods are robust to noise and therefore there is no need

for stopping criteria as errant pathways will have low probability values. However,

a curvature constraint can be applied in order to prevent samples tracking back on

themselves and artificially increasing the probability values [18]. Accurate estimation

of white matter fiber bundles depends on several factors and tractography methods

are prone to errors. A major source of errors is image noise, which does not allow

an accurate estimation of the principal diffusion direction. Another source that can
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lead to tractography errors is the local complexity of the white matter anatomy it-

self. In a voxel that contains white matter there are numerous fiber bundles some of

which might have different geometry or different configuration (fanning fibers). For

example, within a voxel there might be crossing, bending or kissing fibers (figure 3.5),

which can lead to a similar estimated oriented tensor. This, makes the identification,

recovery and reconstruction of the correct pathways challenging as it is hard to dis-

tinguish between different fiber bundle geometries.

Parallel

Fanning

Crossing

Kissing

Bending

Geometry Tensor PDDs

Figure 3.5: Fibre bundle geometries with the corresponding diffusion tensors and the
principal diffusion directions (pdds)

Several methods have been proposed in both deterministic and probabilistic tractog-

raphy to allow modeling of more fiber bundle directions or models that can distin-

guish between crossing and spreading or fanning fibers in a given voxel. Although

these techniques can improve the accuracy of the tractography the detailed geom-

etry within a voxel remains ambiguous and the estimated pathway might still not
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accurately represent the underlying ground truth [19, 88]. Nevertheless, the more

complex algorithms, which model a number of principle directions, have improved

substantially the qualitative tractography results, by revealing tracts unseen in sim-

ple models and reducing the amount of false negative connections [19]. Other fun-

damental limitations of tractography methods are that they are unable to determine

the polarity/direction (afferent or efferent) of the fibre bundle and can not determine

the termination points of the projections. If this information was available, could be

potentially used to inform the tractography methods and improve the false negative

and false positive results. In this thesis we have employed probabilistic tractography

algorithms provided by the fsl software library [90]. The probabilistic method was

chosen over a deterministic approach because of its advantages, which are mentioned

above.

3.2 PET

pet is a molecular imaging technique that allows measurement of biochemical and

physiological processes of the living body. pet is used as a diagnostic imaging tool

in specialities including cardiology, oncology and neurology as well as in treatment

planning and evaluation. Although it is an expensive imaging modality, its power to

quantitatively characterise biological systems has established it as a powerful scien-

tific tool in medicine and biology.

In pet, a radioactive molecule, termed radiotracer (or radioligand if it binds to a par-

ticular target), is injected into the subject. The radioligand distributes in the body

of the subject and, assuming it can reach the relevant tissues, primarily concentrates

in the tissue areas where the biochemical target manifests itself. A radioligand can

target pre– or post–synaptic receptors, transporters, enzymes, glial cells and other

molecules that are involved in protein synthesis and cell proliferation. It is the choice



CHAPTER 3. BRAIN IMAGING – MRI AND PET 53

of the labeled molecule that determines what can be imaged. The radioligand used for

pet imaging emit positrons (β+), which upon annihilation with an electron produces

two collinear photons (γ-rays), which in turn, are recorded by the two independent

detectors within the pet scanner. The location and the number of detected γ-rays is

reconstructed into 3D images which inform about the distribution and the absolute

concentration of the radioligand. Application of appropriate bio-mathematical mod-

els then permits quantification of the target itself.

There are two modes of pet data acquisition: static or dynamic. Static is the ac-

quisition of a single pet frame. Static images are acquired in most clinical applica-

tions such as in oncology and neurology and will usually be of 10-30min in duration.

However, for a detailed and fully quantitative characterisation of the radioligands

behaviour (uptake, metabolism, binding), dynamic data are required. A fully quan-

titative dynamic pet scan involves a scan duration of 60-120min (for C11 and F18)

and involves a series of consecutive temporal frames (20-40). Absolute quantification

of the tracer also requires an appropriate input function. A plasma input function

derived from arterial blood sampling during the scan is often treated as the gold stan-

dard but it is particularly invasive. Thus, much investigation has taken place to avoid

arterial blood sampling whilst maintaining quantitative accuracy. Therefore, alterna-

tive analysis methods have been developed, which aimed to derive the input function

from the reconstructed image data and from regions in the brain devoid of the target

[24, 42]. In the following paragraphs we give a brief introduction of the basic pet

physics, pet data correction and an overview of the methods for quantification.

3.2.1 pet physics

A pet radioligand constitutes a molecule, which is labelled with a positron emitting

radioisotope. The PET isotopes are produced with a particle accelerator known as

cyclotron and for brain imaging the most widely used are: 15O (half-life: 2min),
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13N (half-life: 10min), 11C (half-life: 20min) and 18F (half-life: 110min). The

radioligands decay by the process of positron emission. Each emitted positron travels

a short distance before annihilating with a nearby electron. The travelling distance

depends on the initial energy of the emitted positron and the surrounding material.

According to the conservation of energy and momentum laws, the annihilation results

in the instantaneous generation of two photons of equal energy (i.e. 511keV) travelling

in opposite directions. pet detects such photon pairs occurring in a certain time

window (“coincidence events”), and locates the origin of annihilation along the volume

joining the two detectors, known as the line of response (lor) (figure. 3.6).

511keV

511keV

Figure 3.6: pet ring detectors record a pair of 511 keV photons emitted after annihilation.
The two crystals that detect the photons define the line of response (lor)

3.2.2 Data correction and image reconstruction

Several physical effects can occur, which result in inexact recordings of the “coinci-

dence events”, leading to a background noise and inaccurate quantification. A major

source for such errors is the Compton scatter which accounts for up to 30% of the

discrepancies (figure 3.7). After the annihilation event the emitted photons may inter-

act with the tissue and change direction (Compton scatter). This change in direction
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will result in misplacement of the actual origin of the annihilation. Another source

of noise comes from random coincidences (figure 3.7). Random coincidence events

occur when a pair of photons are classified as a “coincidence event” but in fact the

two photons are the product of two independent annihilations.

Another factor that affects the number of recorded events and hence the signal of pet

is the attenuation effect. Attenuation is the effect where the photon is absorbed in

the tissue before it reaches the detector. Attenuation is spatially varying and depends

on the tissue density along the lor and the distance the photon will have to travel

to reach the detector. To correct for this, on modern PET-CT scanners, a ct scan

is acquired and converted into an attenuation map that enables correction. All these

sources of error (scatter, randoms and attenuation) are corrected for as part of the

image reconstruction.

After recording the location of the true and apparent annihilations the data are

processed to provide information about the spatiotemporal distribution of the ra-

dioligand. This process is termed image reconstruction. There are two types of

reconstruction algorithms: analytic and iterative. The filter back projection (fbp)

is an analytic algorithm that is widely used in neuroreceptor imaging, and has been

used in this thesis for the reconstruction of the brain pet data as it does not com-

promise quantitative information and it is computationally fast. This reconstruction

algorithm has the disadvantage of introducing streak artefacts at low signal to noise

ratios (snr). These artefacts can be reduced by filtering, which in turn, will reduce

the image resolution. In the iterative reconstruction methods the image is constructed

by an iterative optimisation procedure that estimates the image concentration that is

most consistent with the acquired data. The advantage of this reconstruction method

is that the images do not contain streak artefacts and look clearer [177]. However, the

disadvantage is that after a number of iterations the noise becomes very prominent
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especially in low snr areas . Another disadvantage is the non-uniform resolution and

convergence throughout the image. Moreover, to ensure convergence, a large number

of iterations must be performed which can be very slow, especially for dynamic stud-

ies with many frames [176]. These reconstructions are favoured in clinical FDG-PET

imaging in oncology were the detection of tumors is the goal rather than absolute

quantification of activity.

T

R

S

Figure 3.7: Simple illustration of true (T), random (R) and scattered (S) coincidences.

3.2.3 pet quantification

After acquisition and correction of the pet data, the final step is to assign meaningful

physiological values to the measured spatiotemporal kinetic behaviour of the radioli-

gand. For quantitative assessment of radioligand binding, the experiments must be

performed under tracer conditions. At tracer conditions (ligand occupies no more

than around 5–10% of the target), the radioligand does not perturb the system un-

der investigation. Quantitative analysis methods for radioligand–receptor binding

scans are categorised into: kinetic, equilibrium, and graphical. In this chapter we

introduce the kinetic approach, as this is the underlying framework for all methods
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and it is the one which is applied for the quantitative analysis of the PET data in

this thesis.

Compartmental modelling

pet measures the total radioactivity signal in a tissue over time and does not differen-

tiate between the different binding states of the radioligand. The radioligand can be

in three different states in a tissue: a) specifically bound to the target of interest; b)

bound to other targets like lipids in a non-satuarable manner (nonspecific binding);

and c) unbound or free. One approach, to quantitatively characterise the ligand’s

binding, is to consider each binding state as a compartment. In each compartment

the concentration of the tracer is assumed to be homogeneous at all times. There-

fore, the total tissue radioactivity, can be configured into a three-tissue compartment

(3TC) model (figure 3.8,a). This model includes the parent tracer concentration in

plasma (cp) and 3 tissue compartments: a free tissue compartment containing the

unbound tracer (cf), a nonspecifically bound compartment (cns) and a specifically

bound compartment (cs). The cp consists of the free and the bound tracer and only

the free can cross the blood brain barrier (bbb) to enter the tissue. The ratio of the

free and whole plasma concentration is known as the free fraction in plasma (fp). The

six micro–parameters (rate constants: K1to k6) describe the influx and efflux rates of

the radioligand between compartments. In particular, K1 and k2 describe the influx

and efflux of the radioligand between the plasma compartment (cp) and the tissue

compartment respectively. The k3 and k4 describe the transport between the free and

specifically bound compartments and k5 and k6 describe the transport between the

free and the nonspecifically bound compartments. For this compartmental model six

parameters must be estimated and often the model fit is not reliable and is prone to

individual large errors for the estimated micro-parameters.
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Two simplified versions of the 3TC model have been proposed, the two-tissue compart-

ment model (2TC) and one-tissue compartment model (1TC). The 2TC (figure 3.8,b),

assumes that the free and the non-specific compartments are indistinguishable due to

rapid equilibrium. The combined compartments, are now called the non-displaceable

compartment. The free fraction of the ligand in the tissue (fnd) is estimated as the

ratio between the free tracer concentration and that of the whole non-displaceable

compartment. Similarly, when the specifically bound and the non-displaceable com-

partments equilibrate rapidly, they are merged into one compartment and this is know

as 1TC (figure 3.8,c).

Figure 3.8: Compartmental model configurations. (a) Three-tissue compartment model.
(b) Two-tissue compartment model (c) One-tissue compartment model. Image courtesy
of [70]

In addition to the pet imaging data, which can determine the concentration of the

radioligand in the tissue, the concentration of the tracer in the plasma may be re-

quired for full quantification (plasma input function). The plasma input function

measurement requires the measurement of arterial blood samples during the scan

and is an invasive procedure. Arterial blood is often withdrawn continuously for the

first part of the scan in order to acquire a good description of the rapidly changing

tracer concentration in plasma, and then discrete samples are taken until the end of

the scan. For example, for a scan that lasts 90min continues blood data is taken
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for the first 15min and then discrete blood samples are withdrawn at 5, 10, 15, 20,

25, 30, 40, 50, 60, 70, 90 minutes post-injection. From these data the whole blood

activity curve for the total scan duration is generated. To derive the plasma input

function the discrete samples are centrifuged to obtain the plasma component and

the plasma-over-blood activity ratio is estimated. The whole blood activity curve is

multiplied with this ratio to generate the total plasma activity curve. However, the

plasma activity measurement consists of both the parent radioligand and any radio-

labelled metabolites. Using high performance liquid chromatography (hplc) analysis

of plasma samples it is possible to measure the fraction of total plasma activity that

corresponds to the parent (parent fraction). The product of the parent fraction curve

and the total plasma activity curve generate the metabolite corrected plasma curve,

which is then used as the input function for the kinetic analysis. However, as the

acquisition of arterial blood samples is uncomfortable for the patient and can pose

health risks, alternative reference tissue models have been developed with the view

to avoiding arterial sampling. These models are introduced in section 3.2.3.

The mathematical solution of PET tracer compartmental models with a plasma input

function can be obtained from the following general equation described by Gunn and

colleagues [68]:

CT (t) = (1− VB)HTP (t)⊗ CP (t) + VBCB(t) (3.7)

where CT (t), CP (t) and CB(t) are the concentrations in target tissue, plasma and

arterial blood respectively; HTP (t) denotes the impulse response function for the sys-

tem and VB is the fractional blood volume component.

The appropriate compartmental model is fitted to the time activity curves (tac),

that is, the radioactivity concentration within a tissue over time. The individual
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micro–parameters are estimated by minimising the residual sum of squared errors

using nonlinear least squares. Different criteria such as the Schwarz and Akaike

criteria [109] can be employed for the selection of the appropriate model. These

criteria objectively determine which model is the most appropriate by weighing the

quality of model fit against the model complexity (described by the number of model

parameters). A model is preferable if it produces a better fit and / or uses fewer

model parameters [156]. However, in practise, the appropriate compartment model

is dictated by the pet tracer and the physiological and biochemical properties of the

system.

Macro-parameters

The individual micro-parameters are informative about the tracers kinetics but can

be difficult to estimate accurately in the presence of noise. Therefore a direct assay

of the ligand–receptor binding directly from these rate constants is not reliable. The

macro-parameters, which are a function of the micro-parameters, are used instead for

estimates of the ligand-receptor binding interactions. For reversible radioligands, the

macro-parameters include the volume of distribution (vt) and the binding potential

(bpnd). Reversible is defined as a ligand that binds to the target and readily dissoci-

ates over the scan duration.

The in–vivo investigation of ligand–receptor interactions is based on in–vitro receptor

binding concepts, and the equilibrium binding reaction between the receptors and the

free ligand. The “Michaelis-Menten” equation for the receptor–ligand binding is:

R + F
kon−−⇀↽−−
koff

B (3.8)

where kon (nM−1min−1) and koff (min−1 ) are the association and dissociation rate
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constant respectively, R is the concentration of available receptors, B is the concentra-

tion of the ligand–receptor complex (bound receptor) and F is the free concentration

of the radioligand. Thus, Bmax is the total concentration of receptors and Bmax = R

+ B. KD is the equilibrium dissociation rate constant, or the reciprocal of the affinity

of the ligand for the receptor and is defined as:

KD =
koff
kon

(3.9)

At equilibrium equation 3.8 leads to B(KD + F) = FBmax. Under tracer conditions

(F � KD), this yields,

BP =
B

F
=
Bmax

KD

. (3.10)

The term binding potential (bp) for in–vivo ligand–receptor binding studies was in-

troduced by Mintun and colleagues [132], and is the ratio of specific binding at equi-

librium to some other reference concentration. Three reference concentrations have

been considered and they involve a particular subscript to identify them: a) the free

radioligand in tissue (bpf ); b) the total parent radioligand in plasma (bpp); and c)

the non-displaceable radioligand in tissue (bpnd). bpnd is the most widely used as it

does not require arterial blood sampling and is relatively easy to implement whereas

the bpf and bpp require the acquisition of blood. bpnd can be described in terms of

its density, affinity and non-specific binding components as;

BPND = fND
Bmax

KD

(3.11)

The application of these reference tissue methods and the different binding potential

outcome measures rely on the availability of a reference region which is a tissue that
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is devoid of the receptor of interest.

In imaging studies the volume of distribution (vt) is defined as the ratio of the concen-

tration of the radioligand in the tissue to the concentration in plasma at equilibrium:

VT =
CT

CP

(3.12)

The total tissue vt is the sum of the volume of distribution of the individual compo-

nents:

VT =
CT

CP

= VF + VNS + VS = VND + VS (3.13)

VS =
CS

CP

(3.14)

VND =
CNS

CP

(3.15)

Because specific binding equals VS = VT −VND then bpnd can be estimated indirectly

from the volume of distributions if there exists a reference region:

BPND =
VT − VR
VR

= DV R− 1 (3.16)

where dvr is the ratio between the total volume of distributions of the target and

the reference tissue. The relationship between the macro– and micro–parameters can

be deduced from the solution to the compartmental model differential equations [68]

which for the 2TC yield the following relations:



CHAPTER 3. BRAIN IMAGING – MRI AND PET 63

VT =
K1

k2

(
1 +

k3
k4

)
(3.17)

VND =
K1

k2
=

fp
fND

(3.18)

BPND =
k3
k4

(3.19)

Reference tissue model

Reference tissue models are constructed in the same compartmental modelling frame-

work as plasma input models and use a reference region to avoid arterial blood sam-

pling and permit the estimation of bpnd. Parallel model equation relating the tissue

and reference regions as functions of the plasma activity are combined to remove the

presence of the plasma term. This yields an equation which describes the tissue time

course as a function of the reference tissue time course and the micro-parameters

which can characterised in terms of the impulse response of the system [68]:

CT (t) = HTP (t)⊗ CR(t) (3.20)

where CR(t) is the concentrations in the reference tissue and HTP (t) is the impulse

response function. A schematic diagram of the full reference tissue model (frtm) and

the simplified reference tissue model srtm is shown in figure 3.9. For the frtm the

target tissue is described by a 2TC model whereas it is described by a 1TC model in

the srtm. For both models the reference tissue is described by 1TC.

Under the assumption that the target tissue and the reference tissue have the same

VND, the equations are written as follows:

K1T

k2T
=
K1R

k2R

R1 =
K1T

K1R

(3.21)
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Figure 3.9: Reference input models. (a) Full reference tissue model (frtm) (b) Simplified
reference tissue model (srtm). Image courtesy of [70]

where R1 is the influx ratio between the target and the reference tissue. The quanti-

tative agreement between bpnd estimates derived from full plasma kinetic models and

the srtm has been evaluated for a range of different radioligands [123, 136, 142, 108].

The results show that the srtm bpnd values can be underestimates of the true values

when the tissue data convincingly require more than 1TC or have a significant blood

volume contribution to their overall activity. The srtm model also lends itself easily

to robust parametric imaging through the use of basis functions methods [69].

3.2.4 Assessing synaptic neurotransmission with pet

Over the last decades pet has been successfully used to measure acute synaptic fluc-

tuations of dopamine in–vivo. The principle underlying this research is explained by

a theoretical framework that we refer to as the occupancy model. This model, pos-

tulates that the synaptic neurotransmitter level determines the number of receptors

available for binding by the radioligand and this facilitates direct measurement of

synaptic dopamine transmission. Specifically, the model predicts that stimuli that

increase synaptic dopamine concentration will result in increased occupancy of re-

ceptors by the neurotransmitter, which results in reduced availability of dopamine

receptors for binding of the radioligand [110]. The typical experimental paradigm to
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assess synaptic neurotransmitter levels involves at least two pet scans. The first scan,

called the “baseline” or “resting” scan, estimates the number of available receptors in

a baseline condition. The second scan, described as the “challenge” scan, estimates

the number of available receptors after the neurotransmitter system has been per-

turbed either by a pharmacological challenge or a stimulating task. Differences in

bpnd between the “baseline” and the “challenge” scans are interpreted as changes in

endogenous neurotransmitter levels.

3.2.5 Dopamine radioligands

Neurochemical dopamine targets, such as dopamine transporters, dopamine receptors

and dopamine synthesis, have been studied in–vivo with the aid of molecular imaging

(pet and spect). The investigation of each of these parts of dopamine neurochem-

istry requires the development of a specific imaging probe (typically a radioligand).

In order to be a successful radioligand, an imaging probe has to penetrate the bbb,

requires an ideal affinity and selectivity for the target, and favourable kinetics in or-

der to image and quantify the target. Affinity is a measure of how well the ligand

binds to the target and affects the in–vivo snr and the reversibility of the kinetics. A

successful ligand requires sufficient affinity for the target, although a very high affin-

ity is not always optimal and can cause problems associated with irreversible kinetics.

In practise, most radioligands bind to more than one target and therefore sufficient

selectivity is required. Selectivity is the ratio of the ligands affinity to a given target

to that of another and in–vivo, a 30-fold selectivity is considered satisfactory given an

equivalent target density. Moreover, the characteristics of the plasma input function

and the ligand’s metabolic profile can also be important factors. A good neuroimag-

ing ligand will either have no metabolites or its metabolites do not cross the bbb.
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For dopamine, there are a number of radioligands that have successfully been de-

veloped to image pre– and post–synaptic dopamine function. Radioligands for the

dopamine transporter include: [11c]pe2i, [11c]-β-cft, [11c]-β-cit and [11c]-β-cit-

fe. To study the dopamine metabolic pathway the most commonly used tracer is

[18f]fdopa, which acts at the intraneuronal level. For the post–synaptic assessment

there are several radioligands for both the D1-like and the D2-like receptor families.

For the D1-like receptor family the most widely used are [11c]nnc112, [11c]ssh23390,

which also bind to the serotonin 5HT2 receptors and can image both striatal and

cortical regions.

Table 3.1 shows the dopamine radioligands that are used for the D2-like receptor

family. The [11c]flb457 and [18f]fallypride ligands have a high affinity of the D2-like

receptors and have the potential to image low–density extrastriatal D2-like recep-

tors. However, quantification of striatal binding with these ligands is problematic as

the kinetics are very slow. For example 18[f]fallypride approaches equilibrium in the

striatum after 2 hours. The other radioligands can provide quantitative estimates

for the dense D2-like receptor population in the striatum. However, as they have

equal affinity for the d3r and d2r, they are only informative about the abundant

d2r sites. The exception is [11c]phno, which due to its high selectivity for the d3r

enables measurement of the d3r receptor population.

[11c]phno was first synthesised in 1984 [96] and at that time it was considered as a

potent D2-like receptor agonist. The agonist profile of [11c]phno originally led to it

being investigated as a potential treatment for several neurological diseases including

Parkinson’s and it reached Phase II clinical trials. Although clinical trials showed

that [11c]phno had significant anti-Parkinson effect, other agents such as levodopa

had a superior therapeutic action [4] and it was withdrawn. In 2005 Wilson and

colleagues [188] synthesised [11c]phno as a potential agonist radiotracer for imaging
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the in–vivo d2rhigh in preclinical species and in humans [65, 187, 188]. The first data

demonstrated that the distribution of the radioligand was different from other d2r

agonist and antagonists ligands with a distinctive high accumulation in the gp and

sn and also there were qualitative differences between the kinetics of the striatum

and gp. An examination of the effects of the d3r preferring compound BP897 on

[11c]phno led Narendran and colleagues [138] to discover the preferential affinity of

[11c]phno for d3r over the d2r. A recent study by Gallezot and collaborators [64]

measured the affinity of [11c]phno for d2r and d3r in the living primate brain and

they found that it had a 25–48 fold higher affinity for the d3r.

Table 3.1: Dopaminergic D2-like receptor radioligands. The second column shows the
pharmacological profile of each ligand and the third column the in–vivo regional distribu-
tion in humans reported from pet and spect studies.

Ligand Pharmacological
properties

Regional distribution

[18f]fallypride Antagonist
Striatum, pallidum, amygdala,

hippocampus, thalamus, substantia nigra,
anterior cingulate and prefrontal cortex

[11c]flb457 Antagonist
Cortex,thalamus, substantia nigra, ventral
anterior cingulate, amygdala, hippocampus

[11c]raclopride Antagonist Striatum

[11c]spiperone Antagonist Striatum

[123i]ibzm Antagonist Striatum

[11c]npa Agonist Striatum

[11c]mnpa Agonist Striatum

[11c]phno Agonist
striatum, pallidum, substantia nigra,

thalamus, hypothalamus

3.3 Multimodal brain imaging for image analysis

In the following sections we give a brief introduction to the registration algorithms

that have made feasible the integration of information from mri and pet imaging, in
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addition to correcting for within-modality motion. Finally we provide an overview of

the region of interest (roi) brain methodology, which has evolved over the years as a

consequence of multimodal imaging approaches.

3.3.1 Registration methods

Registration refers to the process of spatially aligning two images so as to achieve

anatomical or functional correspondence. The registration can be within or between

subjects and within or between modalities. Within modality registration (intra-

modality) corresponds to the alignment of images acquired with the same modality,

whereas inter-modality registration involves the alignment of images from different

modalities (e.g., T1-weighted mri to [11c]phno pet).

There are three main types of registration methods that are classified according to

the type of deformation and the number of degrees of freedom (dof) employed, to

achieve the required spatial correspondence: a) rigid; b) affine or linear and c) non-

linear. The dof determines the flexibility of the different types of deformation that

the image will undergo in order to be spatially transformed to match a reference

image. The higher the dof, the more flexibility that the deformation model has.

Rigid registration is the simplest registration method and has 6 dof (3 rotations

about the x, y, z axes (pitch, roll, yaw) and 3 translations along the x, y, and z

axes). Rigid registration is broadly used for intra-subject, inter– and intra–modality

image alignment. Intra-modality registration is particularly useful in longitudinal

studies where we want to monitor, for instance, structural changes or the growth of a

lesion, whereas inter-modality registration is important for applications where struc-

tural (i.e. T1-weighted, dwi) and functional data (fmri, pet) of the same subject

are acquired. Rigid registration is also employed as a standard preprocessing step

to correct for motion, between the temporal frames of a dynamic scan. Correction

for subject movement is essential, especially for long scans such as for[11c]phno and
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[11c]raclopride, which last approximately 90 and 60 minutes respectively. Motion

correction allows for a better model fit to dynamic data and increases the sensitivity

of estimation of parameters of interest, such as bpnd and vt.

Affine registration employs 12 dof, the 6 dofs for translation and rotation plus 3

scalings and 3 shears. Affine algorithms are sometimes used for registration when

there is not enough information in the images to support non-linear registration.

On the other hand, to match the brains with high precision, non-linear registration

algorithms are required. The non-linear algorithms can have from thirteen up to

several million dof. Non-linear registration is used for inter–subject registration or

for the registration of a subject’s brain to an average template such as the montreal

neurological institute (mni or icbm152) template and vice versa. The selection of

the appropriate registration algorithm for inter–subject alignment will depend on the

quality of the imaging data and the purpose of the study.

Registration algorithms calculate a “cost function” in order to assess the correspon-

dence between the images to be registered. The lower the cost function the better

the alignment. Different types of “cost function” exist and should be carefully se-

lected for each task. For example the “least squares” and “normalised correlation”

cost functions are suitable for intra–modality registrations, the “correlation ratio” for

registering any mrimodalities, whereas the “mutual information” and the “normalised

mutual information” cost functions are suitable for inter–modality registrations.

3.3.2 Regions of interest segmentation methods

An roi is an area that has been delineated on an image manually or automatically

using computer software. rois may enclose an anatomical structure and are used to

provide quantitative estimates of the enclosed area, or used to perform volumetric or

shape analysis. Over the years, the definition of rois has advanced substantially due
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to the need for precise and reproducible measurements and the need to accelerate

the analysis time and minimise resources used. In addition, functional studies such

as fmri and pet have demonstrated that anatomical rois are not always the most

suitable approach to quantify the activated areas. Therefore, rois that attempt to

approach the functional organisation of the cortical and subcortical regions are sought.

In the early days of molecular imaging the rois were defined on the pet images

alone. Due to the limited spatial resolution of pet, some regions that were known to

be anatomically distinct were lumped together. Subsequently, the advent of registra-

tion algorithms and the standard practice of acquiring high quality anatomical data

advanced the segmentation practices. Since then, guidelines for the manual delin-

eation of cortical and subcortical rois and semi–automated and automated softwares

for the definition of these regions have been developed. Manually defined rois are

time consuming, labour intensive, require expert knowledge and introduce a certain

degree of subjectivity. Nevertheless, manual segmentation is considered the gold stan-

dard technique due to the high intra– and inter–operator reproducibility.

The automated and semi-automated methods are more objective and enable the anal-

ysis of large data sets in a timely manner. Semi-automated methods such as region-

growing methods involve the placement of a starting point and the roi then grows

and deforms according to the local anatomy. The placement of the starting point,

requires user intervention and basic knowledge of the anatomy and this can impact

the end result.

Fully automated methods involve the spatial normalisation of anatomical atlases

[57, 81, 5] and more complex methods that use active shape and appearance models

[144]. The latter uses a model of each structure that has been constructed/trained

from a data set of manual segmentations. The model is applied to the subject’s image
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and then using image and anatomical characteristics such as the intensity and shape,

constructs a segmented structure. The atlas-based methods take advantage of the

non-linear registration techniques. To obtain the atlas-based segmentations a brain

or a brain template such as the mni template, to which the atlas is aligned, is required.

The brain is non-linearly registered to the subject’s image, and the transformation pa-

rameters obtained are applied to the anatomical atlas to match the subject’s anatomy.

Anatomical atlases are constructed from manually segmented rois obtained from one

or multiple subjects. Heckemann and colleagues [83] found that the performance of

the atlas-based approaches can be improved, by propagating multiple atlases, com-

bining multiple segmentations and using a decision fusion approach.

For the subcortical rois the majority of these atlases are segmented into, cd, pu,

nac, th and pallidum. As reported in chapter 2, pallidum and th consist of smaller

nuclei. However, the two regions are each segmented as a whole, since their nuclei are

not clearly distinguished on standard T1-weighted images, which are normally em-

ployed for the manual segmentation of these regions. Behrens and colleagues [20, 92],

using dwi and probabilistic tractography, segmented the human thalamus based on

cortical connectivity information and the proposed subdivisions correspond to thala-

mic nuclei. From this data set a population-based atlas of the human thalamus has

been constructed.

As each brain region has a distinctive pattern of connections, which to some extent

determine the region’s functional role, several cortical and subcortical regions have

been defined or subdivided using this principle. Some studies have shown that there

is good similarity between the borders identified using tractography and various other

methods such as histology, functional mri and structural imaging [88]. Despite the

errors in tractography methods, parcellations of grey matter areas using tractography,

has been proven a successful approach. According to Jbabdi et. al [88] to tell apart
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two brain regions on the basis of their connections, it is not necessary to determine the

full connection pattern but finding a subset of the connectivity pattern is sufficient

to distinguish them.



Chapter 4

Development of region of interest
guidelines for quantification of
subcortical dopamine

4.1 Introduction

In the early days of pet, methods for the delineation of subcortical rois were imma-

ture. rois were crudely defined on integral (summed dynamic image) or parametric

pet images, by placing circles around or within the anatomical structures; or at best,

subcortical regions such as the cd, pu and nac were lumped together into a single

roi. These approaches were not ideal and led to underestimation or overestimation of

the true biological signals. The development of registration algorithms that enabled

alignment of images from different modalities (e.g. pet and mri) allowed, for the

first time, a more detailed and precise delineation of subcortical regions. Afterwards

it became common practice, along with the pet data, to acquire high resolution T1-

weighted structural mri images to facilitate the manual or automated delineation of

rois.

The dopamine D2-like family of receptors is distributed primarily in the subcortical

regions of the brain. These subcortical structures are relatively small and the current

automated techniques for their roi delineation are not consistently precise.

73
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The performance of the automated methods depends on the image quality, the res-

olution of the mri data, the subject’s anatomy, health status and the properties of

the automated algorithm itself. Therefore, for the quantification of subcortical pet

data, the current gold–standard approach for the delineation of rois is by manual

segmentation.

Guidelines have been developed for the manual definition of subcortical rois [5, 54,

127, 129] and some of them have been tailored to accommodate observations of func-

tional studies. For instance, instead of simply subdividing the striatum into cd,

pu and nac, Drevets [54] subdivided the striatum into dorsal and ventral compo-

nents in order to best quantify the release of dopamine after the administration of

amphetamine. With the recent advent of the agonist pet ligands [11c]phno and

[11c]npa, which have a preferential affinity for the d3r, there is a need for refinement

of the existing guidelines and in addition a need for the development of guidelines for

regions that have not been studied before such as the ventral pallidum. In this chapter

a set of guidelines, for the manual delineation of the subcortical d2r and d3r rich re-

gions, is presented. For optimal analysis, the roi guidelines should accurately capture

the area of interest, be reproducible and minimize operator–dependence. Moreover,

since manual delineation is time consuming we have also developed an anatomical

subcortical atlas to automate the definition of the subcortical rois. The performance

of the automated method is quantified and presented in section 4.4.

4.2 roi guidelines for the manual delineation of sub-
cortical regions of interest

Subcortical rois relevant to the examination of dopamine and dopamine receptors

were identified from autoradiography, pet studies and the localisation of the dopamin-

ergic tracts [71, 80, 100, 118, 135, 138, 150, 155, 167, 169, 173]. A set of guidelines

for the definition of these dopamine relevant regions was developed to balance the
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need to accurately encompass the region of interest and ensure the quality and re-

producibility of the analysis. The guidelines are applicable to structural mri images

with a good contrast between the structure of interest and their surroundings. For

sn, due to its small size and location, the registration between pet and mri around

this area is not optimal, the roi is defined on the pet integral image using a fixed

roi size. Apart from the traditional subdivision into cd, pu and vst the striatum

is subdivided into smaller sub–regions in order to accommodate findings about the

distribution of dopamine receptors.

The guidelines are developed for images inmni space and are applicable only to images

in this space. The following rules were applied during manual roi delineation:

1. The outer limit of an anatomical structure, as defined in anatomical books [55],

acts as the boundary for an roi.

2. If reliable tracing of a portion of an roi could not be performed, this portion is

excluded.

4.2.1 Guidelines for rois defined on mri images

Caudate (cd): is drawn wherever visible on the coronal plane. The inferior bor-

der of the caudate is defined by the vst and care should be taken not to include

cerebrospinal fluid from the ventricles (figure 4.1: b-f). The anterior commissure ac

subdivides the caudate into pre-commissural (precd) and post-commissural (poscd)

regions.

Putamen (pu): is defined on the transverse plane and it is traced on all slices where

dense grey matter can be clearly observed and differentiated from surrounding struc-

tures (figure 4.1: j-l). On the most ventral slices where the ac divides the pu into

two regions, the roi includes only the grey matter that is anterior to the ac. The
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Figure 4.1: Guidelines for the manual delineation of subcortical rois on mri (a-o)
and substantia nigra/ventral tegmental area on pet (p-r) in a representative subject.
R=right; L=left.
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pu is traced as a single roi and subsequently it is subdivided into pre–commissural

dorsal pu (predpu), pre–commissural ventral pu (prevpu) and post–commissural pu

(pospu) regions by providing the position of the ac and the posterior commissure

(pc). The ac subdivides the pu into pre–commissural and post–commissural regions

while the pc subdivides the pre–commissural pu into dorsal and ventral sections (fig-

ure 4.1b, d, j-l).

Ventral striatum (vst): Several studies have shown that there is not a defini-

tive anatomical, histological or histochemical distinction between nac, cd and pu.

Therefore, the dorsal boundary of the vst is defined so as to include the nac, the

pre–commissural medial cd and the rostral-ventral pu in order to be consistent with

the functional anatomy of the vst as defined in primate tracing studies and human

connectivity studies [25, 116, 52, 76, 39, 78, 74, 141]. The dorsal boundary is defined

by connecting two points, marker a and point c on the coronal plane (figure 4.1a).

These two points are predefined by the placement of two 3D markers (markers a and

b) on the sagittal plane (figure 4.1m-n). Marker a: a horizontal line intersecting the

most ventral part of the splenium of the corpus callosum (ccs) is placed on the most

mid-sagittal slice. Sometimes there are two or three slices which can be described as

the “most mid-sagittal slice” and in this case the operator is advised to select the one

where the thalamus is the smallest. In the coronal view, marker a appears as a single

voxel in each slice (figure 4.1a) and this voxel will be used for the definition of the

dorsal boundary of the vst. Marker b: moving from lateral to medial in each hemi-

sphere, a rectangle is placed on the first slice where the grey matter of the head of the

cd can be clearly seen. In a coronal view this will appear as a voxel width column.

The inferior intersection of this column with grey matter, of pu within this column,

is defined as point c (figure 4.1a-b). vst tracing begins when point c comes into

view, up to the slice where the anterior commissure connects the two hemispheres.

However, there are occasions when the thin white matter layer which separates the
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vst from the sub-callosal gyrus and/or the septal nuclei can not be observed, making

it infeasible to sample the vst up to the ac. Any white matter (e.g. the internal

capsule) should be excluded from the roi. Figures 4.1b,d-e show the vst delineation

on three representative rostral to caudal slices.

Globus pallidus (gp): takes its name from its pale appearance, which makes its

delineation difficult and susceptible to misclassification since it is hard to discern

from its surroundings. The gp roi consists of both the external and internal gp

since the subdivision is not feasible on most mri sequences. gp delineation is per-

formed on the transverse plane, dorsal to ventral (figure 4.1j-k), and it is defined

up to the slice where the ac connects the two hemispheres. To increase the repro-

ducibility of the tracing and exclude areas which might be misclassified (such as the

corticospinal tract), a 3D marker (marker d) is placed on the most mid-sagittal slice.

This is a vertical line intersecting the posterior surface of the mammillary body (mm)

which becomes the posterior boundary of the gp on the transverse plane (figure 4.1o).

Ventral Pallidum / Substantia Innominata (vpsi): The ventral pallidum is not

easy to define in humans as there is no sufficient contrast with the surrounding regions

and also there is an admixture of the ventral pallidum and substantia innominata in

the area under the ac. For this reason the proposed guidelines refer to a single ventral

pallidum/substantia innominata roi. The vpsi is defined on the coronal plane (figure

4.1e,i). The tracing starts at the slice where the ac connects the two hemispheres

and stops at the slice where the ac does not separate the gp from the vpsi (∼ 3

slices on a 1 × 1 × 1mm mri). The medial boundary is a vertical line intersecting

the medial edge of the optic chiasm (oc) and it is placed on the first slice where the

ac interconnects the two hemispheres, as viewed on a coronal plane, and copied onto

the subsequent slices of interest. Marker b (see vst definition and figure 4.1n) is

the lateral boundary. The superior boundary is the white matter of the ac and the
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inferior boundary is the csf or white matter. The vpsi is the grey matter that can

be sampled within these boundaries. However, due to the complicated anatomy of

this area, the roi might include regions such as the anterior perforated substance or

the septal nuclei. There are cases when this region cannot be clearly defined due to

signal dropout and partial volume effects. Care should be taken in order to exclude

pu, gp and cd grey matter.

Thalamus (th): is drawn on all of the transverse slices that are visible and draw-

ing ends just before the superior colliculi becomes visible (figure 4.1j-k). The dorsal

boundary changes between the lateral ventricle and a thin layer of white matter. The

internal capsule and the third ventricle are the lateral and medial boundaries respec-

tively. The inferior boundary is either the csf of the ventricles or the white matter

of the fornix. The roi should contain the full grey matter area so as to include the

entire thalamic nuclei.

Hypothalamus (hypo): is traced on the coronal plane and tracing starts from

the first slice where the ac connects the two hemispheres up to the slice where the

mammillary bodies (mm) are joined. Marker d (figure 4.1o) can be used as the caudal

boundary of this delineation. A dorsal and a bilateral boundary are defined to enable

the tracing of the region (figure 4.1g-h). The dorsal boundary is a horizontal line

that intersects the inferior part of the ac and it is copied on all slices of interest. The

lateral boundary is defined on a sagittal slice 5mm bilateral from the first medial

slice where the hypo can be observed.

4.2.2 Guidelines for rois defined on pet images

Substantia nigra (sn): is located in the midbrain and is a small region with no clear

cut boundaries. Due to its small size and potential mis-registration issues between the

pet and mri images, the sn roi is defined on the pet integral image. However, the
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size of a given anatomical structure as determined from a pet image could be affected

by the minimum and maximum intensity values, as well as by the physiological and

pharmacological conditions of the experiment. Fixed size rois (right and left) are

used in order to minimise variability induced by these factors. The rois are placed

on five successive transverse slices (2mm thickness) vertically centred on the maximal

pet signal in the sn. The sizes of the rois are given in table 4.1. In each of the five

selected transverse slices, a rectangle of the specified size is placed over each of the

two hotspots, with default rotation as specified in table 4.1, though modifications to

the angle are permitted if this results in improved alignment. The size of the rois

and the proposed angles are based on information acquired from the pd weighted mri

images where the sn can be seen (figure 4.1r).

Table 4.1: roi size and orientation for the substantia nigra. These rois are placed on a
2 × 2 × 2mm pet image. The magnitudes are in the following order: width × height
in mm, angle in degrees. The first slice corresponds to the most ventral roi placement
while the fifth to the most dorsal roi placement.

roi No. Right hemisphere Left hemisphere

1st roi 4× 8, 0◦ 4× 8, 0◦
2nd roi 4× 10, 0◦ 4× 10, 0◦
3rd roi 6× 12, 25◦ 6× 12, -25◦
4th roi 6× 12, 25◦ 6× 12, -25◦
5th roi 4× 10, 25◦ 4× 10, -25◦

Table 4.2 shows the full and abbreviated roi names for the subcortical regions.

4.3 Automated method for the definition of the sub-
cortical rois

The automated delineation of rois is achieved by the non-linear deformation of an

anatomical atlas into the space of each individual. The subcortical rois of the atlas

were manually defined on the non-linear icbm152 template according to the guide-

lines proposed in section 4.2 and this allows for a direct comparison between manual
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Table 4.2: First column shows the roi full name, and second column the abbreviated roi
name

Region name roi abbreviation

Ventral pallidum/substantia innominata vpsi

Globus pallidus gp
Ventral striatum vst
Pre-commissural ventral putamen prevpu
Pre-commissural putamen prepu
Putamen pu
Pre-commissural dorsal putamen predpu
Post-commissural putamen pospu
Pre-commissural caudate precd
Caudate cd
Post-commissural caudate poscd
Hypothalamus hypo
Substantia nigra sn
Thalamus th

and automated methods. The atlas consists of a total of 119 regions (figure 4.2).

The cortical regions are a modification of the Harvard–Oxford atlas. The Harvard–

Oxford atlas consists of 48 probabilistic maps derived from 37 healthy subjects aged

between 18-50 years old. To create the atlas, each subject’s T1-weighted image was

affine-registered to the icbm152 template with flirt [89] and subsequently the images

were segmented according to the guidelines developed at the center for morphometric

analysis [1].

To create the atlas some of the probability maps were combined to create larger

anatomical regions; whilst others were subdivided to reflect functional organisation us-

ing anatomical landmarks. Specifically, the superior frontal gyrus, the middle frontal

gyrus, the inferior frontal gyrus pars triangularis and opercularis were combined to

create the dorsolateral frontal cortex that was subsequently subdivided into anterior

and posterior regions. The dorsolateral cortex anterior to the cingulate gyrus is clas-

sified as the anterior dorsolateral roi. The frontal pole region dorsal to the rectus

gyrus was also merged with the anterior dorsolateral cortex. The frontal pole ven-
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tral to the rectus gyrus was combined with the frontal orbital cortex and this area

was then subdivided into medial (rectus gyrus and medial orbital gyrus) and lateral

orbitofrontal regions. The paracingulate and the anterior division of the cingulate

gyrus were merged into one region and were subsequently subdivided into anterior

cingulate (anterior to the genu of the corpus callosum) and dorsal anterior cingulate.

The lateral occipital cortices (inferior and superior divisions) were combined with

the occipital pole into one region. Four cortical regions (precuneous cortex, angular

gyrus, superior parietal lobule and occipital pole) from the original Harvard–Oxford

atlas were redefined on the icbm152 template. After the subdivision or merging of the

regions a threshold was applied to the probability map of each structure to achieve

the best possible fit to the icbm152 template. After the threshold was applied some

of the regions overlapped and there were also brain areas that were not structurally

classified as a member of the atlas rois ("holes"). To resolve this, these areas were

identified and then corrected manually according to the anatomical organisation of

the icbm152 template.

The subcortical regions were defined on the non-linear icbm152 template following

the guidelines developed here while for the thalamus the thalamic connectivity at-

las [92] was used. Finally, the cerebellum and the brainstem were manually defined

combining information from the suit [51] and icbm152 templates. The brainstem

is subdivided into three areas: mesencephalon, pons and medulla. The cerebellum

consists of three regions: a) dorsal cerebellum; b) ventro–lateral cerebellum; and c)

medial cerebellum. Medial cerebellum includes structures such as the vermis and

uvula. The subdivision of the cerebellum into the aforementioned areas is useful for

pet studies where the cerebellum is used as reference region. For example, exclusion

of the dorsal part of the cerebellum is recommended if there is a need to avoid spill–

over effects from neighbouring high signal in the occipital cortex.
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Figure 4.2: Anatomical atlas. Cortical regions are a modification of the Harvard–Oxford
atlas, subcortical rois were defined on the icbm152 template following the guidelines
developed in section 4.2 and the thalamus was replaced by the thalamic connectivity atlas
[92]. R=right; L=left; A=anterior; P=posterior; D=dorsal; V=ventral

.
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4.4 Robustness, reproducibility and reliability of sub-
cortical rois

To investigate the robustness and reproducibility of the manually-defined rois the

intra– and inter–operator agreements were examined. Moreover, to provide a bench-

mark for the roi reproducibility, striatal rois were defined and compared with a

method developed previously at Columbia University pet centre for imaging the

d2r with [11c]raclopride [127, 129]. Hereafter, the guidelines we developed will be

abbreviated as man i and the Columbia guidelines as man ii. The regions defined

automatically using the anatomical atlas were compared with the rois defined man-

ually with man i.

4.4.1 Material and methods

Subjects and imaging data acquired to investigate the reproducibility

Nineteen healthy male volunteers had baseline [11c]phno pet and mri scans. All

scans were conducted at the centre of addiction and mental health in Toronto,

Canada and subjects provided written informed consent. For each subject a baseline

[11c]phno pet scan was acquired on a siemens biograph hirez xvi pet tomograph

(siemens healthcare). Subjects were positioned in the scanner and movement was

minimised by using a custom-made thermoplastic facemask together with a head-

fixation system (tru-scan imaging, Annapolis, Maryland). Subjects were injected

with a single intravenous bolus of [11c]phno between 235–368 mbq (mean = 307.2,

sd = 40.6) with specific activity ranging between 23.3–38.6 gbq /µmol (mean =

32.24, sd = 4.58) at the time of injection. The mass of injected [11c]phno was

between 2–2.6 µg (mean = 2.36, sd = 0.13) and the radiochemical purity of the

compound was 97.7–99.9 (mean = 99.4, sd = 0.6). Following bolus administration

of [11c]phno, dynamic emission data were acquired for 90 minutes (1× 30s, 8× 15s,
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3× 1min, 5× 2min, 5× 5min, and 5× 10min). A low dose ct scan (effective dose

= 0.2mSv) was also acquired and used for attenuation correction and model–based

scatter correction. The dynamic images were reconstructed using Fourier rebinning

and a 2D filtered back projection algorithm with a ramp filter at the Nyquist cut–off

frequency [43]. T1-weighted mri images were acquired on a ge medical system signa

excite hd, 1.5T. The structural T1-weighted images (acquired in the axial plane:

fspgr – ir prepped, tr = 4320ms, te = 1842ms, flip angle = 20◦, slice thickness

= 0.78× 0.78× 1.5mm) were acquired to enable definition of the subcortical rois.

Image analysis

The mri and pet images of each subject underwent a series of spatial process-

ing steps. The non-brain voxels from the mri were removed using the fsl brain

extraction tool [165] and the extracted brain was rigidly registered to the nonlin-

ear icbm152 template (http://www2.bic.mni.mcgill.ca/) using spm5 (wellcome trust

centre for neuroimaging) to bring subjects into a similar orientation and facilitate

manual roi delineation. Regional analysis was performed with both manual and

automatically–delineated rois (man i, man ii and auto). For the manual roi de-

lineations, the mri was made isotropic to the smallest voxel size of the original image

(0.79 × 0.79 × 0.79mm) in order to obtain the best possible visual quality. For the

automated method, the non-linear icbm152 template was non-linearly warped with

spm5 to the high resolution T1-weighted mri of each individual. The deformation

parameters derived were then applied to the anatomical atlas, using the nearest neigh-

bour interpolation method, to bring this into the individual subject’s space. Finally,

the mri image, the rois and the warped anatomical atlas were resampled to match

the pet image resolution (2× 2× 2mm). pet images were corrected for motion by

realigning each frame to a reference frame, using mutual information as a cost func-

tion, and then these were registered to the T1-weighted image. [11c]phno binding

potential (bpnd) estimates were obtained after applying the basis function implemen-
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tation of the srtm model [69] to the dynamic pet data to derive parametric images

of bpnd (parameter bounds in terms of non-decay corrected data: Θmin
3 = 0.0008 s−1

and Θmax
3 = 0.5 s−1, c.f. [69]).

Agreement and reproducibility metrics

The reproducibility of the manually defined rois and the level of agreement be-

tween the manually and automatically derived subcortical rois were examined. The

manually–delineated rois are treated as the “gold–standard". Nevertheless, it is un-

derstood that manual delineation is subjective as it depends on the operator’s knowl-

edge of anatomy and attention to the guidelines. To examine the reproducibility of

manual delineation, rois were delineated by two operators, twice each on two sepa-

rate occasions (at least 1 month apart) according to the aforementioned guidelines.

The same procedure was followed for both man i and man ii, in order to provide

a benchmark for the performance of man i in terms of reproducibility and the time

taken to delineate the striatal structures. The first metric calculated was the dice

coefficient which measures the degree of roi volume overlap between two rois [50],

dice = 2 · |roi 1 ∩ roi 2|
|roi 1 + roi 2|

· 100% (4.1)

where ∩ is the intersection of the roi volumes and ranges from 0 to 1. Thus the

dice coefficient ranges from 0%, for rois with no overlap up to 100 % for identical

rois. The intra– and inter–operator roi overlap was calculated for man i and man

ii. The second metric calculated was the variability of bpnd which is a measurement

of reproducibility that depends both on the geometrical roi overlap and the local

dopamine receptor landscape,

V ariability bpnd = 2 ·
∣∣∣∣BP roi1

nd −BP roi2
nd

BP roi1
nd +BP roi2

nd

∣∣∣∣ · 100% (4.2)
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The intra–operator and inter–operator variability of bpnd were calculated for man i

and man ii.

To measure the degree of agreement between man i and man ii, the intra class

correlation coefficient (icc) for the bpnd values obtained with the two methods was

also calculated. The icc was calculated as:

icc =
bsmss−wsmss
bsmss + wsmss

(4.3)

where bsmss is the mean sum of squares between subjects and wsmss is the mean

sum of squares within subjects.

The automated approach (auto) was compared with the man i approach by calculat-

ing the inter–method dice coefficient (subcortical regions only, excluding thalamus)

and the inter–method variability of bpnd using equations 4.1 and 4.2 respectively.

Thalamus was excluded from this comparison as in the atlas we used the connectivity-

based thalamus and not a thalamus delineated according to the guidelines developed

in section 4.2.

4.4.2 Results

We have presented guidelines for the definition of dopamine relevant rois (man i)

including hypo, sn, striatum, gp, vpsi and th. Figure 4.3 shows the delineation of

rois on the mri and pet images for a number of characteristic slices. To delineate

the whole set of rois for one subject using man i takes approximately 5 hours for an

experienced operator with striatum and gp being the most demanding rois in terms

of complexity and time taken.
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Figure 4.3: rois overlaid on [11c]phno bpnd parametric images and onto the T1-weighted
MNI template in the pre–commissural (first 2 rows) and the post–commissural striatum
(bottom rows). R=right; L=left;
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The reproducibility of the manual rois was assessed in terms of roi volume overlap

(dice) and bpnd variability. The average intra–operator dice across rois for man i

was 88± 6 % with the lowest dice value obtained in vpsi and the highest value in th

(figure 4.4). To provide a benchmark of reproducibility for man i, striatal rois were

defined with the man ii method. man i requires between 2 to 3 hours to delineate

the striatum while man ii takes between 2:30 to 3:30 hours. The intra–operator dice

for man i and man ii respectively were 88 ± 2 % versus 78 ± 3 % for vst 90 ± 1 %

versus 87± 1 % for pu and 91± 1 % versus 88± 1 % for cd (figure 4.4).

D
IC

E
 (

%
)

Figure 4.4: roi volume overlap quantified in terms of the dice coefficient: man i and
man ii (intra–/inter–operator) and the volume overlap between automated and man
i. Numbers correspond to the following regions 1=vpsi, 2=gp, 3=vst, 4=prevpu,
5=prepu, 6=pu, 7=predpu, 8=pospu 9=precd, 10=cd, 11=poscd, 12=hypo, 13=sn,
14=th.

The average inter–operator dice for man i was 81 ± 10 % with the lowest dice ob-

tained for vpsi and the highest for th (figure 4.4). In the striatum the inter–operator

dice values for man i and man ii were 79 ± 3 % versus 74 ± 4 % for vst, 87 ± 2 %
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versus 84± 2 % for pu and 84± 2 % versus 84± 2 % for cd (figure 4.4). As with the

intra–operator dice, the inter–operator dice for man i was higher than for man ii

but overall both methods provide highly reproducible results. The dice coefficients

for all regions are shown in figure 4.4. To assess the similarity between man i and

man ii we estimated the volume overlap (dice), between the rois defined with the

two methods and the values obtained were: vst = 66± 4 %, cd = 87± 1 % and pu

= 81± 1 %.

The average intra–operator bpnd variability across rois defined with man i was

2.6 ± 1.2 % with the lowest bpnd variability obtained in the cd and the highest

in the sn (figure 4.5). The intra–operator bpnd variability for the striatal regions

obtained with man i and man ii, respectively, was 1.4± 1 % and 1.7± 1.5 % for the

vst, 1.7± 1.3 % and 0.8± 0.7 % for the pu and 1.2± 1 % and 2± 1.5 % for the cd.

The average inter–operator bpnd variability for man i across rois was 6.8 ± 4.8 %

with the lowest variability coming from the vst and the highest from the vpsi. The

inter–operator bpnd variability for man i and man ii for the striatal regions was: vst

2.3±2.8 % (man i) and 4.9±3.4 % (man ii); pu 3.5±1.3 % (man i) and 1.9±0.9 %

(man ii); and cd 6.2 ± 2.7 % (man i) and 6.4 ± 1.5 % (man ii). In figure 4.5 the

bpnd variability is displayed for all regions.

In addition to roi volume overlap, the agreement between man i and man ii was

assessed by estimating the icc for the bpnd values obtained with the rois defined

with the two methods, giving: vst icc = 0.87, cd icc = 0.97 and pu icc = 0.91.

The performance of the automated method that employs a non–linear warp of the

anatomical atlas was assessed and the automatically defined rois were compared with

the rois delineated manually with man i. The comparison between the automated

method and man i gave an average dice coefficient for the gross anatomical regions
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Figure 4.5: [11c]phno bpnd variability for methods: man i and man ii (intra–/inter–
operator) and for automated vs man i. Numbers correspond to the following regions
1=vpsi, 2=gp, 3=vst, 4=prevpu, 5=prepu, 6=pu, 7=predpu, 8=pospu 9=precd,
10=cd, 11=poscd, 12=hypo, 13=sn, 14=th.

such as cd, pu, vst and gp of approximately 70± 4 % (figure 4.4). For striatal sub-

divisions (precd, poscd, pospu, predpu, prevpu) the average dice is 65± 4 %. The

dice for poscd and predpu is lower and this might be due to the smaller size of these

rois. The inter–method bpnd variability was 4.9 ± 1.4 % across all rois (excluding

poscd which had high bpnd variability). The inter–method dice and bpnd variability

values for all regions are shown in figure 4.4 and 4.5 respectively.

To assess the relation between volume overlap and roi volume (table 4.3), the dice

coefficients for the manual (man i, intra– and inter–operator) and automated ap-

proaches were plotted against the roi volume in figure 4.6. For roi volumes above

0.5 cm3 dice is relatively constant for the manual approach, although the dice does

drop off for the gp. The gp is a mixture of grey and white matter and this texture

complicates delineation. dice coefficients for the automated method also depend on
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the size of the roi (table 4.3). Smaller regions yield lower dice values and this is

consistent with mis–registration effects having bigger consequences for smaller regions.
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Figure 4.6: dice coefficient as a function of roi size. dice was obtain for man i intra–
and inter–operator and for the automated/man i overlap. The x–axis is the mean roi
volume estimated by man i.

4.4.3 Discussion

We have developed robust guidelines (man i) for the delineation of subcortical regions

relevant to dopamine. Overall man i performed very well, with high dice coefficients

and low bpnd variability for both the intra– and inter–operator comparisons, which

demonstrates the high reproducibility of the method. The guidelines have also been

tested with other mri sequences such as flaws [174] and fgatir [171] and various

image resolutions (0.78–1.5mm) and they achieve similar levels of reproducibility,

indicating the robustness of the method.
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Table 4.3: roi name and roi volume. a=Fixed roi size.

roi name roi volume (cm3)

vpsi 0.1± 0.05
gp 0.8± 0.1
vst 1.0± 0.1
prevpu 1.1± 0.2
prepu 1.7± 0.2
pu 3.1± 0.3
predpu 0.6± 0.1
pospu 1.4± 0.2
precd 2.0± 0.2
cd 2.3± 0.3
poscd 0.3± 0.1
hypo 0.5± 0.03
sn 0.3a

th 5.3± 0.4

As mentioned above, several studies have shown that there is not a definitive anatom-

ical, histological or histochemical distinction between the nucleus accumbens, cd and

pu. Therefore, the vst guidelines presented in this manuscript and other published

guidelines are using anatomical landmarks to define the dorsal boundary of the ven-

tral striatum. The rationale for selecting marker a and marker b in these guidelines

was based on the following: a) the dorsal boundary encompasses the vst area as it is

described in the literature; b) the two regions (corpus callosum and cd) that are used

to define the two landmarks are less variable, at least in healthy humans, compared

to the landmarks used in other methods (i.e. ventricles, internal capsule, anterior

commissure) and the variability does not seem to affect the definition and reliability

of the vst roi. These criteria have been applied to more than sixty subjects and

on the mni template, and the defined vst roi is well-matched with the area de-

scried in the literature as limbic striatum; c) the definition of these markers is simple

and reproducible and can be applied with high confidence even on low resolution data.

man i optimised the vst definition and the results indicate that man i outperformed
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man ii for both dice and bpnd variability metrics. There is a 10 % improvement in

vst intra–operator dice for man i over man ii due to the more robust definition

of the dorsal boundary of vst with man i. In particular, the definition of the dor-

sal boundary with man i involved connecting two predefined points that are placed

before the tracing starts. man ii is a more complex and subjective procedure as

the operator needs to identify, on each slice, the most superior and lateral point of

the internal capsule (sometimes difficult to identify) and the centre of the portion

of the anterior commissure overlying the striatum. Another limiting factor for the

vst definition with man ii is that the anatomy of the area is such that sometimes

the placement of the dorsal boundary with man ii may not be optimal since it over-

samples cd and/or pu.

The delineation of the pu on the transverse plane with man i was faster than with

man ii (defined on coronal plane) and gives the operator better control over the roi

boundaries with the gp and the clastrum. However, the delineation of the roi on the

most ventral slices can be difficult and a good knowledge of the anatomy is required

in order to sample the correct region. Therefore, following the delineation of the pu

on the transverse plane it is recommended that the operator switches to the coronal

plane and optimises the intersection of pu and vst. It is important to note that the

sub–parcellated striatal rois from man i (prevpu, predpu, pospu, precd, poscd)

achieved similar dice and bpnd variability values compare to the gross anatomical

regions (i.e. cd and pu), indicating that man i is highly reproducible for smaller

regions. Additionally, man i required less time for the roi delineation and both

operators reported that man i guidelines were applied with increased confidence in

noisier images. Overall, there was a good agreement between man i and man ii which

is reflected in the relatively high volume overlap between the rois defined with the

two methods and the high icc for the bpnd values.
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The performance of an automated method for the delineation of the aforementioned

subcortical dopamine regions has been examined. Automated methods, such as the

non–linear deformation of an anatomical atlas into the space of each individual, en-

ables the analysis of large data sets within feasible time scales, and completely removes

any operator subjectivity. On the other hand, they are susceptible to misalignment,

especially for small and subcortical structures, causing misclassifications. Here the

agreement between auto and man i was moderate. As expected, the inter–method

dice coefficient was not as high as the man i intra–method values. However, the

inter–method bpnd variability is similar to the inter–operator variability across re-

gions, which indicates that the method could be used for estimation of bpnd values

in certain applications.

In this study we have employed spm5 for non-linear registration, which was developed

in 2005. A recent paper by Klein et al. [102] ranked this algorithm eleventh out of

fourteen non-linear registration algorithms in terms of their performance with regard

to cortical registration. The performance of the automated method that we presented

here can improve significantly by employing other state-of-the-art non-linear registra-

tion algorithms such as fnirt [8], spm5 dartel [12], syn [14] or art [11] which were

highly rated for their performance [102].



Chapter 5

Connectivity-based subdivision of the
striatum and pallidum

5.1 Introduction

The basal ganglia (bg), and especially striatum and pallidum, have been the focus of

dopamine research due to an abundance of dopamine receptors and their involvement

in dopamine related diseases such as Parkinson’s and schizophrenia. The bg act in

conjunction with the cortex to control and execute behaviours and although their

connections have been extensively studied they are still among the least understood

of all brain structures. The striatum is a heterogeneous structure, which consists of

three, cytoarchitectonically undifferentiated areas, the cd, pu and nac. The pal-

lidum consist of the globus pallidus (gp), which is structurally subdivided into gpi

and gpe segments (figure 2.5), and the ventral pallidum (vp).

Autoradiography studies have shown that dopamine receptors are not always uni-

formly distributed within these traditional striatal and pallidal subdivisions [71, 169].

Microdialysis studies in rats have also shown that, following a chemical challenge,

the extracellular dopamine concentration is higher in the ventral striatum than the

dorsal striatum [28, 48, 49, 47]. Moreover, molecular imaging studies have demon-

strated that dopamine, in response to a pharmacological or behavioural challenge,

is released differentially in both the dorsal–ventral and anterior–posterior directions

96
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[54, 127, 129]. The observed dorsal–ventral differential release could be explained

anatomically by the present of the nac. However, the anterior–posterior differentia-

tion is not justified by anatomical criteria. These observations led researchers to seek

ways of improving the methods employed for the regional quantification of dopamine.

Enhancements in the spatial resolution of pet scanners and the development of mri

and pet image co-registration methods allowed a more detailed in–vivo investigation

of regional dopamine distribution. In 1999, Drevets and colleagues [54], incorporated

information from structural mri and developed a method that subdivides the stria-

tum into ventral and dorsal, in order to study the amphetamine–induced dopamine

release. This method was further developed by Martinez and Mawlawi [127, 129] who

attempted to approach the functional organisation of the striatum, incorporating in-

formation from non human primate tracing studies, by subdividing the putamen into

pre–commissural and post–commissural. Ventral striatum was classified as the lim-

bic striatum, post–commissural pu as sensorimotor and the remaining striatum as

cognitive. The aforementioned approaches, which employ anatomical landmarks to

approximate the functional striatal sub–regions, were the first attempt to quantify

dopamine beyond the traditional anatomical boundaries.

It is known from lesion studies that the functional characteristics of a structure are

determined by the neuronal projections that it receives. In non human primates,

tracing and degeneration experiments have studied the distribution of the cortical

inputs [6, 72, 75, 99, 141] to the bg and the neuronal connections among the bg

nuclei. These studies have shown that the bg are functionally organised into mo-

tor, executive and limbic domains and have revealed the existence of individual and

overlapping cortical-striatal networks. More recently, the advent of dwi and of trac-

tography algorithms made it possible, for the first time in–vivo for humans, to study

the cortical–subcortical projections [25, 39, 41, 52, 115, 116, 117] demonstrating that
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the human and non human primate functional topography are similar. In this chapter,

we use dwi and probabilistic tractography [20] to determine the striatal–cortical and

pallidal–striatal projections, in individual subjects, in order to segment the striatum

and pallidum into functional subregions. To obtain the connectivity-based subdivi-

sions of the striatum the cortex is subdivided into seven anatomical regions that are

named either according to their functional specialisation or their anatomy (limbic,

executive, rostral-motor, caudal-motor, parietal, occipital and temporal). Then we

estimate the connection probabilities between the striatum and each cortical target

and according to these probability estimates we segment the striatum. Similarly, for

the subdivision of the pallidum, the limbic, executive and sensorimotor (rostral-motor,

caudal-motor and parietal striatal segmentations combined into one region) striatal

subdivisions were used to estimate the connection probabilities with the pallidum.

The methodology presented here will be used in subsequent chapters to investigate

the distribution of dopamine receptors and quantify dopamine release within these

sub-regions.

5.2 Basal ganglia connections

The cortical–subcortical connections are organised into partially closed cortical–bg-

thalamic–cortical loops with each structure maintaining the functional characteristics

of the projective region. Striatum, gp, sn, and stn comprise the bg and the intrin-

sic interconnections of these nuclei create a large subcortical network for information

processing. The individual constituents of the striatum are the main input nuclei

of the bg and receive a direct cortical input whereas gpi and snr are the two out-

put nuclei, which project back to different cortical areas of the frontal lobe via the

thalamus. The intrinsic projections of the bg are organised into two pathways, the

“direct pathway” and the “indirect pathway” (figure 5.1). The “direct pathway” refers

to projections from the striatum to the gpi and snr. The “indirect pathway”, which
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provides a second route linking the striatum with gpi and snr, involves the projec-

tions from the striatum to the gpe, which in turn projects to the gpi and stn. The

stn subsequently projects to the two output nuclei (gpi and snr) [149].

m

S

Indirect

pathway

Direct

pathway

Output

Figure 5.1: Diagram shows the “direct pathway” (red) and “indirect pathway” (blue) of
the bg interconnections. gpe: globus pallidus, external, gpi: globus pallidus, internal,
th: thalamus, stn: subthalamus, sn:substantia nigra.

The cortical–striatal input is the first step in the transposition of the functional corti-

cal map onto the bg nuclei [141]. While all cortical lobes project to the striatum, the

frontal lobe projections occupy the bulk of the striatum. According to physiological

and anatomical observations [6, 72, 141, 145] the cortical inputs are organised into

parallel (segregated) and overlapping (integrated) circuits (figure: 5.2). There exist

two models with regard to the processing of cortical information from these circuits:

A) The parallel processing model infers that the cortical-striatal projections are or-

ganised into five functionally distinct circuits named according to the cortical target

or known function: motor, oculomotor, dorsolateral prefrontal, lateral orbitofrontal

and anterior cingulate. The parallel model sees the cortical projections as parallel

and isolated loops that process the cortical information independently at specific and
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non-overlapping zones, which then project back to the cortical area of origin via the

thalamus [141]. B) The integrative processing model, in contrast, proposes that the

distinct cortical loops converge in the bg. In these overlapping areas information is

integrated and processed and is sent back to the cortex [141].

These models are believed to be an over-simplification of the true information pro-

cessing that takes place in the bg as neither of them can entirely explain the bg

function and also neither is exclusive of the other [179].
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Figure 5.2: Diagrams show the two prevailing views on the processing of cortical infor-
mation as it flows in the bg. Left: Integrative processing model; functional information
from distinct cortical areas is converging in the bg. Right: Parallel processing model;
functional information from distinct cortical areas are processed independently. Figure
adapted from Parent and Hazrati [141].

Kemp and Powell [98] first suggested that the cortical–striatal projections are a point–

to–point transfer with each striatal area receiving input from the nearest overlying

cortical area, with only a slight overlap from the cortical projections. In 1985, Selemon

and Goldman-Rakic [157] proposed that a longitudinal pattern represents most or all

cortical–striatal projections without a strict point–to–point organisation. Another

view of the cortical–striatal organisation is that non–adjacent cortical areas project
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to adjacent striatal areas, subdividing the striatum into distinct functional sectors

namely executive, limbic and sensorimotor [141, 157]. According to this theory, in

non-human primates, the executive territory occupies large parts of the cd and the

pre–commissural pu, the sensorimotor comprises the dorsolateral post–commissural

pu and the dorsolateral rim of the head of the cd nucleus while the limbic striatum

comprises the nucleus accumbens and the ventral pre–commissural parts of the cd

and pu (figure 5.3) [141, 157].

Fibers from striatum arborise within the pallidum and sn transposing the striatum’s

functional map. At the outset, the pallidum was considered as a structure where

striatal fibers intensively converge, leading to integration of the striatal functional

information [84, 145]. However, new data [141] showed that neighbouring striatal

cell populations do not have overlapping terminal fields in the pallidum and that the

striatal–pallidal projections are highly organised into a specific pattern. Thus, the

organisation of the striatal–pallidal system reflects the functional organisation of the

cortical–striatal system (figure 5.3). According to Parent and Hazrati [141], neurones

from the executive striatal territory project to the pre–commissural gp, the dorsome-

dial third of the post–commissural gp and large sectors of the snr. Neurones in the

sensorimotor striatum project to the ventrolateral two thirds of the post–commissural

gp and parts of the sn, whereas neurones originating in the limbic striatum project

to the vp, the ventromedial rim of the rostral gpe, the medial gpi and parts of the snr.

In humans, results from dwi studies have shown that the human striatal functional

organisation is similar to the non-human primates with distinct functional sectors and

with segregated and overlapping pathways [25, 39, 41, 52, 115, 116, 117]. However, to

the best of our knowledge, the functional organisation of the pallidum has not been

studied. Draganski and Lenglet [52, 117] have investigated the projections from the

cd and pu to pallidum but not from the functional striatal sub-regions. Therefore it
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Figure 5.3: Schematic representation of the striatal and pallidal functional organisation in
primates. AS: associative, SM: sensorimotor and LI: limbic territories. Figure courtesy of
Parent and Hazrati [141].

is not known whether the striatum transposes its functional organisation to pallidum

in a topographical manner similar to that of non-human primates.

5.3 Connectivity–based subdivision of the striatum

In this section of the thesis we subdivide the striatum, in each human subject, into

functional subregions according to their cortical connections. To accomplish this step

we have used dwi data and probabilistic tractography algorithms [21]. In total 26

healthy human volunteers were scanned and to achieve the connectivity-based sub-

division, a two-phase procedure was applied. Phase i: the projections between the

four brain lobes (frontal, parietal, occipital, temporal) and the striatum were calcu-

lated and the striatal areas associated with each lobe were established; Phase ii: The

frontal lobe was subdivided into four anatomical rois, each associated with a particu-

lar functional specialisation (limbic, executive, rostral motor and caudal motor), and
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projections between these anatomical rois and the striatal area associated with the

frontal lobe were estimated. Figure 5.4 is an overview of the processing steps applied

to obtain the connectivity–based subdivisions.

ExecutiveFrontal lobe

Parietal lobe

Occipital lobe

Phase I

Rostral motorCaudal motor

Phase II

Temporal lobe
Limbic

Figure 5.4: Methods overview. To obtain the connectivity-based functional regions in
each subject a two-step procedure was applied: Phase i) the projections from the four
brain lobes (frontal, parietal, occipital, temporal) to the striatum were calculated and
the striatal areas associated with each lobe were established; Phase ii) The frontal lobe
was subdivided into four anatomical rois, each associated with a particular functional
specialisation (limbic, executive, rostral motor and caudal motor), and projections between
these anatomical rois and the striatal area associated with the frontal lobe were estimated

5.3.1 Materials and methods

Subjects

The study was conducted at the glaxosmithkline clinical imaging centre, Hammer-

smith Hospital, London and was approved by Essex 1 research ethics committee and

the administration of radioactive substances advisory committee (arsac). Twenty-

six (26) healthy male volunteers were recruited aged between 25 and 60 years, free
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from clinically significant illness or disease as determined by their medical history and

standard laboratory tests. Each subject underwent a series of mri scans including

t1-weighted and dwi data. Subjects provided written informed consent.

Data acquisition

Data were acquired on a siemens tim trio, 3t mri scanner (siemens healthcare, Er-

langen, Germany) with a 32–channel head coil. Two imaging protocols were used

for data acquisition. For the first data set (12 subjects) the diffusion weighting

was isotropically distributed along 30 directions (b-value = 1000 s/mm2) and a non-

diffusion-weighted image (b0) was acquired at the beginning of each scan. dwi data

were acquired using echo planar imaging (epi) with tr = 9000ms, te = 86ms, flip

angle of 90◦ and voxel size of 1.875×1.875×1.9mm3. An isotropic T1-weighted image

(1mm3) was acquired with a magnetisation-prepared rapid gradient echo (mprage)

sequence (tr = 3000ms, te = 3.66ms, flip angle of 9◦, ti = 1100ms,matrix =

256×192). A parallel imaging factor of 2 was applied to enable an acquisition time of

321 s. For the second data set (14 subjects) the diffusion weighting was isotropically

distributed along 64 directions (b− value = 1000 s/mm2, tr = 9300ms,te = 88ms,

flip angle of 90◦ and voxel size of 1.9mm3 isotropic) and a non-diffusion-weighted

image (B0) was acquired at the beginning of each scan. For the acquisition of struc-

tural images the flaws sequence [174] was used using the adni-go recommended

parameters: 256 × 192mm field of view (fov), 1mm3 isotropic resolution, parallel

imaging (pi) factor of 2, ti = 409ms in 321 s.

epi acquisitions are prone to geometric distortions which can lead to errors in trac-

tography [9]. To minimise this, for both datasets, two dwi image sets were ac-

quired with the phase encoded direction reversed (“blip-up” and “blip-down” [35]),
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resulting in images with geometric distortions of equal magnitude but in the op-

posite direction, allowing for the calculation of a corrected image [10]. Before cor-

recting geometric distortions, each image set was corrected for motion and eddy-

current related distortions using fsl tools (fmrib software library, Oxford University

http://www.fmrib.ox.ac.uk/fsl/).

Probabilistic tractography

fmrib’s diffusion toolbox (http://www.fmrib.ox.ac.uk/fsl/fdt) was used to perform

probabilistic tractography [20], which allowed for up to two fiber directions in each

voxel [19]. Five thousand sample tracts were generated from each voxel in the seed

mask (striatum). The tractography was performed in the subjects’ continuous space

and the results were output in the mni space by providing transformation parameters

estimated via a two-step procedure as follows: a) the fractional anisotropy image was

registered to each subject’s high resolution T1-weighted image using flirt [89] with 6

degrees of freedom and a mutual information cost function; b) the T1-weighted image

was non-linearly registered to the 1× 1× 1mm3 nonlinear mni template with fnirt

[8]. The transformation parameters obtained from these two steps were concatenated

to yield the mapping from dwi to mni space.

Striatal functional subdivision – Phase i

The projections from the frontal, parietal, occipital and temporal cortical areas to

the striatum were estimated. For each striatal voxel we calculated the probability

of connection to each area as a proportion of the total number of samples from that

voxel that reach any cortical area. Following this, the striatum was segmented by

assigning each voxel to the lobe with which it had the highest connection probability

[92]. This “hard” segmentation establishes the association of the areas in the striatum
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with each lobe.

Striatal functional subdivision – Phase ii

The striatal area that was found in Phase i to be associated with the frontal lobe,

is subdivided into the following functional regions: a) limbic, involved in emotions,

reward and motivation; b) executive, linked to executive processes such as perception,

memory, reasoning and judgment; c) rostral-motor, involved in the planning and con-

trol of movements; and d) caudal-motor, involved with the execution of movements.

Four frontal lobe anatomical subdivisions (described below), each associated with

the aforementioned functions, were used to estimate connection probabilities within

the striatal area associated with the frontal lobe. Note that these cortical rois are

not derived from functional MRI experiments but make use of the known anatomical

areas of specific brain function, as determined from the human and primate literature.

At the end of Phase i and Phase ii, for each subject and for each hemisphere, seven

connection maps were derived, one for each cortical target (limbic, executive, rostral-

motor, caudal-motor, parietal, occipital and temporal). Since individual and over-

lapping cortical-striatal networks may exist, striatal voxels are either connected ex-

clusively to a cortical target or show connectivity to multiple cortical regions. To

accommodate this finding we process the connectivity maps in two different ways:

a) for each subject, exclusive connectivity-based functional rois (cbe) were created

following the procedures described by Johansen-Berg and colleagues [92]. In brief, for

each striatal voxel the probability of connection to each cortical target was calculated

as a proportion of the total number of samples from that voxel that reach any cortical

area; next, each voxel was assigned to the cortical target with the highest connec-

tion probability. The second way of processing the connectivity maps was; b) each

subject’s connectivity maps were thresholded at 1%, 5% and 10% of the maximum
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connectivity value to exclude noise and voxels with low connectivity values. These

particular thresholds were selected on the basis that these are the most commonly

used thresholds in dwi studies [20, 25, 41]. The second way creates functional subdi-

visions that incorporate voxels that are exclusively connected to a cortical target and

voxels that concurrently connect to other cortical zones (overlapping networks). The

functional areas obtained with this method will be respectively abbreviated as follows:

cbo-thr1 (1% threshold), cbo-thr5 (5% threshold) and cbo-thr10 (10% threshold).

Striatal connectivity–based atlases

To create population maps of the connectivity profile of each cortical area with the

striatum, for each voxel the number of subjects with a connection probability (be-

tween that striatal voxel and the cortical target) higher than 50% was estimated.

These connectivity population maps were, in addition, used to create a population

atlas. To create the atlas, each voxel in the striatum was assigned to the cortical

target that had the majority of subjects connected to that target.

Region of interest preparation

To perform the probabilistic tractography the striatum and the cortical rois were

defined for each subject in order to serve as the seed and target masks respectively.

The striatum was manually defined on the subject’s T1-weighted image and the cor-

tical lobes were obtained from the atlas described in chapter 4. As the frontal lobe

sends a massive number of projections to the striatum [25, 72, 141] and is the main

driving force for its functional organisation the frontal lobe was subdivided into four

anatomical regions, based on the known anatomical classification of function (figure

5.5). Details of the four frontal lobe subdivisions are as follows:
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Limbic target: The structures comprising the limbic anatomical roi are the anterior

orbital gyrus, posterior orbital gyrus, medial orbital gyrus, gyrus rectus [36], and

subcallosal gyrus – ventral anterior cingulate (parolfactory area - area 25). The sub-

callosal gyrus – ventral anterior cingulate has strong connections with the amygdala

and hypothalamus and is an area where reward and emotion related activations are

observed [17]. Rolls has demonstrated that the orbitofrontal cortex is involved in rep-

resenting primary reinforces and has important functions in motivational behaviour

and emotion [153]. The lateral orbital gyrus was excluded since several studies report

that it has a different connectivity pattern and function from the medial orbital cortex

[106, 186, 152]. The dorsal anterior cingulate was excluded as well from the limbic

target as it has a different connectivity profile from that of the ventral cingulate and

also is activated during memory related tasks [17].

Executive target: The functional map proposed by Petrides [146] was adopted to de-

lineate areas 9, 9/46 and area 10 of dorsolateral prefrontal cortex which constituted

the executive roi. Anatomically the roi consisted of the rostral superior and middle

frontal gyri and the dorsal prefrontal cortex ( 3mm above the mid-sagittal most an-

terior and dorsal tip of gyrus rectus where area 10 is situated).

Rostral-motor target: The caudal portions of lateral and medial superior gyrus, and

the caudal middle and inferior frontal gyri were included in the rostral-motor target.

These anatomical regions correspond functionally to rostral area 6 and area 8 and

are described as premotor areas [139]. Functionally there are similarities between the

anatomical subregions that constitute the rostral-motor target but lesion studies have

also shown that there are distinct effects [143, 146]. However, a detailed investigation

of the various subregions of the premotor target is beyond the aim of the current

study therefore the areas are combined into one region.
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Caudal-motor target: Includes the pre-central gyrus, which corresponds functionally

to the primary motor cortex (area 4), and the caudal premotor area (caudal area 6).

To tailor the cortical masks to the subjects’ individual anatomy, the subjects’ seg-

mented grey matter (gm) and fractional anisotropy (fa) images, both normalised to

the mni template, were used to mask the rois. The lower threshold for the gm mask

was set at 0.25 and the fa mask upper threshold was set at 0.40.

Frontal lobe

Parietal lobe

Temporal lobe

Occipital lobe

Rostral motorCaudal motor

Limbic

Executive

A B

C

LR LRAP

D

V

D
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A
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Y=166mm X=83mm Z=121mm

Figure 5.5: Subdivision of the cortex: a) cortical lobes; frontal lobe (purple), parietal
(magenta), temporal lobe (grey) and occipital lobe (orange) b–c) The four frontal lobe
targets, overlaid on the average MNI template. Yellow corresponds to the executive, red to
the limbic, green to the rostral-motor and blue to the caudal-motor target mask. R=right;
L=left; A=anterior; P=posterior; D=dorsal; V=ventral.
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5.3.2 Results

Projections from cortical lobes - Phase i

While all cortical lobes project to the striatum, the areas that each lobe’s efferent pro-

jections occupy are not equally represented. After hard segmentation of the striatum

across subjects, the frontal lobe input dominates with 82 ± 7 % of the total striatal

volume (frontal lobe grey matter volume: 248±14 cm3), followed by the parietal lobe

with 11 ± 5 % (parietal lobe grey matter volume: 116 ± 7 cm3), the temporal lobe

with 5± 5 % (temporal lobe grey matter volume: 114± 3 cm3) and the occipital lobe

with 2 ± 1 % (occipital lobe grey matter volume: 85 ± 3 cm3). Table 5.1 shows the

volume that cortical projections occupy after the hard segmentation as well as for the

cbo-thr1, cbo-thr5 and cbo-thr10 projections.

The cortical projections were estimated for each subject and the group average inputs

(after hard segmentation) are shown in figure 5.6 whereas the population connectivity

maps are shown in figure 5.7. The frontal lobe input occupies almost the entire cd

and pre–commissural pu extending up to the post–commissural pu. Parietal lobe,

the second biggest cortical input, projects primarily to the post–commissural cd and

pu with scattered projections observed in the pre–commissural cd and vst (figures

5.6 and 5.7). In contrast, with input from the frontal and parietal lobes, projections

from the occipital and temporal lobes are more confined (figure 5.6 and 5.7). Small

interspersed projections from the temporal lobe were found in the pre–commissural

cd, vst and in the ventral post–commissural pu whilst occipital projections were

limited to the ventral post–commissural pu. The projections of each lobe occupy dis-

tinctive striatal areas with a significant degree of overlap observed between frontal and

parietal lobes in the post–commissural pu and vst and some overlap between frontal

and temporal lobes in the vst and post–commissural regions. The large number of
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frontal lobe projections into the striatum confirms that these two regions interact

extensively to coordinate and execute function.

A X=105mm X=105mm X=105mm

X=118mm X=118mm X=118mm X=118mm

B

Y=137mm Y=113mm X=119mm X=105mm

Figure 5.6: a) Group average projections (first data set) after hard segmentation, in
the mni space sagittal view, of the four cortical lobes to the striatum. Top row, left
image shows the four cortical lobe subdivisions; frontal lobe (purple), parietal (magenta),
temporal lobe (grey) and occipital lobe (orange). The remainder of the first row shows
the projections of each lobe to the caudate and second row corresponds to projections in
putamen. The beige colour corresponds to the striatal mask. b) Areas within the striatum
where the connections from each lobe prevail. R=right; L=left; A=anterior; P=posterior;
D=dorsal; V=ventral.

Projections from frontal lobe subdivisions - Phase ii

Distinct, overlapping and bilaterally symmetric projections, from the four anatomical

subdivisions of the frontal lobe (limbic, executive, rostral-motor and caudal-motor),

were derived (figure 5.7) and were consistent with those obtained from non-human

primate tracing studies [32, 75] and confirmatory of previous human dwi studies

[52, 116]. The limbic striatum occupies the nac and ventral pre–commissural cd

and pu. Of particular interest are the patches of limbic projections observed in the

ventral post–commissural pu, an area where projections from the temporal lobe and
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amygdala can also be found. For pre–commissural striatum, the executive projections

reside in the central and dorsal striatum as opposed to the post–commissural striatum

where they occupy the central and ventral zones. The rostral-motor target projects

to an elongated area that occupies the dorsal tiers of pu and cd. In contrast, the

caudal-motor projections are confined to the post–commissural pu with only a few

low probability connections in the anterior dorsal cd. Figure 5.8 show the subdivi-

sions with the cbe method in four representative subjects, which are symmetrical and

spatially coherent across individuals, while figure 5.9 shows the population atlas. The

volume and percentage contribution to the total striatal volume of the cortical pro-

jections defined with the cbo-thr1, cbo-thr5, cbo-thr10 and cbe methods are shown

in Table 5.1, with the projections from the executive target occupying the greatest

area. Figure 5.10 illustrates the impact of different thresholds on the topography and

size of the cortical projections.

Frontal lobe overlapping projections

Tracts from the frontal lobe led to overlapping pathways (figure 5.11) and were cate-

gorised as a) limbic–executive, b) executive–rostral-motor, c) executive–caudal-motor

and d) rostral-motor–caudal-motor. A threshold of 50 samples was applied to the

projections and subsequently the overlapping areas were determined. The limbic–

executive overlap occupies the ventral medial area of the pre–commissural cd and the

posterior and ventral post–commissural pu. The location of this overlap agrees with

that of non human primates as described by Haber and colleagues [75]. The executive–

rostral-motor overlap is the most extensive and resides in the dorsal pre–commissural

striatum and post–commissural pu. Even though it is spatially consistent with the

overlaps described in primates [32], in our human study it appears to extend further.

The executive–caudal-motor overlap is found only in the post–commissural striatum
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Limbic Executive Rostral-motor Caudal-motor Parietal Occipital Temporal

Rostral

Caudal

2/26 subjects 26/26 subjects
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Y=-2mm
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Figure 5.7: Population connectivity maps of each cortical area with the striatum. To
create the maps, for each voxel the number of subjects with a connection probability
(between the striatal voxel and the cortical target) higher than 50% was estimated. The
connectivity maps are overlaid on the mni template. R=right; L=left.
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Rostral 

Caudal 

Subject 1 Subject 2 Subject 3 Subject 4

Y=22mm

Y=15mm

Y=9mm

Y=1mm

Y=-9mm
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R L R L R L R L

R L R L R L R L

R L R L R L R L
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Figure 5.8: Individual functional subdivisions in four randomly selected subjects (mni
space — coronal planes). Each column corresponds to a subject starting from rostral
(top row) to caudal (bottom row). To obtain the functional subdivision for each sub-
ject a two-step procedure was applied. First the projections from the four brain lobes
(frontal, parietal, occipital, temporal) were calculated and each lobe’s dominant area was
established. Subsequently, the frontal lobe was subdivided into four anatomical regions
of interest, each associated with a specific function (limbic, executive, rostral-motor and
caudal-motor) and the projection of each target to the frontal lobe dominant area was
estimated. Each voxel was assigned to the target that gave the highest connection prob-
ability. R=right; L=left.
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Pre-commissural Post-commissural

Rostral

Caudal
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Y=-7mm

Y=-13mm

Figure 5.9: Connectivity–based population atlas of striatum overlaid on the mni template
(mni space – coronal planes). First column corresponds to the pre-commissural and
second column to post-commissural striatum. Colour-scheme is as follows: red = limbic,
yellow = executive, green = rostral-motor, blue = caudal-motor, magenta = parietal,
grey = temporal lobe and orange = occipital lobe. R=right; L=left.
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Limbic
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Caudal-motor

Parietal

No threshold 1 % 5 % 10 %
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Figure 5.10: Effect of thresholds on the cortical–striatal connectivity maps in a repre-
sentative subject. The first column shows the total projection from each target to the
striatum. Subsequent columns show the connectivity maps after thresholded at 1%, 5%
and 10% of the maximum connectivity value respectively. R=right; L=left.
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and specifically in the dorsal cd and dorsal and central lateral pu. Finally, the rostral-

motor–caudal-motor overlap is found in the post–commissural lateral pu. In order

to examine the sensitivity of these finding to the arbitrary choice of threshold, we

applied increasing levels of threshold (1 %, 5 % and 10 %) to the tractography results

for each striatal projection. Although the occupied volume of the overlapping areas

changed substantially from the threshold of 1 % to that of 10 % the aforementioned

overlaps were preserved. This evidence and the fact that the existence and location

of these overlaps have been confirmed by tracing studies, supports their use to report

dopamine-related measures in the corresponding areas.

Rostral

Caudal

R L R L R L R L

R L R L R L R L

R L R L R L R L

Y=-9mm

Y=12mm

Y=23mm

Y=-7mm

Y=-2mm

Y=11mm

Y=-9mm

Y=-6mm

Y=-1mm

Y=-13mm

Y=2mm

Y=11mm

Figure 5.11: Overlapping projections in the striatum averaged across subjects and overlaid
on the mni template (mni space – coronal planes). The columns correspond to overlaps
between: i) limbic and executive (first column); ii) executive and rostral-motor (second
column); iii) executive and caudal-motor (third column); and iv) rostral-motor and caudal-
motor (fourth column). A threshold of 50 samples was applied to the projections and
subsequently the overlapping areas were determined. R=right; L=left.
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5.3.3 Discussion

Our findings show bilaterally symmetric and topographically consistent projections of

the cortical targets to the striatum, which are organised into discrete and overlapping

networks. The spatial consistency of the connectivity-based subdivisions is reflected

qualitatively by the consistency of the functional classifications across subjects respec-

tively (figure 5.8). For the connectivity-based functional subdivision of the striatum

two diffusion datasets were used. For the first data set twelve subjects were recruited

and the diffusion weighting was isotropically distributed along thirty (30) directions.

For the second dataset fourteen subjects were employed and the diffusion weight-

ing was distributed along sixty-four (64) directions. The thirty-directions datasets

generally recover similar cortical-striatal pathways to those found with sixty-four-

directions datasets and the functional parcellation of the striatum yields consistent

results across subjects. A difference that was observed in the functional parcellations

of the striatum in five out of fourteen subjects, who had sixty-four directions dwi

data, was the ability to recover the cortical limbic projections to the medial wall of

the caudate. These projections are detected in primate tracing studies and were not

observed in any of the thirty-directions datasets in our study.

For both datasets our model assumed up to two crossing fibers per voxel. A more

complex local representation of the underlying fiber architecture requires higher qual-

ity dwi data (i.e. larger number of diffusion directions). As reported by Behrens and

Jbabdi [18], depending on the technique that is used to reconstruct multiple fibers it

may be necessary to acquire data from fifty (50) to hundreds of different gradient ori-

entations and therefore our thirty directions dataset might not be of adequate quality

to apply such complex approaches. However, since we did not observed consistent

differences between the functional segmentation of the striatum obtained with the

two datasets we preserved the crossing fiber approach for all the data.
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As Parent [141] reports and as shown by our study, virtually all cortical areas con-

tribute, at varying degrees, to the cortical-striatal projections. Consequently, the

projections from all cortical lobes to striatum were considered for a comprehensive

examination of the functional organisation of the striatum. The frontal lobe con-

nections are dominant contributing 82± 7% of the total striatal volume and are the

main source that influences the functional organisation of the striatum. A detailed

anatomical subdivision of the frontal lobe was performed, with each subdivision as-

sociated with a particular function, and the projections from each subdivision were

estimated. As with non human primate data [75] the ventral–medial prefrontal and

orbital cortices connect to the anterior ventral cd and pu, the nac and also the

ventral post–commissural pu, which in primates also receives projecting fibers from

the amygdala [63]. A discrepancy we observed between our results and the primate

tracing studies, is that the limbic projections do not extend to the medial wall of

the pre–commissural cd in all subjects [75]. This might be due to the fact that this

projection is very thin and with the current dwi resolution it has not been possible

to recover it. In addition, we explored the projections of the cingulate cortex (areas

32/24) to understand if in humans this contributes to the medial limbic territory but

such connections were not detected. The limbic volume contributes to 20 ± 7 % of

the total striatal volume, which corresponds well with primate limbic volumetric es-

timates of 22 % from tracing studies [75]. Amygdala and hippocampus complex was

excluded from the limbic target. As expected, and consistent with previous human

dwi studies [39] and non human primate tracing studies, projections from these struc-

tures were found in the vst area and the ventral post–commissural pu. However,

in most of our subjects strong connections were also observed in the lateral anterior

caudate, next to the internal capsule and also in the lateral pu parallel to the external

capsule. Although termination and exclusion masks were used to investigate further

these projections, the results were inconclusive and these structures were excluded
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from the limbic target. In non human primates, fibers from the amygdala reach stria-

tum via two routes (personal communication Professor Haber). The first route is

via the substantia innominata–nucleus basalis, pass under the anterior commissure

and reach the striatum. The second route involves fibers that ascend parallel to the

external capsule. It is therefore highly possible that the discrepancy we observed here

is due to crossing fibers in the anterior commissure – internal capsule and external

capsule and hence the amygdala tracts follow these white matter bundles.

The executive projections occupy a large portion of the striatum and this finding con-

tradicts the concept that striatum is primarily a motor functional region. Projections

from this target were found in rostral striatum and extended in the post–commissural

striatum. In our data, the probability of connections for tracts originating from the

executive target showed a degree of variability in the anterior caudate. These results

are in agreement with those of Lehericy and colleagues [116] who reported tracking

variability across subjects in the anterior striatum. Rostral-motor projections occupy

the dorsal tier of rostral striatum and extend to dorsal pu caudal to the anterior

commissure. Our findings are consistent with those of non human tracing studies [72]

and other dwi studies in humans [52]. The caudal-motor projections reside in the

post–commissural striatum. These projections overlap with the rostral-motor projec-

tions caudal to the anterior commissure and extend further posteriorly. The pattern

of cortical projections to the striatum supports the theory of elongated rostral-caudal

domains [157].

For the rest of the brain, a coarse anatomical approach was followed, by estimating

the projections from the entire lobe. Areas where parietal lobe projections dominate

occupy 11±5 %, the second biggest cortical-striatal connections, and reside mainly in

the posterior striatum. In eight out of twelve subjects we observed small patches of

parietal projections in the anterior striatum mainly in the central cd, a finding that
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is consistent with primate studies [33]. Parietal lobe is a functionally heterogeneous

structure that consists of executive, visual, somatosensory and limbic sub-regions. At

first we considered parcellating the parietal lobe into anatomical subdivisions that

would represent the four functions. Nevertheless taking into consideration evidence

from tracing studies that: a) the visual cortex contributes the least from all the cor-

tical regions [98, 141]; and b) the limbic areas of the parietal lobe are connected with

visual and somatosensory areas [33], we decided that it is preferable to subdivide

the parietal lobe only into the somatosensory area (ss) and posterior parietal (pp)

area as described elsewhere [20, 25]. However, the projections from these two areas,

ss and pp, show an extensive overlap, an observation confirmed by Bohanna et al.

[25] and Cavada et al. [34] that did not justify the subdivision of the parietal into ss

and pp. Therefore, considering parietal lobe as one entity was the most reliable choice.

Temporal and occipital lobes have limited connections with the striatum. Temporal

projections in non human primates have been reported in the ventral-medial anterior

cd [157] and the tail of the cd [181]. However, we did not observe projections to

the tail of the cd. This discrepancy might be due to the fact that the cd roi did

not include the whole tail of the structure as the small size of the tail did not allow

reliable tracing for all slices. Our cortical-striatal projections are in agreement with

those reported by Bohanna et al. [25] with the exception that we did not observe any

projections from the occipital lobe to the cd.

Accumulating evidence [52, 75] supports the concept of distinctive and overlapping

networks in the striatum, which form the basis for reward-based learning and goal-

directed behaviours. Our findings support the existence of overlapping projections

throughout the human striatum, engaging striatum in integrating information be-

tween functions, via overlapping networks. Our results indicate that the executive

area overlaps with all the other functional areas (limbic, rostral-motor, caudal-motor).
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This suggests executive involvement in both motor and limbic functions; in other

words, it points to a role for the striatum in orchestrating the top-down component

of action planning and selection.

5.4 Connectivity–based subdivision of the pallidum

In non human primates, striatum sends massive projections to pallidum, imposing

its functional organisation (figure 5.3). Here, we study the projections from the func-

tional territories of striatum to pallidum in humans, using probabilistic tractography

[21]. The analysis was performed in individual subjects in two steps. First the stria-

tum was parcellated into functional territories as described in section 5.3. After the

hard segmentation of the striatum (method cbe) the rostral-motor, caudal-motor and

parietal subdivisions were combined to make the sensorimotor striatal territory. Fi-

nally projections to the pallidum from the limbic, cognitive and sensorimotor striatal

areas were estimated (figure 5.12).

Figure 5.12: Methods overview to subdivide pallidum into connectivity-based functional
regions. To obtain these subdivisions a two step procedure was followed. First the striatum
was segmented according to the methods described in section 5.3. Subsequently the
limbic, executive and sensorimotor motor striatal regions were defined and used to estimate
the probability of connection between the pallidum and these striatal functional targets.
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5.4.1 Materials and methods

Subjects, data acquisition and probabilistic tractography

Twelve healthy subjects underwent dwi scans 30 directions “blip-up” and “blip-down”.

The data set and the probabilistic tractography methods are described in detail in

section 5.3. In brief, tractography was performed in the subjects’ continuous space

and the results were output in the mni space. Five thousand sample tracts were gen-

erated from each voxel in the pallidum mask. As indicated in section 5.2 the “indirect

pathway” involves the projections from striatum to gpe, which in turn projects to

the gpi. Although the resolution of our dwi data probably would not detect such a

short connections, to eliminate this probability, the pallidum mask was employed as

a termination mask. Termination masks will stop the striatal projections as soon as

they enter the pallidum.

Region of interest preparation

Pallidum was manually defined on each subjects’ T1-weighted mri image and com-

prises of gpe, gpi and small parts of the vp nucleus. As mentioned in chapter 4, vp is

not visible on a standard T1-weighted mri and is located below the ac an area where

there is an admixture of the vp, vst and substantia innominata regions [85]. Figure

5.13 shows the pallidal roi defined on a subjects’ T1-weighted image and the pallidal

subdivisions on the subject’s wm–nulled image. Definition of the pallidum roi was

carefully performed to exclude the vst and substantia innominata structures.
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Figure 5.13: Figure shows the fgatir image and the T1-weighted image in the same
subject. First row is the fgatir mri image showing the 3 structural subdivisions of the
pallidum, gpe, gpi, and vp. The bottom row shows the pallidum roi (purple) overlaid
on the subjects’ T1-weighted image. R=right; L=left.

Pallidal functional subdivision

Connection probabilities from the limbic, cognitive and sensorimotor striatal territo-

ries were estimated for each individual subject. Sensorimotor area comprises of the

rostral-motor, caudal-motor and parietal striatal rois obtained with the cbe method.

We decided to use the sensorimotor area instead of the individual areas that sensori-

motor area consists of, for various reasons. Firstly, a preliminary investigation showed

that there was a great overlap between these regions. Secondly, as pallidum is a small

structure, subdivisions into five sub-regions compromises consistency across subjects

and reliability. As Traynor [175] reports increasing the number of target regions re-

duces the within subject reproducibility and increases the between subject variability.

Third, non-human primate tracing or degeneration studies, have dealt with the sen-

sorimotor area as a whole [61, 141] and therefore, our approach permits a “direct”

comparison between the non-human and human functional organisation. Occipital
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and temporal lobe projections were excluded from the analysis as they occupy small

parts of the striatum and the location of these projections are not consistent across

subjects after hard segmentation.

Like the cortico–striatal projections, the striatal projections to the pallidum are con-

sidered to be organised into parallel and overlapping networks [84, 141, 145]. There-

fore, similar to striatum, the striatopallidal connectivity maps are processed into two

ways: a) for each subject, exclusive connectivity-based functional rois (cbe) were

created following the procedures described by Johansen-Berg and colleagues [92]; b)

each subject’s connectivity maps were thresholded at 1%, 5% and 10% of the max-

imum connectivity value to exclude noise and voxels with low connectivity values.

The functional areas obtained with this method will be respectively abbreviated as

follows: cbo-thr1 cbo-thr5 and cbo-thr10.

Pallidal connectivity–based atlases

Population maps of the connectivity profile of each striatal area with the pallidum

were created, following the methodology described in section 5.3. However, prelimi-

nary data suggested that the striatal-pallidal connection probabilities are lower than

those obtained for the cortical-striatal network. Therefore, to construct the pop-

ulation maps the voxels with a connection probability (between the pallidum and

the striatal target) higher than 25 % and not 50 % were preserved as suggested by

Johansen-berg [92]. The connectivity population maps were, in addition, used to cre-

ate a pallidum population atlas with each voxel assigned to the striatal target that

the majority of subjects had connections with.
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5.4.2 Results

Similar to non human primate species the three striatal functional territories also

send projections to the pallidum in humans. These projections are topographically

organised, are bilaterally symmetric and occupy the pallidum to varying degrees.

After hard segmentation of the pallidum across subjects, the executive area dom-

inates with 63 ± 27 % of the total pallidal area (striatal executive area volume:

5.73 ± 1.15 cm3) followed by the sensorimotor with 37 ± 13 % (striatal sensorimo-

tor area volume: 2.75± 0.55 cm3 ). The limbic area occupies the lesser portion of the

pallidum with approximately 6± 4% (striatal limbic area volume: 2.32± 0.79 cm3).

Table 5.2 shows the volume that striatal projections occupy after the hard segmen-

tation (cbe) and also for the cbo-thr1, cbo-thr5 and cbo-thr10 projections.

Limbic striatum connects to the rostral pole of the gpe, the ventro–medial tip of the

pre–commissural gpe and the ventro–medial gpi. The executive striatum occupies the

entire rostro–caudal extent of the pallidum with the highest connection probabilities

observed in the dorso-medial anterior and central pallidum while low connection prob-

abilities were found in the posterior pallidum. In contrast to the projections from the

executive striatum, the sensorimotor projections reside in the ventral pre–commissural

pallidum whereas post–commissuraly the sensorimotor projections occupy both the

ventral and lateral pallidum. Figure 5.14 shows the population connectivity maps of

the striato–pallidal projections. These maps show that the striatal projections have a

distinctive pattern and at the same time they overlap extensively. Particularly in the

rostral pallidum, anterior to the ac, the limbic and sensorimotor projections overlap

in the ventral areas whereas the executive projections overlap with those from the

limbic and sensorimotor targets in the rostral and caudal pallidum areas respectively.

Figure 5.15 shows the subdivisions with the cbe method in four representative sub-
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Figure 5.14: Population connectivity maps of the limbic, executive and sensorimotor areas
in the pallidum, determined from the connections with corresponding striatal areas. To
create the maps, for each voxel the number of subjects with a connection probability
(between the pallidum voxel and the striatal target) higher than 25% was estimated.
R=right; L=left.
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jects, which can be seen to be symmetrical and relatively coherent across individuals,

while figure 5.16 shows the population atlas. Figure 5.17 illustrates the impact of

different thresholds on the topography and size of the projections that the pallidum

receives from the striatum.

SensorimotorLimbic Executive

Rostral

Caudal

Subject 1 Subject 2 Subject 3 Subject 4

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

LR

Y=4mm

Y=2mm

Y=-2mm

Y=-8mm

Figure 5.15: Individual functional subdivisions in four randomly selected subjects (mni
space – coronal planes). Each column corresponds to a single subject, starting from
rostral (top row) to caudal (bottom row). To obtain the functional subdivision for each
subject a two-step procedure was applied. First the striatum was subdivided into limbic,
executive, and sensorimotor functional territories. Subsequently, the projections from each
of these striatal functional territories to the pallidum was estimated. Finally, each voxel
was assigned to the target that gave the highest connection probability. R=right; L=left.

5.4.3 Discussion

Our data demonstrate that the striatal projections to pallidum are topographically

organised and are bilaterally symmetric. A projection is topographically organised if

the spatial order of the projective fibers is reflected in the spatial organisation of the

receiving fibers. As shown in figure 5.14, the limbic striatum, which is located in the

ventral striatum (figure 5.7), projects to the ventral pallidum. Similarly, projections

from the executive striatum, which is located throughout the striatum, projects along

pallidum’s rostrocaudal extent with the highest connection probabilities in the dorsal
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Figure 5.16: Connectivity–based population atlas of pallidum (mni space, coronal planes).
Colour-scheme is as follows: red = limbic, yellow = executive, light blue = sensorimotor.
R=right; L=left.
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Figure 5.17: Effect of thresholds on the striatal–palital connectivity maps in a representa-
tive subject. The first column shows the total projection from each target to the striatum.
Subsequent columns show the connectivity maps after thresholded at 1%, 5% and 10%
of the maximum connectivity value respectively. R=right; L=left.
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anterior region. The sensorimotor striatum preserves this topographical organisation

with the highest connection probabilities found in the post–commissural pallidum.

The topographical organisation observed in our study is also found in non-human

primates [98, 99, 77, 84, 82, 141, 61].

The executive projections occupy the majority of the pallidum with 63± 27 % of the

total pallidal area. Similar to the striatum, the pallidum is considered a sensorimotor

structure [141]. However, it seems that both striatum and pallidum, due to the large

projections they receive from the executive brain regions, are principally concerned

with executive information. Limbic pallidum occupies the smallest proportion with

6± 4%. However, evidence from primate studies suggest that the vst, the area that

corresponds to the limbic part of the striatum, projects extensively to the vp – an

area which is minimally sampled in our pallidal roi. For this reason the percentage

contribution of the limbic pallidum, estimated in our study, might not be a good

approximation of the actual limbic representation in humans.

Figure 5.15 shows the functional organisation of the pallidum in four representative

subjects, after hard segmentation. In general, there is good agreement across subjects

with ventral pre–commissural pallidum showing the greatest variability. In this area

there is an overlap between the limbic and sensorimotor projections (figure 5.14) and

after hard segmentation (assignment of each voxel to the striatal target with the high-

est connection probability), the two areas intermingle as shown in figures 5.15 and

5.16. Although there is not a direct reference for a limbic–sensorimotor overlap in the

pre–commissural ventral pallidum of non-human primates, the anatomical areas that

correspond to the limbic and sensorimotor functions project to the pre–commissural

ventral pallidum. Specifically, vst (limbic), projects to the ventral pre–commissural

pallidum [77, 141] whereas post–commissural putamen, a predominately sensorimotor
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area, projects to the ventro–lateral pallidum.

Pallidum is considered an area of extensive convergence [77, 84, 82, 141, 61]. Al-

though we have observed extensive overlaps between all three functional territories

in the pallidum, we believe that our data cannot reliably speculate on their existence

and location. This is due to several factors. First, the resolution of the dwi data in

association with the short distances of these pathways, as they are originating from

neighbouring structures, makes their recovery difficult. Therefore, the overlaps could

be a technical artefact. The connection probabilities of the striatal–pallidal pathways

are substantially lower as compared to the cortico–striatal probabilities. After apply-

ing the thresholds of 1%, 5% and 10%, these overlaps are either not preserved or their

location is not consistent across subjects. Therefore, for the aforementioned reasons

and also as data is not available in non-human primates, in order to confirm their

existence and location, we are not confident about reporting. Nonetheless, executive

pallidum has high connection probabilities and occupies the rostra-caudal extent of

the pallidum. Therefore, we are confident about reporting that it overlaps with the

limbic and sensorimotor areas. Consequently, as in the striatum, there is an execu-

tive involvement in both motor and limbic functions, pointing to a role for the bg in

orchestrating the top-down component of action planning and selection.

In conclusion, using dwi data we identified the functional subdivisions of the human

striatum and pallidum. The functional organisation of these structures is consistent

between subjects and the human functional organisation has the same pattern with

that obtained in primates with distinctive and overlapping networks.



Chapter 6

Quantification of dopamine d2r and
d3r distribution with [11c]phno

6.1 Introduction

The d3r were characterised in 1990 by Sokoloff [167], and are thought to be implicated

in several neurological, psychiatric and substance–use disorders. The high concentra-

tion of d3r in brain areas linked with functional aspects of motivation and reward

have made them an attractive target for the treatment of psychiatric and addictive

disorders. Studies exploring the distribution of the d3r in the human brain using

post-mortem tissue [71, 135] have reported a declining rostral to caudal gradient of

the d3r concentration in the striatum as well as the existence of d3r in some extra-

striatal locations, such as the substantia nigra and the thalamus. In the striatum

the d3r are particularly enriched in the nucleus accumbens and the pre–commissural

ventral putamen. d3r sites and mrna were observed in the pallidum [71, 135] with

the highest concentrations found in the internal segment of the globus pallidus and

the ventral pallidum. Gurevich [71] documented the existence of d3r in the anterior

ventral thalamus and throughout the hypothalamus, though at considerably lower

levels than in the striatum and pallidum. Gurevich stressed the relative abundance

of the d3r in the mammilothalamic tract and the mammilary bodies of the hypotha-

lamus. Table 6.1 and Table 6.2 show the concentrations of d2r and d3r in healthy

subjects obtained from autoradiography studies in healthy subjects [71, 135].

134
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Table 6.1: Autoradiographic experiments with [125i]epidepride and [125i]pipit were carried
out using concentrations of the radioligands equal their respective Kds. This makes
concentrations of d2r and d3r binding sites roughly comparable, even though Bmax
values were not obtained. n/d- specific binding not detected. Table adapted from Gurevich
et al. [71]

Regions
d2r receptor

binding
(fmol/mg)

d3r receptor
binding

(fmol/mg)
Basal ganglia and basal forebrain

Dorsal caudate nucleus 64.2± 4.5 9.65± 1.36
Ventral caudate nucleus 55.8± 4.5 13.84± 2.04
Dorsal putamen 67.9± 5.5 15.60± 2.72
Ventral putamen 63.9± 5.2 22.17± 3.3
Nucleus accumbens 49.3± 7.8 24.8± 3.9
Tail of caudate 48.7± 6.1 7.67± 1.09
Globus pallidus external 15.5± 2.8 7.37± 1.31
Globus pallidus internal 2.32± 0.55 9.34± 1.34
Ventral pallidum 7.35± 2.69 10.6± 3.22
Nucleus basalis 17.5± 12.46 3.84± 1.3

Thalamus

Anteroventral nucleus 3.21± 0.44 4.96± 0.46
Mediodorsal nucleus 3.0± 1.23 1.53± 0.43
Ventral anterior nucleus 2.39± 0.4 2.16± 1.24
Ventral lateral anterior nucleus 3.05± 1.45 0.98± 0.5
Ventral lateral posterior nucleus 2.62± 1.29 1.37± 0.45
Central medial nucleus 5.42± 1.15 n/d
Central lateral nucleus 3.69± 0.92 n/d
Reuniens nucleus 3.19± 0.33 2.92± 1.4
Paracentral nucleus 2.63± 0.53 n/d
Ventral posterior lateral nucleus 0.98± 0.14 n/d
Lateral geniculate nucleus 1.54± 0.08 0.86± 0.27
Medial geniculate nucleus 1.93± 0.37 0.8± 0.29
Mammillothalamic tract n/d 5.79± 0.38
Subthalamic nucleus 4.17± 0.69 n/d

Hypothalamus

Medial preoptic area 8.45± 1.55 n/d

Continued on next page
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Table 6.1 – continued from previous page

Regions
d2r receptor

binding
(fmol/mg)

d3r receptor
binding

(fmol/mg)
Dorsal hypothalamic area 5.37± 0.76 n/d
Anterior hypothalamic area 4.84± 1.9 n/d
Paraventricular nucleus 5.49± 1.55 1.04± 0.19
Dorsomedial nucleus 3.83± 1.58 n/d
Ventromedial nucleus 2.82± 0.45 n/d
Lateral hypothalamic area 4.56± 1.16 1.72± 0.39
Arcuate nucleus 8.53± 1.28 n/d
Posterior hypothalamic area 5.49± 1.55 1.84± 0.19
Tuberomammillary nucleus 7.86± 1.38 2.18± 0.68
Supramammillary nucleus 5.66± 1.1 1.87± 0.28
Mammillary nuclei 2.34± 0.73 4.32± 1.47
Mammillary fasciculus n/d 5.79± 0.38

Amygdala

Amygdalostriatal transitional area 10.98± 1.97 2.4± 0.03
Amygdalopiriform transitional area n/d 1.7± 0.51
Central nucleus 2.64± 0.89 1.56± 0.28
Cortical nucleus n/d 1.65± 0.4
Basolateral nucleus dorsolateral division 5.03± 2.2 2.48± 0.4
Basolateral nucleus dorsal division 5.69± 2.32 2.54± 0.46
Basolateral nucleus intermediate division 5.91± 3.0 2.35± 0.3
Basolateral nucleus paralaminar division 4.04± 3.1 1.9± 0.14
Basolateral nucleus ventromedial division 5.75± 3.5 1.77± 0.17
Basolateral nucleus ventrolateral division 3.64± 2.33 1.9± 0.25
Basomedial (accessory) nucleus n/d 1.85± 0.22
Lateral nucleus 1.35± 0.45 0.96± 0.37

Substantia nigra and ventral tegmental
area

Substantia nigra pars compacta 15.44± 3.56 5.07± 0.64
Substantia nigra pars reticulata 9.78± 1.54 4.19± 0.18
Substantia nigra pars reticulata rostral 3.44± 0.52 11.33± 1.78
Substantia nigra pars lateralis 12.07± 2.73 3.1± 0.4
Paranigral nucleus 13.18± 2.83 n/d
Parabrachial pigmented nucleus 10.58± 1.93 n/d
Caudal linear raphe nucleus 7.69± 1.00 n/d
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Table 6.2: The total Bmax values are for [125i]epidepride binding; Bnax values for d2r
and d3r receptors are estimated from displacement experiments. Values are mean±SD
for a minimum of four subjects per region.Table adapted from Murray et al. [135]

Regions
d2r receptor

binding
(fmol/mg)

d3r receptor
binding

(fmol/mg)
Rostral striatum
Caudate 116.8± 18 17.2± 4

Nucleus accumbens
Striosome 79.1± 15 118.5± 11
Matrix 101.2± 9 51.0± 7
Ventral putamen 88.1± 14 94.6 + 10

Caudal striatum
Caudate 155.3± 16 10.2± 7
Ventral putamen 101.3± 13 35.6± 7

Pallidum
External 58.6± 17 8.1± 4
Internal 4.4± 2 47.3± 11
Ventral 4.5± 2 39.3± 10

Basal forebrain

Septal nucleus 19.3± 4 89.4± 16
Islands of Calleja 17.3± 3 73.6± 16
Nucleus basalis 15.1± 3 76.1± 11

Midbrain
Medial and A10 25.8± 11 63.6± 17
Lateral (A9) 36.7± 12 8.4± 7
A8-raphe 21.1± 9 3.3± 4

Amygdala
Basolateral 38.8± 14 8.7± 3
Central 6.4± 2 51.1± 11

Amygdalostriatal 5.2± 2
62.9± 9
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Despite these post–mortem findings, the in–vivo investigation of d3r had been lim-

ited due to the lack of a selective d3r pet ligand. The d3r are co-localised with the

d2r sites in the brain, with the d2r expression being higher. The existing antag-

onist (i.e. [11c]raclopride, [18f]fallypride) and agonist ([11c]npa) pet ligands bind

with comparable affinity for the d3r, the d2rhigh and the d2rlow, and consequently

measure the total d2r signal without distinguishing between the functionally inert

d2rlow and the functionally active d2rhigh [187]. Agonist radioligands, similar to

dopamine itself, bind predominately to the d3r and d2rhigh sites.

The introduction of [11c]phno [188], with its in–vitro 30 to 50-fold selectivity for the

d3r over the d2r [62, 182] and its suitability as a promising agonist ligand for in–vivo

imaging [65] has opened the possibility of imaging the d3r. [11c]phno was initially

introduced as a potent agonist radioligand suitable for imaging in–vivo the high affin-

ity state of the d2r [187, 65]. The ligand had the expected high specific binding in

the dorsal striatum, however, in comparison to other D2-like ligands it demonstrated

high binding in the pallidum and ventral striatum. The characteristic distribution of

[11c]phno combined with prior knowledge of the in–vitro preferential affinity for the

d3r sites, prompted speculations on whether [11c]phno had a d3r component to its

signal in–vivo. Narendran and colleagues [138], using the d3r preferring blocker BP-

897 in non-human primates, demonstrated that [11c]phno is indeed a d3r preferring

radioligand in–vivo. A recent study has confirmed this finding and estimated a 20 to

50-fold [64] in–vivo preference for the d3r in non–human primates.

Further investigation of the phno signal was performed by Rabiner [150] with in–

vitro investigation (autoradiography) of the [3h]phno binding in wild-type (wt), d2r

knock-out (d2rko) and d3r knock-out (d3rko) mice, following administration of

Vehicle or SB277011 (100-fold selectivity for d3r over d2r). Autoradiography en-

abled the visualisation and quantification of receptors at a high anatomical resolution
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and enabled the detection of molecules of interest in small quantities [107]. The bind-

ing of [3h]phno in the wt mice, after injection of vehicle, was high in cd, pu, vst,

pallidum, habenula and hypothalamus, whereas total binding in the cerebellum was

low. Results after injection of SB277011 in the knock-out and in wt mice implied

that d3r dominated the signal in the pallidum and extra–striatal regions, contributed

to a significant proportion of the signal in the vst and only to a small proportion of

the [3h]phno signal in the cd and pu.

[11c]phno binding was also examined in–vivo in non–human primates with pet at

baseline conditions and following administration of SB277011 at different doses (0.5-

5mg/kg) [150]. SB277011 produced a dose dependent reduction of the [11c]phno

binding with the following order sn> th> gp> vst> cd> pu. The [11c]phno spe-

cific binding attributed to the d3r was: sn = 98 %, th = 92 %, gp = 77 % vst =

57 %, cd = 33 % and pu = 21 %. These d3r contributions were derived assuming

one binding site for SB277011, as binding to the d2r at such doses was assumed

negligible. Graff-Guerrero and colleagues [66], following a similar approach, tried to

characterise the [11c]phno signal in–vivo in humans using the ABT-925 compound,

which had demonstrated a 45 to 120-fold in–vitro selectivity for the d3r over the

d2r. However, in–vivo the ABT-925 compound demonstrated at best a 4-fold higher

affinity for d3r over d2r and this did not allow for an effective dissection of the

[11c]phno signal into its d3r and d2r components.

As has been shown from in–vivo and in–vitro studies [150, 138] the [11c]phno binding

is a mixture of d3r and d2r components whose relative contribution varies region-

ally. The aim of this chapter is to explore the regional [11c]phno signal in–vivo in

healthy humans at baseline conditions and following d3r blockade. This will enable

partitioning of the regional [11c]phno specific binding into its d2r and d3r compo-

nents and characterisation of the densities and distribution of the D2-like receptors
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in the brain. Regional [11c]phno binding is examined in the subcortical dopamine–

rich regions that are defined using the landmark–based guidelines developed in chap-

ter 4. Furthermore, [11c]phno binding was also assessed in the connectivity-based

functional subdivisions of the striatum and the pallidum using probabilistic atlases

constructed according to the methodology presented in chapter 5.

6.2 Materials and methods

6.2.1 Subjects

Nineteen healthy male volunteers, aged between 22 and 55 years, free from clinically

significant illness or disease as determined by their medical history and standard lab-

oratory tests, had [11c]phno pet and T1-weighted mri scans. The data presented

here is the same cohort used in section 4.4. Studies were approved by local ethics

committees and all subjects gave written informed consent. All pet scans were con-

ducted at the centre of addiction and mental health in Toronto, Canada. Subjects

were scanned at baseline and received one to three further [11c]phno scans follow-

ing the administration of a selective d3r blocker (GSK598809) at doses of 5mg to

175mg. GSK598809 is a selective d3r antagonist which exhibits a 100-fold in–vitro

selectivity for the d3r over the d2r . The post-drug pet scans were scheduled to

begin approximately 2 to 3 hours after administration of the GSK598809 in order to

estimate occupancy shortly after the anticipated peak plasma levels. Blood samples

were taken for analysis of GSK598809 plasma pharmacokinetics.

6.2.2 Data acquisition

pet

In total, 48 PET scans were acquired on a siemens biograph hirez xvi pet tomograph

(siemens healthcare). Subjects were positioned in the scanner and movement was

minimised by using a custom-made thermoplastic facemask together with a head-

fixation system (tru-scan imaging, Annapolis, Maryland). Subjects were injected
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with a single intravenous bolus of [11c]phno between 235− 368MBq (mean=307.2,

sd=40.6) with specific activity ranging between 23.3−38.6GBq/µmol (mean=32.24,

sd=4.58) at the time of injection. The injected [11c]phno mass was between 2 −

2.6µg (mean=2.36, sd=0.13) and the radiochemical purity of the compound was 97.7-

99.9 % (mean=99.4, sd=0.6). Following bolus administration of [11c]phno, dynamic

emission data were acquired for 90 minutes (1× 30 s, 8× 15 s, 3× 1min, 5× 2min,

5 × 5min, and 5 × 10min). A low dose ct scan (effective dose=0.2mSv) was also

acquired and used for attenuation correction and model-based scatter correction. The

dynamic images were reconstructed using Fourier rebinning and a 2D filtered back

projection algorithm.

mri

T1-weighted images were acquired on a ge medical system signa excite hd, 1.5T.

The structural T1-weighted images (acquired in the axial plane: fspgr - ir prepped,

tr=12.008, te=5.1160, flip angle=20◦, resolution=0.78 × 0.78 × 1.5mm) were ac-

quired to aid in the definition of the subcortical rois and for registration of the mni

template and the connectivity atlases to the subject’s space.

6.2.3 Image preprocessing

The mri and pet images of each subject underwent a series of spatial processing

steps. The non-brain voxels from the mri images were removed using the fsl brain

extraction tool [165] and the extracted brain was rigidly registered to the nonlin-

ear mni152 template using flirt [89] in order to bring the subjects into a simi-

lar orientation and facilitate manual roi delineation. For the manual roi delin-

eation, the mri was made isotropic to the smallest voxel size of the original image

(0.79 × 0.79 × 0.79mm) in order to obtain the best possible visual quality (hires

image). pet images were corrected for motion by rigidly (six degrees of freedom)

realigning each frame (mcflirt [89]) to a reference frame defined as the average pet
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baseline volume. The manually defined rois and the warped atlases were aligned to

the pet data via a rigid registration of the hires mri to the pet baseline reference

frame.

6.2.4 Structural-based definition of rois

rois were manually defined on the subject’s hires T1-weighted image following the

guidelines described in chapter 4 (rois are listed in table 4.3). The anatomical cere-

bellum, which was used as the reference region for the quantification of the pet

signal, was obtained from the spatially normalised anatomical brain atlas described

in chapter 4. Each roi was then applied to the dynamic pet data to derive regional

time-activity curves (tacs).

6.2.5 Connectivity-based subdivisions of the striatum and pal-
lidum

For this study dwi data were not available, therefore it was not feasible to function-

ally subdivide the striatum and pallidum using the subject’s own dwi data and the

methods described in chapter 5. To obtain the functional subdivisions of the stria-

tum and pallidum the population connectivity atlases constructed in chapter 5 were

employed and were spatially normalised to the subject’s T1-weighted image via the

nonlinear registration (using fnirt [8]) of the mni template to the subject’s hires

image.

Two versions of the connectivity-based (cb) atlases were employed. The first ver-

sion involves the connectivity probability maps and will be denoted with “cbo” as

in str-cbo-limbic. In this version (cbo) each functional subdivision includes voxels

that are exclusively connected (discrete network) to a cortical target as well as voxels

that concurrently connect to other targets (overlapping networks) (figures 5.7 and

5.14). The second version includes the atlases that assign a sole function to every
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voxel after performing “hard" segmentation (figures 5.9 and 5.16) and these atlases

will be denoted with “cbe” as in str-cbe-limbic.

Using the two versions of the atlas, the striatum was subdivided into limbic, executive,

rostral-motor, caudal-motor, parietal, occipital and temporal sub-regions. In addi-

tion, the rostral-motor, caudal-motor and parietal striatal subdivisions were combined

to create the sensorimotor functional area. The pallidum was also subdivided into

limbic, executive and sensorimotor territories. To customise further the probabilistic

atlases to each subject, the subject’s segmented grey matter image, thresholded at

0.25, was employed to mask the rois.

The nomenclature for the connectivity-based subdivisions of the striatum and pal-

lidum are as follows: the prefixes str and pal correspond to the striatum and the

pallidum respectively. The middle part of the name denotes whether the exclusive

atlas (cbe) or the connectivity probability maps that allow overlapping zones (cbo),

were employed. Finally, the suffix denotes the functional specificity of the roi such

as str-cbe-limbic or pal-cbo-executive.

6.2.6 Assessment of the performance of the connectivity-based
atlases

As dwi data were not available for this study, the probabilistic connectivity atlases

created in chapter 5 were employed and customised to each subject’s space. Data

from a separate study were used to assess the correspondence between connectivity-

based subdivisions defined using the subject’s own dwi data and those obtained from

the spatial normalisation of a connectivity probabilistic atlas.

Fourteen healthy male volunteers aged between 27 and 60 years were employed to

assess the agreement between the atlas–defined and the within–subject–defined func-
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tional subdivisions. The data presented here is the same cohort used in section 5.3.

For each subject a range of scans were performed to acquire a T1-weighted structural

mri, 64-directions “blip-up” and “blip-down” diffusion-weighted mri and [11c]phno

pet at baseline conditions. Additional information about the subjects and the ac-

quisition protocols can be found in chapter 8. The connectivity-based subdivision of

the striatum and pallidum were performed following the methodology described in

chapter 5 and the spatial normalisation of the atlases was performed according to

the methodology described in section 6.2.5. The assessment was performed in terms

of the spatial overlap between the functional subdivisions by calculating the dice

coefficient using equation 4.1. In addition, the agreement in the regional baseline

[11c]phno binding was also calculated (equation 4.2).

6.2.7 Derivation of the parameters of interest - bpnd and d3r/d2r
contribution to the total [11c]phno specific signal

The structural-based and connectivity-based rois were applied to the dynamic pet

data to derive regional time activity curves (tacs) before applying the simplified

reference tissue model (srtm) [69, 108] to derive regional bpnd estimates. The cere-

bellum was used as the reference region. Regional bpnd estimates are proportional to

the number of available receptors and can be described by:

BPND =
fNDBavail

KD

(6.1)

where fND is the free fraction of the non-displaceable ligand in the brain, Bavail is

the density of the available receptors and 1/KD is the affinity of the ligand to the

receptors. Since [11c]phno binds to d3r and d2r sites, the total [11c]phno bpnd can

be described by:

BP PHNO
ND = BPD3R

ND +BPD2R
ND (6.2)
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where BPD3R
ND and BPD2R

ND correspond to [11c]phno binding to the d3r and the d2r

respectively. According to equation 6.1 the total [11c]phno binding can be expressed

as:

BP PHNO
ND = fND

(
BD3R

avail

KD3R
D

+
BD2R

avail

KD2R
D

)
(6.3)

where BD3R
avail is the density of the available d3r and 1/KD3R

D is the [11c]phno affinity

for the d3r. Similarly BD2R
avail is the density of the available d2r and 1/KD2R

D is the

affinity for the d2r sites.

The single site competition model assumes that GSK598809 binds solely to the d3r

and that binding to the d2r sites is negligible and can be ignored. GSK inter-

nal studies have shown that the in–vitro selectivity of the GSK598809 for the d3r

over the d2r is 100-fold and this justifies the selection of the single site competition

model. Therefore, following administration of GSK598809, a number of d3r sites

are occupied by the compound and the number of BD3R
avail reduces proportional to the

administered dose. This results in a change to the measured BP PHNO
ND , which in a

pet study is described by:

∆BP PHNO
ND =

(
BP baseline

ND −BPGSK598809
ND

BP baseline
ND

)
100 % (6.4)

Where BP baseline
ND is the total [11c]phno binding at baseline and BPGSK598809

ND is the

total [11c]phno binding after the administration of the GSK598809 compound. The

change in [11c]phno bpnd is related to the concentration of the GSK598809 compound



CHAPTER 6. QUANTIFICATION OF DOPAMINE D2-LIKE RECEPTORS 146

in plasma and, assuming a single site competition model, it can be described by:

Occupancy = X

(
CGSK598809

P

CGSK598809
P + ECD3R

50

)
(6.5)

where CGSK598809
p is the plasma concentration of GSK598809, ecd3r

50 is the plasma

concentration of GSK598809 that leads to a 50% occupancy of the d3r, and X rep-

resents the fraction of radiotracer binding attributable to the binding site (i.e. d3r).

In other words, X in our study corresponds to the fraction of [11c]phno binding to

the d3r and can be expressed as:

fD3R
PHNO =

BPD3R
ND

BPD3R
ND +BPD2R

ND

(6.6)

Combining equations 6.4 to 6.6 and assuming a single site competition model (binding

only to the d3r sites) for the GSK598809 the bpnd obtained following administration

of the selective d3r antagonist can be described by:

BP post−drug
ND = BPBaseline

ND

 fD3R
PHNO

1 +
CGSK598809

p

ECD3
50

+
(
1− fD3R

PHNO

) (6.7)

where BPBaseline
ND and BP post−drug

ND are the bpnd values at baseline and following dosing

with GSK598809 respectively.

Regional fD3R
PHNO were estimated via model fits to equation 6.7 with ECD3

50 shared

between regions under the assumption that the free brain concentration and affinity

of GSK598809 are homogeneous across the brain. The estimation of fD3R
PHNO allowed

the determination of the BPD3R
ND and BPD2R

ND using the following equations:

BPD3R
ND = fD3R

PHNO BP
PHNO
ND (6.8)
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BPD2R
ND =

(
1− fD3R

PHNO

)
BP PHNO

ND (6.9)

6.3 Results

All forty-eight [11c]phno pet scans and corresponding mri scans from the nineteen

subjects were analysed successfully to derive regional estimates of bpnd and fD3R
PHNO.

After the tracer injection, three subjects reported mild nausea.

6.3.1 Distribution of [11c]phno in the structural subcortical
regions

High accumulation of [11c]phno was observed in the striatum and pallidum whereas

lower concentrations were observed in the midbrain, thalamus and hypothalamus.

The concentrations within the pallidum, thalamus and striatum were not spatially

homogeneous. Specifically, in the striatum a lower concentration was observed in the

ventral striatum but it was notably higher than concentrations observed in studies

that use other agonist (i.e. [11c]npa) or antagonist (i.e. [11c]raclopride) ligands. In

the pallidum a higher accumulation was seen in the rostral and ventral pole of the

pre–commissural pallidum, whereas in the thalamus a higher accumulation was seen

in the anterior-medial thalamus.

In all regions, [11c]phno concentration peaked within the first 20minutes but the

washout rate of the radioactivity was different between regions (figure 6.1). The

fastest washout rate was in the cerebellum, whereas washout in the pallidum was

more protracted. A good description of the kinetic data was achieved using srtm

at baseline and following the administration of GSK598809, with the cerebellum as

the reference region. Figure 6.1 shows regional srtm model fits for a representative

subject at baseline and post 175mg of GSK598809. After administration of 175mg of
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GSK598809 the activity in sn and hypo reached the level of activity in the cerebellum

whereas in the cd and the pu we observed the least reduction.
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Figure 6.1: [11c]phno tacs and srtm model fits in one subject at baseline and after
the oral administration of 175mg of the selective d3r antagonist GSK598890 in the
anatomical rois

Following administration of the GSK598809, a regional and dose dependent reduction

of the [11c]phno signal was observed. After administration of 175mg of GSK598809,

the highest reduction was observed in the sn, hypo and pallidum, whereas in the

cortical regions, cd and pu the signal was marginally reduced. In the cerebellum,

which was used as the reference region, a small change was seen in the vermis. Figure
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6.2 shows a parametric srtm [11c]phno bpnd image [69], in a representative subject,

at baseline conditions and following the administration of 175mg GSK598809.

A prominent decrease in bpnd was measured in the sn, hypo, gp and vpsi and a

modest reduction in the th and vst. The lowest bpnd reduction was observed in the

cd and pu. Figure 6.3 shows the average [11c]phno bpnd at baseline (light grey) and

after administration of 75mg (grey) and 175mg (black) of GSK598809 in selected

brain regions. In agreement with the visual observations, the largest reduction of

the bpnd, following 175mg of GSK598809, was measured in the hypo, sn and pal-

lidum. In the striatum the bpnd was reduced after the administration of 175mg of

GSK508809, whereas at doses of 75mg the bpnd was unchanged. In the striatum the

largest reduction was in the vst.

The model described in equation 6.7 was fitted to the data from all subjects and

regions simultaneously (figures 6.4 and 6.5). The ECD3
50 was shared between regions

whereas fD3R
PHNO was estimated for each roi.

In table 6.3 the regional estimates for fD3R
PHNO and BPBaseline

ND are presented. In the

hypo and sn almost the entire [11c]phno signal is attributable to the d3r sites,

whereas in the cd and pu the [11c]phno signal is estimated to be solely due to the

d2r sites. In table 6.3 the two columns on the right hand side correspond to the

binding of [11c]phno to the d3r sites (BPD3R
ND ) and the d2r (BPD2R

ND ) sites derived

using equations 6.8 and 6.9. The highest concentration of d3r receptors is found

in the pallidum, followed by the hypo and sn with lower levels in the striatum and

particularly in the cd and pu.

Figure 6.6 shows the total [11c]phno and the BPD3R
ND and BPD2R

ND components. To

create this figure the parametric srtm bpnd image generated for each scan was non-
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Figure 6.2: [11c]phno parametric bpnd images at baseline and after administration of
175mg GSK598809 in the pre–commissural (top set of images) and post–commissural
(bottom set of images) striatum in a single subject. The top row of each set shows
the bpnd at baseline and the bottom row shows the bpndafter the administration of the
GSK598809. The image illustrates the marked change in the sn and hypo, the moderate
change in the gp and vst and the marginal change in the cd and pu. R=right; L=left;
A=anterior; P=posterior; D=dorsal; V=ventral.
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Table 6.3: [11c]phno parameters estimated in the dopamine–rich subcortical structures
using the model described in equation 6.7 and equations 6.9. Columns correspond to:
total [11c]phno baseline binding (BP PHNO

ND ); the fraction of baseline [11c]phno binding
that corresponds to d3r (fD3R

PHNO); [
11c]phno baseline binding to d3r (BPD3R

ND ), and to
d2r (BPD2R

ND ). Values in parentheses represent 95% confidence intervals.

Region BP PHNO
ND fD3R

PHNO
BPD3R

ND BPD2R
ND

vpsi 3.42 (3.30 – 3.54) 0.69 (0.59 – 0.79) 2.37 1.05

gp 2.62 (2.50 – 2.73) 0.57 (0.46 – 0.67) 1.48 1.14

hypo 1.10 (0.98 – 1.21) 1 (0.78 – 1) 1.10 0

sn 1.04 (0.92 – 1.15) 0.92 (0.70 – 1) 0.96 0.08

th 0.37 (0.26 – 0.49) 0.46 (0 – 1) 0.17 0.20

vst 2.48 (2.37 – 2.60) 0.19 (0.09 – 0.29) 0.47 2.01

pu 2.19 (2.07 – 2.30) 0 (0 – 0.12) 0 2.19

prevpu 2.50 (2.39 – 2.62) 0.01 (0 – 0.12) 0.04 2.47

predpu 1.92 (1.81 – 2.04) 0 (0 – 0.14) 0 1.92

prepu 2.29 (2.17 – 2.40) 0 (0 – 0.11) 0 2.29

pospu 2.08 (1.96 – 2.19) 0 (0 – 0.13) 0 2.08

cd 1.46 (1.35 – 1.58) 0 (0 – 0.18) 0 1.46

precd 1.53 (1.41 – 1.64) 0 (0 – 0.17) 0 1.53

poscd 1.04 (0.93 – 1.16) 0 (0 – 0.25) 0 1.04
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Figure 6.3: [11c]phno bpnd at baseline (light grey) and after administration of 75mg
(grey) and 175mg (black) of GSK598809 in selected brain regions

linearly warped onto the mni template. Subsequently, fD3R
PHNO was estimated at the

voxel level by fitting the single site competition model (equation 6.7) to the spatially

normalised parametric images and constraining the ECD3
50 to the value estimated on

a regional basis. Afterwards, using the average parametric srtm [11c]phno baseline

bpnd template and equations 6.8 and 6.9 we derived the BPD3R
ND and BPD2R

ND images.

The distribution shown reflects the estimated regional fD3R
PHNO. The figure shows that

the majority of the signal from the hypo, sn, vpsi and gp is due to the d3r. A

heterogeneous distribution is observed in the th where a d3r signal is seen in the

rostral nuclei of the thalamus. In the striatum, on the other hand, the majority of

the signal is due to the d2r. In particular, in the pu and cd the signal is entirely

due to the d2r, while in the vst the signal is a mixture of the d2r and d3r with

the majority being d2r. The estimated values in the hypo and sn indicate that

the [11c]phno signal is predominantly attributable to the d3r. In the vpsi and gp

this becomes less marked but the majority of the signal is still attributable to the d3r.
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Figure 6.6: Summary of the [11c]phno bpnd: total (top), d2r (middle) and d3r
(bottom) bpndoverlaid on the mni template. To create the figure the baseline and
post-GSK598809 scans from all subjects were employed. R=right; L=left; A=anterior;
P=posterior; D=dorsal; V=ventral.
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6.3.2 Distribution of the [11c]phno in the connectivity-based
functional subdivisions of the striatum and pallidum

To characterise the [11c]phno signal in the connectivity-based functional subdivisions

of the striatum and pallidum the atlases constructed in chapter 5 were employed

and spatially normalised to each subject in order to define the connectivity-based

subregions. However, before we proceeded with the quantification of [11c]phno in

the functional subdivisions we examined whether the atlas subdivisions correspond

well with individual subject’s connectivity-based subregions. Data from another study

were employed to evaluate this correspondence. The comparison was made in terms of

volume overlap (dice coefficient, equation 4.1) of the atlas–defined subdivisions and

the subject’s individually-derived subdivisions, and also with regard to the variability

of the bpnd (equation 4.2). The results of the comparison are displayed in table 6.4.

Table 6.4: Agreement between subdivisions performed with individual data-driven
connectivity-based subdivisions and connectivity-based atlas.

Region dice(%) bpnd variability (%)

Striatum limbic 60.55± 6.33 1.58± 1.23

Striatum executive 55.37± 14.60 4.65± 3.90

Striatum rostral-motor 45.89± 8.38 4.20± 3.93

Striatum caudal-motor 35.17± 10.43 9.92± 7.66

Striatum parietal 36.75± 7.38 7.07± 3.95

Striatum sensorimotor 65.10± 6.45 4.95± 3.21

Striatum occipital 14.10± 15.45 22.99± 12.28

Striatum temporal 4.52± 4.51 21.86± 13.02

Pallidum limbic 13.22± 5.52 2.39± 2.38

Pallidum executive 50.86± 8.01 1.59± 1.32

Pallidum sensorimotor 49.56± 5.97 4.63± 3.17
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For the larger subdivisions, the dice coefficient is ∼ 50 % and the bpnd variability is

lower than 5 %, which is at a level comparable with the bpnd variability obtained for

the intra and inter operator manually–defined subcortical rois (chapter 4). For the

striatal subdivisions the dice coefficient ranges from 4.52 % for the temporal lobe to

65 % for the sensorimotor subdivision. As there is no scientific consensus to what is

considered a satisfactory dice coefficient, for the striatum, which is a relatively big

subcortical area, we set 50 % to be the lowest value. Therefore only the limbic, exec-

utive and sensorimotor areas were considered and employed for the quantification of

the pet signal. The pallidum is a substantially smaller structure and a dice of 50 %

was the maximum achieved. Other than the possible low regional correlation between

the atlas and the subject’s own functional subdivisions, the low dice coefficient could

also be due to the small size of the pallidum (figure 4.6) and due to the fact that non-

linear registration algorithms do not perform well in this area as the pallidal tissue is

an admixture of white and grey matter and due to this admixture and partial volume

effects the region has a low contrast which might impact the registration between the

mni template and the subject’s T1-weighted image. The dice for the limbic area

of the pallidum is only 13 %. As we reported in chapter 5, the limbic area of the

pallidum is predominantly the ventral pallidum, which is a region that is not visible

on standard T1-weighted images. Hence the pallidal roi does not inclute this area

and therefore the limbic area is very small and in some instances is comprised of only

a few voxels. However, the bpnd variability of the limbic pallidum is only 2.39 %

and this supports the use of this region, although the results should be treated with

caution. Therefore, for both the striatum and pallidum we have characterised the

[11c]phno signal in the limbic, executive and sensorimotor functional subregions.

As with the structural subdivision, the srtm model describes the kinetic behaviour

well in the connectivity-based functional subdivisions of the pallidum and striatum

(figure 6.7) at baseline and following the administration of 175mg of GSK598809.
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Again, different washout rates were observed with a particularly slow washout in the

pallidal subdivisions as compared to the striatum.
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Figure 6.7: [11c]phno tacs and srtm model fits in one subject at baseline and after
oral administration of 175mg GSK598809, using the connectivity-based functional rois
of the striatum and pallidum

Using equation 6.7 we estimated fD3R
PHNO and BP PHNO

ND and from equations 6.8 and

6.9 the d3r and d2r bpnd were derived for each connectivity-based functional sub-

division in the striatum and pallidum. Figures 6.8 and 6.9 show the model fits, and

the parameter estimates with confidence intervals are given in table 6.5.

There is a good agreement between the results derived for the subdivisions from the

exclusive atlas (cbe) and from the subdivisions obtained with the connectivity prob-

ability maps (cbo) that allow overlapping zones between the functional parcellations.

In the limbic striatum approximately 20 % of the [11c]phno signal is attributable to
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the d3r sites, whereas in the other subdivisions of the striatum the [11c]phno signal

is almost entirely due to the d2r sites. In contrast, in all pallidal regions the majority

of the [11c]phno signal is due to the d3r. The highest concentration of d3r is in the

limbic, followed by the executive and sensorimotor. Notably, the density of the d2r

sites (BPD2R
ND ) is uniformly distributed across the functional subdivisions of both the

striatum and pallidum.

Table 6.5: [11c]phno parameters estimated in the connectivity-based functional subdivi-
sions of the striatum and pallidum using the model described in equation 6.7 and equations
6.8 – 6.9. Columns correspond to: total [11c]phno baseline binding (BP PHNO

ND ); frac-
tion of baseline [11c]phno binding corresponding to d3r (fD3R

PHNO); [
11c]phno baseline

binding to d3r (BPD3R
ND ), and to d2r (BPD2R

ND ). Values in parentheses represent 95%
confidence intervals.

Region BP PHNO
ND fD3R

PHNO
BPD3R

ND BPD2R
ND

Str-CBo-lim 2.41 (2.31 – 2.51) 0.17 (0.06 – 0.27) 0.40 2.01

Str-CBo-exe 2.07 (1.97 – 2.17) 0.02 (0 – 0.15) 0.04 2.03

Str-CBo-sMo 2.00 (1.90 – 2.09) 0 (0 – 0.14) 0 2.00

Str-CBe-lim 2.42 (2.32 – 2.52) 0.19 (0.08 – 0.29) 0.45 1.97

Str-CBe-exe 2.01 (1.91 – 2.10) 0.01 (0 – 0.15) 0.03 1.98

Str-CBe-sMo 1.88 (1.78 – 1.97) 0 (0 – 0.14) 0 1.88

Pal-CBo-lim 3.98 (3.88 – 4.08) 0.76 (0.68 – 0.84) 3.03 0.94

Pal-CBo-exe 3.04 (2.94 – 3.14) 0.70 (0.60 – 0.79) 2.11 0.92

Pal-CBo-sMo 2.71 (2.62 – 2.81) 0.65 (0.55 – 0.75) 1.76 0.95

Pal-CBe-lim 3.61 (3.51 – 3.70) 0.72 (0.60 – 0.78) 2.60 1.01

Pal-CBe-exe 3.05 (2.95 – 3.15) 0.69 (0.61 – 0.79) 2.10 0.94

Pal-CBe-sMo 2.23 (2.13 – 2.33) 0.51 (0.40 – 0.63) 1.15 1.08
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6.4 Discussion

In this chapter we have examined the distribution of [11c]phno in healthy humans

at baseline conditions and after the administration, at varying doses, of the selective

d3r antagonist GSK598809. This allowed the [11c]phno specific binding signal to

be partitioned into its d3r and d2r components using equation 6.7, and provided

information about the relative density of these receptors in the living human brain.

For baseline conditions, [11c]phno concentration was high in the subcortical regions,

especially in the striatum and the pallidum. [11c]phno signal was also observed in

other regions such as the mesencephalon, th and hypo. There was no significant

[11c]phno signal in cortical regions except for some low activity in the subiculum and

the parahippocampal gyrus. In vpsi we measured the highest bpnd (3.47) followed by

the gp, whereas the th had the lowest bpnd estimates (0.37).

Although [11c]phno has a higher preferential affinity for d3r, it is not sufficiently

large to render the imaging probe completely d3r selective and thus the d2r contri-

bution must also be considered. The contribution of each receptor type to the total

[11c]phno bpnd depends on the relative regional density of the d2r / d3r sites. In or-

der to dissect the [11c]phno signal for each region into its d2r and d3r components,

the single site model was used. This model assumes that the GSK598809 compound

binds only to one site, the d3r. The results indicate that in the hypo and sn almost

the entire signal is due to the d3r receptors, whereas in the cd and pu the signal is

only due to d2r. The highest concentration of d3r sites was in the pallidum and the

lowest in the dorsal striatum, which has the highest concentration of d2r. The high

concentration of d3r in the pallidum, coupled with the high preferential affinity of

[11c]phno for this receptor type, is consistent with the slow washout rate observed

in the pallidum.
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The two site model was also investigated, which assumes that the GSK598809 com-

pound binds not only to the d3r but also to the d2r. The two site model yielded

comparable results, while the Akaike information criterion was marginally better for

the one site model for the estimates of bpnd with the srtm model. Nevertheless, a

recent study by Searle and colleagues [156] characterised the GSK598809 compound

in–vivo and found that the two site binding model (binding of the GSK598809 to both

d3r and d2r) produced significantly better fits to the data than the single site model

(d3r only). Searle and colleagues also demonstrated that the in–vivo selectivity of

the GSK598809 compound is around 75-fold for the d3r over the d2r.

In the d3r rich regions our results are compatible to in–vitro [71] and in–vivo studies

in baboons [150]. However, the fD3R
PHNO in the d2r rich regions such as the cd and

the pu is lower and the model does not seem to describe the data well (figures 6.4,

6.5 and 6.8). In particular, at high concentrations of GSK598809 the occupancy has

negative values, which means that the post-challenge bpnd is higher than the bpnd

at baseline. This may be attributed to blockade of the receptors in the reference

region after the administration of the GSK598809. Rabiner and colleagues [150], who

measured the arterial input function, found a dose dependent decrease in cerebel-

lar vt following administration of SB277011 in primates. Specifically, a decrease in

cerebellar vt of up to 28 % was measured at doses of 5mg/kg of SB277011. In our

study we have estimated the suv (ratio of tissue radioactivity concentration divided

by the injected activity and the body weight) in the cerebellum and found a reduc-

tion of 13 %. In addition, the d3r parametric bpnd image showed a small signal in

vermis (bpnd ∼ 0.25). We have examined the occipital lobe, parietal lobe, frontal

lobe, dorsal cerebellum and ventro-lateral cerebellum as potential reference regions.

However, all candidate reference regions have a similar or equal signal decrease after

the administration of GSK598809. Only the dorsal cerebellum shows a smaller de-

crease (regional bpnd obtained with dorsal cerebellum is ∼ 5 % higher compared to
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regional bpnd obtained with the whole cerebellum). However, the small size of this

region leads to poor statistics; therefore the whole cerebellum was selected for the

reference region. A conclusive statement as to the suitability of the cerebellum as a

reference region in human studies warrants further investigation.

In this study we have identified and quantified the d3r binding in two regions, the

vpsi and the hypo, which had not been examined in–vivo before even though there is

in–vitro evidence that supports the existence of d3r. [11c]phno accumulation in the

hypo was observed in the bpnd parametric images (figure 6.6). While we had some

concern that the signal might be due to spill-over effects from the vpsi and/or the

gp, the high fD3R
PHNO (∼ 100 %) and bpnd values (1.17 ± 0.25) from both parametric

and dynamic analyses in conjunction with the in–vitro human [169, 71] and findings

in mice [150] suggests that the accumulation of [11c]phno here is due to the presence

of d3r in the hypo. The vpsi has the highest [11c]phno bpnd across regions. These

results are in agreement with the in–vitro studies [169, 71] that have identified the

ventral pallidum as a region with a high concentration of d3r. We have to point

out that the vpsi includes both the ventral pallidum and the substantia innominata

regions, and therefore a direct comparison with the ventral pallidum data cannot be

made. A high bpnd signal was also observed in areas where the bed nucleus of the

stria terminalis (bnst) and extended amygdala are located. The extended amyg-

dala has been accepted as a useful concept in the investigation of drug addiction and

neuropsychiatry disorders [85] making this observation important, and increasing the

need to investigate the existence of d3r and d2r in this region.

The [11c]phno signal was also characterised in the connectivity-based functional sub-

divisions of the striatum and pallidum. In both structures the highest fD3R
PHNO and

BPD3R
ND were in the limbic regions. This finding is in accord with theories that assign

a primarily limbic role to the d3r and justifies the efforts to target the d3r for the
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treatment of addictive and other psychological disorders. In the executive and senso-

rimotor targets of the striatum the estimated fD3R
PHNO is negligible. However, similar

to the cd and pu, there is a dip in the occupancy estimates (figure 6.8) after admin-

istration of high doses of GSK598809, which can be explained by a blockade of the

cerebellum. This could result in underestimation of the fD3R
PHNO in the d2r rich regions.

In the pallidum, d3r were found in all functional subdivisions with the lowest esti-

mates found in the sensorimotor region. The estimated fD3R
PHNO in the sensorimotor

pallidum, which constitutes 40% of the total pallidal volume, was comparable to the

estimates for the whole gp structure (57 %). In the limbic and executive regions the

average fD3R
PHNO was around 72 %. This suggests that merging the signal from different

functional subdivisions might underestimate the overall finding and this might prove

an important issue when comparing healthy and diseased cohorts. The parameters of

interest for the striatum and pallidum were estimated for the cbe and cbo atlases and

the results were comparable. This shows that quantification within the connectivity-

based subdivisions is robust. Moreover, there was an excellent correlation between

[11c]phno bpnd in the limbic striatum and the vst structure. This demonstrates that

our guidelines for the definition of the vst are able to effectively capture the limbic

territory of the striatum.

Some limitations of this study should be acknowledged. For example, we cannot sub-

divide certain regions reliably with the mri sequences acquired in this study. The

in–vitro findings suggest that in the gp, th and sn the d3r are not homogeneously

distributed. In particular, the d3r concentration in the gpi, sn pars reticulata and

the antero-ventral thalamic nucleus is higher. Therefore a subdivision of these re-

gions, based on functional data or anatomical data, should be considered. Advanced

mri sequences such as the fgatir [171], should be acquired to aid in the subdivi-

sion of these regions. In addition, we did not apply partial volume correction in this
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study. The subcortical regions of interest studied here have different surroundings

that will impact quantifications differently. For example, the striatum is near the

pallidum, which has a high specific binding, and the sn is surrounded by areas with

little detectable activity. The neighbouring structures can potentially overestimate

or underestimate the quantification of d3r in the region of interest due to spill-in or

spill-over effects respectively.

The kinetic modelling was performed using the srtm model to describe the data.

As we have discussed, the cerebellum might not be an optimal reference region as

there is some evidence for a small amount of specific binding in subregions of the

cerebellum. Also, srtm assumes just a single tissue compartment in both target and

reference regions which could lead to a small bias in the estimated binding poten-

tial although these effects should be minimal for challenge–based studies where the

fractional change in BPND is sought. Nevertheless, without arterial blood data it is

not possible to assess whether the reduction of [11c]phno signal in the cerebellum is

due to displacement of a small amount of specific binding. The study by Searle et al.

[156] used the d3r selective GSK618334 compound and acquired arterial blood data

to assess the binding in the cerebellum. They discovered that the vt values in the

cerebellum were reduced to a modest degree in a dose-dependent manner, suggest-

ing the presence of specific binding. Specifically, they derived vt values in baseline

conditions and following various doses of GSK618334 that led to plasma concentra-

tions ranging from approximately 10ng/ml to 1000ng/ml. These data showed that

increasing plasma concentrations of GSK618334 led to decreasing cerebellum vt val-

ues, with the magnitude of this decrease at the highest doses being around 20%.

Searle and colleagues [156] also applied the 1TC and 2TC models (see chapter 3) to

the [11c]phno baseline and post-drug data and found that the 2TC model produced
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superior model fits in all rois. The bpnd values derived using the 2TC model (calcu-

lated from the 2TC vt data) were also compared with those derived from the srtm

model. As is the case for other radiotracers, the srtm bpnd values were underes-

timated relative to 2TC estimates, especially for higher values, but the correlation

between the two was strong (r2 = 0.95). However, as we are measuring the relative

change in bpnd between baseline and post-drug scans, the bias introduced by using

the srtm model will be small, according to Searle and colleagues, relative to the

subject’s discomfort and the measurement variability associated with the acquisition

of the blood data.

In our study three subjects reported nausea, which is consistent with reports from

other studies [134]. There is hence the possibility that the [11c]phno doses that

were administered resulted in a non-negligible fraction of the target receptors being

occupied (mass dose effect). A low mass is necessary not only to avoid pharmaco-

logical or potential toxic effects but is also required in order to keep the experiment

at “tracer conditions” [170], which will provide reliable quantitative estimates for the

bpnd. Tracer conditions refer to pet experiments where the cold ligand occupies <

5-10% of the receptor/transporter target. There are two main consequences of the

violation of the tracer assumptions. First, for studies involving two pet [11c]phno

scans at short time intervals (some hours apart) a carry-over effect (occupancy of the

receptors by “cold” (+)phno) is possible, which will underestimate the bpnd estimates

of the second scan. Second, non-tracer amounts of (+)phno might not provide reli-

able estimates of the bpnd and will underestimate any occupancy effects. Searle et al.

[156] estimated that in order to achieve tracer conditions the injection of [11c]phno

would need to contain less than 0.15 µg of (+)phno. However, with the current ra-

diochemistry techniques, it is difficult to produce [11c]phno with high enough specific

activity to avoid any mass dose effects.
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In summary for the quantification of d2r and d3r distribution with [11c]phno we

used the srtm model with the cerebellum as the reference region and we assumed the

single site binding model for the GSK598809 compound. A recent study by Searle and

colleagues [156] has explored in more detail the limitations raised here and imply the

following: a) the srtm may not be the optimal model; b) evidence for a small amount

of specific binding in the cerebellum; c) GSK598809 binds to both d3r and d2r; and

d) mass dose effects. However, our estimates for the d3r and d2r distribution and

Searle’s estimates, after correcting for the bias introduced from the aforementioned

factors, were in a good agreement with the highest discrepancy observed in the d2r

regions such as the cd and the pu, which is possibly attributable to the specific

binding present in the cerebellum. Specifically the fD3R
PHNO estimated in our study

versus Searle’s estimates were: sn: 0.92 vs 0.87, hypo: 1 vs 0.90, vpsi: 0.69 vs 0.71,

gp: 0.57 vs 0.66, vst: 0.19 vs 0.39, th: 0.46 vs 0.69, cd: 0 vs 0.21 and pu: 0 vs

0.14. In conclusion, by using a selective d3r antagonist and robust image analysis

techniques it has been possible to dissect the regional d3r signal from [11c]phno

scans in humans in–vivo.



Chapter 7

Dopamine release within the
anatomical and functional
subdivisions of the bg following
d-amphetamine stimulation

7.1 Intoduction

Dopamine release in subcortical regions of the brain has been extensively studied with

pet and spect imaging using agonist and antagonist ligands (see Laruelle [110, 111]

for a review). In–vivo studies report a differential regional dopamine release that is

not explained by the cytoarchitectonic organisation of the structures. For example,

Drevets and Martinez [54, 127] have reported a ventro-medial/dorso-lateral and pos-

terior/anterior gradients of increasing dopamine release following an amphetamine

challenge. This topographical pattern of dopamine release seems to be aligned with

the functional organisation of these structures.

The aim of this chapter is to quantify amphetamine-induced dopamine release in

the connectivity–based functional subdivisions of the human striatum and pallidum.

Quantification of dopamine in the functional territories may provide new insights

about dopamine function, help understand the neurochemical organisation and po-

tentially help the development of novel therapeutic compounds and comprehension of

169
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dopamine related neurological disorders. The first part of this chapter determines, in

individual subjects, the cortical-striatal and striatal–pallidal projections to function-

ally parcellate the striatum and pallidum using the methodology described in chapter

5. The second part of the chapter applies these functional subdivisions to pet neuro-

transmission data to quantify regional dopamine release following the administration

of d–amphetamine. To examine whether dopamine release has a functional or a

structural specificity dopamine is also measured in the structural subdivisions of the

striatum in the same subjects and the measurements are compared. pet data from

two d2r/d3r dopamine ligands were investigated: the agonist [11c]phno, which has

a preferential affinity for the d3r sites [64] and the antagonist [11c]raclopride, which

has equal affinity for the d2r/d3r. This permits testing of the robustness of the find-

ings across two pet radioligands and investigation of whether the regional detection

of dopamine release depends upon the relative distribution of the d2r/d3r and the

ligands’ preferential affinities.

7.2 Materials and methods

7.2.1 Subjects

The study was conducted at the glaxosmithkline clinical imaging centre, Hammer-

smith Hospital, London and was approved by Essex 1 research ethics committee and

the administration of radioactive substances advisory committee (arsac). Twelve

healthy male volunteers were recruited, aged between 25 and 55 years, free from clini-

cally significant illness or disease as determined by their medical history and standard

laboratory tests. Each subject underwent a series of mri and pet scans. Nine sub-

jects completed four pet scans, two with [11c]phno and two with [11c]raclopride in

a counterbalanced order. A further three subjects received only two [11c]phno scans

as two of these dropped out of the study and the third was withdrawn because of

an incidental finding. For each ligand, subjects initially received a baseline scan and
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thereafter d-amphetamine was administered orally (0.3mg/kg) on an empty stom-

ach, three hours prior to the start of the challenge scan. The two administrations

of amphetamine were separated by a minimum of 6 days. Subjects provided written

informed consent.

7.2.2 Data acquisition

mri data

High resolution T1-weighted and dwi images were acquired with a 32-channel head

coil on a siemens tim trio, 3t mri scanner (siemens healthcare, Erlangen, Germany).

An isotropic T1-weighted (1mm3) image was acquired with a magnetisation-prepared

rapid gradient echo (mprage) sequence (tr = 3000ms, te = 3.66ms, flip angle of 9◦,

ti = 1100ms, matrix = 256×192. A parallel imaging factor of 2 was applied to enable

an acquisition time of 5 : 21min). dwi data were acquired using echo planar imaging

(epi) (tr = 9000ms, te = 86ms, flip angle of 90◦ and voxel size of 1.875× 1.875×

1.9mm3). The diffusion weighting was isotropically distributed among 30 directions

(b-value=1000 s/mm2) and a non-diffusion-weighted image (B0) was acquired at the

beginning of each scan. epi acquisitions are prone to geometric distortions that can

lead to errors in tractography [9]. To minimise this, two image sets were acquired with

the phase encoded direction reversed, resulting in images with geometric distortions

of equal magnitude but in the opposite direction, allowing for the calculation of a

distortion corrected image [10]. Before correcting geometric distortions, each image

set was corrected for motion and eddy-current related distortions. Diffusion data

analysis was performed with the fsl tools [90].

pet data

All subjects were scanned on a siemens biograph hirez xvi pet scanner (siemens

healthcare, Erlangen, Germany), under baseline conditions (no d-amphetamine chal-

lenge) and three hours following the oral administration of 0.3mg/kg of d-amphetamine.
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For each scan, subjects were injected with a single intravenous bolus of [11c]phno or

[11c]raclopride and dynamic emission data were acquired continuously for 90 min-

utes. Six of the subjects had their two [11c]phno scans on the same day (with at

least five hours between [11c]phno injections) whereas the other six subjects had the

two scans on separate days. [11c]raclopride scans were acquired on the same day.

The pet dynamic images were reconstructed, into 26 frames (8× 15 s, 3× 1min, 5×

2min, 5 × 5min and 5 × 10min), using a filtered back projection algorithm (di-

rect inversion Fourier transform; dift) with a 128 matrix, a zoom of 2.6, and a

transaxial Gaussian filter of 5mm. A low dose ct scan (effective dose 0.2msv) was

acquired for attenuation and scatter correction. The dynamic pet data were cor-

rected for motion via frame–to–frame image registration and aligned with the struc-

tural T1-weighted mri image using spm5b (wellcome trust centre for neuroimaging,

http://www.fil.ion.ucl.ac.uk/spm) with a mutual information cost function.

7.2.3 Connectivity-based subdivision of the striatum and pal-
lidum

The connectivity-based subdivision of the striatum and pallidum (figure 7.1) was

performed according to the methodology described in chapter 5. In brief, to obtain

the connectivity-based functional striatal sub–territories, the connection probabilities

from five cortical anatomical regions were calculated. The five cortical targets consist

of four frontal lobe subdivisions (limbic, executive, rostral-motor and caudal-motor)

and the parietal lobe. The parietal lobe, although a functionally heterogeneous struc-

ture consisting of somatosensory, visual, limbic and executive regions, is considered

as one entity as this was the most reliable option (details in chapter 5).

For the quantification of dopamine release, the occipital and temporal lobes were not

included in our analysis. As it has been shown in chapter 5, these lobes have very
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Figure 7.1: Schematic representation of the striatal and pallidal functional subdivision

confined and low probability connections (figure 5.7). After hard segmentation the

occipital lobe occupies 2% of the total striatal volume whereas the temporal lobe

occupies 5%. In addition, after hard segmentation, the occipital and temporal ter-

ritories were not spatially consistent across individuals and therefore are not reported.

For the connectivity-based subdivision of the pallidum the connection probabilities

from the limbic, cognitive and sensorimotor striatal territories to pallidum were esti-

mated for each individual subject. Sensorimotor area comprises of the rostral-motor,

caudal-motor and parietal striatal rois. Information about the decision to use the

sensorimotor area, instead of the individual areas that sensorimotor area consists of,

can be found in chapter 5.

As the cortico–striatal and the striatal–pallidal projections are organised into parallel

and overlapping networks, the projections are processed in two ways: a) for each sub-
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ject, exclusive connectivity-based functional rois (cbe) were created following the

procedures described by Johansen-Berg and colleagues [92]; b) each subject’s con-

nectivity maps were thresholded at 1%, 5% and 10% of the maximum connectivity

value to exclude noise and voxels with low connectivity values. The functional ar-

eas obtained with this method will be respectively abbreviated as follows: cbo-thr1

cbo-thr5 and cbo-thr10.

fmrib’s diffusion toolbox was used to perform probabilistic tractography [20]. Five

thousand sample tracts were generated from each voxel in the seed mask. The trac-

tography was performed in the subjects’ continuous space and the results were output

in the mni space. For the pallidum the seed mask was also used as a termination mask

in order to terminate the striatal projections as soon as they entered the pallidum,

to avoid the projections from gpe to gpi.

The complete striatum and pallidum outlines were manually defined on the subject’s

T1-weighted image. The cortical masks were transferred to the subject’s space after

a non-linear registration of the mni template to the subject’s T1-weighted image. To

tailor the cortical masks to the subject’s individual anatomy, the subjects’ segmented

grey matter (gm) and fractional anisotropy (fa) images, both normalised to the mni

template, were employed to mask the rois. The lower threshold for the gm partial

volume fraction was set at 0.25 and the fa upper threshold was set at 0.40.

7.2.4 Structural subdivision and definition of the striatum and
pallidum

A structural-based method that uses anatomical landmarks to subdivide the stria-

tum based on the guidelines described in chapter 4 was employed for comparison

with the connectivity approach. Two structural subdivisions are produced: a) the

striatum is subdivided into cd, pu and vst as described in chapter 4. The rois are
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defined on each subject’s T1-weighted image and this subdivision will be referred to

as structural-based rois (sb); b) pu is subdivided into pre– and post–commissural

as described by Martinez et al [127]. This technique was proposed in an attempt to

structurally approach the functional organisation of the striatum, incorporating infor-

mation from non-human primate tracing studies. Specifically, the vst is classified as

limbic striatum, the post–commissural pu as sensorimotor and the pre–commissural

pu with cd, as executive. These subdivisions will be referred to as structural-based

functional rois (sbf). Unfortunately, with the T1-weighted image it is not feasible

to subdivide pallidum into its structural components (i.e. gpe, gpi and vp) and

therefore pallidum was defined as a single unified structure.

7.2.5 Quantification of dopamine release

The basis function implementation of the simplified reference tissue model (srtm) [69,

108] was applied to the dynamic [11c]phno and [11c]raclopride pet data, using the

cerebellum as a reference region, to derive parametric images of the non-displaceable

binding potential (bpnd), which is proportional to the receptor availability. Each

subject’s pre- and post-d-amphetamine parametric images were co-registered using

flirt [89] and then transformed into mni space using the transformation parameters

derived from non-linearly registering the subject’s T1-weighted image to the 1× 1×

1mm3 nonlinear mni template with fnirt [8]. Subsequently the cbe, cbo-thr1, cbo-

thr5, cbo-thr10, sb and sbf rois were applied to the [11c]phno and [11c]raclopride

bpnd parametric images to calculate the regional estimates of bpnd. The fractional

change between baseline and post-d-amphetamine conditions then provides an index

of the synaptic dopamine release as,

∆BPND = 100

(
BPBase

ND −BPAmph
ND

BPBase
ND

)
% (7.1)

where BPBase
ND is the bpnd in the baseline condition and BPAmph

ND is the bpnd following
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the administration of d-amphetamine. The within region homogeneity index (%cov,

coefficient of variation) for the dopamine release, was calculated to provide an index

of homogeneity of dopamine release within each subdivision. The %cov is expressed

as the ratio of standard deviation and mean and is the measure of variability of the

data. When the %cov is high, it means that the data have high variability and

when the %cov is low, it means the data have less variability. Less variability of

dopamine release within an roi indicates that the defined roi describes effectively an

area that has a certain biological/physiological response to amphetamine. Therefore,

if the %cov within an roi is low it corresponds to a relatively homogeneous release

of dopamine across the voxels and across subjects within the region and this implies

that the definition of a certain roi describes better the physiological effects of the

area.

7.3 Results

Dopamine release post d-amphetamine, in the structural and connectivity-based func-

tional subdivisions of the striatum and pallidum was inferred from the percentage

change in [11c]phno and [11c]raclopride bpnd. The magnitude of the d-amphetamine

effect for both [11c]phno and [11c]raclopride is shown in figure 7.2. Following the ad-

ministration of d-amphetamine the psychological effects experienced by participants

include euphoria, increased libido, alertness, restlessness and anxiety.

7.3.1 Dopamine release in striatum

The dopamine release, and the within region homogeneity index (%cov), were mea-

sured for the connectivity-based (cbo-thr1, cbo-thr5, cbo-thr10, cbe), and structural-

based (sb, sbf) subdivisions of the striatum, and the results are shown in table 7.1

and figure 7.3.
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[11C]PHNO [11C]Raclopride

L

L

P

A

Figure 7.2: Parametric image of the [11c]phno and [11c]raclopride binding potential
(bpnd) before (top row) and after (bottom row) the oral administration of (0.3 mg/kg)
d-amphetamine in a single subject. R=right; L=left; A=anterior; P=posterior; D=dorsal;
V=ventral.

For the connectivity-based methods a consistent pattern of dopamine release was

found for the two ligands. Specifically, the highest dopamine release was measured

in the limbic area followed by the parietal, the caudal-motor and rostral-motor ar-

eas. The lowest dopamine release was measured in the executive region. For each

connectivity-based functional subdivision and for each ligand a statistical test (analy-

sis of variance (anova)) was performed to assess whether the mean dopamine release,

estimated for a particular function (i.e limbic, executive etc) with each method (cbo-

thr1,cbo-thr5,cbo-thr10, cbe), were different. Before applying anova the Shapiro-

Wilk test [159] was applied to test the normality of the data and the results show that

the distributions are normal. The outcome of the anova test demonstrated that the

difference in dopamine release across methods for each function were not significant.

In addition, anova was implemented to assess if dopamine is differentially released

in the striatal functional subdivisions. For [11c]phno data, the statistical analysis
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indicated that dopamine was differentially released in the striatal functional subdi-

visions for all methods (p-values: cbo-thr1 = 0.043, cbo-thr5 = 0.004, cbo-thr10

= 0.005, cbe = 0.002). Multiple comparison tests with Bonferroni correction were

performed, to determine which pairs of functional areas exhibit significant difference

in dopamine release. All methods, except cbo-thr1, showed significant difference be-

tween the limbic – executive (p-values: cbo-thr5 = 0.02, cbo-thr10 = 0.03, cbe =

0.02) and between limbic – rostral-motor areas (p-values: cbo-thr5 = 0.04, cbo-thr10

= 0.05, cbe = 0.04). The cbo-thr1 showed a significant difference only between the

limbic and executive regions (p-values: cbo-thr1 = 0.05). For [11c]raclopride the

anova tests show that dopamine is differentially released in the striatal functional

subdivisions defined with cbo-thr5 (p-value = 0.01) and cbo-thr10 (p-value = 0.03).

Specifically differential dopamine release was found in the limbic – executive pair

(p-values: cbo-thr5 = 0.04, cbo-thr10 = 0.05). For the cbe (p-value = 0.09) and

cbo-thr1 (p-value = 0.1) methods we did not detect a significant differential dopamine

release as data did not survive the corrections for multiple comparisons.

In the sbf subdivisions the highest dopamine release was in the limbic region (vst)

([11c]phno = 21.2±6.93%, [11c]raclopride = 14.1±6.38%) followed by the sensorimo-

tor (post–commissural pu) ([11c]phno= 16.8±4.17%, [11c]raclopride = 13.1±6.82%)

and executive regions (cd and pre–commissural pu) ([11c]phno = 13.4 ± 5.68%,

[11c]raclopride = 8.62± 5.09%). These results are in agreement with those obtained

by Martinez and colleagues [127] using [11c]raclopride. In the sb subdivisions of the

striatum, which has been the most commonly used method to date for the quan-

tification of striatal dopamine release, the highest release was measured in the vst

([11c]phno = 21.2±6.93%, [11c]raclopride = 14.1±6.38%) followed by pu ([11c]phno

= 16.4±4.42%, [11c]raclopride = 11.7±5.99%) and the lowest in the cd ([11c]phno=

14.3±6.84%, [11c]raclopride = 7.68±4.68%). Quantification with [11c]phno indicates

that dopamine is released differentially (anova test) in the structural-based subdi-
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visions (sbf p-value = 0.009 and sb p-value = 0.03) but no differential dopamine

release was detected for [11c]raclopride. For [11c]phno and the sbf method the

limbic–executive pair showed a significant difference, whereas for the sb method the

difference was only detected in the vst–cd pair.

The within region homogeneity index (%cov) for each method and each subdivision

was measured (figure 7.3 b, d and table 7.1) to assess the homogeneity of dopamine

release within each region. For the connectivity-based methods, the average %cov

was 23.48% for [11c]phno and 48.11% for [11c]raclopride. A higher average %cov

was measured in the sbf in comparison with the connectivity-based subdivisions.

In particular, the average %cov for [11c]phno was 33.3% and for [11c]raclopride

was 52.2%. For the sb, the average %cov is 35.9% for [11c]phno and 52.5% for

[11c]raclopride. As we progress from the structural subdivisions to the more sophis-

ticated connectivity-based subdivisions, measures of dopamine release become more

homogenous (lower %cov) (figure 7.3). To assess these differences the non-parametric

Mann-Whitney test was implemented to compare the homogeneity of dopamine re-

lease in the cbe (limbic, executive, rostral-motor, caudal-motor, sensory) versus the

structural-based rois (cd pu, vst (limbic), cd /pre–commissural pu (executive)

and post–commissural pu (sensorimotor)). The results show that homogeneity of

dopamine release was significantly higher in the cbe rois for both ligands ([11c]phno

p-value = 0.05 and [11c]raclopride p-value = 0.03). However, our concern was that

these significant differences might be driven by the fact that some of the cbe rois

are small in size, which might lead to lower %covs. We explored the correlation be-

tween the %cov and the size for each roi and no significant correlation was observed

(p-value = 0.3) (figure 7.4).

According to Haber and colleagues [75] limbic–executive overlapping areas medi-

ate incentive learning and these areas might be particularly sensitive to dopamine
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Figure 7.4: roi volume against the %cov of dopamine release. No significant correlation
was observed (p-value = 0.3).

modulation. The release of dopamine within the overlapping rois was quantified

with [11c]phno only, as it has been shown to provide a greater signal-to-noise than

[11c]raclopride. The release of dopamine as measured by %bpnd changes in the over-

lapping limbic–executive area was 18.2 ± 5.39% (limbic alone = 19.61 ± 6.78%, and

executive alone = 14.13±4.12%, using the cbo-thr1 method). In this experimental de-

sign we did not find any evidence that support that d-amphetamine provokes a higher

dopamine release in this overlapping area. Moreover, a similar conclusion was drawn

from the quantifications in the other overlapping areas. Specifically dopamine release,

as measured by %bpnd change, was: executive–rostral-motor overlap = 14.7± 4.15%;

executive – caudal-motor overlap= 16.2 ± 5.05%; and rostral-motor – caudal-motor

overlap= 16.0± 4.78%.

7.3.2 Dopamine release in pallidum

The dopamine release and the within region homogeneity index (%cov) were mea-

sured for the connectivity-based subdivisions of the pallidum (cbe, cbo-thr1, cbo-

thr5, cbo-thr10) (7.2) and pallidum as a whole. Unfortunately, subdivision of the
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pallidum into its gpe, gpi and vp components was not feasible as the mri sequences

acquired for this study did not allow such subdivision. For the connectivity-based

methods a consistent pattern of dopamine release was found for [11c]phno and this

was in agreement with the striatal pattern. In particular, the highest dopamine re-

lease was measured in the limbic area followed by the sensorimotor and the lowest

release was measured in the executive region. An anova test was performed to assess

whether the estimated dopamine release measured with [11c]phno for each functional

subdivision differed across methods (cbo-thr1,cbo-thr5,cbo-thr10, cbe). The results

did not show a significant difference across methods. Moreover, anova was imple-

mented to assess if dopamine was differentially released in the pallidal functional

subdivisions. In contrast with the striatum, differential dopamine release, measured

with [11c]phno, was not detected in the connectivity-based subdivisions.

For [11c]raclopride, dopamine release did not show a consistent pattern across the

connectivity-based methods. For all methods, the highest dopamine release was mea-

sured in the sensorimotor territory whereas the limbic and executive territories had a

similar release with their order interchanged. Specifically, for the cbo-thr1 method,

the executive region had a higher dopamine release than the limbic, whereas in the

other methods the order was reversed (table 7.2). The Shapiro-Wilk test [159] was

applied and the results indicate that the measurements of dopamine release were

normally distributed across subjects and subdivisions. Therefore, an anova test

was performed to examine whether the dopamine release was significantly different

between pairs of functional subdivisions. The results did not show a statistically sig-

nificant difference across subdivisions, or methods for any of the pairs.

Subdivision of the pallidum into its structural components was not possible, so the

structural measurement of dopamine release in the pallidum was done across the

whole structure. The measured dopamine release was 10.35± 10.23% measured with
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[11c]phno and 10.15± 6.93% with [11c]raclopride.

The %cov of dopamine release for each method and each functional subdivision was

measured (table 7.2, bottom row) to assess the homogeneity of dopamine release. For

the connectivity-based methods the average %cov was 77% for [11c]phno and 60%

for [11c]raclopride. A higher average %cov was measured in the whole pallidum

in comparison with the connectivity-based subdivisions. In particular, the average

%cov for [11c]phno was 99% and for [11c]raclopride 68%.

7.4 Discussion

Striatum

D-amphetamine-induced reduction of the bpnd has been well validated as a measure

of changes in synaptic dopamine [110, 111]. To date, agonist and antagonist ligands

have been used to explore dopamine release in the striatal subdivisions and pallidum,

which have been defined based on structural criteria [127, 162]. Here, two PET ra-

dioligands, the agonist [11c]phno and the antagonist [11c]raclopride have been used

to quantify dopamine release, within the connectivity-based functional subdivisions

of the striatum and pallidum.

In the connectivity-based functional subdivisions of the striatum the highest release

of dopamine was measured in the limbic, followed by the sensory, motor and executive

regions. This pattern was consistent for both ligands (table 7.1) and across all the

functional subdivisions (cbo-thr1, cbo-thr5, cbo-thr10and cbe). A statistical com-

parison, for each function (region) separately (limbic, ececutive etc.), showed that the

quantification of dopamine release is not affected by the connectivity-based method

employed. The aforementioned data indicate that the connectivity-based subdivision
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of the striatum is a robust method for the quantification of the pet signal. Never-

theless, the selection of an appropriate threshold is critical in order to detect regional

differences in dopamine release. For [11c]phno, which has higher sensitivity in de-

tecting dopamine release than [11c]raclopride, all methods except the cbo-thr1 have

shown a significant difference in dopamine release between the limbic-executive and

limbic-rostral motor pairs. The cbo-thr1 approach applies a lower threshold of 1% to

the maximum connectivity value, and this may not be large enough to exclude noise

and voxels with low connection probabilities.

The cortical-striatal projections are organised into discrete and overlapping networks.

The advantage of using methods that define the connectivity-based rois by applying

a lower threshold to the connection maps over the hard segmentation method (cbe)

is that it includes voxels that are both exclusively connected (discrete network) to a

cortical target and concurrently connect to other targets (overlapping networks).

The sbf method, which was proposed by Martinez and colleagues [127] and endeav-

ours to approximate the functional organisation of the striatum and, like the cbe

method, assigns to every voxel a single function, has detected significant differences

between the limbic and executive regions, whereas the significant differences between

the limbic and sensorimotor areas found with the cbe were not preserved. This in-

dicates that assigning an executive role to the cd/pre–commissural pu complex and

a sensorimotor role to the post–commissural pu is not optimal. Nevertheless, as-

signing a limbic role to the vst area, which is defined using anatomical landmarks

whose placements were inspired by non-human tracing studies, is a good approxima-

tion as the dopamine release was similar to that obtained with the limbic cbe method.

The biggest change in the pet signal in our study was seen in the limbic striatum

followed by the sensorimotor and executive area. The magnitude of the pet signal
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change, following the administration of amphetamine, is dependent on the amount

of dopamine released, as well as the relative proportions of the D2-like receptors in

each subdivision. Dopamine has a preferential affinity for the d3r, over the d2rhigh

followed by the d2rlow therefore a given concentration of dopamine can be expected

to occupy a greater proportion of d3r and d2rhigh. d3r and d2rhigh are known

to be abundant in the ventral striatum area where the limbic cortex projects. This

could potentially explain the higher release of dopamine detected in the limbic region.

Nevertheless, the second highest level of dopamine release was measured in the senso-

rimotor striatal areas, which are primarily located in the post-commissural putamen

where the d3r contribution to the total [11c]phno signal is negligible (chapter 6).

A similar argument could be made for the ratio of d2rhigh:d2rlow being higher in

the sensorimotor than the executive striatum, leading to greater changes in signal

following similar amounts of dopamine released. In order to test this, we compared

the ratio of [11c]phno/[11c]raclopride bpnd for the two regions (where d3r contri-

bution in the two regions is negligible). We found no evidence for a difference in the

[11c]phno/[11c]raclopride ratio between the two regions, suggesting that differences

in the relative regional proportions of D2-like species are unlikely to be responsible for

the regional pattern of bpnd change seen in our data. Thus the emerging hypothesis

is that amphetamine leads to a preferential release of dopamine in the limbic, followed

by the sensorimotor and the executive areas.

Dopamine release is elicited in all functional sub-territories of the striatum and this

is consistent with the diversity of physiological effects provoked after the adminis-

tration of d-amphetamine, which includes psychological and physical effects such as

euphoria, psychomotor agitation, locomotor stimulation, hyperactivity, increased li-

bido, increased concentration. The universal striatal activation could be explained by

the anatomical arrangement of the cortico-striatal and striato-nigro-striatal pathways.

The cortico-striatal pathways are organized into individual and overlapping networks.
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In these overlapping areas the distinct cortical loops converge and information is inte-

grated and conveyed. The striato-nigro-striatal pathways form an ascending spiral by

which information from a striatal region in transferred to other areas of the striatum.

Specifically, Haber and colleagues postulate [74] that there is an interface between

different striatal regions via the midbrain dopamine cells, which creates a hierarchy

of information flow. Thus, the universal striatal activation could be due to a complex

chain of events, beginning with motivation and progressing to cognitive and motor

activations, as explained by the feed-forward organisation of the striatal network.

The homogeneity of dopamine release in the striatal subdivisions was assessed by

calculating the %cov. Our data demonstrate greater homogeneity of dopamine re-

lease within the connectivity-based functional rois as compared to the structural

subdivisions, suggesting that connectivity-based functional rois might be a better

representation of neurotransmission relevant sub-regions of the striatum. These data

provide evidence that there is an association between local dopamine release and the

cortical connectivity profiles of these regions.

Our results do not indicate that d-amphetamine provokes a higher dopamine release

in overlapping area. It is worth bearing in mind that d-amphetamine releases ac-

cumulated dopamine stores by reversing the dopamine transporter, and is thus a

good measure of overall dopamine system integrity. Physiological dopamine release

depends on the firing rate of dopamine neurones, controlled at several levels by feed-

back loops. Assessment of physiological dopamine release in these overlapping striatal

functional areas may be assessed via performance of tasks that require multi-function

engagement.

For the connectivity-based subdivision of the striatum the frontal functional subdivi-

sions were not derived from functional MRI experiments but make use of the known
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areas of specific brain function, as determined from the human and primate litera-

ture. We are not aware of how the spatial anatomical arrangements of these cortical

areas are affected in different neurological and psychiatric disorders. Therefore, if this

methodology is to be applied to diseased cohorts, the anatomical-functional cortical

alterations should be considered.

Pallidum

In the pallidum the quantification of dopamine release, with [11c]phno, showed a

consistent pattern across all methods (table 7.2) and these were in line with findings

from the striatum. The highest release was in the limbic, followed by the sensorimotor

areas, whereas the lowest dopamine release was measured in the executive area. The

statistical tests did not detect a significant difference across the methods employed

(cbo-thr1, cbo-thr5, cbo-thr10 and cbe) for both [11c]phno and [11c]raclopride. For

[11c]raclopride though, the pattern of dopamine release was not consistent across the

methods. For all methods, the highest dopamine release was detected in the sensori-

motor territory and not in the limbic territory. As discussed in chapter 5, the limbic

striatum projects extensively to the vp, an area that is minimally sampled in our

pallidal roi. For this reason the limbic quantification might be devalued. In view of

this and given [11c]raclopride is a less sensitive ligand at detecting dopamine release,

as compared to [11c]phno, this interpretation is justifiable.

The anova tests did not show a differential dopamine release across the functional

subdivisions for any of the methods in pallidum. If indeed dopamine is differentially

released in the functional subdivisions of the pallidum, then a number of factors could

have potentially contributed to this undetected difference. As stated in chapter 5, the

pallidum is considered as a structure where striatal fibers converge strongly, leading

to integration of striatal functional information [84, 145]. Moreover, we have shown
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in chapter 5 (figure 5.14) that there is a great overlap between the striato–palidal

projections. Therefore, this substantial overlap between functional territories could

potentially explain the non-differential dopamine release, as dopamine function in

one territory would affect the dopamine quantification in the others. In addition,

the limited resolution of pet imaging, in conjunction with the small size of the pal-

lidum, contributes largely to signal blurring. Specifically, activity will spill-in and

spill-out from high-activity and low-activity regions and this particularly influences

small regions. Methods such as partial volume corrections [13, 154] or resolution

recovery techniques [160, 161] could potentially improve the precision of dopamine

release quantification and reveal differential dopamine release across the functional

subdivisions.

With the mri sequences acquired in this study it was not possible to subdivide the

pallidum into its structural subcomponents (gpe, gpi, and vp). Therefore, dopamine

release was measured in the pallidum structure as a whole. This means that a com-

parison of the homogeneity of dopamine release between the connectivity-based sub-

divisions and structural-based subdivisions is not equitable. In general, the %cov

change in the connectivity-based subdivisions were consistent across methods for both

ligands but considerably higher as compared to the striatum.

As has been mentioned before, [11c]phno is expected to have a higher sensitivity in

detecting dopamine release due to its agonist profile. A direct within-subject compar-

ison, for both the striatal and pallidal subdivisions, has shown that dopamine release

measured with [11c]phno was higher in comparison to dopamine release measured

with [11c]raclopride. Specifically, the average ∆BP PHNO
ND : ∆BPRaclopride

ND across sub-

jects and subdivisions was estimated at 1.58± 0.40. As mentioned before, dopamine

has a preferential affinity for the d3r, over the d2rhigh, and a reduced affinity for

the d2rlow. Antagonists such as [11c]raclopride are not expected to show a decreased
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affinity for the d2rlow state of the receptor compared with the d2rhigh. Dopamine

would have limited facility to compete effectively with antagonist ligands at d2rlow

sites. In contrast, an agonist ligand, such as the [11c]phno, is expected to compete

more effectively with dopamine at the d3r and d2rhigh sites and this justifies the

increase sensitivity of the [11c]phno ligand. Our data are consistent with previous

work showing the change in binding of the d3r/d2r agonist [11c]npa to be higher

than that of [11c]raclopride in awake humans [137]. As the contributions of d3r to

[11c]npa binding is negligible as compared to [11c]phno, the greater sensitivity of

[11c]npa is attributed to binding to the d2rhigh sites.

Several studies support a functional and structural decline of the human brain with

age. For instance, a recent study has demonstrated an age-related decline in white

matter tract integrity [183] while a PET study with [11c]raclopride has shown that

there is an age-related loss of striatal D2R receptors [151]. The current study aimed

to recruit a narrow age range in order to minimize age related effects. If the decline

of the dopamine receptors and/or of the white matter tracts within a subject and

across regions were uniform then one would expect to affect to a similar degree the

connectivity-derived regions and the respective quantification of dopamine release.

Nevertheless potential age related effects warrant a further investigation.

In conclusion, the use of connectivity-based functional subdivisions allows an al-

ternative approach for the investigation of in–vivo dopamine release. The results

in the striatum demonstrated an improvement in the evaluation of regional differ-

ences in dopamine release, with the connectivity-based methods providing greater

homogeneity within each subdivision. The data also suggest that the relative re-

gional proportions of D2-like receptors are unlikely to be responsible for this regional

dopamine release pattern. Notably, the homogeneity of dopamine release was sig-

nificantly higher within the connectivity-based functional subdivisions in comparison
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with the structural subdivisions. These results support an association between local

levels of dopamine release and cortical connectivity fingerprints.

These connectivity-based methods are not limited to dopamine and d-amphetamine

challenge but could also be applied to a range of neuroscience studies in order to

better understand the physical or chemical processes, or the pathophysiology, of the

human brain. For example, the methodology presented can be employed to compare

groups with specific function impairments, as the sensitivity, in detecting regional

functional differences, is increased. Finally, this methodology can provide a tool

for deep brain stimulation (dbs) surgery planning and help improve the treatment of

several neurological disorders such as pain, obsessive-compulsive disorders, depression

and addiction.



Chapter 8

Correlation of the Nigrostriatal
dopaminergic pathway and dopamine
PET measurements

8.1 Introduction

Dopamine is a neurotransmitter that is involved in several neurological conditions.

Evidence suggests that some of these disorders are due to the occurrence of neurode-

generative processes in the dopaminergic pathways, which, in turn, result in dopamine

dysfunction. For instance, Parkinson’s disease is characterised by the degeneration of

nerve cells in the substantia nigra (sn) with a subsequent decrease in dopamine trans-

mission in the bg, the areas where dopaminergic neurones terminate. Bernheimer and

colleagues [22] have shown that there is a positive correlation between the degree of

cell loss in the sn compacta and the dysfunction of dopaminergic neurotransmission

in the nuclei of the bg.

The existence and spatial organisations of the nigrostriatal and the striatonigral pro-

jections has been extensively studied in non human primates [140, 158, 120, 119, 74].

The mesencephalic projections that arise from the ventral tegmental area (vta) are

often referred to as the mesolimbic projections and those originating from the sn as

the nigrostriatal. Haber and colleagues suggest that the vta and the medial sn are

193
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associated with the limbic system whereas the lateral and the ventral sn are associ-

ated with the executive and the sensory-motor systems [74].

The limbic striatum, which corresponds to the vst, receives sparse projections from

the mesencephalon and projects to a relatively large region. In contrast, the dorsal

striatum, receives input from a large amount of dopamine neurones and projects to

a limited area (figure 8.1) [74].

In the last two decades pet imaging has investigated dopamine transmission and

synthesis in healthy and diseased populations. Although the intra–subject variability

is relatively low (mean difference between pet measurements under the same experi-

mental conditions is < 10 %) the inter–subject differences can be substantially bigger

due to experimental and physiological variables. Several intrinsic characteristics can

potentially contribute to this inter–subject physiological variability: a) the dopamine

receptor density which can be determined genetically or be subject to regulatory

mechanisms [59], b) density of dopamine transporter, c) inter–individual differences

in the concentration of endogenous dopamine, which can, in turn, affect the apparent

affinity (Kdapp) in a competitive manner [59] d) age, e) sex of the subjects and f) the

density/potency of the presynaptic dopamine neurones.

The aim of this chapter is to examine whether the potency of the nigrostriatal path-

way, defined with diffusion-weighted magnetic resonance and image-based probabilis-

tic tractography, is correlated with dopamine pet measurements of receptor number

(bpnd). The hypothesis under investigation is that the stronger the nigrostriatal path-

way is, the more receptors will be found in the post–synaptic terminals. This would

achieve a balance between the level of synaptic dopamine, the number of dopamine

transporters and the number of available receptors. Here, the potency of the nigros-

triatal trajectory is defined as the total number of streamlines (samples) seeded from
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Figure 8.1: Figure courtesy of Haber and colleagues [74]. a) Collective distribution of
labeled cells in the pre–commissural and post–commissural striatum after retrograde in-
jections into the mesencephalon. Rostral (top) and caudal (bottom) drawings of the
midbrain showing the location of retrograde injection sites. Shading of sites corresponds
to that of the cells in the striatal schematics. One dot = 4–6 cells. b) Magnified view of
vst illustrates the distribution of labeled cells at the border between the core and shell
after injections into the medial sn (open circles) and vta (stars). c) Combined chartings
of terminal/fiber distributions in the striatum after all anterograde tracer injections into
the midbrain. Note that fibers are distributed throughout the dorsal striatum and central
striatum, whereas the vst receives a more limited projection. d) Schematic of the ros-
tral striatum showing the distribution of labeled cells and fibers after an injection of the
bi-directional tracer LY into the densocellular region of the sn. e) Dark-field photomi-
crograph taken from the boxed central striatum region in d showing dense LY-positive
fibers, but no labelled cells. f) Photomicrograph taken from the boxed region in the vst
of labeled cells (from the boxed region in d).
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the sn that reach the cd and the pu.

Quantification of the connection strength is challenging even for invasive tracing tech-

niques. It is difficult, for example, to establish whether equivalent amounts of tracer

have been injected into the tissue and taken up by particular areas of interest [93].

Probabilistic tractography can estimate the level of confidence that a tract exists and

connects the areas of interest [18]. The level of confidence is not directly related to

the potency of the actual pathway and higher confidence does not necessarily imply

a stronger connection. Nevertheless, investigators have used diffusion tensor param-

eters (fa, md) and tractography measurements for intra-subject, inter-subject and

across population comparisons. For example, Bartsch and colleagues [16] have shown

that there is a correlation between the number of streamlines that reached the tar-

get region and impaired motor function. Specifically, the fewer samples that reach

the target from the seed relative to the contralateral side, the more pronounced the

motor weakness. Additionally, Bridge and colleagues [30] have calculated the total

number of streamlines that reach the target in order to compare the strength of ip-

silateral and contralateral tracts (lateral geniculate nucleus to human motion area

tract). Therefore, we also adopt probabilistic tractography measures as a surrogate

for connection strength, but we emphasise at this point that it does not correspond

to the strength of the actual nigrostriatal pathway and consequently care should be

taken to not over-interpret the findings.

8.2 Materials and methods

8.2.1 Subjects

The study was conducted at the glaxosmithkline clinical imaging centre, Hammer-

smith Hospital, London and was approved by essex 1 research ethics committee and

the administration of radioactive substances advisory committee (arsac). Four-
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teen healthy male volunteers were recruited aged between 27 and 60 years, free from

clinically significant illness or disease as determined by their medical history and

standard laboratory tests. Each subject underwent a series of mri and pet scans

including T1-weighted mri, diffusion-weighted (dwi) mri and [11c]phno pet.

8.2.2 Data acquisition

Positron Emission Tomography

Each subject was scanned on a siemens biograph hirez xvi pet scanner (siemens

healthcare, Erlangen, Germany), under baseline conditions (no drug challenge). Sub-

jects were injected with a single intravenous bolus of [11c]phno and dynamic emission

data were acquired continuously for 90 minutes. The dynamic images were recon-

structed into 26 frames (8× 15s, 3× 1min, 5× 2min, 5× 5min, 5× 10min). A com-

puted tomography (ct) scan was acquired for attenuation correction of the pet data.

Magnetic Resonance Imaging

All the mri images were acquired with a 32–channel head coil on a siemens tim

trio, 3T mri scanner (siemens healthcare, Erlangen, Germany). High resolution

structural mri, and in particular the two components of the flaws sequence [174],

were acquired. flaws generates a T1-weighted contrast and a wm–nulled image

in a single scan. T1-weighted 3D mprage volumes were acquired using the adni-

go recommended parameters: 256 × 192mm field of view (fov), 1mm3 isotropic

resolution, parallel imaging (pi) factor of 2, in 321s. The inversion times for the T1-

weighted and the wm–nulled images were 409ms and 1100ms respectively. dwi data

were acquired using echo planar imaging (epi) (tr = 9300ms, te = 88ms, flip angle

of 90◦ and voxel size of 1.9mm3 isotropic). The diffusion weighting was isotropically

distributed along 64 directions (b-value=1000 s/mm2) and a non-diffusion-weighted

image (B0) was acquired at the beginning of each scan.



CHAPTER 8. NIGROSTRIATAL PATHWAY POTENCY VS BPND 198

8.2.3 Image analysis for pet and mri

pet analysis

Dynamic pet data were corrected for motion via frame-to-frame image registration

and aligned with the subject’s structural T1-weighted mri image using flirt [90].

pet data were analysed with the srtm model [108, 69], using the cerebellum as the

reference region.

mri analysis

Definition of the regions of interest (roi)

The sn roi was defined manually for each subject, combining information from the

subject’s wm nulled [174] and B0 images. The sn roi was defined on the transverse

plane (figure 8.2). Starting from ventral to dorsal the sn delineation commences after

the brainstem is disconnected from the cerebellum and ends at the slice where the

marker E is placed (figure 8.3). Marker E is a horizontal line defined at the mid-

sagittal slice dorsal to the mammillary bodies. Following the delineation of the sn

on the transverse plane it is recommended that the operator switches to the coronal

plane and optimises the delineation of the sn and excludes the subthalamic nucleus.

The sn has a prominently dark appearance on the B0 image due to high iron depo-

sition [53] and this information was used when there were doubts about parts of the

sn seen on the wm–nulled image. It is important to note that the sn roi is likely to

contain a small part of the vta as this area is adjacent to the medial sn region and

projects primarily to the vst. The cd and the pu rois were manually defined on

the subjects T1-weighted image following the guidelines described in chapter 4.
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Figure 8.2: Manual delineation of the right substantia nigra region on a wm–nulled image
of a representative subject. Right picture corresponds to a coronal slice and left to an
axial slice.
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Figure 8.3: Substantia nigra roi guideline landmarks
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Creation of a sn atlas.

Both the size of the sn roi and also the sampled areas of the sn structure can con-

tribute to the estimates of the nigrostriatal potency. Therefore, in addition to the

individually defined sn rois, a group probability map of the sn was constructed and

used to estimate the potency of the pathway. To create the probabilistic sn roi all

the individual rois were registered to the mni template via spatial normalisation of

the subject’s T1-weighted image with fnirt. The T1-weighted image and the wm-

nulled image were generated from the same acquisition, and are therefore intrinsically

aligned, so there was no need for a rigid registration between these images. The non–

linear transformation parameters were then applied to the sn rois using the nearest

neighbour interpolation method. Finally, for each voxel in the mesencephalon, we

assigned a number that corresponds to the number of subjects that have that voxel

classified as sn in their roi mask. The probability maps were thresholded and only

the voxels that were classified as sn in at least 11/14 subjects were retained. The

thresholding was performed in order to increase the probability that voxels classified

as sn in the probabilistic map correspond to actual sn voxels in the majority of the

subjects, and therefore minimise potential discrepancies between the probabilistic and

the actual sn roi. Henceforward, the thresholded probabilistic sn will be termed as

atlas sn.

Probabilistic tractography

Diffusion data were analysed using fsl tools [90]. The following pipeline was followed

for the dwi data pre-processing: i) eddy current correction and motion correction, ii)

correction for geometric distortions [10] and iii) a diffusion tensor model was fitted

at each voxel to estimate diffusion parameters such as fa and md. Each subject’s fa

image was registered to the fmrib58_fa high resolution template [178], which is in
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the same space as the mni standard space image. Probabilistic tractography was per-

formed in the subjects’ continuous space and the results were output in the mni space

by providing the transformation parameters estimated with fnirt [8]. For the prob-

abilistic tractography ten thousand (10000) samples (pathways) were generated for

each voxel in the sn roi and only those that entered the target mask were recorded.

The pathway curvature threshold was set at 0.1 and pathways were terminated as

soon as they entered the target masks in order to prevent them from projecting to

other areas. Probabilistic tractography was run, separately for the two hemispheres,

with both the subject’s specific sn roi and for the atlas sn as seed masks. The cd

and the pu nuclei were used as classification targets. For each pair (sn-target), the

“connection strength” was estimated as the total number of samples (tns) that were

generated from the sn roi and reached the respective target region.

Age factor

Age is one of the subject’s intrinsic characteristics that could impact both the nigros-

triatal pathway and the receptor density. To ensure that this factor is not overlooked,

and is not responsible for potential significant correlations between the tns and pet

measurements, the relationship between age and the parameters of interest was ex-

amined.

8.3 Results

pet imaging data were successfully collected and analysed for thirteen subjects. One

subject had strong side effects (nausea and low blood pressure) after the administra-

tion of [11c]phno and was withdrawn from the study. The srtm model was applied to

the pet time activity curves to derive estimates of the bpnd for the right and left cd

and pu. Diffusion and probabilistic tractography analysis was successfully performed
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for all subjects.

Figure 8.4 shows the age of subjects (27 – 60) plotted against the tns and bpnd for cd

and pu. No significant correlation was found between age and any of the parameters

studied.
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Figure 8.4: Age versus: a) total number of samples to reach the target, 1st row and b)
srtm binding potential (bpnd), 2nd row. 1st column corresponds to cd and 2nd to pu.
No significant correlation with age was observed (p > 0.05). The plots contain the values
for right and left region for each subject

.

The average size of the manually–defined sn was 496± 76.1mm3 and the size of the

atlas sn roi was 485mm3. The size of the seed mask (number of voxels) presumably

contributes to the tns, which might reflect the “strength” of the nigrostriatal path-

way. Figure 8.5 shows the tns (black: individual sn, red: atlas sn roi estimates)

versus bpnd for cd and pu.

For both cd and pu there is a trend for positive correlation between the tns and

[11c]phno bpnd estimates. Permutation tests were performed (200000 repetitions)
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Figure 8.5: Correlation of the nigrostriatal strength (tns) with [11c]phno bpnd. 1st

column corresponds to cd and 2nd to pu. Black markers (×) and black regression lines
correspond to the measurements derived with the individual sn rois; Red markers (?)
and red regression lines to the atlas sn roi. For the individual delineated sn the p-value
for cd was p = 0.04 whereas for pu p = 0.13. For the atlas sn rois the cd p-value
= 0.05 and for pu p-value = 0.18. sn: substantia nigra, tns: total number of samples
from substantia nigra to reach the target, bpnd: binding potential.

to assess the correlation and estimate p-values. For the individual delineated sn the

p-value for cd was significant for bpnd (p = 0.04). For pu, although there is a trend

for positive correlation the results did not reveal a significant correlation (p = 0.13).

Similar results were observed for the tns estimates calculated for the atlas sn roi.

Specifically for cd, the p-value = 0.05 and for pu p-value = 0.18.

8.4 Discussion

In this chapter we have studied the relationship between the nigrostriatal pathway

strength and bpnd measurement, where the bpnd is proportional to the number of

D2-like receptors. The strength of the nigrostriatal pathway was estimated using

probabilistic tractography, by the total number of samples that were generated in the

sn roi and reached the striatum. First and foremost it needs to be emphasised that

the strength of the nigrostriatal pathway, estimated with probabilistic tractography,

does not correspond to the “strength” of the actual nigrostriatal pathway. There-

fore, any tractography-derived measures should be interpreted with caution. Many



CHAPTER 8. NIGROSTRIATAL PATHWAY POTENCY VS BPND 204

anatomical features of the pathway of interest (number of axons, membrane integrity,

axon diameter, myelin thickness, crossing fibers, tract geometry, tract length) [93],

the quality of the diffusion data and the tractography methods employed, will all

contribute to this diffusion estimate.

The tns (our surrogate for the strength of the pathway) shows a positive correlation

with the [11c]phno bpnd. In physiological terms, the strength of a pathway could

potentially translate into fiber integrity, larger axon diameter or fiber density. In a

healthy population one explanation for this positive trend would be that the exis-

tence of more fibers is associated with the presence of more dopamine receptors and

transporters, which preserve the equilibrium of the synaptic system. This is different

to conditions where, due to neurodegenerative disorders or in response to an external

stimuli, the system down-regulates or up-regulates the number of receptors or trans-

porters in order to decrease or increase, respectively, its sensitivity to the stimulus.

The potency of the nigrostriatal pathway could also be governed by the dendritic

arbor of the area, which in turn affects the synaptic plasticity and has an important

role in the integration of information delivered by the synapses to stimulate dopamin-

ergic activity. Synaptic plasticity is the experience-dependent change in connectivity

between neurones that is believed to underlie learning and memory [86]. Changing

the strength of connections between neurons is widely assumed to be the mechanism

by which memory traces are encoded and stored in the central nervous system [125].

Moreover, an influential hypothesis is that addiction represents a pathological, yet

powerful, form of learning and memory [97]. Hence, the potency of the nigrostriatal

pathway could impact behaviours related to drug addiction and what makes certain

people more vulnerable to drug abuse than others.
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Despite the small sample size we observed a significant relationship for the cd and a

trend for significance in the pu for both the individual and atlas sn rois. This implies

that any correlations observed are not driven by the size of the seed mask, which due

to the nature of the probabilistic tractography algorithm could potentially contribute

to the tns. For example, with bigger seed masks, more samples are generated in the

seed mask and hence more samples can reach the target. Age is another factor that

could potentially contribute to the correlations investigated. However, we did not

observe any significant correlation between age and the measurements of interest.

The positive correlation was significant for the cd. However, for the pu this trend

did not reach statistical significance. To investigate further the connection between

the striatum and the sn and to understand the lack of significant correlation between

the pu and tns, we ran the tractography with the pu and the cd as the seed masks

and the sn as the target. As the dorsal striatum receives a large amount of dopamine

neurons but projects to a limited area [74] we expected dense projections from sn to

both the cd and the pu similar to primate studies (figure 8.1b). Nevertheless, there

were fewer projections to the pu in comparison to the projection to the cd. Several

reasons could contribute to this. For example, sn to pu tract geometry might be more

difficult or complex to track with probabilistic tractography, or the area of sn that

primarily receives projections from pu might not be included in the roi. The average

size of the sn roi defined in this study (496±76.1mm3) is substantially smaller than

that estimated by Eapen et al. (725.7 ± 98.37mm3) [56] in healthy participants on

high resolution T2- and T2*-weighted grade and fee mri images at 7T. In this

study the sn delineation stopped at a certain dorsal level to avoid sampling of the

subthalamic nucleus. Additionally, it is not certain if the whole of the sn is shown on

the flaws sequence or solely the sn pars compacta or sn pars reticulata. Therefore,

if the majority of the sn that projects to the pu is excluded then this might contribute

to the fact that we observe fewer projections in the pu. Probabilistic tractography
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is unable to distinguish between afferent and efferent fibre tracts. As can be seen in

figure 8.1a, from the striatum it is the cd nucleus that sends dense projections to the

sn. Therefore, all the aforementioned evidence and also the small number of subjects

could potentially justify the lack of significant correlation between pu bpnd and tns.

If the hypothesis of increased “strength” corresponding to increased dopamine recep-

tors in the system is indeed true, then more dopamine transporters or more dopamine

synthesis capacity may also be expected. This would preserve the biological equilib-

rium in the synapse. Experiments to investigate this hypothesis would make use of

ligands that bind to the dopamine transporters, such as [18f]-fecnt or ligands that

measure the dopamine synthesis capacity such as [18f]fdopa. If a positive correlation

with the tns is found, with both the transporter and dopamine capacity, this could

support this theory.

A future study with some or all of the following refinements would be useful for fur-

ther investigation: a) more subjects to increase sensitivity; b) better mri sequence

that allows for a better delineation of the sn roi; c) higher resolution for both pet

and mri; and finally d) novel tractography techniques [15] to estimate the connection

strength. A follow–up study with these refinements is worthwhile as it would allow a

deeper understanding of how the potency of the nigrostriatal pathway contributes to

the pet inter-subject variability. It is encouraging that we have obtained a significant

relationship between the number of receptors in the cd and the potency of the nigros-

triatal pathway. If following further investigations this positive correlation is robust

then, the potency of the nigrostriatal pathway, could be used as a normalisation factor

in pet studies. This would allow a better intra–subject comparison (in longitudinal

studies), inter–subject comparisons and comparisons between healthy and diseased

groups.



Chapter 9

Conclusions and future directions

The implication of dopamine and its receptors in normal and abnormal conditions has

made it an attractive target for research and drug discovery. Although components

of the aetiology for some of the dopamine-related disorders have been identified, their

root causes are not yet fully understood despite extensive research. The motivation

in this thesis was to develop multimodal imaging methods, using pet and mri, to

investigate dopamine in humans in–vivo.

[11c]phno pet is highly informative about the biochemical and physiological pro-

cesses of dopamine and the D2-like receptors in the living human brain but lacks

anatomical information. The anatomical information, in this investigation is obtained

from the structural and dwi mri modalities. Structural mri is used to facilitate study

of dopamine in the anatomical structures of the brain. Specifically, roi guidelines

were developed to enable the delineation of the subcortical D2-like receptor rich re-

gions on the T1-weighted images. The guidelines were assessed in terms of intra–

and inter–operator reproducibility and the results show that robust and reproducible

quantifications are obtained. dwi was used to estimate the anatomical connectivity

profiles of brain regions and specifically to estimate the striatal–cortical and pallidal–

striatal projections to generate the connectivity-based functional subdivisions of the

striatum and the pallidum. The connectivity profiles of these regions were consistent

207
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among subjects and congruent with non–human primate data with distinctive and

overlapping networks. Moreover, to speed-up the manual definition of the subcortical

rois and to enable the use of the connectivity-based functional subdivisions of the

striatum and the pallidum in studies where dwi data were not available, structural-

based and connectivity-based atlases were constructed.

Exploiting the strengths of the d3r–preferring radioligand [11c]phno and the meth-

ods developed – structural– and connectivity–based subdivisions – we aimed to ex-

plore the following objectives: a) study the distribution and relative regional den-

sities of the d3r and d2r sites in the human brain, b) explore dopamine release

after administration of the dopamine releasing agent amphetamine and c) investigate

the relationship between the strength of the nigrostriatal pathway and the density

of dopamine receptors. Below we critically review some of our findings, we report

limitations of our investigation and in section 9.1 we indicate how this work could

potentially contribute to the field.

In this thesis the [11c]phno scans for the quantification of dopamine and the D2-like

receptors were analysed with the srtm model. Our decision was based upon an early

study [65], which reported that both the 2TC and the srtm models describe the data

well and the bpnd obtained with the two models are highly correlated. The advan-

tage of the srtm over the 2TC model is that no arterial blood sampling is required,

which is invasive, uncomfortable for the patient and can introduce additional mea-

surement variability. On the other hand, the srtm model requires a region that is

devoid of specific binding (reference region). As was proposed by Ginovart [65], the

use of the cerebellum as the reference region was a suitable option for the quantifica-

tion of [11c]phno data. However, in their investigation the use of the cerebellum as

a reference region was validated against quantifications obtained with plasma input

functions using scans at baseline conditions. A recent study by Searle and colleagues
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[156], who applied the 2TC model and used a d3r blocker, demonstrated that in

certain areas of the cerebellum there is a small amount of specific binding. Moreover,

they show that for [11c]phno the srtm underestimates bpnd relative to the 2TC,

especially in the high binding regions. In this thesis the cerebellum was used as the

reference region and this will impact the quantification for the occupancy of the d3r

receptors. However, as the dopamine related parameters are estimated as relative

changes in the bpnd, the introduced bias might be insignificant.

Mass dose effects are also a potential confounding factor in imaging with [11c]phno.

Mass dose effects occur when a non-negligible fraction of the target receptors are oc-

cupied by the cold ligand. For reliable and accurate quantitative estimates of bpnd,

the scans should be performed at tracer conditions (<10 % occupancy of the target

receptor). Moreover, mass dose effects can lead to underestimation of the bpnd which

in turn can induce underestimation or overestimation of the relative bpnd changes.

Another consequence of any mass dose effect is the potential for carry-over of mass

dose effects. Often, especially in challenge studies (administration of a d3r blocker,

or of amphetamine etc), consecutive PET scans are performed within a short time

interval. If, at the beginning of the challenge scan, a significant amount of the d3r

is still occupied by the unlabelled ligand from the baseline scan, then the mass dose

effect can induce errors in occupancy estimates [156]. Searle et al. [156] estimated

that in order to achieve tracer conditions the injection of [11c]phno would need to

contain less than 0.15 µg of (+)phno. However, with current radiochemistry tech-

niques, it is difficult to produce [11c]phno with high enough specific activity to avoid

any mass dose effects [156].

With regard to the characterisation of the [11c]phno signal and the functional distri-

bution of the d3r and d2r sites, the results show that in both regions, striatum and

pallidum, the highest contribution to the [11c]phno signal and the highest density of
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the d3r sites, was in the limbic subdivisions. This was expected as d3r receptors

are implicated in addiction and psychiatric disorders. The findings in the executive

and sensorimotor subdivisions do not show a consistent pattern between the stria-

tum and the pallidum. Specifically, in the striatum there are only D2R sites in the

sensorimotor and executive zones whereas in the pallidum the bulk of the signal is

due to d3r. This discrepancy between the striatal and pallidal sensorimotor and

executive functional subdivisions could indicate that the D2-like dopamine receptors

are aligned with the structural–cytoarchitectonic organisation of the areas and not

the functional organisation.

We have explored dopamine function following the administration of d-amphetamine.

The results indicate a functional specificity of the dopamine release. In other words

we have demonstrated that the neurochemical architecture of dopamine is aligned

with function. This has consequences for the design, analysis and interpretation of

future dopamine release studies in normo- and patho- physiology. The same pattern

of dopamine release was observed in both the striatum and the pallidum. Specifically,

the highest release was measured in the limbic zone, followed by the sensorimotor and

the executive zones. To examine whether our findings are robust, and not ligand–

specific, dopamine release was also quantified with [11c]raclopride. The pattern of

dopamine release in the striatum was the same and it does not seem to be affected by

the d2r / d3r preferential affinities of the ligands. In the pallidum, the quantification

of dopamine release with [11c]raclopride did not give the same order. Specifically, the

highest dopamine release was detected in the sensorimotor and not in the limbic area.

As we discussed in chapter 7, we believe that this is due to the lower sensitivity of

the [11c]raclopride ligand to detect dopamine fluctuations and that in small regions,

such as the limbic pallidum, the quantification is particularly noisy.
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In chapter 7, the connectivity-based functional subdivisions were applied to pet data

for the quantification of dopamine release. This methodology is not limited to the

investigation of endogenous dopamine release and could be of value in other neu-

rotransmitter systems such as those involving opioids and the serotonin. The im-

proved regional discrimination of this method can be of value in group comparisons,

where the detection of specific functional differences are explored. For example, in

a study where non-depressed, non-demented, dopaminergic drug-naive patients with

early-stage Parkinson’s disease were compared relative to matched–controls [26] the

authors found a bilateral decrease of [11c]phno in the vst area but not in the pu,

the area that post-commissuraly is primarily involved in motor functions. In studies

like this our methods could be applied and potentially reveal group differences that

otherwise are lost due to the methods used for regional quantifications.

The striatum of the human brain has highly differentiated neurochemical architec-

ture. The connectivity-based method proposed in this thesis can also be used to

study the distribution of neurotransmitters in individual subjects and understand the

neurochemical organisation. Such capability may help the development of novel ther-

apeutic compounds and enhance the evaluation of novel radiopharmaceuticals. This

methodology may also provide a valuable tool for deep brain stimulation surgery plan-

ning, helping to improve the treatment of a variety of disorders such as pain, motor,

obsessive-compulsive disorders, depression and addiction. For example, probabilistic

tractography could be applied in individual subjects before surgery to identify where

the specific impaired function is expressed in certain structures. This a–priori knowl-

edge could potentially help locate the best target for implantation of electrodes and

increase the efficacy of the deep brain stimulation treatment.
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9.1 Future objectives

9.1.1 Investigate non-linear registration algorithms for spatial
normalisation

The spatial normalisation of anatomical atlases into an individual subject’s space is

one of the most commonly used methods for definition of cortical and subcortical

rois. In this thesis we have utilised spm5 to perform the non-linear registration of

our anatomical atlas. Specifically, the normalisation was between the mni template

and the subject’s T1-weighted image and the transformation parameters were then

applied to the atlas using the “nearest neighbour” method for interpolation. Although

the results were satisfactory, using improved non-linear registration algorithms could

substantially increase the performance of the spatial normalisation. A recent inves-

tigation by Klein and colleagues [102] has shown that a number of state-of-the-art

non-linear registration algorithms perform significantly better than the spm5 algo-

rithm.

Another approach that improves the automated definition of the rois is the multi–

atlas propagation technique [7, 44, 83]. This method performs a non-linear registra-

tion of multiple individual atlases to the subject’s space. Subsequently, it combines

information from the multiple propagated labels to create the segmentations. The

“majority vote rule” as described by Kittler [101] is used to assign each brain voxel

to a label. This technique, combined with a state-of-the-art registration algorithm,

could substantially improve the automatic segmentation.

9.1.2 Acquisition of arterial input function for the analysis of
the [11c]phno studies

In chapter 6 the analysis of the [11c]phno data was performed using the srtm model

and the cerebellum as the reference region. However, visual inspection of the bpnd
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parametric images and the suv values at baseline conditions and after the adminis-

tration of the d3r blocker GSK598809 indicate that the cerebellum is not devoid of

D2-like receptors, as there is a dose-dependent reduction of the binding. This impacts

the estimates of the bpnd, especially in the high binding regions, and the estimates

of regional fD3R
PHNO, particularly in the low d3r regions. Full quantitative analysis

of [11c]phno uptake using a measured arterial input function should be undertaken

in order to estimate the regional effects of GSK598809 and to justify whether the

cerebellum or subregions of the cerebellum or other cortical regions are appropriate

to be used as reference region.

9.1.3 Optimisation of structural T1-weighted images

In this thesis we have quantified the release of dopamine in the structural and func-

tional regions of the basal ganglia, hypothalamus and thalamus. For regions such as

the striatum we have developed guidelines for its subdivision into vst, cd and pu.

The remaining regions consist of several anatomical nuclei as well, but it was not

feasible to develop guidelines to further subdivide them due to the lack of structural

mri information, as the contrast and resolution of the current structural mri images

are not sufficient to allow delineation of such small nuclei. The development of se-

quences such as fgatir [171] and flaws [174] – where the white matter is nulled

– look promising for enabling the subdivision of structures such as the pallidum

and the thalamus. Moreover, the advent of 7T mri scanners can potentially allow

a more refined delineation of these regions and could also enable their subdivision.

For instance Eapen and colleagues [56], using high resolution mri at 7T, developed

sequences that provided a good contrast between midbrain regions and allowed a re-

fined segmentation. We believe that it is imperative to employ sequences with such

detailed anatomical information and use them along with pet imaging and resolu-

tion recovery techniques [13, 160, 161] for a detailed investigation of the anatomical

specificity of dopamine.
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9.1.4 Correlation of pet measurements with the strength of
the nigrostriatal pathway

In chapter 8 we investigated whether the strength of the nigrostriatal pathway, as

defined by probabilistic tractography, correlates with pet measurements that are

proportional to the receptor density (bpnd). The hypothesis is that the stronger the

capacity of the nigrostriatal pathway, the higher the number of receptors and hence

the higher the pet measurement would be. We believe that if this hypothesis proves

to be correct then it will have a direct effect on the analysis of pet studies. For

example, in studies of group comparisons or intra–subject longitudinal studies, this

parameter should be considered and potentially used as a normalising factor.

The nigrostriatal pathway consists of dopaminergic neurons that originate in the sn

and reach the dorsal striatum i.e. the cd and pu. In this thesis we found a positive

correlation for both the cd and the pu, but it reaches significance only for the cd

and the bpnd measurement. Although there is some evidence that could potentially

explain the lack of significant correlation for the pu (described in detail in chapter 8)

the issue should be explored further. For example, inclusion of additional subjects or

the acquisition of higher quality dwi could potential increase the sensitivity and pro-

vide better assessment. Moreover, the same experimental setting, with a ligand that

images the dopamine transporter and shows a positive correlation with the capacity

of the nigrostriatal pathway, would confirm and support the correctness of such a

hypothesis.
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