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Thesis Hypothesis 

This thesis investigates white matter microstructural organisation in the human brain 

using traditional and novel approaches of diffusion MRI fibre orientation estimation. 

The main hypothesis is that white matter microstructural alterations occur in a cohort 

of participants with severe chronic schizophrenia. This is tested clinically in 

schizophrenia for the first time using traditional and novel approaches of diffusion 

MRI quantification. Moreover, this thesis tests the accuracy of these traditional 

tensor-based and novel tensor-independent fibre orientation estimation methods 

using an original human post-mortem model.  The additional hypothesise is that 

novel modelling approaches outperform traditional tensor-based estimations, 

confirmed with histological measurements of fibre orientation, and therefore 

supporting this novel application in vivo.  
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Thesis Abstract 

Schizophrenia is a chronic and disabling mental disorder affecting 0.7% of the 

worldwide population, characterised by psychotic symptoms such as delusions, 

hallucinations, disorganised speech and behaviour, and by social or occupational 

dysfunction as outlined by the DSM-V. Diffusion MRI investigations in 

schizophrenia provide evidence of abnormal white matter microstructural 

organisation as indicated by reduced fractional anisotropy (FA) in interhemispheric, 

left frontal and temporal white matter (Ellison-Wright and Bullmore, 2009). Studies 

to date have consistently used tensor-based estimations of fibre orientation and 

reported a regional FA reduction which remains the gold standard metric in diffusion 

MRI research. However, the accuracy of tensor-based fibre orientation estimation 

methods is limited to a single fibre orientation, and previous FA investigations are 

susceptible to both false negatives and false positives. In order to overcome this 

limitation it is necessary to apply novel methods which accurately estimate fibres in 

regions with multiple orientations at a sub-voxel level. This research uses both 

traditional and novel diffusion MRI modelling approaches to carry out a 

comprehensive investigation of voxel-wise and tract-wide white matter organisation 

in schizophrenia. For the first time, a novel tract-specific diffusion MRI metric, 

hindrance modulated orientational anisotropy (HMOA) was investigated in 

schizophrenia to provide anatomically accurate information regarding the underlying 

microstructural abnormalities that contribute to the disorder. Furthermore, an ex vivo 

investigation assessing the validation of fibre orientation estimation methods was 

carried out using human post-mortem brains, which to date has been limited to 

computer simulations, phantom and animal models. The aim of this research is to 

bridge the gap between diffusion MRI fibre orientation reconstructions and human 

neuroanatomy, which will ultimately improve inferences of white matter 

organisation in schizophrenia. 

In vivo Diffusion MRI: Diffusion MRI data was acquired in 19 patients with severe 

chronic schizophrenia, and 19 age and gender matched healthy controls. Voxel-wise 

analysis detected reduced FA in the genu, body, and splenium of the corpus 

callosum, the right posterior limb of the internal capsule, right external capsule, and 

right temporal inferior longitudinal fasciculus in schizophrenia. Tract wide FA 
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reductions were detected in the right anterior limb of the internal capsule of the 

schizophrenia group. There were no additional differences between diagnostic 

groups in either FA or HMOA at the level of the entire tract in the corpus callosum, 

bilaterally in the uncinate fasciculus, inferior longitudinal fasciculus, or the left 

anterior limb of the internal capsule.   

Post-mortem Diffusion MRI:  High resolution diffusion MRI data was acquired in 

three post-mortem human brains. The acquisition required optimisation of post-

mortem brain selection, extraction protocol, storage and preparation prior to 

scanning, and modifications to pre-processing and fibre orientation modelling 

approaches essential for post-mortem diffusion MRI data. Histological 

measurements and diffusion MRI reconstructions were directly compared to assess 

the accuracy of fibre orientation estimation methods relative to human 

neuroanatomy. The results of this study show that multi-fibre orientation estimation 

methods accurately model white matter organisation in a complex region, whereas 

tensor estimation failed to do so. 

In conclusion, this thesis indicates localised alterations in interhemispheric, long 

association and projection fibres in a group of clozapine-naive treatment resistant 

individuals with severe chronic schizophrenia, and deficits which extend across the 

entire right anterior limb of the internal capsule tract. Furthermore, this thesis 

included for the first time, the application of a novel tract specific metric obtained 

using a tensor independent multi-fibre orientation estimation method, the accuracy of 

which was supported by diffusion MRI and histological investigations in the human 

post-mortem brain. The results of both traditional and novel fibre orientation 

estimation methods in vivo indicate that white matter alterations in schizophrenia are 

spatially discrete, and may not occur globally across an entire tract. The validation of 

novel tensor independent fibre orientation estimation methods and their 

quantification of anisotropy using HMOA, provides cutting-edge tract-specific 

diffusion MRI findings in schizophrenia. Additionally, this thesis enhances our 

fundamental understanding of anatomically accurate white matter organisation in the 

human brain.  
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Chapter 1 Thesis Introduction 

1.1 Abstract 

Schizophrenia is a chronic and disabling mental disorder affecting 0.7% of the 

worldwide population, characterised by psychotic symptoms such as delusions, 

hallucinations, disorganised speech and behaviour, and by social or occupational 

dysfunction as outlined by the DSM-V. The aetiology of schizophrenia is not yet 

known and requires multi-disciplinary research methods in order to understand the 

pathology of the disorder. To date neuroimaging is not used to determine a diagnosis 

of schizophrenia, however, neuroimaging research contributes to the development of 

in vivo biomarkers, which can be used to establish reliable treatment methods, and 

improve patient quality of life. 

This thesis investigates white matter organisation in chronic schizophrenia using 

novel neuroimaging acquisition and analysis approaches. The methods used to assess 

white matter organisation in this clinical neuroimaging analysis were then validated 

with neuroimaging and histology measurements of the human post-mortem brain. 

Chapter two of this thesis details the use of diffusion MRI, a relatively new 

neuroimaging technique, to investigate white matter microstructural alterations in a 

cohort of participants with severe chronic schizophrenia. This study used both 

traditional and novel approaches to analyse in vivo diffusion MRI data, and have not 

previously been carried out in a similar cohort of participants. The use of more 

advanced image analysis methods may provide additional information of the 

neuropathology of schizophrenia which would not be detected using conventional 

approaches.  

The accuracy of multi-fibre orientation estimation methods used to model diffusion 

MRI data in vivo requires investigation to ensure novel approaches reflect the 

underlying neuroanatomy. Chapters three and four outline the validation study 

carried out using post-mortem human brains, which provides information to bridge 

the gap between diffusion MRI data and the underlying white matter organisation. 

The direct comparison of fibre orientation measurements from imaging and histology 

of human neuroanatomy provides evidence to support the assumptions of white 

matter organisation made from diffusion MRI in vivo. This validation of in vivo fibre 
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orientation reconstructions can only be carried out using the post-mortem human 

brain. 

The work presented here, provides evidence of white matter alterations in 

schizophrenia, detected using traditional and novel approaches to analyse diffusion 

MRI data. We have also presented validation of the novel approaches applied in vivo 

using histology of the human post-mortem brain. The histology method used has not 

previously been carried out to directly compare white matter organisation 

reconstructed from neuroimaging and histology data. This post-mortem analysis 

validates the use of advanced methods for diffusion MRI analysis in vivo, which 

supports its use for future studies to accurately investigate white matter organisation 

in schizophrenia. 
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1.2 Introduction 

Schizophrenia – Aetiological Hypotheses  

Schizophrenia is a chronic and disabling mental disorder affecting approximately 24 

million people worldwide. This accounts for 0.7% of the global population, with an 

approximate incidence of 1.5 million people predominantly between the ages 15-35 

(WHO statistics on schizophrenia). According to Schizophrenia Ireland 39,000 

people were diagnosed with the disorder 2004 (2004), and accounts for 20% of all 

hospital admissions to a psychiatric unit (HRB statistics series 2012 Daly & Walsh). 

The term schizophrenia (translated as „splitting of the mind‟) was first coined by 

Professor Eugen Bleuler on April 24
th

 1908, who described the disorder as “clear 

splitting of physiological functions; as the disease becomes distinct the personality 

loses unity” (Ashok et al., 2012, Fusar-Poli and Politi, 2008). Bleuler proposed 

characteristic symptoms of the disorder which remain relevant to the present day 

diagnosis, including features of positive and negative symptoms associated with 

alterations in thinking, perception and mood abnormalities. The diagnosis of 

schizophrenia is complex; prior to the release of DSM-IV there was an evident 

international discrepancy in diagnostic criteria, where in the U.S the vague clinical 

requirements resulted in greater diagnostic heterogeneity compared to the U.K 

(Keller et al., 2011). However, this improved with the release of the DSM-IV which 

was found to be clinically reliable with an 80-90% diagnostic accuracy, and patients 

retaining their initial diagnosis after a period of 1-10 years (Melle et al., 2008, Kotov 

et al., 2011). With increased reliability and validity in diagnosis as per the DSM-IV, 

the DSM-V outlines similar criteria with an additional requirement of patients 

presenting with at least two of the following characteristic symptoms; delusions, 

hallucinations, disorganised speech, behaviour and other symptoms causing social or 

occupational dysfunction (www.dsm5.org). Although the diagnostic reliability has 

become more promising, there remains a necessity for continued research in 

schizophrenia. This research is essential for advancing the field of medical diagnosis, 

treatment and patient well-being.  

The aetiology of schizophrenia is complex, reflected by multiple hypotheses of 

abnormal neural activity contributing to the manifestation of associated symptoms. 

Evidence suggests hyperactivity of the dopaminergic neurons (Howes and Kapur, 

http://www.dsm5.org/
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2009), NMDA receptor hypofunction (Coyle, 1996), disruptions to early brain 

development caused by genetic or environmental factors such as maternal infection 

increasing the risk of schizophrenia neurodevelopment (Rapoport et al., 2005, Li et 

al., 2009), and a functional and anatomical disconnect in neural systems proposed as 

far back as Bleuler in 1911 (Bleuler, 1950)  and Wernicke 1906 (Wernicke, 1906). 

Wernicke first described psychosis as an abnormality of cortico-cortico or cortico-

subcortical connections, specifically pathology of white matter tracts. Friston and 

Firth, hypothesise that schizophrenia is caused by a disruption to functional 

connectivity resulting in abnormal brain interactions (Friston and Frith, 1995). 

Despite the decades of research investigating the neuropathology of schizophrenia, 

the exact aetiology is not yet clear and requires continued multi-disciplinary 

research. Recent approaches include mapping the neuroanatomical connections 

analysed using graph theory (Kim et al., 2014), development of blood specific 

biomarkers to characterise a metabolic profile (Liu et al., 2014a), investigating a 

genetic predisposition and lifestyle which increase the risk of schizophrenia (Power 

et al., 2014), and examination of the effect of social neuroscience which contribute to 

the onset of a mental disorder (Meyer-Lindenberg, 2014). This universal approach to 

investigating the aetiology of schizophrenia will provide additional knowledge for 

the development of specific biomarkers, improve treatment methods and ultimately, 

enhance patient quality of life.  

Neuroimaging has provided an abundance of evidence supporting the hypothesis of 

functional and anatomical abnormalities in schizophrenia. Two recent meta-analyses 

mapping grey matter reductions, reported grey matter volume deficits in frontal, 

temporal, thalamic and striatal regions (Glahn et al., 2008, Fornito et al., 2009). 

White matter volume appears to be reduced regionally including the insular cortex, 

anterior cingulate, and left parahippocampal gyrus (Di et al., 2009). Functional MRI 

studies have reported decreased frontal lobe activity, or hypofrontality in the left 

dorsolateral prefrontal cortex, left thalamus, and inferior and posterior cortex. A 

meta-analysis of forty-one functional MRI studies reported increased activity in 

midline cortical structures in schizophrenia (Minzenberg et al., 2009), and 

abnormalities in resting-state connectivity in tempo-parietal region linked to auditory 

hallucination symptom severity (Vercammen et al., 2010).  However, conventional 

structural, molecular or functional imaging techniques do not facilitate the 
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examination of individual microanatomical white matter connections between brain 

regions in schizophrenia. Neuroimaging modalities which permit the non-invasive 

probing of the microstructure in vivo would provide additional information of 

structural alterations which occur at a microanatomical level in schizophrenia. 

Diffusion MRI – Evidence of White Matter Alterations in Schizophrenia 

Diffusion MRI is a relatively new imaging tool which has been developed from 

conventional MRI techniques. The principles of diffusion MRI are complex (Chapter 

1, Introduction). Briefly, the diffusion MRI sequence acquisition is sensitised to 

measure diffusion of water molecules in the brain which is hindered or restricted due 

to the cellular environment (Le Bihan et al., 2001, Beaulieu, 2002). Diffusing water 

molecules interact, and are influenced by cellular components such as cell density 

and packing, cell membrane, myelin sheath, cytoskeleton, and within the 

extracellular space; neuronal and glial cell membranes and the surrounding 

vasculature. To date, the precise contribution of each structure to the diffusion MRI 

signal is not yet known The only one certainty is that the diffusion MRI signal 

reflects hindrance or restriction experienced by water molecules moving along a 

measured axis (Jones et al., 2013). The diffusion of water molecules along a 

preferential orientation, as quantified by the diffusion MRI signal, imparts 

information about the underlying microstructure. In white matter this preferential 

orientation is parallel to the axons located within tract bundles, and therefore, 

diffusion MRI provides a vital method of examining the white matter microstructure 

and therefore the nature of the structural connections between brain regions in vivo 

in schizophrenia. 

The diffusion MRI signal, of a three dimensional image voxel, contains orientational 

information about the underlying microstructure and on a voxel by voxel basis this 

information is used to reconstruction white matter tracts. Common diffusion MRI 

indices such as fractional anisotropy (FA), mean, radial and axial diffusivity, and 

apparent diffusion coefficient (ADC) are all used to quantify diffusion MRI data, and 

used to make inferences regarding the in vivo white matter microstructural 

alterations associated with schizophrenia. The most consistently reported metric, FA, 

reflects the degree of anisotropic diffusion (or level of organisation) within a fibre 
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bundle (Pierpaoli et al., 1996). A robust meta-analysis of diffusion MRI research in 

schizophrenia included 15 studies comprising of 407 participants, and reported a 

total of 112 neuro-anatomical co-ordinates at which schizophrenia was associated 

with a deficit in FA. These co-ordinated implicated primarily the left frontal and 

temporal deep white matter (Ellison-Wright and Bullmore, 2009). A considerable 

number of studies to date have reported FA deficits in schizophrenia, a current 

Pubmed search using “fractional anisotropy”, “schizophrenia” and “diffusion MRI” 

key words returns 256 publications, including early adolescent onset (Freitag et al., 

2013, Henze et al., 2014, Tang et al., 2010, White et al., 2009), first episode 

(Fitzsimmons et al., 2014, Collinson et al., 2014, Quan et al., 2013, Kuswanto et al., 

2012, Lee et al., 2013), and chronic patients (Collinson et al., 2014, Holleran et al., 

2014, Kong et al., 2011). Chapter 2 of this thesis details the acquisition and analysis 

of diffusion MRI data in a relatively homogenous cohort of participants with severe 

chronic schizophrenia prior to the commencement of clozapine. This research used 

both traditional voxel based and novel tract specific approaches to analyse diffusion 

MRI data in order to determine white matter microstructural abnormalities linked to 

this disorder. 

However, FA limitations restrict the accurate quantification of the true underlying 

microstructure. FA is an index of tensor based estimation, modelling the diffusion 

MRI signal using a 3 x 3 diffusion matrix, this can be an over simplification 

particularly in regions of complex white matter microstructure, such as the centrum 

semiovale, a deep white matter hub containing multiple white matter tracts. A typcial 

in vivo voxel size is 2.5 mm
3
. A comprehensive study investigating the fibre density 

distribution in the human corpus callosum highlights the degree of microstrucutral 

information contained within this voxel dimensions (Aboitiz et al., 1992). Aboitiz 

reported that a typical axon diameter in the genu is on average 3 µm with 

approximately 400,00 axonal fibres/mm
2
. This highlights the constraints of assigning 

a single diffusion value to a voxel which contains hundreds of thousands axon fibres. 

Consider a voxel containing two distinct fibre orientations which cross with an 

approximate angle of 90⁰. Tensor estimation would attribute a single value to 

measure the fibre orientations contained in this voxel, and would reflect a drop in 

anisotropic diffusion, resulting in reduced FA for this voxel. This has been 

erroneously interpreted as a reduction in the level of organisation within white matter 
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fibre tracts. However the alternative must be considered; the intricate white matter 

organisation is beyond a simple model using a 3 x 3 matrix. Accurate white matter 

fibre orientations in complex regions can be reconstructed using more appropriate 

modelling estimations (if the diffusion MRI signal is acquired using an appropriate 

sequence). Moreover, it has been reported that a high proportion of white matter 

voxels contain a complex fibre orientation that cannot be accurately quantified using 

tensor modelling estimtaions (Jeurissen et al., 2013). 

Advances in acquisition and modelling estimations can be applied to in vivo 

diffusion MRI data, permitting increasingly accurate reconstructions of the 

underlying white matter microstructure. This encompasses a dense sampling of the 

diffusion MRI signal, and then disentangling it into various components which 

reflect multiple fibre orientations or contributing compartments (Tuch et al., 2002). 

Various methods have been developed and include spherical deconvolution 

(Anderson, 2005, Tournier et al., 2004, Dell'Acqua et al., 2013), Q-ball imaging 

(Tuch et al., 2005, Tuch, 2004), diffusion spectrum imaging (DSI) (Wedeen et al., 

2005), neurite orientation distribution and density imaging (NODDI) (Zhang et al., 

2012), and persistent angular structure MRI or PASMRI (Jansons and Alexander, 

2003), each requiring various acquisition and hardware specifications (outlined in 

Diffusion MRI: theory, applications and methods, D.K Jones). A limited number of 

studies have implemented these novel approaches in clinical diffusion MRI research 

which is a novel aspect of the present thesis, and therefore provides additional 

information to our understanding of the neuroanatomical basis of schizophrenia.  

Validation of Fibre Orientation Estimation Methods 

Questions remain as to which of these approaches provide the most accurate and 

reliable information about fibre orientation. These questions can only be answered 

by validation based research studies which endeavour to correlate multiple fibre 

orientation model results with ground truth microstructural information derived from 

histological investigations. To date, validation attempts have employed animal 

models, phantoms and simulated data, with only limited evidence directly comparing 

human derived diffusion MRI and histological data reconstructing fibre orientation 

(Seehaus et al., 2013). Computer simulation methods offer accurate mathematical 
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estimates of diffusion MRI data as the precise fibre orientation is known (Tournier et 

al., 2004, Zhan and Yang, 2006, Hess et al., 2006, Jian and Vemuri, 2007), however, 

this involves user generated synthetic data, which may not consistently reflect the 

diffusion environment in vivo. Phantom methods create fibre bundles constructed 

from plastic capillaries (Tournier et al., 2008) or synthetic fibres (Perrin et al., 2005, 

Fieremans et al., 2008b, Fieremans et al., 2008a, Pullens et al., 2010), followed by 

acquisition of real diffusion MRI datasets. This experimental design generates a 

controlled fibre orientation mimicking white matter fibre tracts where diffusion MRI 

data can be compared with the fibre orientation in the constructed model. The 

advantage of phantom models is that they provide a fibre orientation with exact 

knowledge of the underlying structure. This permits the development of acquisition 

protocols to assess microstructure and push the limits of resolution. The accuracy of 

fibre orientation estimation methods can also be assessed as the precise orientation in 

the phantom model is known. However, a limitation of this experimental design is 

the behaviour of water molecules within capillaries or synthetic fibres which may not 

reflect the path of diffusing water molecules in biological tissue, as the molecular 

interaction of water with intracellular structures such as neurofilaments, 

microtubules, and vesicles, is not replicated using man-built fibre models. Animal 

models give an insight into the patterns of water diffusion in a biological state, and 

have provided much of the evidence supporting the validity of diffusion MRI fibre 

estimation methods in vivo. Animal model diffusion MRI fibre reconstructions have 

previously been directly compared with histological measurements of the underlying 

microstructure, providing evidence that the tensor fails to accurately model multiple 

intra-voxel fibre orientations (Leergaard et al., 2010, Dauguet et al., 2007b, Dyrby et 

al., 2007). A recent review article outlines the need to bridge the gap between 

cellular, animal and human imaging studies (Walhovd et al., 2014). Walhovd et al. 

outlines the importance of animal models and the information they provide, 

however, the anatomical differences between human and rodent brains must be taken 

into consideration (Walhovd et al., 2014). With that being said, there are limited 

studies correlating human diffusion MRI data with the underlying human 

neuroanatomy (Seehaus et al., 2013, Kolasinski et al., 2012). This is probable due to 

the limited availability of whole post-mortem brains compared to animal tissue. 

However, correlation of diffusion MRI and histology data is essential to acquire 

information about the microstructure in the human brain, which can then be used to 
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improve the interpretation of clinical data. This improvement will advance the study 

of white matter organisation in schizophrenia, providing more accurate results which 

can be used to impart information of the neuropathology of the disorder.   

Validation using human tissue requires a multi-faceted research approach. Prior to 

histological analysis, high resolution whole brain post-mortem diffusion MRI data 

must be acquired. Previous human whole brain post-mortem diffusion MRI data 

acquisition were obtained to supplement traditional imaging and histological 

techniques investigating the pathology of neurological disorders (Pfefferbaum et al., 

2004, Larsson et al., 2004, Englund et al., 2004, Kolasinski et al., 2012, Schmierer et 

al., 2007). Pfefferbaum reported minimal levels of anisotropic diffusion in formalin 

fixed post-mortem brains, primarily due to the short T2 times associated with 

fixation (Pfefferbaum et al., 2004). However, with optimisation of sequence 

acquisition, data quality has increased making it possible to correlate diffusion MRI 

indices with the underlying pathology of multiple sclerosis (Schmierer et al., 2007), 

and dementia (Larsson et al., 2004, Englund et al., 2004). This research led to further 

diffusion MRI sequence optimisation, whereby acquisition of high resolution post-

mortem brains became a proposed method of diffusion MRI validation. Dyrby et al 

reported an ex vivo pipeline outlining optimal preparation and acquisition of 

diffusion MRI data (Dyrby et al., 2011). This study outlined optimisation protocols 

using primate tissue, however, much of the same principles apply to human post-

mortem acquisition, such as overcoming the limitations of fixation, post-mortem and 

scanning intervals, and acquisition of a reduced diffusion signal. Miller‟s group 

reported  the optimisation of high resolution human whole brain post-mortem 

diffusion MRI acquisition (Miller et al., 2012, Miller et al., 2011, McNab et al., 

2009, McNab and Miller, 2008), which addressed the issues of tissue fixation and 

short T2 times associated with post-mortem tissue. This sequence optimisation for 

whole fixed brains requires an acquisition time of just over 30 hours with high 

gradient field strengths, therefore demanding research designated scanning systems.  

Following acquisition of high resolution quality human post-mortem diffusion MRI 

data with adequate signal to noise ratio (SNR) and smaller voxel dimensions, it is 

necessary to carry out the appropriate histological analysis. This experiment design 

permits the direct comparison of data acquired from both imaging modalities. It is 

widely accepted that histology is the “gold standard” method for determining 
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anatomically correct information about white matter microstructure as it provides a 

resolution which cannot be obtained with in vivo imaging. There are few published 

studies of this nature due to the logistical restraints of acquiring human post-mortem 

MRI data, compared to the feasibility of carry out similar analysis with animal brain 

tissue. Kolasinki et al combined post-mortem diffusion MRI and quantitative 

histological analysis to investigate the pathology of multiple sclerosis and reported a 

correlation of diffusion MRI indices with degree of tract myelination, supporting the 

validity of fixed post-mortem diffusion MRI (Kolasinski et al., 2012).  

Comparison of reconstructed fibre orientations from diffusion MRI to histological 

level detail requires similar types of measurements regarding fibre orientation in a 

histological sample. One method permitting such measurement is polarised light 

microscopy (PLM), a histological imaging technique using plane polarised light 

generated by passing light through a set of polarisers. This can be used to build 

orientation maps of a sample based on its optical properties. The concept of using 

PLM as a method of reconstructing fibre orientation in a histological sample was 

proposed by the Axer Laboratory group in the Department of Neurology, Jena 

University Hospital, Jena, Germany. This work was carried out using gross 

histological sections to determine fibre orientation similar to diffusion MRI 

acquisition in vivo, therefore presenting a robust method of diffusion MRI validation, 

however this data was not correlated with diffusion MRI data acquired from the 

corresponding post-mortem brain. The anisotropic properties of the myelin sheath 

have been reported as far back as 1924 (Schmidt, 1924, Schmitt F. O., 1935a), due to 

it birefringent properties of the macromolecular lipid formation surrounding axons in 

the CNS. Axer et al. used PLM to visualise and quantify fibre orientation in fixed 

human post-mortem brain tissue (Axer et al., 2001, Axer and Keyserlingk, 2000, 

Axer et al., 1999), and PLM was used to generate high resolution fibre orientation 

maps of numerous CNS regions (Axer et al., 2011c, Axer et al., 2011a, Larsen et al., 

2007, Kleiner et al., 2012, Dammers et al., 2012). However, direct comparison of 

corresponding diffusion MRI and PLM fibre orientation information requires data 

collection using both imaging modalities, and to date has not been carried out. 

Accordingly, chapter 3 and chapter 4 of this thesis detail the acquisition of high 

resolution diffusion MRI data in the human post-mortem brain which then underwent 

PLM based histological validation of the estimated fibre orientations reconstructed 
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from diffusion MRI data. Furthermore, we investigate traditional tensor-based and 

novel non-tensor based estimations including a tract-specific approach to estimate 

fibre orientation in a complex white matter region. From this comparison, we 

assessed the accuracy of novel approaches, and determined the inadequate tensor-

based estimation in a region of complex white matter microstructure.  

The first computed tomography neuroimaging study in schizophrenia was in 1976, 

which reported significant ventricular enlargement in chronic patients (Johnstone et 

al., 1976). Fortunately, medical imaging has greatly advanced over the intervening 

decades from relatively low resolution images with limited information, to the novel 

diffusion MRI methods currently undergoing a rapid pace of development that  probe 

white matter microstructure in vivo. Studies reporting deficits in microstructural 

organisation support a hypothesis of altered anatomical connectivity in 

schizophrenia. This thesis further investigates these alterations using voxel based, 

and novel tract-specific quantification of diffusion MRI data in a cohort of 

participants with severe chronic schizophrenia. This thesis additionally presents a 

proof of principle validation approach to high resolution human post-mortem 

diffusion MRI using PLM-based demonstration of fibre-level orientation 

visualization and quantification. The latter data will aid in the clarification of the 

assumptions of fibre orientation estimated from diffusion MRI data. Overall, this 

thesis examines the application and validity of modern medical imaging acquisition 

and analysis techniques used to investigate the microstructure of white matter in the 

human brain.  
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Chapter 2 White Matter Microstructural Alterations in Schizophrenia 

2.1 Abstract 

Diffusion MRI investigations in schizophrenia provide evidence of abnormal white 

matter microstructural organisation as indicated by reduced fractional anisotropy 

(FA) in interhemispheric, left frontal and temporal white matter (Ellison-Wright and 

Bullmore, 2009). Studies to date have consistently reported regional FA reductions 

and it remains the gold standard in diffusion MRI research. However, there is 

evidence suggesting FA may be susceptible to false positives or false negatives, 

particularly in regions with complex white matter microstructure. In a cohort of 

participants with severe chronic schizophrenia we used a voxel-wise FA approach 

(Holleran et al 2013), and the novel tract-specific hindered modulated orientational 

anisotropy (HMOA) to investigate white matter organisation as derived from 

diffusion MRI data. HMOA is a quantitative measurement of anisotropic diffusion 

along a specific orientation and has been proposed as a diffusion MRI index which 

overcomes the limitations of FA (Dell'Acqua et al., 2013).  The increased specificity 

of HMOA may provide additional information on white matter alterations in 

schizophrenia to which we will have been blind previously. Accurate methods of 

quantifying diffusion MRI data will therefore fill the gap between the estimation of 

fibre orientation and the underlying human neuroanatomy.  

Voxel-wise analysis detected reduced FA in the genu, body, and splenium of the 

corpus callosum, the right posterior limb of the internal capsule, right external 

capsule, and right temporal inferior longitudinal fasciculus in schizophrenia (Figure 

2.29). There were no voxels of significantly increased FA in patients compared to 

controls. FA reductions were detected in the right anterior limb of the internal 

capsule of the schizophrenia group (Figure 2.32).  There were no additional 

differences in FA or HMOA detected at the level of the entire tract in the corpus 

callosum, and bilaterally in the uncinate fasciculus, inferior longitudinal fasciculus, 

and the left anterior limb of the internal capsule between diagnostic groups.   

These findings indicate a degree of microstructural alteration which may reflect 

reduced axonal number or packing density, cellular membrane abnormalities 

increasing permeability, a possible loss of myelin, and/or inconsistent fibre 
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orientation in schizophrenia. Tract specific results indicate that microstructural 

alterations may be spatially discrete within each tract. This study used two fibre 

reconstruction methods, the conventional tensor-based approach to analyse FA, 

followed by a tract-specific analysis of FA and HMOA. Voxel-wise results support 

previous findings of FA deficits in schizophrenia, as well as post-mortem studies 

indicating alterations in axonal density, glial cell density and size, abnormalities in 

the myelination process, and genetic evidence of disruptions to myelin related genes. 

Voxel and tract specific results presented here support the hypothesis of altered 

structural connectivity in schizophrenia. Both methods indicate that white matter 

alterations are spatially discrete, and may not occur in the entire tract. Diffusion MRI 

research using advanced fibre orientation estimation methods provide an accurate 

insight into the neuropathophysiology of schizophrenia, the results of which can 

ultimately be used for the development of accurate diagnosis tools, in vivo 

biomarkers, effective medication development, and overall improvement in patient 

quality of life.  
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2.2 Introduction 

Introduction to Schizophrenia 

Schizophrenia, as termed in 1908 by the Swiss psychiatrist Professor Eugen Bleuler 

(Bleuler, 1950), was has previously described as „dementia praecox‟. Bleuler‟s 

definition of schizophrenia was conceptualised from what he saw as a dissociation of 

thoughts, emotions and actions in the minds of his patients. Bleuler‟s concept of 

schizophrenia is primarily a „thought disorder‟ based on social or psychological 

deficits. At the same time, Kraepelin, the German psychiatrist, believed that 

schizophrenia had a more biological aetiology, and stated in his book “Compendium 

der Psychiatrie” 1893, psychiatry is a branch of medical science, which calls for 

research into the physical and biological causes of mental illnesses (Moskowitz and 

Heim, 2011, Kraepelin, 2010).  

Schizophrenia itself is characterised by the presence of positive and negative 

symptoms which result in mood abnormalities, alterations in thinking, perception 

and emotions. Despite decades of research on the neuropathology associated with 

schizophrenia, the exact aetiology of the disorder is not yet clear. Studies 

investigating abnormalities in the transmission of neurotransmitters propose a 

neurochemical theory which suggest deficiencies in glutamate (Kim et al., 1980, 

Coyle, 1996), and functional alterations in the central dopaminergic systems 

(Goldstein and Deutch, 1992, Howes and Kapur, 2009). In the 1970‟s the advances 

of medical imaging lead to a theory of structural abnormalities being linked to the 

etiology of schizophrenia when a CT scan showed enlarged ventricles in patients 

(Johnstone et al., 1976). The first MRI study on schizophrenia was in 1984 (Smith et 

al., 1984). While this preliminary study showed no differences in quantitative 

measurements used, recent advances in MRI have shown both structural and 

functional abnormalities of the brain in schizophrenia. Regional grey matter 

reductions have been reported by numerous studies in patients with schizophrenia 

(Cannon et al., 1998, Gur et al., 2000, Menon et al., 1995). Meta-analyses in 

schizophrenia have shown grey matter volumetric reductions in the anterior 

cingulate, frontal and temporal lobes, hippocampus and amygdala, thalamus and 

insula (Haijma et al., 2013, Fornito et al., 2009). More extensive grey matter 

reductions have been suggested in males compared to females in regions of 
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emotional and cognitive control (Bora et al., 2012). Additionally, genetic risk factors 

of schizophrenia have been linked with disruptions in grey matter volumes 

(McDonald et al., 2004). The severity of positive symptoms (auditory hallucinations) 

has been associated with grey matter reductions in the superior temporal gyrus 

(Modinos et al., 2013). Evidence of grey matter reductions (Chen et al., 2014, Guo et 

al., 2014, Tang et al., 2012, Rais et al., 2012, Kubicki et al., 2002, Vita et al., 2006), 

and cortical thinning in superior frontal and medial parietal lobe (Sprooten et al., 

2013, Schultz et al., 2010) in first episode and medication naïve patients with 

schizophrenia indicates that deficits may be linked to the onset rather than an effect 

of symptom severity or progression of the disorder. Evidence also suggests that the 

disease process is linked to abnormal neurodevelopment, suggested by early 

indications of intellectual and motor function irregularities prior to a diagnosis later 

in life (Davidson et al., 1999, Munro et al., 2002, Schenkel and Silverstein, 2004, 

Walker et al., 1994, Walker et al., 1999). The schizophrenia prodrome, characterised 

as showing signs of pre-psychotic symptoms such as depression, anxiety, withdrawal 

from social interaction and decline in academic or occupational performance 

(McGlashan et al., 2001, Bora et al., 2014, Mokhtari and Rajarethinam, 2013, 

Cornblatt et al., 2003), supports a neurodevelopmental and pre-symptomatic 

pathology in schizophrenia, prior to long-term symptoms and illness duration. A 

longer the duration of the prodromal phase has been linked with structural 

abnormalities has indicated by reduced grey matter volumes in the cingulum, frontal 

and insular cortex, and white matter volume reductions in the superior longitudinal 

and uncinate fasciculi (Lappin et al., 2007).  

The disconnection hypothesis of schizophrenia (Friston and Frith, 1995) supposes a 

dysfunctional integration affecting the interactions of functionally specialised 

systems or networks within the brain. This hypothesis assumes the pathophysiology 

is associated with abnormal connections that result in the cognitive deficits of 

schizophrenia. White matter includes connections between multiple grey matter 

regions and subcortical structures, relaying signals along myelinated axons within 

fibre bundles, among other roles, and is also potentially implicated by diffusion MRI 

or post-mortem data. Post-mortem studies report altered neuronal architecture (Jakob 

and Beckmann, 1989, Kovelman and Scheibel, 1984), white matter neuron 

disruptions (Akbarian et al., 1993, Akbarian et al., 1996, Eastwood and Harrison, 
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2003, Eastwood and Harrison, 2005), neuronal size reductions (Benes 1991, Arnold 

1995) and abnormalities in size, shape and orientation (Zaidel et al., 1997) in the  

hippocampus, and interhemispheric cell density reduction (Simper et al., 2011), and 

synaptic alterations in the striatum (Kung et al., 1998). However, post-mortem 

findings  report no significant group differences in axonal density, indicating that 

subtle changes may be gender specific: Highley et al. reported reductions in corpus 

callosum cell density in the female patients compared to the female healthy control 

group, with little change in male patients (Chance et al., 1999, Highley et al., 1999b, 

Highley et al., 1999a). Post-mortem evidence indicates myelin and oligodendrocytes 

abnormalities have negative impacts on the structural connectivity in schizophrenia 

(Uranova et al., 2013, Uranova et al., 2011). Glial cell abnormalities have also been 

implicated in schizophrenia (Cotter et al., 2001) which is supported by post-mortem 

evidence of apoptosis and oligodendrocyte necrosis (Uranova et al., 2004), 

reductions in glial density (Cotter et al., 2002), glial cell size (Rajkowska et al., 

2002, Rajkowska et al., 1998), and neuronal size reductions (Benes et al., 1991, 

Falkai and Bogerts, 1986, Falkai et al., 1988). Myelin production abnormalities in 

schizophrenia are supported by additional post-mortem evidence showing 

oligodendrocyte associated protein reductions in the anterior frontal cortex (Flynn et 

al., 2003). 

Evidence suggest a neurotropic growth factor abnormality in schizophrenia which 

contribute to microstructural connectivity deficits (Angelucci et al., 2005). This is 

plausible as neurotropic growth factors play a significant role in the 

neurodevelopment and maintenance of a healthy CNS, particularly dopaminergic and 

5-HT neurons (Henderson, 1996, Davies, 1988). Abnormalities in 

neurodevelopment, neuroplasticity and neural synapses would ultimately result in 

alterations in the connectivity within the brain, and play in a role in the 

neuropathology of schizophrenia (Shoval and Weizman, 2005). In a review of brain 

derived neurotropic factor (BDNF) and nerve growth factor (NGF) alterations in 

animal models supports neurotropic factor deficits that result in alterations in 

schizophrenia like behaviours, and antipsychotic and antidepressant medication 

enhances their production (Aloe et al., 2000). BDNF and NGF findings in animal 

models support post-mortem findings of decreased BDNF in the prefrontal cortex 
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and CSF (Issa et al., 2010), and dorsolateral prefrontal cortex (Weickert et al., 2003) 

in schizophrenia.  

It is accepted that gene expression disturbances play a role in the neurodevelopment 

of schizophrenia; however, a specific genetic polymorphism is yet to be established. 

A recent genome-wide association study reported 8,300 single-neucleotide 

polymorphisms which contribute to the risk of developing schizophrenia (Ripke et 

al., 2013). Results indicate that multiple mutations which alter the 

neurodevelopmental pathway have a causative effect (Walsh et al., 2008). The 

catechol-o-methyltransferase (COMT) gene was one of the first gene disturbances 

proposed to be specific to schizophrenia, but there is a lack of reproducibility to its 

genetic-environmental contribution with cannabis in schizophrenia (Uher, 2014). 

Post-mortem investigations play an important role in the study of gene expression 

and molecular abnormalities in schizophrenia (Horvath et al., 2011). Previous studies 

reported down-regulation of regulator G-protein signally 4 in cortical regions 

(Mirnics et al., 2001), up-regulation of neurogulin 1 in the hippocampus (Mirnics et 

al., 2001), and a global reduction in dopamine-β-hydroxylase in schizophrenia (Wise 

et al., 1974). Recent review articles outline the need for future genetic research using 

the most recent advances in molecular science to provide reproducible evidence of 

schizophrenia specific alleles (Harrison and Weinberger, 2005, Voineskos, 2014). 

Voineskos indicates that the heritability of white matter genotypes may be better 

understood with the exploration of GWAS variants coupled with imaging modalities 

that are sensitive to detect subtle white matter microstructural alterations (Voineskos, 

2014).   

Neuroimaging provides a significant body of research which supports the hypothesis 

of biological disruptions in schizophrenia, as seen by the multitude of structural 

abnormalities detected at all stages of the disorder. Multiple review articles outline 

overall grey matter volume reductions in schizophrenia (Levitt et al., 2010a, Glahn et 

al., 2008, Fornito et al., 2009, Shepherd et al., 2012b, Shepherd et al., 2012a). 

Volume reductions are not specific to grey matter, but have also been reported in 

numerous white matter regions (Di et al., 2009). Neuroimaging also provides 

evidence of functional connectivity abnormalities in schizophrenia, with 

hyperactivity in interhemispheric connections (Minzenberg et al., 2009), as well as 

resting state abnormalities in the tempo-parietal connections (Vercammen et al., 
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2010). However, conventional MRI lacks the contrast necessary to investigate the 

microstructural organisation of white matter, which requires an optimised imaging 

technique that provides adequate information about the underlying microstructural 

organisation. Understanding methods and applications for investigating white matter 

requires knowledge of the basic principles of MRI and the sensitisation of the 

sequence acquisition protocols to provide white matter microstructural information.  

Introduction to Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) or nuclear magnetic imaging (as it was 

previously termed) is a medical imaging technique used to visualize the internal 

structure of the body. MRI exploits the magnetic properties of hydrogen atoms [H
+
]. 

The two major constituents of the human body are water and fat, both of which 

contain ample H
+
. The hydrogen atom has a single positively charged proton which 

spins about its‟ axis, thereby creating its‟ own small electromagnetic field (µ). Once 

placed in a magnetic field these hydrogen protons interact with the external magnetic 

field (B0) and any applied electromagnetic pulses. The resulting image contrast is 

dependent on the magnetic strength of the magnet, the frequency of the 

electromagnetic waves, the precise acquisition parameters, and the physical and 

chemical environment of the hydrogen protons.  

Within the MRI scanner bore hydrogen protons are exposed to a large magnetic field 

(B0) causing the magnetic moment µ to precess parallel/antiparallel around the 

direction of the magnetic field (B0). The protons spin about the axis of the magnetic 

field which is termed Larmor Precession (Figure 2.1). The frequency of the 

precession is directly proportional to the strength of the magnetic field, noted by the 

equation:  

ωo = γB0 

where ωo is the Larmor Frequency, γ is the gyromagnetic ratio, and B0 represents the 

main magnetic field measured in Tesla (as at T1.5 or T3 for the present research). 

The precession of the hydrogen protons in the field, B0 is illustrated in Figure 2.1. 
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The z-axis within the MRI scanner is referred to as the longitudinal axis, and the x-y 

plane, the transverse plane.   

Figure 2.1 Larmor Precession of Hydrogen Protons 

 

 

 

 

 

Legend. Illustration of the Larmor precession of hydrogen protons due to the magnetic moment (µ) 

and the magnetic field (B0). 

In the absence of an external magnetic field the magnetic moment is said to have a 

net magnetisation of zero. Once placed in a magnetic field they align in either one of 

two directions; parallel (lower energy state) or anti-parallel (higher energy state) to 

the direction of the magnetic field. The number of protons in each energy state is 

nearly identical, thus the majority of the parallel and anti-parallel protons cancel 

each other out. The difference in the energy states, arising from the slightly higher 

number of protons in the lower energy state, creates a net magnetisation which is the 

signal obtained during an MRI and this is a relatively weak signal that is directly 

proportional to the strength of the magnetic field.    
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Figure 2.2 Larmor Precession of Hydrogen Protons in Parallel and Anti-Parallel 

Energy States 

 

Legend. The Larmor precession of hydrogen protons in the lower (parallel) and higher (anti-parallel) 

energy states within a magnetic field B0. 

In order to detect this net magnetisation, the magnetic moment must be tilted away 

from the principle direction of the magnetic field B0. This is achieved by applying an 

electromagnetic radio frequency pulse which can be at a flip angle of 90⁰, 

perpendicular to the direction of the original magnetic field. A radio frequency pulse 

is characterised by a rapid change in the amplitude of a radio frequency signal 

followed by a rapid return to baseline. Prior to this radio frequency pulse the protons 

spin with a random phase about B0 along the z-axis. Once the radio frequency pulse 

is applied, the precession becomes uniform “in-phase”. The radio frequency pulse 

results in a proportion of the magnetisation rotating perpendicular to B0 (longitudinal 

magnetisation) in the x-y axis (transverse magnetisation). The pulse angle is 

determined by the radio frequency pulse duration, which can be 90⁰ or 180⁰ (twice 

as long as the 90⁰ radio frequency pulse) for example.  

 

Once the rapid radio frequency pulse ends the protons begin to return to their 

equilibrium. The time in which protons return from a higher energy state to 

equilibrium in the lower energy state is referred to as the T1 relaxation time or the 

longitudinal relaxation process. The spin-spin or transverse (T2) relaxation time 

refers to the time taken for the loss of synchrony between the precessing protons 

which occurs as the precessing becomes randomized or “dephases” following the 
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radio frequency pulse. The energy emitted during the transverse relaxation produces 

a signal; the free induction decay, the decay of the MRI signal in a transverse plane 

with a characteristic decay time of T2. Dephasing time varies due to small variances 

in the Larmor frequency of the protons created by small changes in the local 

magnetic field. The actual observed T2* represents the decay time composed of 

molecular interactions, and a non-homogenous magnetic field strength, which causes 

a rapid loss in the transverse magnetisation. The T2* time is therefore much faster 

than the T2 time.  

 

T1 and T2 relaxation times are further spatially characterised by a number of 

different tissue properties (water content, chemical composition of tissue – large 

molecules, other paramagnetic molecules), magnetic field strength, and temperature. 

In a high water content substance T1 and T2 are relatively equal; however, in tissues 

where water content is reduced the T2 can become significantly shorter than the 

T1(Kuperman, 2000), which is particularly relevant when discussing post-mortem 

MRI sequence acquisition. This results in a limited time available to acquire the T2 

signal in post-mortem imaging. This major limitation in post-mortem MRI 

acquisition can be somewhat compensated for by acquiring data at higher field 

strengths which increase the T2 duration to a certain extent. 
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Figure 2.3 Tissue Proton Density Effect on Transverse Magnetisation Decay 

 

Legend. Signal decay of T2 relaxation times or transverse magnetisation decay in two samples with 

different proton density. Sample 2 has a lower proton density (such as post-mortem tissue) and 

therefore a shorter T2 relaxation time than sample 1 (such as in vivo).  

The spin echo sequence is a preferred acquisition method when sensitising an 

acquisition sequence to the diffusion of water molecules. For a spin echo sequence a 

90⁰ and 180⁰ refocusing radio frequency pulse is applied which results in a 

detectable echo of the MR signal. This spin-echo pulse sequence is robust in that it 

reduces magnetic field inhomogeneity making images less susceptible to artefacts. 

The time in milliseconds between the 90⁰ radio frequency pulse and the peak in the 

signal intensity is referred to as the Echo Time or TE. This 180⁰ pulse is applied half 

way between the 90⁰ radio frequency pulse and the TE (TE/2). The repetition time or 

TR is the time between two excitation pulses, beginning the routine with a new 90⁰ 

radio frequency pulse.   
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Figure 2.4 Spin-Echo Sequence Schematic 

 

Legend. Schematic illustration of a typical Spin-Echo Pulse Acquisition Sequence. A time delay of Ʈ 

occurs after the initial 90⁰ excitation, which is followed by several 180⁰ excitations resulting in an 

echo of the signal. The time from the 90⁰ RF pulse to the peak in signal of the echo is TE (echo time), 

the TR (repetition time) is the time between two 90⁰ RF pulses.   

For conventional MRI techniques, tissue contrast is dependent on the weighting 

applied during sequence acquisition i.e. what you sensitise your sequence to 

measure. A short TR will result in a tissue contrast dependent on the longitudinal 

magnetisation recovery times of the various tissue types and is termed a T1-weighted 

image. Tissues with a short T1 appear bright on a T1-weighted image e.g fat and 

white matter. A T2-weighted image is dependent on the transverse magnetisation 

recovery time of tissue, created by longer TR and TE times for a spin-echo pulse 

sequence. A longer TR compared to the tissues‟ T1 time reduces the contribution of 

the longitudinal magnetisation to the measured signal. Tissues with a short T2 

appear darker on T2-weighted images e.g white matter, and lesions such as an acute 

haemorrhage. T1- and T2-weighted images provide high resolution contrast images 

of grey and white matter, and are used clinically to detect structural abnormalities 

and determine pathologies associated with a particular disease. For example the 
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diagnosis of multiple sclerosis can be confirmed by the presence of clusters of 

regional white matter hyperintensities that are detectable on a T2-weighted structural 

MR image. 

However, T1 and T2-weighted images do not provide sufficient contrast within 

white matter as white matter has a homogenous water content throughout the brain, 

thereby limited contrast within white matter itself. This homogeneous water 

concentration, relatively equal chemical compositions and relaxation times within 

white matter results in a uniform pixel intensity on conventional MR images.  

Individual fibre tracts which appear coherent, as if one single structure within the 

brain on convention structural MRIs, limits the isolation and study of the 

commissural, association, and projection fibre bundles. To investigate tract specific 

changes associated with neurological and psychiatric disorders requires the 

modelling of acquisition specific MRI data to reconstruct white matter 

microstructure. Sensitising the MRI to diffusion measures the displacement of water 

molecules over time, and in white matter this has been shown to be directionally 

dependent.  
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Figure 2.5 T1 and T2-Weighted Images 

 

Legend. T1-(left) and T2-(right) weighted images of the same sagittal slice (X=147) and subject. T1 

image contrast is generated by a short T1 time acquired in the longitudinal magnetisation, tissues with 

a short T1 time appear bright e.g. fat content of myelin in white matter. T2 image contrast is 

generated by setting T2 times longer than the tissues‟ T1 time. The T2-weighted image reduces the 

signal contribution from longitudinal magnetisation and tissues with short T2 appear darker, e.g. 

white matter.  
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Sensitising the MRI Sequence to Diffusion 

In order to acquire diffusion MRI datasets, the conventional MRI sequence must first 

be sensitised to the diffusion of water molecules over time. The MRI sequence can 

be adapted to detect and measure diffusion of water molecules; the most popular 

method is a pulse gradient spin echo (PSGE) sequence, first developed by Skejskal 

and Tanner (E. O. Stejskal, 1965). This system uses a basic spin echo sequence with 

the presence of two monopolar gradients. 

Figure 2.6 Schematic of a Spin-Echo Sequence with Diffusion Weighted Gradients  

 

Legend. Classic schematic of measuring diffusion (Stejskal & Tanner ST). Magnetic field gradients 

are applied during a spin echo sequence around the 180⁰ radio frequency pulse. These gradients are 

characterised by their amplitude (G), duration (δ) and spacing (Δ). 

The basic principle of sensitising the sequence to diffusion can be explained by the 

diffusion weighted gradients which encode the “spatial location” of the protons, 90% 

of which are attached to a water molecule. Building on the physics of the spin echo, 

the 180⁰ radio frequency pulse refocuses the protons‟ spin so the echo signal can be 

obtained. However, this refocusing does not return diffusing water molecules to their 

original state at the 90⁰ radio frequency pulse. This imperfect refocusing induced by 

the diffusion of the water molecules results in signal attenuation, that is,  the signal 

obtained is lower than that otherwise detected from non-diffusing protons (Figure 

2.7).  
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Figure 2.7 Attenuated Signal Measured in the Presence of Diffusion  

 

 

Legend. Attenuated signal in the presence of diffusion. After the 180⁰ radio frequency pulse there is 

imperfect refocusing of the protons due to their displacement over time (b). The result is a weaker 

signal compared to the signal read out where the diffusion effect is negligible (a). The attenuated 

signal is dependent on the gradient strength and direction.  

 

The attenuated signal is directly dependent on 1) the diffusion coefficient, 2) the area 

(duration and amplitude) of the diffusion weighted gradients, and 3) the time 

between gradients applied. The area of the diffusion weighted gradients and the 

diffusion time collectively determine the b value, which determines the MR 

sensitivity to diffusion, calculated using the following MR physical factors 

 

b=              

 

where γ is the gyromagnetic ratio, G is amplitude,  δ is the duration, and  Δ is the 

time between  the diffusion weighted gradients. 
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The diffusion coefficient can then be measured by comparing the signal (S) obtained 

with diffusion weighting (S(b)) and without (S(0)) by the following equation 

    

    
           

To determine the diffusion coefficient D, a high b value is required to measure the 

attenuated signal, this is limited by gradient strength G, duration δ and diffusion time 

Δ between gradients. Reaching an appropriate b value is quite taxing on scanner 

hardware, especially for the typical 1.5T clinical scanners often used for research 

based studies in diffusion MRI.  

Spatial orientation estimation of the diffusion signal is also dependent on the 

direction of the magnetic field gradients that are applied, determined by their x, y, 

and z co-ordinates. The signal attenuation is therefore a reflection of the gradient 

direction (Figure 2.8). In practice it is necessary to acquire diffusion data using 

multiple diffusion gradients. This allows for the estimation of displacement in 

multiple directions and not a reflection of orientation within the MRI bore and 

gradient direction applied.  

Figure 2.8 Diffusion Direction Measured along the Direction of Diffusion-Weighted 

Gradients 

 

Legend. Red arrows indicating the estimated orientation direction which is dependent upon the 

direction of the magnetic gradient applied, (a) diffusion direction along the x-axis corresponding to 

the fibre orientation of the splenium of the corpus callosum (right to left), (b) diffusion direction along 

the y-axis corresponding to the fibres with an anterior-posterior fibre orientation, (c) diffusion 

direction along the z-axis corresponding to the fibres with an inferior-superior orientation. 
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The number of diffusion weighted gradients necessary to achieve rotationally 

invariant data, for the simplest estimation of diffusion is 6, increasing to a minimum 

of 64 for higher order methods attempting to model a more complex microstructural 

organisation (Jones, 2004), e.g. crossing of the ascending and descending fibres of 

the corticospinal tract with the long association fibres of the superior longitudinal 

fasciculus.  

Prior to details of modelling estimations of white matter orientation from diffusion 

MRI data, it is necessary to first understand the diffusion patterns of water molecules 

in brain tissue. 

Diffusion of Water Molecules in Biological Tissue 

Diffusion-weighted MRI of the brain is a relatively new imaging technique which 

measures the diffusion profile of water (H
+
) molecules in tissue. Diffusion MRI can 

be used to generate 3D reconstructions of white matter fibre bundles, and infer 

information about the underlying white matter microstructure in a manner described 

in this section. Water is in constant motion, at a molecular level, within an aqueous 

environment, which results from the collision of water molecules in a solution 

causing their gradual and constant displacement over time. Einstein showed that over 

time (Δ) this displacement    
 ) in the x-axis could be characterised by the equation 

(Einstein, 1956) 

  
      

where D is the diffusion coefficient, and D is dependent on the medium environment 

such as viscosity, and molecular size, and temperature of the solution (Einstein, 

1956). In a 3D plane, the displacement can be measured using the equation 

       

 

In an unrestricted medium at 20⁰ Celsius the diffusion coefficient is approximately 

2.0 x 10
-3

 mm
2
/s, and this increases with increased temperature (Le Bihan et al., 

2001).  However in the brain, diffusion is somewhat different to that of free diffusion 

in medium. In biological tissue, water molecules interact with the surrounding 
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structures which form barriers and compartments that impede or facilitate water 

diffusion. In the brain the cellular barriers and compartments hinder intercellular 

diffusion, and the intracellular diffusion is termed restricted. This hindered or 

restricted diffusion reduces the diffusion coefficient (D) to approximately 700x10
-6 

mm
2
/s

-1
 (Mori and Barker, 1999) and with typical echo times of 0.04 seconds 

(natural time scale of MR measurements), in other words water molecules diffuse an 

approximate distance of 13 µm per second.  

Figure 2.9 Root Mean Square of Displacement in Free versus Restricted/Hindered 

Diffusion 

 

Legend. Schematic of the root mean square of displacement (R.M.S) over time in a free solution 

(blue) and in a restricted or hindered medium (red) such as a biological tissue. 

 

Because diffusion in a biological sample is not linear as with diffusion in a free 

solution (Figure 2.9) the Einstein equation describing diffusion over time must be 

modified to estimate diffusion in a biological sample. This displacement with a 

particular diffusion time can be given a linear estimate, the slope of which can be 

used to calculate the diffusion coefficient in a biological sample (Figure 2.9). 

Theoretically this will be an underestimation of the diffusion coefficient, and is 

therefore termed the „apparent‟ diffusion coefficient (ADC). ADC is a commonly 

used clinical variable, very useful in the clinical diagnosis of acute brain stroke as 
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ADC has been shown to dramatically decrease with the onset of ischemia (Figure 

2.10 ADC map)(Beaulieu, 2002, Beaulieu and Allen, 1994a).   

Figure 2.10 Apparent Diffusion Co-Efficient Map 

 

Legend. Sagittal slice image of an ADC map (x=31). (ADC Apparent Diffusion Co-Efficient) 

 

Beaulieu showed that various cellular structures influence the movement of water 

molecules in biological tissue (Beaulieu, 2002, Beaulieu and Allen, 1994a). Cellular 

architecture is determined by many factors, both intra and extracellularly, such as the 

cellular membrane, a supportive cytoskeletal matrix, cytoplasm and various 

organelles.  The interaction of water molecules with the surrounding cellular 

environment determines a shift from diffusion seen in a free solution (isotropic 

diffusion) to diffusion which shows a preferential orientation (anisotropic diffusion).  
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Figure 2.11 Diffusion Co-Efficient D in Restricted/Hindered Diffusion 

 

Legend. A schematic of the change in the root mean square (R.M.S) of displacement over time in a 

restricted or hindered medium (solid line). The diffusion coefficient D can be estimated as the slope 

of the linear dashed lined which estimates the R.M.S displacement in a biological sample. 

Isotropic and Anisotropic Diffusion 

Isotropic diffusion refers to diffusion which is uniform in all orientations equally, 

that is free- or self-diffusion in a pure liquid. However, in a biological sample an 

intricate microstructure creates patterns in the diffusion, which is therefore no longer 

random but directionally dependent on the underlying microstructure such as the 

cellular membrane, cell density, and myelin sheath (Le Bihan et al., 2001). It was 

initially proposed that the anisotropic diffusion in the brain was attributable to the 

myelin sheath (Thomsen et al., 1987). Thompsen et al. discovered large variances in 

the ADC in white matter and suggested that regional differences were due to the 

orientation of the myelin sheath within the various fibre bundles. This led to the 

assumption that water molecules in white matter diffuse parallel along the axis of 

fibre bundles, restricted by the myelin sheath which insulates and surrounds the 

axonal membrane. Numerous studies followed which demonstrated and confirmed 

the anisotropic diffusion in white matter (Chenevert et al., 1990, Chien et al., 1990, 

Doran et al., 1990, Doran and Bydder, 1990). A more detailed study of the patterns 

of diffusion in both white and grey matter in the cat central nervous system showed 

that the anisotropic diffusion of white matter was not present in grey matter, where 
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isotropic diffusion was instead detected (Moseley et al., 1990). It became widely 

accepted that diffusion in white matter followed the path of least resistance, parallel 

to the orientation of fibre bundles, however, the precise correlation of 

microstructural elements and the anisotropic diffusion remained unanswered. This 

question led to research investigating the contribution of the various cellular 

components to the degree of anisotropic diffusion measured in white matter. 

White Matter Microstructure – Factors Contributing to Anisotropic Diffusion 

Myelin and the cell membrane 

Myelin is a lipid-bilayer sheet which acts as an electrically insulating set of wrapped 

layers that surround the axon with a primary function of increasing the speed of 

conduction of electrical impulses along the axon.  Myelin consists of approximately 

40% water, lipids account for 70-85% of the dry mass, with the remaining mass 

attributed to proteins (Siegel GJ, 1999). Within the central nervous system myelin is 

secreted by oligodendrocytes (and Schwann cells in the PNS) and this begins at 

approximately week 17 of foetal development. While very little myelin is present at 

birth, post-mortem studies have shown that the myelin sheath grows rapidly in the 

first 2 years of life and continues to develop but at a slower rate until early adulthood 

(Lebel et al., 2008). The high lipid content of myelin was erroneously thought to 

result in the hindered diffusion of water due to its‟ limited permeability. In fact, 

anisotropic diffusion, has been described in three distinct neurons of the garfish: the 

non-myelinated olfactory nerve, oligodendrocyte myelinated optic nerve, and 

Schwann cells myelinated trigeminal nerve (Beaulieu and Allen, 1994a). These data 

demonstrate that myelin is not the primary causative feature of anisotropic diffusion 

in white matter. It instead provides a minor contribution to the anisotropic nature of 

diffusion in neuronal axons. This was supported by the finding that anisotropic 

diffusion decreased by 20% in myelin deficient rats, proving that other contributing 

factors play the majority role in influencing  the degree of anisotropy  present in 

white matter (Gulani et al., 2001). In vivo results extended  these findings to the 

human central nervous system white matter corroborating anisotropic diffusion in the 

unmyelinated fibres of neonates (Huppi et al., 1998, Neil et al., 1998). It is plausible 

therefore those diffusing molecules which encounter a membrane are restricted 
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within that space, where the degree of restriction may be extended by the level of 

myelination present.  

 

Cytoskeleton 

The cytoskeleton is composed of neurofilaments and microtubules and provides 

shape and transit pathways intracellularly. These create some degree of physical 

barrier to diffusion parallel with these structures (Beaulieu, 2002). Neurofilaments 

are intermediate filaments, consisting of polypeptide chains which are intricate to 

axon geometry by providing structural support to the axonal cytoskeleton and are 

directly linked to axon diameter (Lasek et al., 1984, Amos and Amos, 1987). While 

they have major contributions to axonal architecture, neurofilaments are not essential 

to the cytoskeleton as many nerves function without microtubules. It is plausible 

therefore to suggest that neurofilaments are not a major factor in anisotropic 

diffusion in white matter. This is supported by Beaulieu and Allen (Beaulieu and 

Allen, 1994b) who detected rapid isotropic like diffusion in the giant axon of the 

squid, where diffusion of water molecules is restricted primarily by the coherent 

neurofilamentary structure within the axon.. Microtubules consist of tubular 

polymers of tubulin, found in the cytoskeleton, and are essential components of all 

nerves as they provide mechanical support and transport highways for organelles 

throughout the cytoplasm (Lasek et al., 1984, Amos and Amos, 1987). Analysis of 

the microtubule contribution to anisotropy verified their non-essential role following 

their removal by a depolymerising compound, vinblastine (Beaulieu and Allen, 

1994a). While these studies suggest that the cytoskeleton is not the primary source of 

anisotropic diffusion, its precise contribution is yet to be determined. 

 

Intracellular and Extracellular diffusion  

It must also be considered that the intracellular and extracellular compartments 

which both contain diffusing water molecules, would impact significantly on the 

characteristics of diffusion in white matter. The proportion of intracellular and 

extracellular diffusion to the overall signal obtained is not yet fully understood. Early 

suggestions predicted a 20-30% extracellular contribution to anisotropic diffusion 
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measured (M. E. Rice, 1995, Vorisek and Sykova, 1997, Sykova et al., 2000), 

however these studies were in the initial stages of diffusion MRI sequence 

development and data processing, using animal models where the results detected 

may not have given an accurate estimation of the proportion of extracellular 

diffusion in the human brain. Assaf et al. reported that hindered extracellular 

diffusion reflects a Gaussian attenuated signal detected at low b values, compared to 

the non-Gaussian restricted intracellular diffusion attenuated signal at high b values 

(Assaf et al., 2004, Assaf and Basser, 2005). Differentiating the exchange of water 

molecules between the intracellular and extracellular compartments is not possible at 

lower gradient strengths normally used for clinical application of diffusion MRI 

(Assaf and Basser, 2005, Assaf et al., 2004). Advanced methods are currently being 

developed which aim to differentiate the diffusion signal into its various 

compartmental components. One example of this is neurite orientation dispersion 

and density imaging (NODDI), which uses multiple imaging shells or gradient 

strengths disentangling the signal into orientation and compartmental information 

(Zhang et al., 2012). 

Early diffusion MRI studies indicated that diffusion in white matter is highly 

anisotropic, compared to grey matter. This anisotropic diffusion pattern is along a 

preferential diffusion orientation, the axis of which is parallel with white matter fibre 

tract bundles. It became evident that this imaging technique provided a means of 

white matter microstructural contrast as the diffusion signal reflected underlying 

microstructure. In schizophrenia, this offers a unique method of investigating white 

matter microstructural alterations in vivo, and has provided additional information 

supporting a structural disconnect to be a feature of the disorder. Prior to detailing 

current diffusion MRI findings in schizophrenia, it is necessary to understand the 

origin of the diffusion signal, not only from a microstructural stand point, but also 

from the sequence parameters used to acquire the data. The acquisition and 

quantification of diffusion MRI data is paramount to ensure accurate interpretation 

of results, from their mathematical estimation to their biological meaning. 
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Quantification and Visualisation of Diffusion in the Human Brain 

Diffusion MRI analysis produces quantitative measures of the rates of diffusion in 

different directions in the brain which are compared to estimate fibre orientation and 

reconstruct white matter tracts. The tensor model was initially used to estimate 

diffusion in the brain and it is still the most widely used method in clinical 

applications of diffusion MRI. This post-acquisition processing allows for the 

calculation of D (diffusion coefficient) for every voxel, thereby building a map of the 

diffusion pattern within the brain (an ADC map). The diffusion tensor models the 

displacement of water per unit of time, which in an ordered model (as in white 

matter tracts, where water displacement has a preferential direction) is not equal in 

all directions. The 3D displacement of water can be characterised by a 3 x 3 

diffusion tensor matrix, with 6 unique elements Dxx, Dyy, Dzz Dxy, Dxz, and Dyz. 

 

D = [

         

         

         

] 

 

Dxx, Dyy, and Dzz refer to diffusional fluxes of concentration gradients in the relative 

spatial directions. Dxy, Dxz, and Dyz
 
represent the correlation between diffusion fluxes 

and concentration gradients in orthogonal directions (Jones et al., 1999). In order to 

calculate the diffusion tensor, you must have measurements using a minimum of six 

unique diffusion gradients, and a measurement without diffusion weighting (S0) 

acquired at a b-value of zero. Using D along the various co-ordinates for x, y, and z, 

the signal intensity is calculated by 

 

      

     
       ∑∑       
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Where S(bij) is the signal with diffusion gradients applied and S(0) is the signal 

without diffusion weighting, bij and Dij represent the b value and D along all the co-

ordinates for the diffusion gradients applied. b in multiple directions is now 

calculated as  

b =   ∫  ∫     
       ∫     

      
 

 

 

 

  

 
   

where γ is the gyromagnetic ratio constant, G is gradient strength amplitude, and 

 ∫     
      

 

 
 is a vector of the integral of the gradient amplitudes in the x, y, and z 

directions.  

Once the diffusion matrix is calculated, it can be diagonalised to give 

 

D = [

    
    
    

] [

  
  
  

] 

 

where λ1, λ2, and λ3  (highest to lowest) represent the three eigenvalues, a measure of 

the magnitude of diffusion along these directions, and  1,  2,  3 are the three 

eigenvectors representing the principal directions of diffusion corresponding to the 

respective eigenvalues. The eigenvalues and eigenvectors can be represented 

schematically by the diffusion ellipsoid in the form of the tensor. 

Using the eigenvalues and eigenvectors, various tensor-derived parameters can be 

calculated to make inferences regarding the underlying white matter architecture or 

pathology thereof. By determining the principal direction of diffusion in white 

matter, the orientation of tract bundles can be reconstructed, and structural 

connections can be established in the brain.  
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Figure 2.12 Eigenvectors (Ɛ) and Eigenvalues (λ) of the Diffusion Tensor Ellipsoid 

                                  

Legend. A diffusion tensor or ellipsoid characterised by three eigenvalues (λ1, λ2, and λ3) representing 

the magnitude of diffusion in each direction, and three eigenvectors ( 1,  2,  3) representing the 

orientation of diffusion.  

Axial diffusivity (AD), diffusion along the primary axis is given by  1, radial 

diffusivity (RD) represents diffusion perpendicular to the principal axis of diffusion 

and is defined as  

             

 

Mean diffusivity (MD) or ADC, is the average diffusion in all directions is  
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The most commonly reported diffusion MRI parameter is fractional anisotropy 

(FA), described originally by Basser and Pierpaoli (Pierpaoli and Basser, 1996). It is 

a fraction and therefore scalar value between 0 and 1 describing the square root of, 

the sum of the squared differences divided by the sum of the squares of the three 

eigenvalues: 

    
√                             

√    
     

     
  

 

 

It should be noted that the scalar value of FA does not describe the shape of the 

diffusion ellipsoid, as many various combinations of λ1, λ2, and λ3 can result in the 

same FA. However, it is used widely to describe the diffusion pattern in the brain 

and has been shown to be sufficiently sensitive to detect regions of pathology despite 

having essentially dropped the orientation information acquired. This becomes 

important to note later when interpreting FA-based registration employed in voxel-

based analysis methods.  

Diffusion MRI data and voxel FA values can be visualised by attributing directional 

information or the FA value to each pixel in an image. This data is then used for 

multiple quantitative analysis approaches such as tractography, region of interest 

(ROI), and voxelwise analysis. For simple and effective visualisation of diffusion 

data, directional encoded colour (DEC) maps (Pajevic and Pierpaoli, 1999) can be 

generated which assign a colour to each voxel determined by the FA value and the 

primary direction of diffusion for that voxel.  The DEC maps are colour coded as per 

the RGB colour coding system where red = left to right, green = front to back, and 

blue = up and down (Figure 2.13). 
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Figure 2.13 Fractional Anisotropy and Directional Encoded Colour Maps 

 

Legend. (a) An FA map in which gray scale voxel intensity represents the FA value, brighter voxels 

have higher FA values and dark voxels have lower FA values (e.g. ventricles).  (b) DEC map. Each 

voxel is given a colour which is determined by the principal direction of diffusion in that voxel and an 

intensity that is determined in an identical manner to (a). Red: commisural fibres running left right 

(e.g corpus callosum CC), blue: projection fibres running inferior superior (e.g corticospinal fibres 

CST), and green: association fibres running anterior posterior (e.g superior longitudinal fasciculus 

SLF). 

White Matter Alterations in Schizophrenia Detected using Diffusion MRI  

Diffusion MRI studies carried out in individuals with schizophrenia have 

consistently reported FA reductions in multiple white matter regions relative to 

healthy controls (Ellison-Wright and Bullmore, 2009, Canu et al., 2014, 

Fitzsimmons et al., 2013), which were shown to be most evident in the deep frontal 

white matter and left temporal regions (Ellison-Wright and Bullmore, 2009). The 

most recent meta-analysis carried out by Canu et al. reported that FA reductions 

have been detected in all stages of the disorder. First episode reductions have been 

reported in the internal capsule, corticospinal tract (CST), and basal ganglia, superior 

longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), anterior and 

posterior limb of the internal capsule (ALIC, PLIC), inferior-occipitofrontal 
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fasciculus (IFOF). Treated patients with a longer illness duration had most severe FA 

reductions compared to healthy controls in the long association fibres (SLF, ILF), 

interhemispheric corpus callosum fibres, thalamic radiations, internal capsule and 

frontal and temporal white matter (Canu et al., 2014), which supports the earlier 

meta-analysis by Ellison-Wright (Ellison-Wright and Bullmore, 2009). Canu also 

reports that the FA reductions are seen in those at high risk, which is even further 

exaggerated in ultra-high risk compared to high-risk and healthy controls (Canu et 

al., 2014).  

Fitzsimmons reported that the majority of FA reductions in schizophrenia were 

detected using the “hypothesis free approach” voxel-based analysis or tract based 

spatial statistics (TBSS) (Fitzsimmons et al., 2013). This meta-analysis highlighted 

that only two voxel-based studies failed to detect FA (Clark et al., 2011), or MD 

(Nenadic et al., 2011) alterations in chronic patients compared to healthy controls 

(Nenadic et al., 2011), and only tractography study investigating the uncinate 

fasciculus (UF), ILF, IFOF, cingulum, fornix or arcuate fasciculus failed to detect 

significant FA reductions in any tract in chronic schizophrenia compared to healthy 

siblings and controls (Boos et al., 2013).  Interestingly, this meta-analysis showed 

that studies using both diffusion and functional MRI data was sensitive to detecting a 

more consistent finding of reduced structural and functional connectivity frontal and 

temporal regions (Fitzsimmons et al., 2013).   

FA reductions showing deficits in white matter organisation are not unique to 

chronic schizophrenia and have been detected at the onset, and early stages of the 

disorder (Fitzsimmons et al., 2014, Lee et al., 2013, Freitag et al., 2013, Tang et al., 

2010, White et al., 2009). A meta-analysis of studies investigating FA alterations in 

first episode patients (Yao et al., 2013) reported similar regional FA deficits in deep 

frontal and left temporal lobe relative to healthy controls, which corresponds to the 

regional deficits reported by Ellison-Wright (Ellison-Wright and Bullmore, 2009). 

While these studies report white matter alterations at the onset of the disorder, cross-

sectional studies have pointed toward a progressive nature in the severity of white 

matter alterations.  FA deficits detected in chronic patients were shown to be absent 

in first-episode patients (Friedman et al., 2008, Kong et al., 2011), however this may 

be a reflection of the smaller sample size of first episode patients, or a long term 

effect of medication in chronic patients. The progressive microstructural changes 
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reported are supported by the evidence of volumetric deficits in both grey and white 

matter detected using structural MRI (Ho et al., 2003). This study also investigated a 

possible effect of antipsychotic medication on the longitudinal alterations in brain 

volume, and reported no significant effect of any of the four antipsychotic 

medications used to treat patients (Ho et al., 2003). 

As previously mentioned, various methodological approaches have been used to 

detect white matter alterations in schizophrenia, including whole brain (Sussmann et 

al., 2009, Shergill et al., 2007, Rotarska-Jagiela et al., 2009, Schlosser et al., 2007, 

Mori et al., 2007), restricted voxel-based (Karlsgodt et al., 2008, Douaud et al., 2007, 

Lim et al., 1999) and reconstructed tract based (Phillips et al., 2009, McIntosh et al., 

2008, Whitford et al., 2010) methods. Few studies contradict these findings reporting 

no FA differences between schizophrenia and control groups (Foong et al., 2002, 

Kito et al., 2009, Wang et al., 2003, Levitt et al., 2010b, Clark et al., 2011, Boos et 

al., 2013) or MD group differences (Nenadic et al., 2011) in white matter 

organisation in chronic schizophrenia. Discrepancies in these findings could be 

attributed to variances in acquisition and tensor estimation methods of diffusion MRI 

data, as FA susceptibility to error depends on the tensor estimation algorithm used 

i.e. non-linear least squares (less errors), weighted linear least squares, and the most 

popular ordinary least squares (most errors) (Jones and Cercignani, 2010). For 

example, Foong et al. reported no group differences in schizophrenia using a voxel-

based approach. However, this acquisition used a relatively low b value, and 

reported that motion distortion or eddy current correction was not performed (Foong 

et al., 2002). Reported discrepancies could also be due to subjective rater based 

variation such as user defined region of interest (ROI) placement (Levitt et al., 

2010b), or the registration of diffusion images to standard space for automated 

tractography (Clark et al., 2011), and clinical heterogeneity in large sample sizes 

which may not be sensitive to detect white matter deficits specific to schizophrenia 

(Boos et al., 2013).  

It is logistically difficult to investigate white matter alterations in chronic 

schizophrenia and differentiate these changes from possible effects of antipsychotic 

medication exposure. A recent diffusion MRI study in 17 medication naïve patients 

with chronic schizophrenia reported that patients had lower FA compared to controls 

in the IFOF and left ILF (Liu et al., 2014b). Ozcelik-Eroglu et al. also indicated that 
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microstructural deficits are evident prior to clozapine treatment (Ozcelik-Eroglu et 

al., 2014). This study also investigated the effect of clozapine in a twelve week 

follow up, and reported that FA increased in the inferior fronto-occipital fasciculus 

and superior parietal lobe compared to baseline FA (Ozcelik-Eroglu et al., 2014). 

These studies indicate that white matter alterations are linked to the neuropathology 

of the disorder, and may be further modulated with the exposure to medication. 

Participants with chronic schizophrenia in this current study were previously treated 

with typical and atypical (predominantly) antipsychotic medication prior to 

commencing clozapine. Recent reviews report that antipsychotic medication may 

partially contribute to structural brain changes detected in schizophrenia, with typical 

drugs having a greater magnitude of changes, compared to atypical (Navari and 

Dazzan, 2009, Fusar-Poli et al., 2013, Scherk and Falkai, 2006). While removing the 

potential morphological brain changes associated with antipsychotic medication is 

not possible in this study, we can eliminate any clozapine induced brain changes 

which may affect white matter microstructure by investigating differences between a 

clozapine naïve group of participants and a group of psychiatrically healthy control 

participants. Clozapine is the drug used in treatment-resistant schizophrenia, with 

numerous clinical trials reporting its use for the effective management of the disorder 

over other anti-psychotic medication (McEvoy et al., 2006). Approximately 30% of 

patients with schizophrenia are considered treatment resistant, with a proportion of 

these patients commencing clozapine medication. The development of clozapine in 

the 1970‟s proved to be a breakthrough for patients with treatment resistant 

schizophrenia, and to date remains the most clinically effective drug available for 

this patient cohort (Kane, 1996, Buchanan et al., 1996, Breier et al., 1999, Meltzer, 

1997, Fakra and Azorin, 2012).  Although effective, it requires close monitoring on 

commencement due to the possible risk of developing potentially fatal 

agranulocytosis,  and therefore requires close monitoring of patients white blood cell 

(Cohen et al., 2012, Nooijen et al., 2011). Clozapine therefore is the drug of choice 

when other anti-psychotic medications fail to provide an effective treatment and 

improve patient quality due to its superior efficacy (McEvoy et al., 2006).  Due to 

clozapine‟s potential effect of structural alterations, as previously indicated (Molina 

et al., 2005, Scheepers et al., 2001, Ho et al., 2003), it is necessary to carry out 

microstructural investigations in a relatively homogenous clinical cohort. 

Subsequently we carried out a voxel-wise analysis of FA to investigate white matter 
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alterations in clozapine naïve patients. However, it is necessary to acknowledge the 

limitations in tensor-based estimations in regions of complex white matter 

architecture (Farquharson et al., 2013, Jeurissen et al., 2013), and explore more 

advanced methods which aim to accurately reconstruct multiple fibre orientations.  

Limitations of Tensor-Based Fibre Orientation Estimation Methods 

The tensor remains the most widely used method of estimating the diffusion patterns 

and fibre orientation in white matter. It is robust in determining the fibre orientations 

where fibre bundles are compact and in a singular unified direction or isolinear in 

nature. However, possible pitfalls in tensor estimation such as bias induced by local 

minima in non-linear estimations of the tensor, and assumping homescedasticity of 

the fitted logarithm of the diffusion weighted signal (Jones and Cercignani, 2010). 

The clinical relevance of the white matter changes inferred from diffusion MRI 

quantitative results rely on the quality of the data analysed. This quality is dependent 

on the integrity of each step in a long procedural pipeline starting with data 

acquisition, processing, including estimation the tensor, and analysis methods used. 

All of these stages are susceptible to bias and user defined protocols which can lead 

to inaccuracies and error in the reported results.  

There are confounding factors associated with tensor-based estimations which fail to 

accurately reconstruct multiple fibre orientations in regions of complex white matter 

architecture and are therefore limited in their biological meaning. Alterations in FA 

are primarily attributed to actual changes in the underlying white matter 

microstructure, but there are additional cofounds which may result in apparently 

lower FA that should be actively minimised in acquisition and analysis steps. These 

confounds include the partial volume effect, which is the contamination of a voxel 

signal with non-white matter tissue, e.g. CSF or grey matter. In vivo diffusion MRI 

has a voxel size typically in the order of 1-3 mm
3
,
 
depending on the system and 

sequence used during image acquisition. The reconstructed tract thickness therein is 

directly proportional to the signal and voxel size. If a voxel contains CSF or non-

white matter tissue its contribution will be included in the tensor reconstruction 

which directly impacts the calculated FA for that voxel.  Furthermore, FA is 

confounded by a fibre complexity beyond the capabilities of tensor-based 
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estimations of the diffusion signal, resulting in a misinterpretation of FA. This 

complexity includes crossing, bending or interdigitated fibres. For example, the 

centrum semiovale region contains crossing fibres consisting of commissural, long 

association and projection fibre tracts. In white matter adjacent to the ventricles, 

particularly in the fornix, partial volume effect could impact on the diffusion signal 

modelled and result in alterations in FA which are misinterpreted as microstructural 

integrity deficits. Vos et al. showed that inclusion of the tract volume as a regional 

covariate can somewhat eliminate the adverse partial volume effect of CSF (Vos et 

al., 2011). This is plausible as the tract thickness can have a contributing factor from 

non-tract specific components, and its‟ inclusion as a covariate will limit the partial 

volume effect on the reported FA. 

 

The interpretations of lower FA in a cross sectional study comparing two groups of 

participants in particular in regions with complex fibre arrangements additionally 

poses a problem for tensor-based analysis: for accurate fibre orientation 

reconstructions in regions of multiple fibre populations, more advanced acquisition 

and modelling techniques which can identify the contribution of multiple 

orientations to the overall diffusion signal within a voxel have been developed, such 

as Q-ball imaging, diffusion spectrum imaging (DSI), diffusion kurtosis imaging 

(DKI), neurite orientation dispersion and density imaging (NODDI), composite 

hindered and restricted model of diffusion (CHARMED), and constrained spherical 

deconvolution (CSD). CSD assumes that a signal obtained for a given voxel can be 

described by a „characteristic three-dimensional signal profile‟ termed the fibre 

response function (Anderson, 2005, Tournier et al., 2004)). The response function is 

defined and used to deconvolve the diffusion signal estimating the weight of each 

fibre bundle contributing within a voxel, thereby determining the proportion of the 

intravoxel fibre orientations. The deconvolved signal is visualised as the fibre 

orientation distribution function (fODF), the multi-peaks of which represent the fibre 

orientations within that voxel. This fODF is a reconstruction of the diffusion signal, 

similar to the tensor ellipsoid, however, the peaks of the fODF represent multiple 

fibre orientations within a single voxel (Figure 2.14.) The peak magnitude of the 

fODF is weighted to represent the proportional contribution from each fibre 

orientation. 
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Figure 2.14 Reconstructed Diffusion Tensor Ellipsoid and Fibre Orientation 

Distribution Function (fODF) for Identical Voxels  

 

Legend. Identical voxels showing both reconstructions of (a) the fODF calculated using CSD and (b) 

a tensor visualisation of the diffusion eigenvalues. Voxels were taken from the lateral corpus callosum 

region were callosal fibre bundles (red) cross with the ascending and descending fibres of the 

corticospinal tract (blue). The ellipsoid fails to reconstruct the complex fibre orientation within the 

voxel and estimates result in a low FA value for the voxel on a whole which is inaccurate 

demonstrating the shortcomings of the tensor model for describing architecturally complex white 

matter regions. 

Constrained Spherical Deconvolution and Response Function Calculation 

The conventional method for determining the response function used to perform 

CSD is based on an FA threshold (typically >0.7 which was presumed to represent a 

single fibre population). The response function is therefore directly related to the FA 

threshold chosen and then applied to all voxels of the brain. However, a diffusion 

signal resulting in high FA of 0.7 may still be subjected to partial volume effects 

from a smaller, secondary fibre orientation. This response function ideally represents 

the diffusion signal from a single fibre population; however the response function 

chosen may not be exclusive to voxels with a single fibre orientation and appropriate 

to apply to all voxels of the brain. A more advanced and accurate method for 

determining the ideal response function for a dataset has been proposed recently by 
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Tax et al. (Tax et al., 2014). This method employs a recursive method that minimizes 

the contribution of erroneously high FA peaks to determine a more generally 

applicable response function. This method overcomes the need for a user-defined FA 

threshold and therefore extends CSD as a method now independent of tensor-based 

parameters. Recursive calibration employs a number of iterations to isolate a fODF 

which would accurately represent a single fibre, by calculating the peak directions 

and magnitude and eliminating voxels were the second largest peak magnitude is 

appropriately small in relation to the largest peaks. Smaller secondary peaks may be 

derived from noise which is unavoidable, and voxels are selected which reliably 

represent a single fibre. These voxels are then used in the subsequent iterations for 

the response function calculation until a uniform response function shape is reached, 

(less than 1% difference). Tax et al. showed that this method of response function 

calculation out-performs the conventional tensor-based FA threshold calculation, and 

results in increased accuracy of fODF reconstruction and additional tractography 

analysis (Tax et al., 2014). This was shown by the smaller angle difference between 

the main peaks in the fODF reconstructed using recursive calibration compared to 

the FA threshold response function.  

Transcending Tensor-Based Fibre Orientations in Schizophrenia  

To date accurate inference of microstructural alterations in schizophrenia is finite 

due to tensor-based limitations that are subject to false positives and true pathologies 

in white matter could potentially remain undetected. CSD based estimations of fibre 

orientation overcomes this tensor-based limitation, however, few studies have 

implemented CSD or the quantification of the fODF in diffusion MRI clinical 

applications (Reijmer et al., 2012, Forde et al., 2014, McGrath et al., 2013).  

Quantification of the fODF is novel, and has been termed apparent fibre density 

(AFD) (Raffelt et al., 2012) or the hindrance modulated orientational anisotropy 

(HMOA) (Dell'Acqua et al., 2013).  Dell ‟Acqua states that the amplitude of the 

fODF can be used to quantify diffusion MRI data and detect microstructural 

alterations which are tract orientation specific, and HMOA is highly sensitive to 

changes in tract diffusivity. The amplitude of the fODF is dependent of a few factors 

including the fibre volume fractions, the anisotropy of the fibre signal, and the 

hindrance of the radial diffusion in a particular fibre bundle orientation, and this 
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information can be used to give a quantitative measure of a specific fibre orientation 

in a multi-fibre population. The HMOA also provides a quantitative measurement of 

the primary white matter tract in a voxel without partial volume effects from other 

sources contributing to the largest peak in the fODF. HMOA may reduce the level of 

false negatives or false positives in FA findings because the tract specific orientation 

information is retained compared to the tensor-based estimation, which averages this 

information resulting in a loss of sensitivity to detect microstructural alterations.  

In the past, development of multi-fibre estimation methods, required high-field 

gradient strength systems, with long scanning durations and high b-values, however, 

it is now evident that CSD-based fODF estimation is possible using clinical scanning 

system and scan times which are realistic for in vivo acquisition (Tournier et al., 

2007, Jeurissen et al., 2011). This advance in diffusion MRI data analysis will 

dramatically improve the anatomical and quantitative accuracy of white matter fibre 

tract reconstructions, and our understanding of the complex patterns of structural 

connectivity of the brain. We therefore applied these advances to investigate white 

matter pathophysiology in schizophrenia. 

The aim of this clinical analysis was to investigate white matter microstructural 

changes in a relatively clinically homogenous group of individuals with severe 

chronic schizophrenia, using conventional and novel investigative approaches with 

diffusion MRI. The methods used includes a voxel-wise analysis of tensor indices to 

give a whole brain statistical analysis of tensor-based measurements, without 

introducing user defined errors that can be associated with region of interest or 

tractography analysis. A second approach implementing CSD-based estimations of 

diffusion MRI data was also used in a tract-specific investigation of white matter 

microstructure. The novel quantification of accurate fibre orientations estimated 

using CSD will fill the gap between previous limited tensor-based methods, to give 

biological meaningful information about the underlying microstructure in 

schizophrenia. This comprehensive approach to examining diffusion MRI data in 

schizophrenia will provide information about white matter organisation which may 

not have been previously detected, particularly in regions of complex microstructure.  



White Matter Microstructural Alterations in Schizophrenia 

48 

 

Together, these methods will provide a concise examination of the underlying white 

matter microstructural organisation in schizophrenia. 
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2.3 Methods 

Study Participants  

Diffusion MRI data was acquired from 19 individuals with severe chronic 

schizophrenia and 19 gender and aged matched healthy controls (Table 1). Patients 

were recruited from the in and out-patient services at University Hospital Galway 

(UHG) and regional health Services Executive (HSE) West of Ireland community 

mental health teams. in the catchment area of HSE West of Ireland. 

All patients were diagnosed by experienced psychiatrists (MA, JMcF Appendix A), 

using the Structured Clinical Interview for DSM disorders (SCID) (First, November 

2002b), as meeting the criteria for schizophrenia per the Diagnostic and Statistical 

Manual for Mental Disorders 4
th

 Edition text revision (DSM-IV-TR) (Association, 

2000). In order to provide information about symptom severity, the Positive and 

Negative Symptom Scale (PANSS) (Kay et al., 1987) were administered for each 

patient. All patients with severe chronic schizophrenia were defined as treatment 

resistant at the time of scanning and had not previously been treated with clozapine. 

Treatment resistance was defined as failure to respond to at least 2 antipsychotic 

medications, one of which was an atypical, and a prolonged period of moderate to 

severe positive and/or negative symptoms (mean duration of illness in years = 14±8, 

range 4-39 years). At the time of scanning, all patients were medicated with atypical 

antipsychotics (olanzapine n=10, aripiprazole n=4, paliperidone n=2, quetiapine n=2, 

amisulpiride n=1), with some on two or more medications (atypical n=10, atypical + 

SSRI n=4, atypical + TCA n=1, atypical + IM typical every 2 weeks n=4). The 

participant medication at the time of scanning is listed in Appendix B and is 

consistent with the average symptom severity for the group (mean PANSS ± SD, 

52±18). 

The control group consisted of 19 participants, age and gender matched to the 

schizophrenia group, with no current or past axis I or III disorders (DSM-IV-TR) and 

who were screened using the SCID-Non-Patient Version (First, November 2002a). 

In addition, all participants were subject to the following exclusion criteria: any 

major medical or neurological disorder, learning disability, current alcohol or drug 

misuse, history of alcohol or substance dependency, a history of a head injury 
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resulting in loss of consciousness >5 minutes, and general MRI contraindications 

including pregnancy, pacemaker, metallic foreign bodies located in soft tissue, 

claustrophobia, full MRI contraindications included in Appendix B. Ethical approval 

was granted by both the University College Hospital Galway and the National 

University of Ireland Galway Ethics committees and written informed consent was 

obtained from each participant. 

 

Table 2.1 Study Participants Demographic Characteristics. 

 
HC SZ 

Group 

Difference 

Number 19 19 - 

Gender (M/F) 14/5 14/5 - 

Age (years + SD) 

(range) 

38.21 + 10.29 

(23-57) 

38.10 + 9.55 

(24-59) 

t(36)=0.10,  

p = 0.97 

Duration of illness (years + SD) 

(range) 

- 14.42 + 8.16 

(4-39) 

 

PANSS Score - Mean (range) 

Positive 

Negative 

General 

- 52 (17-89) 

13 (4-25) 

16 (4-28) 

23 (7-37) 

 

Legend. HC = healthy control group, SZ = chronic schizophrenia group. (PANSS based on a 0-6 

scale of 30 symptom based questions). 
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Image Acquisition 

Diffusion acquisition parameters were initially based on Jones et al. outlining the 

optimal strategies for measuring diffusion in anisotropic systems by MRI (Jones et 

al., 1999), and optimised for the local 1.5T Siemens Magnetom Symphony MRI 

scanner system (Erlangen, Germany), by an experienced MR physicist (GB 

Appendix A). The diffusion MRI sequence developed utilised an Echo Planar 

Imaging (EPI) sequence with parallel imaging (GRAPPA, factor 2), 64 independent 

diffusion gradient directions, b=1300 s/mm
2
, with 7 reference non-diffusion 

weighted images (b-value=0 s/mm
2
) dispersed evenly throughout the diffusion 

acquisition duration. The signal from non-diffusion weighted images (S(0)) is 

required to calculate the diffusion coefficient as outlined in Chapter 2 Introduction, 

The optimised acquisition herein additionally employed a TR=8100 ms, TE=95 ms, 

in-plane voxel size of 2.5 x 2.5 mm, a slice thickness of 2.5 mm which resulted in 

images with a good signal to noise ratio of greater than 20. After scout images, the 

total imaging time was 10.24 minutes for the diffusion MRI data acquisition. 

Image Processing & Statistics 

ExploreDTI (Leemans A, 2009) was used to perform quality control and correction 

of diffusion MRI data. Quality analysis involved a visual inspection of all raw data 

to check for obvious problems such as missing slices or artefacts in the images, 

followed by analysis to ensure adequate quality of the data prior to further 

processing.  

Correction for Eddy current induced geometric distortion is a necessary step in the 

processing pipeline of diffusion MRI datasets, due to high susceptibility of the 

images to eddy current induced artefacts. Eddy currents occur due to the rapid 

switching of strong gradient pulses used during diffusion MRI sequence acquisition. 

During the switching of gradient directions, eddy currents generate magnetic field 

gradients which accumulate due to the strength and duration of the programmed 

gradients. The small residual eddy current induced magnetic field gradients can 

linger after the programmed gradients are switched off (Figure 2.15). Subsequently, 

the image obtained possesses minor errors in the local gradients, causing geometric 

distortions in the reconstructed image (Le Bihan et al., 2006).   
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Figure 2.15 Eddy Current Induced Artefacts in a Diffusion-Weighted Sequence 

 

 

Legend. The effects of eddy-currents on the magnetic field gradients present. The shape of the actual 

magnetic gradient field due to eddy currents (red) is distorted from the programmed magnetic field 

gradient (blue).  

Correction of subject motion during the acquisition is necessary and is additionally 

included in this stage of processing. Correction for head motion is essential as 

inevitable head motion during the diffusion acquisition induces a macroscopic phase 

shift of diffusion water molecules, and this repeated head motion throughout the 

acquisition impact the ADC calculated for a given voxel (Le Bihan et al., 2006). 

Rotation of the b-matrix is incorporated into the processing pipeline at this stage in 

ExploreDTI. This step is necessary to ensure that orientation information is correctly 

preserved with respect to the vectors applied, after the image has been corrected for 

motion and eddy current distortions presuming that some measure of rotation has 

been applied to the data (Leemans and Jones, 2009). Leemans et al. demonstrated 

that neglecting to rotate the b-matrix while correcting for subject motion and eddy 

current distortions can introduce a bias into reconstructed fibre estimates, and have 

significant effects on the accuracy of fibre orientation. The data was then checked to 

ensure adequate correction of eddy current or motion related distortion. All datasets 

met quality requirements and were included in the study.   

Estimation of the diffusion tensor was carried out using a robust non-linear 

regression method (Chang et al., 2005), where tensor estimation is calculated directly 

from the diffusion weighted signal intensity by iterative regression algorithms which 

minimize the error between the predicted and observed signal (Jones and Cercignani, 

2010). This non-linear regression is associated with the smallest errors in tensor 

estimation, compared with weighted linear least squares and ordinary least squares 

(Jones and Cercignani, 2010).  The estimated tensor was then used to generate FA, 

axial and radial diffusivity (AD and RD) maps. FA, AD and RD maps were used for 

Gdiff 
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subsequent voxel-based statistical analysis carried out using tract based spatial 

statistics (TBSS) (Smith et al., 2006). Firstly, each FA image was registered to the 

MNI152 standard space using the non-linear registration (FNIRT) (Anderson et al., 

2007) resulting in a standard space version of each individual FA image. Next a 

study specific thinned mean FA skeleton (threshold of 0.2 was applied to exclude 

voxels of grey matter, cerebrospinal fluid, and white matter voxels with a low FA 

and therefore associated with less certainty) was generated to represent the centre of 

all white matter FA voxels common to the group (Figure 2.16). Alignment of each 

individuals FA image to the skeleton was carried out by searching a given subject‟s 

FA image in the (already-computed) perpendicular tract direction to find the 

maximum FA value and assign this value to the skeleton voxel. This was followed 

by voxel-wise analysis using Randomise, a permutation-based nonparametric 

analysis program (Nichols and Holmes, 2002). Qualitative analysis was carried out 

at each step of TBSS in order to check accuracy of each step performed.  This 

ensured selection of a correct FA threshold, as well as alignment of each individual‟s 

FA image to the mean FA skeleton. Voxel-wise analysis included age as a covariate 

to increase the sensitivity of the analysis to detect differences not related to age 

effects between the groups, as age has been shown to relate to FA (Bendlin et al., 

2010). Multiple comparison correction was applied using threshold-free cluster 

enhancement (TFCE) (Smith and Nichols, 2009) with a reporting cut-off of p<0.05 

applied. TFCE enhances cluster-like structures in an image and negates the need for 

defining an initial cluster-forming threshold, and the need for spatial smoothing.  
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Figure 2.16 Study Specific Fractional Anisotropy Skeleton 

 

Legend. Study specific mean FA skeleton, representing the centre voxels of the white matter tracts. 

Each individual FA map is then projected onto the skeleton to facilitate between group statistical 

analyses. Green: voxels included in analysis, overlaid on a FA image of the brain. 

The determined FA-based non-linear registration process was applied to registered 

and corresponding AD and RD maps for projection onto the study specific mean FA 

skeleton. Randomise voxel-based statistical analysis was carried out as above, 

incorporating TFCE correction for multiple comparisons, to test for a main effect on 

AD and RD. 

In order to investigate the potential relationship between clinical features and inter-

group differences, mean FA was extracted from three significant clusters with a p-

value of less than p<0.05: the anatomical regions to which these belonged were 

determined using the JHU white-matter tractography atlas (Mori and van Zijl, 2007). 

These were examined for relatedness to illness severity (PANSS) and illness 

duration using a partial correlation controlling for age. Statistical analyses were 

carried out using PASW Statistics 18 (© 2010, SPSS Inc.). 



Chapter 2 

55 

 

Tract Specific Analysis: Corpus Callosum, Uncinate Fasciculus, Anterior Limb of 

the Internal Capsule and Inferior Longitudinal Fasciculus 

White matter tracts implicated by voxel-wise analyses as having a p-value of less 

than p<0.05 were further investigated using CSD-based tractography. This included 

the midline genu, body and splenium of the corpus callosum, bilaterally the uncinate 

fasciculus, inferior longitudinal fasciculus, and anterior limb of the internal capsule.  

Whole brain CSD-based deterministic tractography was performed using 

ExploreDTI v4.8.3pcode (Jeurissen et al., 2011, Leemans A, 2009), including 

recursive calibration of the response function (Tax et al., 2014).  Deterministic fibre 

tract streamlines were reconstructed per seed point resolution of 2 x 2 x 2 mm, with a 

step size of 1 mm, fibre length 50 – 500 mm, and an angle threshold of 30°. An 

initial whole brain tractography reduces the bias in user-defined region of interest 

seed placement.  

 

Following whole brain CSD-tractography, the corpus callosum, uncinate fasciculus, 

anterior limb of the internal capsule and inferior longitudinal fasciculus were isolated 

for tractography analysis. The specific protocol for tract isolation was established 

with reference to the Mori white matter atlas (Mori and van Zijl, 2007) and 

experienced knowledge of specific tract anatomy. Tractography was carried out in 

each participant‟s native b=0 s/mm
2
 image, eradicating the need for registration to a 

standard space. A single rater was assigned to each tract. Rater reliability was 

established by blinding the rater to a sub-group of images and testing the re-

definition of tracts. Reliability was deemed consistent for all raters (LH, COD, COF, 

and PH, Appendix C) with a Cronbach‟s alpha of α > 0.80.   
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Corpus Callosum 

At the midline slice in the sagittal view, the most anterior point of the genu was 

located. Inferiorly the genu extends into the rostrum which projects inferior-

posteriorly and was not included in the tract segmentation. The genu is continuous 

with the body of the corpus callosum and extends posteriorly, arching over and 

forming the superior border of the third ventricle. Posteriorly the body extends into 

the thick splenium which ends with a convex free border.  Consistent anatomically 

based definition of the placement of AND gates was employed to encompass the 

white matter of the corpus callosum, on three sagittal slices separated by 5 mm 

designed to isolate the midline portion of the tract (Figure 2.18). If non-corpus 

callosum associated tracts remained after this segmentation, appropriate NOT gates 

were drawn to exclude these spurious reconstructed tract streamlines.  

 

Figure 2.17 First AND gate for Corpus Callosum Segmentation 

 

Legend. Mid-sagittal AND gate for corpus callosum segmentation drawn on the average of the seven 

acquired non-diffusion weighted images. Gates were drawn to encompass the white matter voxels 

associated with the corpus callosum. 
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The genu, body and splenium portions of the tract were separated using the tract 

borders based on Mori‟s white matter atlas (corpus callosum segmentation Figure 

2.17) (Oishi et al., 2008). Sagittal AND gates were drawn on the mid-sagittal slice to 

encompass callosal white matter and divide the tract into the genu, body and 

splenium.  

Figure 2.18 Genu, Body and Splenium Divisions of the Corpus Callosum 

 

Legend. Topography of the corpus callosum as outlined in Mori, white matter atlas. Borders shown 

were used to segment the corpus callosum into genu, body and splenium of the corpus callosum.   
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Uncinate Fasciculus  

The first AND gate was drawn in the coronal plane, one slice anterior to the genu. 

The AND gate encompassed the white matter voxels of the frontal lobe. For correct 

placement of the second AND gate, the most anterior coronal slice which contained 

the third ventricle was located. Two coronal slices posterior to this point denoted the 

location for the second AND gate. The second AND gate was drawn in the coronal 

plane to encompass the temporal lobe. The reconstructed uncinate fasciculus tract 

was then visualised for inspection to ensure anatomical accuracy. Removal of 

spurious streamlines required the placement of NOT gates (Figure 2.19). The first 

NOT gate was drawn two coronal slices posterior to the reconstructed uncinate 

fasciculus. Additional NOT gates were drawn in the axial plane to remove spurious 

streamlines which extended superiorly in the frontal lobe, or streamlines which were 

continuous anteriorly between temporal and frontal regions and were not 

anatomically plausible (Figure 2.19).  
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Figure 2.19 Placement of AND and NOT Gates for Uncinate Fasciculus 

Segmentation 

 

Legend. Sagittal view of the reconstructed uncinate fasciculus isolated from the drawing of AND 

(green) and NOT (red) gates.  
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Anterior Limb of the Internal Capsule  

The ALIC tract segment protocol encompassed the reconstructed streamlines of the 

anterior thalamic radiations, corticopontine tracts and the most superior fibers that 

may include superior fronto-occipital fasciculus. The first anterior AND gate was 

drawn on the coronal slice located one slice posterior to the genu, as located in the 

sagittal plane. The AND gate was drawn neatly around the white matter voxels, 

lateral and inferolaterally to the ventricle, which anatomically contain the ALIC 

(Figure 2.20). Four slices posterior, the second AND gate was drawn around voxels 

of the ALIC with the same principal as the anterior AND gate. 

 

Figure 2.20 Anterior AND Gate for Right Anterior Limb of the Internal Capsule 

Segmentation 

 

Legend. Anterior AND gate to encompass white matter voxels of the ALIC. 

 

NOT gates were required to remove reconstructed streamlines which were not 

anatomically associated with ALIC. Two NOT gates were drawn in the axial plane, 

superior and inferior of the reconstructed ALIC. A third NOT gate was drawn on the 
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mid-line slice in the sagittal plane to remove commissural streamlines. Any 

remaining non-ALIC streamlines were removed by a fourth NOT gate drawn in the 

coronal plane, posterior to the terminal point of the ALIC. The reconstructed tract 

was then check to ensure anatomical accuracy. This protocol was followed for both 

right and left ALIC isolation.  

 

Figure 2.21 Reconstruction of the Anterior Limb of the Internal Capsule with AND 

and NOT Gates 

 

Legend. Isolation of the ALIC with two AND gates and four NOT gates. Gates were drawn to 

reconstruct streamlines which are anatomically associated with the ALIC connecting the basal ganglia 

and thalamus with the frontal lobe.   
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Inferior Longitudinal Fasciculus - Temporal Portion  

Tract isolation of the temporal portion required the initial tract segmentation of the 

entire inferior longitudinal fasciculus (ILF) using a pair of AND gates and a single 

coronal NOT gate. The First AND gate was drawn around the temporal lobe in the 

coronal plane where frontal and temporal lobes were distinctly separated (Figure 

2.22). The second AND gate was drawn around white matter voxels of the ILF in the 

occipital lobe. For placement of this gate, the inferior border of the splenium was 

identified in the midline sagittal plane and marked with the coronal crosshair. 

Ventricular enlargement is a known pathology and biological marker of 

schizophrenia (Elkis et al., 1995). To ensure the crosshair was located in the occipital 

lobe, the crosshair was moved one voxel posterior to the cerebellar-occipital intersect 

on the sagittal plane. In the coronal plane, ILF white matter in the occipital lobe was 

identified inferolateral to the ventricle.  

The second AND gate was drawn at the superior voxel of the lateral ventricle, and 

extended inferolaterally to include the lateral white matter voxels of the ILF. The 

gate then extended superiomedially along the border of the cerebellum, and 

superiorly to the level at which the gate was opened (Figure 2.22). The tract 

segmentation of the ILF was then checked for anatomical accuracy and isolation of 

the temporal portion. At this point, a NOT gate was drawn to remove spurious 

streamlines which were not anatomically plausible within the reconstruction ILF 

(Figure 2.22).  
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Figure 2.22 Placement of AND gates for Inferior Longitudinal Fasciculus 

Segmentation 

                                                     

Legend. Drawing of the AND gates in the coronal plane for tract isolation of the right ILF. The first 

AND gate was drawn around the temporal lobe. The second AND gate encircles the white matter 

voxels in the occipital lobe that contain the IFL tract. The right lateral ventricle can be seen as a bright 

region within the second AND gate. 

 

At the posterior border of the splenium in the coronal plane, the reconstructed ILF 

tract was located inferolaterally to the lateral ventricle. The third AND gate was 

drawn circumferentially around the reconstructed tract streamlines to further 

segment the ILF anterior to this point. This resulted in the isolation of the temporal 

portion of the ILF (Figure 2.23).  This protocol was followed for both right and left 

temporal portion segmentation of the ILF. Modifications to the anatomical 

placement of AND gates was made in accordance with any variability or asymmetry 

between right and left hemispheres.  
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Figure 2.23 Reconstruction of the Temporal Portion of the Inferior Longitudinal 

Fasciculus 

 

Legend. Reconstructed temporal portion of the ILF in the sagittal plane segmented using AND and 

NOT gates.  
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Statistical Analyses - Median FA and HMOA 

Following tractography segmentation, median FA and HMOA were derived from 

diffusion MRI data and were extracted and analysed for inter-group differences 

using IBM‟s statistical software analysis tool SPSS Statistics 21. The median FA and 

HMOA for each reconstructed tract were extracted for all participants in the study. 

Quantitative assessment was carried out using the median as FA has been shown to 

be non-parametrically distributed along the entirety of the tract, and the median is 

therefore an appropriate index to use over the mean. Shapiro-Wilk‟s test and 

Levene‟s test were used to determine normality of distribution and homogeneity of 

variance for the median FA and median HMOA (p > 0.05) for each tract segment 

prior to examining the main effect of group.  

Fractional Anisotropy  

To investigate a significant main effect of diagnosis in reconstructed tracts FA an 

analysis of covariance (ANCOVA) was carried for each tract independently, 

including age, gender and tract volume as model covariates. Tract volume was 

included as a covariate to limit partial volume effects and CSF contamination (Vos et 

al., 2011). FA in the genu, and right ALIC were shown to be non-normally 

distributed, as indicated by a Shapiro-Wilk‟s p<0.05. For both tracts an independent 

Mann Whitney U was employed to verify the results of the ANCOVA analysis.  

Hindered Modulated Orientational Anisotropy 

To investigate a significant main effect of diagnosis in all reconstructed tracts 

HMOA a multivariate analysis of covariance (MANCOVA) was carried out with age 

and gender included as model covariates. It was not necessary to include tract 

volume as a covariate for HMOA analysis as the fODF peak amplitude is masked 

from small amplitude spurious peaks originating from noise in the data partial 

volume effects (Dell'Acqua et al., 2013).  

HMOA in the genu and body of the corpus callosum, and the left uncinate fasciculus 

were shown to be non-normally distributed, as indicated by a Shapiro-Wilk‟s 

p<0.05. For all three tracts HMOA values an independent Mann Whitney U was 
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employed to verify the group comparisons carried out using the MANCOVA 

analysis. 
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2.4 Results 

The demographic characteristics of the participants are given in Table 2.1. There was 

no significant difference in mean age between the groups (t(36)=0.10, p = 0.97), and 

groups were pairwise matched for gender.  

Image Processing Quality Analysis Assessment  

The primary visual inspection did not indicate the presence of major artefacts in any 

of the diffusion MRI datasets. “Looping” through the diffusion-weighted images for 

a slice-by-slice inspection showed that motion was most evident in the frontal pole 

but no other major artefacts were detected which would result in exclusion from the 

study. This was successfully addressed by eddy current and motion distortion 

correction. An example of and the degree of transformations applied to the data 

during motion distortion correction is shown in (Figure 2.24 and 2.25).  

 

Figure 2.24 Diffusion MRI Data Pre and Post Eddy Current and Motion Distortion 

Correction 

 

Legend. Raw data (a) compared to eddy current & motion distortion corrected data (b). Arrows 

indicate regions where the raw reconstructed image shows shearing and contraction compared to the 

rescaled image on the right  
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Figure 2.25 Applied Transformations to Diffusion MRI Data during Motion 

Distortion Correction 

 

Legend. Graphical representation of two typical diffusion MRI datasets (a) and (b), showing the 

transformations applied during motion distortion correction.  
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Alignment inaccuracies were detected by examining the signal standard deviation 

across the diffusion-weighted images. This image depicts the magnitude of 

misalignments, which was most evident in voxels at the edge of the brains and CSF 

boundaries.  

 

Figure 2.26 Correction of Alignment Inaccuracies 

 

Legend. Alignment inaccuracies in vivo. To measure misalignment of diffusion-weighted images, the 

standard deviation across the DW images is calculated per voxel, creating an SD map (right). Voxels 

of higher intensity at the rims in the standard deviation DW image (SDDWI) represent regions where 

alignment inaccuracies have occurred. The misalignment inaccuracies are reduced during eddy 

current and motion distortion correction, as shown in the SDDWI image post correction with reduced 

voxel intensity (Tournier et al., 2011). 
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The contribution of pulsation-related artefacts are estimated by calculating the 

standard deviation of the b=0 images. The in vivo diffusion-weighted MRI sequence 

at UCHG acquires 7 b=0 images (7 non-diffusion weighted images). Signal 

variability in the b=0 images (SDb=0) show a high level of artefacts which are most 

likely due to cardiac pulsation. The highest variability was detected at the frontal 

pole and at the boundary of the ventricles (Figure 2.27). The pulsation artefacts are 

additionally corrected for to some degree during eddy current and subject motion 

correction, however the artefact is not completely removed as high variability in the 

b=0 images persist post correction in the SDb=0 image (Figure 2.27). 

 

Figure 2.27 SDb=0 Image Indicating Variability in Non-Diffusion-Weighted Images  

 

Legend. Standard Deviation b = 0 (SDb=0) images before and after eddy current and motion distortion 

correction showing regions of increased signal variability in the non-diffusion-weighted images due to 

cardiac pulsation. Artefacts are most evident at the frontal pole and ventricular border, and although 

reduced, the motion effect of cardiac pulsation is not entirely eliminated from the images. To 

completely correct for this, cardiac gating would be required during the diffusion MRI sequence 

acquisition, which would prolong in vivo scanning durations, potentially increasing artefacts relating 

to subject motion. 
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Inspection of the residuals remaining after model fitting illustrates the accuracy of 

the tensor estimation; if sub-optimal, the tensor estimation was not reliable, and 

would introduce error in the analysis. The residual measures the difference between 

the fit of the data to the model and the model itself. Large residuals indicate that the 

measured signal was not modelled accurately, due to artefactual signal intensities. 

Residual maps – R are defined as the average residual of the observed measured 

signal (DWIobs) to the modelled signal (DWImod), K = modelled DW signals 

(Tournier et al., 2011). 

   
 

 
∑        

         
  

 

   

 

 

The residual map can therefore detect regions were the tensor fit is poor. Artefacts in 

the images result in high residuals, whereas a successful tensor fit produces a 

homogenous residual map indicating good tensor fit. Figure 2.28 (a) indicates 

regions of poor tensor fit which was spatially consistent and restricted to non-white 

matter regions in a limited number of datasets. The region of poorest tensor fit was in 

the frontal lobe, Figure 2.28 (b). As these regions were not in locations pertaining to 

white matter tracts included in the generation of the mean FA skeleton, these datasets 

were included in the analysis. 
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Figure 2.28 Residual Maps Indicating Quality of Tensor Fit in Diffusion MRI Data  

 

Legend. Residual maps indicating regions of poor fit of the diffusion tensor model. The poor 

diffusion tensor fit is a result of motion artefacts inducing a macroscopic phase shift and displacing 

water molecules. These events generate errors in the calculated ADC. High residuals (yellow oval) are 

shown on the anterior region in both examples, a and b, axial and sagittal slices. Ghosting (blue oval) 

is also evidence and is an artefact due to misalignment in the data along the phase-encoding direction 

of the EPI-sequence.  

Voxel-Wise FA Results 

Voxels showing significantly reduced FA were anatomically identified using the 

tractography atlas (Mori and van Zijl, 2007). FA was lower in the schizophrenic 

group relative to healthy controls (Figure 2.29) in the genu, body and splenium of 

the corpus callosum, bilaterally in the temporal portions of the ILF, superior 

longitudinal fasciculus (SLF), external capsule, temporal uncinate fasciculus (UF), 

posterior limb of the internal capsule, the left ALIC, fornix, cerebellar peduncles and 
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the corticospinal tract at the level of the brainstem. There were no voxels of 

increased FA in patients compared to controls. 

RD was significantly higher in the patient group compared to controls (Figure 2.30). 

Voxels of significantly higher RD were located in the genu, body, and splenium of 

the corpus callosum, the right ILF, posterior limb of the internal capsule, and the 

external capsule. There were no voxels of increased RD in the control group versus 

chronic schizophrenia group. AD was not significantly different between the 

diagnostic groups in any region of the brain. 

Mean FA was extracted from the clusters where the highest statistical group 

difference was identified using a p-value cut-off threshold of p<0.05. This included 

the genu (1309 mm
3
, T=0.79-3.9, median=1.78), body (2069 mm

3
, T=0.79-5.2, 

median=1.87), and splenium (723 mm
3
, T=0.70-3.8, median=1.50) of the corpus 

callosum. Illness duration in the schizophrenia group was negatively related to FA in 

the splenium (r=0.561, p=0.015) but not the genu (r=-0.412, p=0.089) or body (cc=-

0.288, p=0.247) of the corpus callosum, however this did not survive Bonferroni 

correction for multiple comparisons (Figure 2.31(a)). FA in these callosal regions did 

not relate significantly to illness severity (PANSS score n=19, range=17-89, 

mean=52.31, SD=17.46, genu cc=0.206 p=0.41, body cc=0.304 p=0.220, splenium 

cc=-0.022 p=0.932) (Figure 2.31(b)). There was no correlation between patient FA 

and chlorpromazine equivalents for each patient‟s medication status at the time of 

scanning. 
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Figure 2.29 Voxel-Wise Fractional Anisotropy Results 

 

Legend. Regions showing significantly lower FA in the schizophrenia relative to the control group. 

Clusters of voxels (p<0.05, TFCE) with significantly reduced FA in chronic schizophrenia compared 

to controls in (a) the genu, body and splenium of the corpus callosum, (b) the body of the corpus 

callosum and the SLF (more prominent on the right), and (c) in the ILF. Significant clusters (p<0.05, 

TFCE) are denoted in a red (p=0.05) to yellow (lowest p-value) colour intensity scale given at the 

bottom of the Figure and images are displayed in radiological format. 
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Figure 2.29 Voxel-Wise Radial Diffusivity Results 

 

Legend. Regions of higher RD in the schizophrenia group compared to control group. Increased RD 

in the chronic schizophrenia compared to the control group were evident in the genu (726 mm
3
, 

T=0.31-3.64, median=1.78), body (1421 mm
3
,T=0.38-3.98, median=1.87), and splenium (723 

mm
3
,T=0.23-4.22, median=2.06) of the corpus callosum (p<0.05, TFCE). Significant clusters 

(p<0.05, TFCE) are denoted in a blue (p=0.05) to light blue (lowest p-value) colour intensity scale 

given at the bottom of the Figure and images are displayed in radiological format.   
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Figure 2.31 Voxel-Wise Fractional Anisotropy Cluster Analysis and Illness 

Duration Correlation 

 

Legend. TBSS results (a) Reduced FA in the genu (1309 mm
3
, T=0.79-3.9, median=1.78), body 

(2069 mm
3
,T=0.79-5.2, median=1.87), and splenium (723 mm

3
,T=0.70-3.8, median=1.50) of the 

corpus callosum in the schizophrenia (squares) compared to control subjects (circle). (b) Correlation 

of the splenium FA and illness duration in chronic schizophrenia.  
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Tract Specific Results  

FA in the right anterior limb of the internal capsule was significantly lower (-10%) in 

the schizophrenia group compared to healthy controls (FA mean ± SD, HC = 0.41 ± 

.06, Sz = 0.37 ± .03 F(1)=7.54 p=0.01). FA in the right ALIC was shown to be not 

normally distributed and FA reductions in schizophrenia were verified with a non-

parametric test statistic (S-W(38)=0.84 p=.00, U(38)=104 p=0.03). No FA group 

differences were detected in the genu, body and splenium of the corpus callosum, 

bilaterally in the uncinate fasciculus and inferior longitudinal fasciculus, or in left 

anterior limb of the internal capsule (table 2). There was no relationship detected 

between all FA tract values and illness duration.  

 

There was no significant group difference in HMOA for all reconstructed tracts 

(MANCOVA F(9,26)=0.03, p=0.52). Lower HMOA was detected in the 

schizophrenia group across the corpus callosum, right uncinate fasciculus, and 

bilaterally in the anterior limb of the internal capsule, however this did not reach 

significance (table 2). Higher HMOA was detected in the schizophrenia group in the 

left uncinate fasciculus, and bilaterally in the inferior longitudinal fasciculus but was 

also not significant (table 2). There was no relationship detected between all HMOA 

tract values and illness duration. 
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Table 2.2 Tract Specific Results 

            

  

 

HC 

Mean ± SD 

 

FA 

 

Sz 

Mean ± SD 

 

 

F (p) 

 

% Change 

  

Genu 

 

0.66 ± .04 

 

0.63 ± .07 

 

2.32(0.14) 

 

-4% 

CC body 0.57 ± .04 0.55 ± .06 0.66(0.42) -4% 

 splenium 0.67 ± .04 0.65 ± .03 3.32(0.08) -4% 

 

UF 

 

Left 

 

0.31 ± .06 

 

0.31 ± .05 

 

0.15(0.84) 

 

-1% 

 

 

Right 0.37 ± .04 0.36 ± .03 3.86(0.07) -5% 

ALIC Left 0.40 ± .05 0.38 ± .04 3.93(0.15) -5% 

 Right 0.41 ± .06 0.37 ± .03 7.54(0.01) -10% 

 

ILF 

 

Left 

 

   0.41 ± .03 

 

   0.41 ± .03 

 

0.14(0.71) 

 

-1% 

 Right    0.42 ± .04    0.42 ± .03 0.36(0.63) -1% 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

HC 

Mean ± SD 

 

 

 

HMOA 

 

Sz 

Mean ± SD 

 

 

 

 

F (p) 

 

 

 

% Change 

 

 

 

Genu 

 

1.01 ± .05 

 

1.01 ± .09 

 

0.03(0.86) 

 

0% 

CC body 1.05 ± .04 1.04 ± .06 0.57(0.46) -1% 

 splenium 1.11 ± .04 1.10 ± .04 0.15(0.70) -1% 

 

UF 

 

Left 0.53 ± .10 0.55 ± .08 0.73(0.40) 

 

+5% 

 

 

Right 0.64 ± .05 0.63 ± .04 0.66(0.42) -2% 

ALIC Left 0.68 ± .08 0.66 ± .06 0.79(0.38) -3% 

 Right 0.73 ± .07 0.70 ± .05 1.57(0.22) -4% 

 

ILF 

 

Left 0.63 ± .06 0.65 ± .05 1.54(0.22) 

 

+4% 

 Right 0.63 ± .07 0.64 ± .04 0.44(0.51) +2% 

 

Legend. Tract-based Diagnostic Group FA and HMOA Comparisons. FA was lower in the right 

anterior limb of the internal capsule (ALIC) in the schizophrenia group compared to the healthy 

control group. There was no significant group differences in HMOA, F(9,26)=0.03, p=0.52. HC = 

healthy controls, Sz = Schizophrenia. 
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Figure 2.32 Reduced Fractional Anisotropy in the Right Anterior Limb of the 

Internal Capsule 
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Legend. FA right anterior limb of the internal capsule. Significantly lower FA in schizophrenia 

compared to healthy controls (FA mean ± SD, HC = 0.41 ± .06, Sz = 0.37 ± .03, p = 0.01*). HC = 

healthy controls, Sz = Schizophrenia.  
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2.5 Discussion 

This diffusion MRI study identified white matter microstructural alterations in 

schizophrenia. Voxel-wise reductions in FA indicate that microstructural deficits in 

the corpus callosum, uncinate fasciculus, inferior longitudinal fasciculus, and left 

anterior limb of the internal capsule are spatially discrete, but occur across the 

entirety of the right anterior limb of the internal capsule (Figure 2.32). Reductions in 

FA may reflect deficits in the microstructural organization of white matter in 

schizophrenia associated with reduced axonal number or packing density, cellular 

membrane abnormalities or a possible loss of myelin. Tractography results indicate 

that microstructural alterations in schizophrenia are localised to discrete, spatially 

specific regions of a select set of white matter tracts. Additional tract-specific 

investigations provide a tensor independent, complimentary diffusion MRI analysis 

in this study cohort. Specifically, HMOA findings suggest that FA reductions may 

be associated with tensor-based limitations where the underlying fibre orientation is 

beyond tensor modelling capabilities. FA and HMOA are derived from distinctly 

different methods of fibre orientation estimation, limiting the direct comparison of 

their quantification. However the complimentary nature of voxel-based and 

tractography metrics may provide an accurate insight into biologically meaningful 

information of white matter pathophysiology in schizophrenia. 

This comprehensive study examined white matter microstructure in schizophrenia 

using diffusion MRI, and employed both a regional and tract-specific investigation 

of underlying microstructural organisation. Regionally, FA reductions extended 

throughout the corpus callosum, and were present bilaterally in parietal portions of 

the superior longitudinal fasciculus, temporal inferior longitudinal and uncinate 

fasciculi, anterior and posterior limb of the internal capsule, fornix and the external 

capsule. They were also evident in the posterior projections of the middle cerebellar 

peduncle, midline portions of the superior and inferior cerebellar peduncles, and in 

the brainstem level of the corticospinal tracts (Figure 2.29). Furthermore, FA 

reductions were coupled with increased RD in the corpus callosum, temporal 

portions of the right inferior longitudinal and uncinate fasciculus, the right external 

capsule, and the right posterior limb of the internal capsule (Figure 2.28). 

Complimentary tractography analysis supports the localisation of FA deficits in the 
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corpus callosum, inferior longitudinal and uncinate fasciculi, and left anterior limb of 

the internal capsule is, indicated by a lack of FA reductions across the entire tract 

(table 2). Aside from the right anterior limb of the internal capsule, there were no 

additional tract segments which showed significant reductions in FA or HMOA in 

the schizophrenia group relative to healthy controls.  

The degree of anisotropic diffusion in white matter is most directly influenced by the 

relative arrangement and orientation of the fibres. Thus, reduced FA implicates 

several possible factors including reduced axonal number, packing density and 

cellular membrane abnormalities that lead to increased permeability such as loss of 

myelin, or simply to inconsistent fibre orientation (Beaulieu, 2002). Other factors 

that may affect  FA include partial volume averaging and the existence of “crossing 

fibre” configurations (Alexander et al., 2001, Jeurissen et al., 2012, Vos et al., 2011, 

Vos et al., 2012, Wheeler-Kingshott and Cercignani, 2009). While previous studies 

suggest a link between AD and RD with axonal degeneration and myelin content, 

Wheeler-Kingshott strongly encourages caution when making this interpretation. 

The latter authors suggest that mathematical and geometric examination of the 

principal eigenvector directions within the cone of uncertainty should be carried out 

for a given dataset, in order to draw valid conclusions regarding the cellular level 

orientation reflected in the AD and RD metrics (Wheeler-Kingshott 2009). 

Erroneous differences in RD and AD may arise as a result of adjacent voxels where 

the angle difference in the principal eigenvector is due to low FA associated with 

partial volume effects or pathology. Low FA is typical in voxels with complex fibre 

orientation or partial volume effects from secondary fibre bundles, and can be 

misinterpreted as axonal degeneration or myelin content as previously reported 

(Song et al 2002). For this reason, we cannot conclude that alterations in RD are 

directly related to microstructural changes such as demyelination in schizophrenia. 

Until there is further histological evidence that disentangles the diffusion MRI 

indices into biologically meaningful correlates, precise inferences of white matter 

alterations are not possible (Jones et al., 2013). 
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Diffusion MRI Findings in Schizophrenia 

FA reductions have been consistently reported in schizophrenia (Holleran et al., 

2014, Canu et al., 2014, Ellison-Wright and Bullmore, 2009, Bora et al., 2011, 

Fitzsimmons et al., 2013). Fitzsimmons carried out a meta-analysis of diffusion MRI 

studies investigating white matter organisation in schizophrenia between March 

2011 and September 2012 to include a total of thirty-two studies using voxel-wise, 

region-of-interest and tractography analyses methods. In chronic schizophrenia, the 

most widely used method was voxel-based analysis and TBSS, where reductions in 

FA were detected in the uncinate fasciculus, external capsule, posterior limb of the 

internal capsule, the internal capsule, superior longitudinal fasciculus, inferior 

fronto-occipital fasciculus, as well as the left frontal and temporal clusters, with 

region-of-interest approaches reporting deficits in the anterior limb of the internal 

capsule, and the genu of the corpus callosum. This corresponds to the TBSS results 

reported in this current study, where FA was reduced in interhemispheric, long 

association and projection fibres in chronic schizophrenia. 

TBSS results in this study showed differences in diffusivity measures to be most 

prominent across the corpus callosum and highest in the body (4.6% median T=1.9, 

range 0.79-5.2, Cohen‟s d=0.98), followed by the genu (3.5% median T=1.8, range 

0.79-3.9, Cohen‟s d=0.86), and then the splenium (2.9% median T=1.52, Cohen‟s 

d=1.41). The latter is consistent with the pathophysiology of the corpus callosum in 

schizophrenia as evidenced by previous in vivo diffusion MR studies (Bora et al., 

2011, Patel et al., 2011, Foong et al., 2000, Kong et al., 2011, Kubicki et al., 2008). 

This additionally lends support to previous structural deficits in the corpus callosum 

reporting reduced callosal volume in schizophrenia (David et al., 1995, Woodruff et 

al., 1997). Meta-analyses have been conducted on diffusion MRI findings in cross-

sectional studies (Di et al., 2009, Ellison-Wright and Bullmore, 2009, Bora et al., 

2011, Patel et al., 2011). The two earlier studies (Di et al., 2009, Ellison-Wright and 

Bullmore, 2009) performed meta-analyses of voxel-based studies and reported 

deficits in the genu and splenium of the corpus callosum (Ellison-Wright and 

Bullmore, 2009) but not in the other (Di et al., 2009). Patel et al. reviewed diffusion 

MRI findings in the genu and splenium of the corpus callosum, and conducted a 

meta-analysis for each region (Patel et al., 2011). This included 213 controls and 202 

patients and reported reduced FA in both regions which were significant in the 
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splenium (effect size 0.53) but sub-threshold for reduced FA for the genu (effect size 

0.22). However, this meta-analysis included only those studies (n=7) employing a 

region-of-interest approach. Bora et al. carried out a meta-analysis including 699 

individuals with schizophrenia and 681 controls across twenty-four studies that 

employed a voxel-based analysis approach where regionally specific deficits 

emerged in the bilateral genu of the corpus callosum as well as medial frontal, the 

right anterior limb of the internal capsule, the right external capsule, and temporal 

lobe white matter (Bora et al., 2011). Thus it is plausible that the small effect size 

reported by Patel et al. is due to the restriction of the meta-analysis to just seven 

studies (Patel et al., 2011). Furthermore, the results presented by the voxel-based 

meta-analysis conducted by Bora et al. support the hypothesis of localised 

microstructural deficits are specific along discrete regions of the corpus callosum, as 

indicated by the results of this current study.  

Diffusion-weighted imaging has been relatively consistent in reporting reduced 

callosal FA in chronic schizophrenia (Miyata et al., 2010, Douaud et al., 2007, Koch 

et al., 2010, Kubicki et al., 2008, Mori et al., 2007, Rotarska-Jagiela et al., 2008, 

Whitford et al., 2010), including during remission (Koch et al., 2010) and less 

consistently in studies examining individuals at the first episode (Price et al., 2005, 

Peters et al., 2008, Cheung et al., 2008, Szeszko et al., 2005, Perez-Iglesias et al., 

2010, Gasparotti et al., 2009) or in earlier stages of illness (Douaud et al., 2007, 

Kyriakopoulos and Frangou, 2009, Davenport et al., 2010). Directly comparing first 

episode and chronic groups supports more severe changes in FA in the genu of the 

corpus callosum (Friedman et al., 2008, Kong et al., 2011). There is also evidence 

reporting more pronounced decrease in corpus callosum size using structural MRI in 

a four year follow up study (Mitelman et al., 2009). Combined, the results presented 

here and previous findings, supports the hypothesis of predominantly 

interhemispheric, albeit not exclusive, and spatially discrete microstructural 

alterations in schizophrenia. Furthermore, white matter alterations in the corpus 

callosum have been related to clinical aspects of the disorder, where FA reductions 

were shown to be negatively correlated with global PANSS scores (Kong et al., 

2011). An inverse relationship was observed between positive symptom severity and 

genu FA (Mitelman et al., 2007). Mitelman et al. also reported FA reductions are 

associated with poorer outcomes in schizophrenia (Mitelman et al., 2007). The 
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results of this study failed to detect significant correlations between PANSS scores 

and FA; however, the negative relationship with FA and illness duration in the 

splenium supports this finding previously reported by Carpenter et al. (Carpenter et 

al., 2008).  This finding provides evidence which suggests that white matter 

alterations in the corpus callosum progress throughout the illness.  

Non-Callosal Microstructural Alterations in Schizophrenia 

TBSS results indicated several other regions of reduced FA in schizophrenia, and 

tractography results suggest that this is evident across the right anterior limb of the 

internal capsule. Previous studies have also reported several additional regions of 

reduced FA beyond the callosal body in chronic schizophrenia including superior 

longitudinal fasciculus (Szeszko et al., 2008, Rotarska-Jagiela et al., 2009, Shergill et 

al., 2007, Rowland et al., 2009, Seok et al., 2007), inferior longitudinal fasciculus 

(Ashtari et al., 2007, Seal et al., 2008, Rotarska-Jagiela et al., 2009, Lee et al., 2009, 

Phillips et al., 2009), uncinate fasciculus (McIntosh et al., 2008, Seal et al., 2008, 

Miyata et al., 2010, Burns et al., 2003, Mori et al., 2007, Kawashima et al., 2009), 

internal capsule (Buchsbaum et al., 1998, Lim et al., 1999), external capsule (Seal et 

al., 2008, Rotarska-Jagiela et al., 2009), cingulum (Sun et al., 2003, Kubicki et al., 

2003, Wang et al., 2004, Seok et al., 2007, Mori et al., 2007), fornix (Fitzsimmons et 

al., 2009, Kuroki et al., 2006), anterior commissure (Choi et al., 2011), arcuate 

fasciculus (Phillips et al., 2009, Burns et al., 2003) and cerebellar peduncles 

(Okugawa et al., 2006, Seok et al., 2007). The reduced FA reported in these studies 

corresponds to the regions of white matter alterations detected in this current work. 

Mean FA was significantly lower in the patient group compared to controls and this 

extended along the tract segment of the right anterior limb of the internal capsule but 

not in any other tract examined herein including the uncinate fasciculus, inferior 

longitudinal fasciculus and corpus callosum segments. This finding supports 

previous studies reporting reduced FA in the anterior limb of the internal capsule 

(Rosenberger et al., 2012, Levitt et al., 2012).  

Although widespread reductions in FA are most consistently reported in chronic 

schizophrenia, there is also evidence reporting no differences in FA throughout the 

brain (Foong et al., 2002, Murakami et al., 2011, Boos et al., 2013), and no group 
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differences in MD (Nenadic et al., 2011). The tractography investigations carried out 

by Boos et al. included a large sample size of 126 patients with schizophrenia, and 

similar to the results present in this current study, schizophrenia group reductions 

were detected but this did not reach significance. The lack of FA reductions detected 

in tractography analysis may reflect the localisation of microstructural deficits in 

these tracts, as indicated with voxel-based FA reductions (Boos et al., 2013). 

Furthermore, the inferior longitudinal and uncinate fasciculi may have a complex 

fibre orientation beyond the estimation capabilities of the tensor, resulting in 

potential false positives in FA group comparisons. In regions of complex 

microstructural organisation, such as crossing, bending, kissing or interdigitated 

fibres, HMOA may be a more appropriate diffusion MRI quantitative measure. 

HMOA is independent of tensor-based estimations and an appropriate alternative to 

the limited FA to obtain biologically relevant information in schizophrenia.  

Differences in RD are less examined, yet to date increases have been detected in the 

external capsule (Seal et al., 2008), in the left inferior temporal and left occipital lobe 

(Ashtari et al., 2007), in temporal white matter (Koch et al., 2011), and middle 

cerebellar peduncle (Okugawa et al., 2006), and increased mean diffusivity has been 

detected in the splenium of the corpus callosum (Foong et al., 2000). The reductions 

in RD previously reported have also been detected in the current study, most notably 

in the corpus callosum, temporal portions of the right inferior longitudinal and 

uncinate fasciculus, the right external capsule, and the right posterior limb of the 

internal capsule. As Wheeler-Kingshott et al. reported, caution must be taken when 

interpreting RD alterations due to the uncertainty in the principal eigenvector in 

adjacent voxels with low FA (Wheeler-Kingshott and Cercignani, 2009), but it may 

indicate that these regions have a complex fibre orientation that cannot be accurately 

reconstructed using tensor based estimations. Furthermore, this supports the 

application of accurate fibre orientation estimations methods which provide a tract-

specific metric of white matter anisotropy.  
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Diffusion MRI in Schizophrenia – Effect of Medication and Stage of Disorder 

The current study included a relatively homogenous group of participants with a 

clinical profile of severe enduring schizophrenia despite being medicated with 

atypical antipsychotics, but who have never previously been exposed to clozapine. It 

is possible that the localised microstructural deficits observed in the present study 

may be due to a history of, or current exposure to, psychotropic medications. The 

present findings confirm that these deficits are detectable prior to exposure to 

clozapine, which has been previously demonstrated to have structural effects on the 

brain (Molina et al., 2005, Scheepers et al., 2001, Ho et al., 2003). This supports a 

recent publication investigating the effect of clozapine treatment on white matter 

microstructure in schizophrenia, that reported increased FA in two regions following 

a twelve week medication period (Ozcelik-Eroglu et al., 2014). While the results 

presented here are independent of clozapine induced microstructural alterations, it 

remains possible that typical and atypical antipsychotic medications contribute to 

deficits present at the time of scanning.  

Canu et al. carried out a review of the structural connectivity studies in high risk, 

drug naïve, and treated individuals with schizophrenia and reported white matter 

alterations from preclinical to severe stages of the disorder (Canu et al., 2014). In 

chronic medication treated schizophrenia, widespread FA reductions were reported 

in interhemispheric, long association fibres, internal capsule, and frontal and 

temporal white matter, however, the effect of antipsychotic medication remains 

unclear. This meta-analysis reported specific white matter alterations in non-

responders versus responders to antipsychotic medication. In non-responders the 

uncinate fasciculus, fornix, corticospinal tract, inferior fronto-occipital fasciculus, 

corpus callosum, internal and external capsule reported the most severe FA 

reductions when compared to responders, suggesting that diffusion MRI may be 

sensitive to predicting patient response to medication. The effect on non-responders 

versus responders to antipsychotic medication was not specifically assessed in this 

study due to the limited sample size of clozapine naïve patients. However, evidence 

of  reduced FA in first episode and medication naïve patients with schizophrenia 

indicates that at least some of these white matter alterations detected are likely to be 

related to the pathophysiology of schizophrenia (Cheung et al., 2008, Fitzsimmons et 

al., 2014, Yao et al., 2013). 
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Post-mortem Evidence of Microstructural Abnormalities in Schizophrenia 

Diffusion MRI studies investigating white matter supports the post-mortem evidence 

of microstructural deficits in schizophrenia. Post-mortem studies in subjects with an 

antemortem diagnosis of schizophrenia, have reported reductions in corpus callosum 

(Highley et al., 1999a) and anterior commissure fibre number (Highley et al., 1999b)  

and to a greater extent in females. Additional post-mortem studies report regional 

microstructural alterations in schizophrenia as indicated by oligodendrocyte density 

loss (Hof et al., 2003) and lower levels of immunoreactivity of oligodendrocyte-

associated proteins in the genu of the corpus callosum (Flynn et al., 2003). However, 

another post-mortem study failed to replicate these findings and reported no group 

differences in axonal density of the corpus callosum in schizophrenia (Casanova et 

al., 1989). Discrepancies in these studies may be a result of smaller sample sizes and 

increased heterogeneity in post-mortem studies.  

Highley et al. reported no differences in fibre density and total fibre number of the 

uncinate fasciculus between schizophrenia and control post-mortem brains (Highley 

et al., 2002). The results presented by Highley et al. support the lack of group 

differences detected across the uncinate fasciculus tract in this current study. 

Additional post-mortem findings indicated that the fibre content (density multiplied 

by area) of the fornix did not differ significantly between schizophrenia and control 

groups (Chance et al., 1999). The results of this study are consistent with these post-

mortem studies, which did not detect group differences in mean tract density values, 

suggesting that alterations are localised.  

Post-mortem studies also provide evidence for myelin related genetic abnormalities 

in schizophrenia indicating that oligodendrocyte and myelin genes are among the 

most prominently down-regulated genes in schizophrenia (Katsel et al., 2005, Hakak 

et al., 2001). Flynn et al. reported a 27% reduced immunoreactivity of myelin-

associated glycoprotein (MAG) in the anterior frontal cortex (Flynn et al., 2003). In 

the same study, myelination abnormalities were demonstrated using MRI and T2 

relaxation; reduced myelin water fraction was detected to a greater extent in chronic 

than first episode groups and was localized to the genu of the corpus callosum and 

frontal white matter (range 19-36%) (Flynn et al., 2003). Evidence suggests that a 

disturbance to myelin in vivo can be detected using diffusion MRI; however its 



White Matter Microstructural Alterations in Schizophrenia 

88 

 

degree of contribution to anisotropic diffusion is yet to be established. In an animal 

model of non-myelinated nerve, a 20% decrease in anisotropy was reported (Gulani 

et al., 2001). However, additional studies reported a similar diffusion pattern in 

myelinated and non-myelinated nerves (Beaulieu, 2002), leading to the general 

conception that the contribution of myelin alterations to diffusion measurements in 

vivo is relatively low (Beaulieu and Allen, 1994a, Beaulieu, 2002).  

The contribution of glial cell abnormalities to FA measured in vivo is not clear. Glial 

cells play a role in the activation of distinct intracellular pathways within neurons, to 

promote neuronal survival and axonal length (Wilkins et al., 2003). Abnormalities to 

glial cells could therefore plausibly contribute to dismorphic axonal arrangement or 

packing density, which may affect the local anisotropy and diffusion signal. In 

schizophrenia, reduced oligodendrocyte associated proteins (Flynn et al., 2003), 

fewer oligodendrocytes (Hof et al., 2003), and abnormal gene expression of key 

oligodendrocyte related genes have been reported (Flynn et al., 2003, Hof et al., 

2002, Tkachev et al., 2003, Haroutunian et al., 2007, Cotter et al., 2001).  

Post-mortem studies provide an unprecedented insight into the 

neuropathophysiology of schizophrenia. However, caution must be taken when 

interpreting in vivo diffusion MRI results with reference to post-mortem studies. 

While specific microstructural alterations can be investigated post-mortem, the exact 

contribution of changes in axonal and support cell arrangement and packing on the 

diffusion MRI signal has not been directly assessed. Until future studies explore the 

biologically meaningful underpinnings of the diffusion MRI signal, the inferences 

that can be made regarding white matter alterations detected in vivo will remain 

limited.  These studies are supported by but beyond the scope of this thesis, and 

would provide clinically relevant information on the neuropathology of 

schizophrenia.  

Methodological Considerations and Future Applications 

In this study, voxel-wise FA group comparisons were carried out using TBSS. A 

very recent paper published in June 2014, outlines the methodological considerations 

which should be considered when implementing TBSS (Bach et al., 2014). Bach et 

al. suggest that TBSS is limited in the anatomical accuracy and bias in the skeleton 
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projection step most evident in the fornix. FA reductions were in fact detected in the 

fornix in the current study, which is consistent with previous findings in 

schizophrenia, suggesting that alterations in this limbic structure would have adverse 

effects on the structural connections of the hippocampus and hypothalamus 

(Fitzsimmons et al., 2014, Fitzsimmons et al., 2009). However, special 

considerations must be made when interpreting deficits in the fornix and regions 

where the structure itself may be smaller than the size of the image voxel. This can 

lead to partial volume effects from CSF or misalignment due to the small size of the 

structure relative to a large voxel dimension.  

Bach et al. reiterates that TBSS is the leading voxel-wise statistical analysis tool for 

diffusion MRI data and would benefit from additional user-defined adjustments in 

the processing pipeline to maximise the accuracy of results. In accordance with the 

recommendations, the current TBSS analysis generated a study specific FA skeleton 

and the FA threshold was selected after sufficient examination of the skeleton with a 

threshold range of 0.15 to 0.3, which showed that a threshold of 0.2 included only 

white matter voxels, excluding grey matter and CSF. This was in line with the 

recommendations outlined by Bach et al. who emphasised the need to select a study 

specific FA skeleton, rather than the default FMRIB58 template, as this can induce 

FA alignment inaccuracies resulting in false positives (Bach et al., 2014). The study 

by Bach et al. also indicated that TBSS is limited to its anatomical specificity where 

adjacent tracts may not be separated, and susceptible to false positives with 

increasing levels of noise in the data. The projection of individual maps to the 

skeleton is also susceptible to partial volume effects as the registration is purely FA 

based (Bach et al., 2014). Ultimately, a voxel-wise analysis of a tract-specific metric 

would limit partial volume effects and inaccuracies in observed results due to 

limitations of the fibre orientation estimation methods applied. Although this was not 

possible at the time of this study, further advances in diffusion MRI analytical 

methods may overcome the alignment issues associated with FA, and increase the 

reliability of voxel based diffusion MR findings. 

 

FA tractography investigations of the corpus callosum, inferior longitudinal and 

uncinate fasciculi, and anterior limb of the internal capsule included tract volume as 
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a covariate. Vos et al. proposed that previous findings of age related FA decline may 

be due to increased contamination of partial volume effects that reduces the true FA 

of a given tract (Vos et al., 2011). With age, there is increased brain tissue atrophy 

and neurodegeneration (Takao et al., 2012). Vos et al. suggest that the increased 

atrophy results in increased susceptibility of a voxel to the partial volume effect, 

particularly in voxels close to the ventricular border and CSF. A recent study 

investigating partial volume effects (Berlot et al., 2014), suggested that up to two-

thirds of changes in FA are due to CSF contamination, and may therefore result in 

false positives for this region. The inclusion of tract volume as a covariate in FA 

investigations supports the validity of the deficits detected in the anterior limb of the 

internal capsule. This tract has been repeatedly implicated in schizophrenia (Bora et 

al., 2011, Rosenberger et al., 2012, Zhou et al., 2003) and rather clearly in this 

present study. Reduced FA was detected in a core segment of the tract between the 

lenticular and caudate nucleus, containing frontopontine and thalamocortical fibres. 

The tract functions in connecting the frontal lobe with major brain centres such as 

the thalamus, brainstem, and connects the thalamus and cingulate gyrus. The results 

presented support the hypothesis of altered structural connectivity in white matter 

pathways to the frontal lobe, which regulates emotions, speech, social behaviour and 

cognition. Although a 4% decrease in the mean HMOA of the right anterior limb of 

the internal capsule was detected in the schizophrenia group relative to healthy 

controls, this did not reach statistical significance. It is possible that FA results may 

be a reflection of the inadequate ability of the tensor to estimate the underlying 

complex microstructure, and HMOA may have improved statistically sensitivity to 

detect true deficits in this region.   

It is widely accepted that the diffusion tensor is an inadequate estimate of accurate 

fibre orientation in a voxel which may contain multiple white matter tract bundles. 

While the tensor model is robust in regions of parallel or single fibre populations, it 

has been shown to fail in regions were these multiple fibre voxels may exist. One 

particular study estimated as much as 90% of the white matter voxels in the human 

brain contained crossing fibres (Jeurissen et al., 2013, Jeurissen et al., 2011). In order 

to more accurately model and reconstruct multiple fibre pathways within a single 

voxel, estimation algorithms which can disentangle the diffusion MRI signal into its 

various components, such as CSD have been developed (Jeurissen et al., 2008, 
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Tournier et al., 2004). A few studies have implemented CSD estimations of diffusion 

MRI data for clinical applications (Reijmer et al., 2012, Forde et al., 2014, McGrath 

et al., 2013), and where used, a quantitative comparison between groups was carried 

out using FA, a tensor-based index of anisotropy. Therefore, this present study is 

novel in its‟ quantification of a tract specific index, derived from tensor-independent 

fibre orientation estimation (Dell'Acqua et al., 2013), in a clinical cohort 

The CSD method applied in this study had the additional advantage of eliminating 

FA based limitations in the calculation of the response function. Previous fODF 

reconstructions used a response function based on a high FA of 0.7, which would 

presumably represent a voxel of high microstructural organisation with a single fibre 

orientation. However, we know this is not the case for all voxels with FA higher than 

0.7, particularly if the secondary fibre orientation has a relatively small volume 

fraction. CSD in the current study was performed using a recursive calibration of the 

response function, eradicating the unreliable FA threshold in fODF reconstructions. 

This has been shown to be a much more accurate and reliable method of performing 

CSD (Tax et al., 2014), supporting the anatomical accuracy of CSD based 

orientation estimations in this study.  

Although CSD provides a means to overcome tensor-based limitations, this method 

of fibre orientation estimation is also associated with methodological constraints. 

The method of fODF estimation assumes a single response function value for the 

whole brain which may not be accurate for all white matter voxels (Tax et al., 2014). 

Tournier et al. also highlight the limitation in regional variations in the response 

function (Tournier et al., 2008). It is thought that the integrity of the estimated fibre 

orientation is maintained where regional variations exist, however they may effect 

the peak intensities of the reconstructed fODF, and therefore impact on the HMOA 

value derived (Tournier et al., 2004). The extent of which regional variations in the 

response function impact the calculated HMOA is yet to be determined and requires 

further analysis beyond the scope of this thesis. Additionally, the scope to which 

CSD can accurately estimate multiple intra-voxel fibre orientations has not been 

resolved.  Smaller peaks in the reconstructed fODF which fall below the noise 

threshold may be a result of anatomical fibre pathways with a low partial volume in 

a given voxel.  
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Tractography is also associated with computational limitations which may affect the 

results obtained. Thomas et al. outlined that regardless of optimal experimental 

design, the accuracy of diffusion MRI tractography remains limited (Thomas et al., 

2014). This study outlines the trade-off between sensitivity and specificity in 

tractography based analysis, reporting increased specificity using traditional tensor-

based estimations, compared to an increase in anatomical sensitivity when applying 

multiple fibre orientation estimation methods, such as CSD. Ultimately, anatomical 

accuracy with high sensitivity and specificity requires advancement in hardware 

design, sequence acquisition parameters, and fibre orientation estimation algorithms, 

the outcome of which would provide greater biologically meaningful information. 

Furthermore, tractography algorithms, and diffusion MRI estimations as a whole, do 

not account for additional environmental alterations which may be associated with 

the pathophysiology of schizophrenia. Changes to the cellular environment, such as 

gliosis, astrocyte activation and alterations in the external cellular matrix will 

somewhat modify the patterns of molecular diffusion where and may be 

misinterpreted as differences in tract-specific orientations. This limitation can only 

be addressed by further advances in diffusion MRI data which improve spatial and 

angular resolution, and is coupled with appropriate histological analysis which will 

ultimately provide accurate biologically meaningful information derived from the 

diffusion MRI signal. 

An important next step for future studies would include a voxel-wise investigation 

using HMOA. This orientation specific index may increase the reliability of 

registration, overcoming limitations of tensor-based estimations and thereby 

increasing the anatomical accuracy of the interpreted findings. The tract-specific 

HMOA results presented here indicated that microstructural alterations in 

schizophrenia are spatially discrete or overestimated using tensor-based estimations 

of the underlying fibre orientation. Voxel-wise studies using HMOA would permit 

the detection of spatially localised tract specific microstructural alterations, where 

results may not be confounded by the possibility of detecting both false negatives 

and false positives, as in tensor-based studies.  
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2.6 Conclusion 

In conclusion, the results presented here indicate localised alterations in 

interhemispheric, long association and projection fibres in a group of clozapine-

naive treatment resistant individuals with severe chronic schizophrenia The 

tractography results indicate that deficits may extend across the tract segment of the 

right anterior limb of the internal capsule, reflecting microstructural alterations in 

fibres connecting the frontal lobe with major brain centres such as the thalamus and 

brainstem. The findings reported in this study reflect a degree of microstructural 

alterations that may be associated with fibre orientation, reduced axonal number or 

packing density, cellular membrane abnormalities, increasing membrane 

permeability, or a possible loss of myelin. This is supported by post-mortem 

evidence for a contribution of reduced axonal packing density, abnormal glial cell 

arrangement or function, and reduced myelin in schizophrenia. The extent to which 

these factors modulate the in vivo diffusion MRI signal could be further informed by 

direct measurement of anisotropy in the healthy post-mortem human brain and those 

with an ante-mortem diagnosis of schizophrenia.  

2.7 Summary of Future Recommendations 

As mentioned previously, results reporting FA are limited to obtaining reliable 

information and drawing biologically meaningful conclusions and interpretations of 

white matter alterations. CSD provides an alternative approach to diffusion MRI 

fibre orientation estimation, and future applications implementing this approach in 

additional white matter regions would provide a more accurate insight into the 

microstructural alterations in schizophrenia. Furthermore, the development of voxel-

wise HMOA investigations may provide additional evidence of spatially specific 

white matter alterations in schizophrenia. 
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Chapter 3 Post-mortem Diffusion MRI 

3.1 Abstract 

In the past, human post-mortem imaging provided a valuable insight into structural 

abnormalities that supplemented histological measurements of neuropathology. More 

recently, post-mortem diffusion MRI data has provided additional information that 

validates reconstructed fibre orientations in vivo, which to date has been somewhat 

limited. Acquisition of post-mortem data   permits the direct comparison of white 

matter fibre orientations estimated from imaging and histology data. This method of 

validation has been most consistently carried out using post-mortem animal models 

of human neuroanatomy. Animal models provide an excellent means of optimising 

sequence acquisition parameters and provide anatomical support for fibre orientation 

methods. However, the complexity of human neuroanatomy can only be examined 

using human post-mortem tissue with very few studies report the successful 

acquisition and quantitative assessment of human post-mortem diffusion MRI data, 

relative to other validation methods which aim to mimic in vivo diffusion MRI 

datasets. Therefore, an obvious gap in the literature requires continued studies 

exploring and optimising human post-mortem diffusion MRI acquisition, which 

provides validation of its clinical application.  

The purpose of this chapter is to acquire high resolution post-mortem diffusion MRI 

data, following the optimisation of pre-acquisition and acquisition experimental 

protocols in collaboration with Dr. Karla Miller, FMRIB. A total of three high 

resolution post-mortem diffusion MRI datasets were acquired. The data was then 

processed and analysed using diffusion MRI estimation methods applied to in vivo 

diffusion MRI datasets (Chapter 2). To assess their accuracy of fibre orientation 

reconstructions, CSD and tensor estimation was carried out in white matter regions 

with a simple and complex microstructural organisation. 

The acquisition of high resolution post-mortem diffusion MRI data required 

necessary pre-scanning preparation to ensure high quality data was obtained. This 

included careful consideration of post-mortem brains selected, and establishing a 

protocol for extraction, storage and preparation prior to scanning. Furthermore, 

modifications to the pre-processing and fibre orientation estimation methods were 
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required for post-mortem diffusion MRI data. The results of this study show that 

CSD estimation accurately modelled multiple fibre orientations within a single 

voxel, whereas tensor estimation failed to do so. This results support the application 

of CSD estimation in vivo, which will provide accurate information of white matter 

microstructure and reliability of cutting-edge tract-specific diffusion MRI findings in 

schizophrenia (Chapter 2).  
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3.2 Introduction 

Advances in medical imaging such as diffusion MRI provide a method of probing 

white matter microstructure in vivo, which is used clinically to investigate structural 

abnormalities in disorders such as schizophrenia. Chapter 1 of this thesis outlines the 

alterations detected in severe chronic schizophrenia, using voxel wise and tract 

specific analysis of diffusion MRI data. However, the tract specific metrics derived 

from CSD-based fODF estimation are a relatively novel approach to investigating 

diffusion related pathology diffusion MRI and therefore require anatomical 

validation to bridge the gap between human neuroanatomy and previous validation 

methods: animal models (Leergaard et al., 2010, Dauguet et al., 2007b, Dyrby et al., 

2007), computer simulations (Tournier et al., 2004, Zhan and Yang, 2006, Hess et 

al., 2006, Jian and Vemuri, 2007), and phantoms (Tournier et al., 2008, Perrin et al., 

2005, Fieremans et al., 2008a, Fieremans et al., 2008b, Pullens et al., 2010).  

Animal models have been used to assess the accuracy and reliability of diffusion 

MRI indices and establish a relationship between the detected diffusion and the 

underlying microstructure (Beaulieu and Allen, 1994a, Beaulieu and Allen, 1994b, 

Vorisek and Sykova, 1997). These studies have advanced our understanding of 

anisotropic diffusion and its‟ microstructural underpinnings in the central nervous 

system. The initial conception indicated myelin was the primary cellular factor 

driving anisotropic diffusion in the CNS.  However, the garfish animal model using 

the olfactory and trigeminal nerves showed that similar levels of ADC were 

measured in the non-myelinated and myelinated nerves (Beaulieu and Allen, 1994a). 

A rat model study to investigate the patterns of anisotropic diffusion in the corpus 

callosum indicates that myelin does indeed play some role in the degree of 

anisotropy, as this was highest at the peak of myelin formation (Vorisek and Sykova, 

1997). Additional animal model studies provided evidence that anisotropic diffusion 

in white matter does in fact occur pre-myelination, but increases with development 

and the lay down of myelin (Prayer et al., 1997, Wimberger et al., 1995). Animal 

models have been used to assess the contribution factor of other cellular structures 

such as microtubules and neurofilaments (Beaulieu and Allen, 1994b), and establish 

a relationship between decreases in anisotropic diffusion in models of axonal injury 

(Nevo et al., 2001, Ford et al., 1994), and degeneration (Beaulieu et al., 1996). 

These, and other animal model studies have provided a wealth of information on the 
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anisotropic properties of white matter, indicating that the hindered diffusion along a 

preferential axis is driven by the dense packing of axons, encased within their 

membrane and surrounding by the myelin sheath (Beaulieu, 2002).  

Animal models have bridged a gap in the relationship between the cellular 

components contribution to the diffusion MRI signal measures, however, a gap 

remains in the neuroanatomical accuracy achieved with diffusion MRI reconstructed 

fibre orientations. Animal, computer simulation and phantom models have been used 

to establish this accuracy and validate fibre orientation estimation models that are 

used in clinical research. In the rat brain, a direct comparison of diffusion MRI 

reconstructed fODF‟s and histological measurements of fibre orientation showed that 

advanced diffusion MRI modelling methods provide a more accurate description of 

the underlying microstructure (Seehaus et al., 2013). This supports the evidence 

provided from computer simulations and phantom models which argue the 

inadequate fibre orientation profile reconstructed from tensor-based estimation 

(Tournier et al., 2004, Tournier et al., 2008, Zhan and Yang, 2006, Fieremans et al., 

2008a, Fieremans et al., 2008b, Pullens et al., 2010, Perrin et al., 2005). These 

studies have the added advantage of developing and optimising sequence acquisition 

parameters required to obtain high quality data. The optimised diffusion MRI 

sequence can ultimately provide high quality data in vivo which accurately models 

the underlying microstructure, providing biologically meaningful information on 

white matter organisation in schizophrenia and other psychiatric and neurological 

disorders. 

However, the accuracy of estimation methods modelling multiple intravoxel fibre 

orientations using human white matter histology remains to be established. This 

verification requires the acquisition of human post-mortem diffusion MRI data 

followed by appropriate histological measurements; in order to directly compare 

reconstructed fibre orientations with the underlying neuroanatomy. The primary goal 

of this chapter is to acquire high resolution human post-mortem diffusion MRI data 

and to examine subsequently, the feasibility of performing both tensor and tensor-

independent CSD-based estimation of the fODF in such a dataset. 
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Post-mortem Diffusion MR Imaging in the Human Brain 

As with in vivo diffusion MRI, the same basic principles apply for post-mortem 

imaging. Diffusion weighting of the conventional MRI sequence is necessary to 

sensitise the acquisition sequence to the molecular displacement of water molecules 

in post-mortem tissue. Diffusion-weighting is defined by a factor termed the b value 

which is characterised by amplitude, duration and spacing of diffusion-weighted 

gradients (Chapter 2 Figure 2.6). High b values correspond to a stronger diffusion-

weighting in the acquisition sequence. The attenuated signal measured during the 

diffusion MRI sequence is dependent on this b value and the diffusion co-efficient. 

In post-mortem imaging the measured diffusion co-efficient reflects the strength of 

the diffusion gradients applied and the displacement of water molecules, which may 

have altered post death or relative to fixation. 

The first human post-mortem diffusion MRI studies were carried out to supplement 

neuropathological evidence obtained using traditional histology techniques and in 

vivo neuroimaging. In 2004, Pfefferbaum et al. attempted one of the first studies of 

post-mortem diffusion MRI of a formalin-fixed whole human brain (Pfefferbaum et 

al., 2004). Following successful structural MRI acquisition of the post-mortem brain, 

they acquired diffusion MRI data using an adapted in vivo sequence with relatively 

high b values of 860 s/mm
2
 and 2400 s/mm

2
 on 1.5T, and 800 s/mm

2
, 1600 s/mm

2
 

and 3200 s/mm
2
 on 3T MRI scanners. They discovered minimal indications of white 

matter anisotropy in the formalin fixed whole brain and concluded that short T2 

times and poor water mobility (associated with formalin-fixed tissue) created major 

limitations. The conclusion of this study was that higher field strength scanners and 

optimisation of the acquisition sequence, specifically for post-mortem fixed tissue, 

would be essential. Subsequent studies indicated that anisotropic diffusion could 

indeed be detected in a formalin fixed post-mortem human brain (Pfefferbaum et al., 

2004). Englund and Larsson acquired human post-mortem diffusion MRI and 

successfully correlated anisotropic indices with pathological alterations present in 

dementia, reporting decreased FA in regions of white matter pathology (Englund et 

al., 2004, Larsson et al., 2004). In both studies, brains were fixed with 6% formalin 

and stored for 6 weeks prior to scanning. The acquisition was carried out using a 3T 

scanner, with a b value of 1000 s/mm
2
, and six diffusion-weighted gradient 

directions, across seven brain slices. ADC and FA reductions were shown to be most 
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severe in regions of acute white matter pathology. Although the limitations of post-

mortem diffusion MRI acquisition were still evident in this study (poor image 

resolution, limited slice acquisition and minimal diffusion-weighted gradients 

applied) the level of anisotropic diffusion detected showed promise for future 

diffusion MRI in fixed human post-mortem tissue. The correlation of diffusion MRI 

indices and histological measurements indicate showed that diffusion MRI is 

sensitive to detecting alterations in the underlying microstructure in fixed post-

mortem tissue. This suggests diffusion MRI indices in pathological regions reflect a 

change in the molecular diffusion patterns compared to that of normal tissue; 

however, this does not explicitly address the sensitivity of post-mortem diffusion 

MRI to reconstruct accurate fibre orientations of the underlying white matter tracts. 

Schmierer et al. reported the acquisition of post-mortem diffusion MRI data in 

multiple scelorsis (MS) using a 1.5T MR system to directly assess the relationship 

between MS pathology and diffusion MRI measurements (Schmierer et al., 2007). 

Similar to the previous post-mortem diffusion MRI studies reported, Schmierer 

investigated the pathological changes that occur in a disease state providing an 

informative account of microstructural changes detected using diffusion MRI. This 

study was carried out using sixteen unfixed post-mortem 1 cm coronal brain slices. 

Scanning was carried out on a 1.5T MR system utilising a b value of 1940 s/mm
2
 

with six diffusion-weighted gradients. Interestingly, this study reported a negative 

correlation between myelin content and axonal count with FA and MD, indicating 

that post-mortem diffusion MRI is sensitive to fibre microstructure. However, this 

study included unfixed brain tissue, and the extent of diffusion MRI accuracy post 

fixation may be altered. From these first studies, obtaining post-mortem diffusion 

MRI coupled with histological measurements, became a useful technique to 

investigate the neuropathology in multiple sclerosis (Zollinger et al., 2011), 

Alzheimers Disease (Gouw et al., 2008), and forensic medicine using ADC to 

predict post-mortem interval and cause of death (Scheurer et al., 2011).  

Fibre orientation and tractography validation for in vivo diffusion MRI data was 

addressed in 2007 when porcine (Dyrby et al., 2007), and primate (Wedeen et al., 

2008, D'Arceuil et al., 2007) brains were used to model the neuroanatomical 

complexity of the human brain. These studies outline the necessary modifications 

and considerations for the acquisition of high resolution post-mortem diffusion MRI 



Chapter 3 

101 

 

datasets,  and led to the development of a post-mortem acquisition pipeline (Dyrby et 

al., 2011). Although this was developed using the porcine animal model, this 

established pipeline provided much needed information to the field of post-mortem 

diffusion MRI, outlining recommendations for the five stages of data acquisition; 

fixation, storage, preparation, scanning, and processing. Dyrby concluded that 

formaldehyde fixation is necessary to prevent autolysis, and storage in 1% 

formaldehyde at 5 degrees Celsius maintained the longitudinal stability of diffusion 

MRI indices (shown not to significantly change over a period of 3 years). Prior to 

scanning it is recommended to bring the post-mortem brain up scanning temperature, 

for a period of at least 6 hours to prevent temperature related changes in molecular 

diffusion patterns. The optimal b value reported was 4000 s/mm
2
, which resulted in 

processing a reliable reconstruction of two fibre orientations within a single voxel, as 

shown by the visualisation of fODF peaks in the porcine brain model. 

Similar high resolution post-mortem diffusion MRI pipelines have subsequently been 

applied to acquire human post-mortem data reporting successful reconstruction of 

white matter pathways (McNab et al., 2009, Miller et al., 2012, Miller et al., 2011, 

Soria et al., 2011, Seehaus et al., 2013, Kolasinski et al., 2012). Miller et al. 

investigated the ability to perform accurate tract reconstructions using post-mortem 

data acquired using a conventional diffusion MRI spin-echo sequence and an 

optimised steady state free precision (DW-SSFP) sequence (Miller et al., 2012). The 

DW-SSFP acquisition sequence was shown to be effective resulting in high SNR 

(give range or mean) in tissues with a short T2 time while retaining minimal voxel 

size (0.94 x 0.94 x0.94 mm
3
) (Miller et al., 2012, McNab et al., 2009). Compared to 

the traditional spin echo sequence, the DW-SSFP requires low flip angles and short 

repetition times (TR) (spin echo: flip angle = 75⁰, TR/TE = 122/530 msec, DW-

SSFP: flip angle = 37⁰, TR/TE = 28/42 msec). This short TR is an advantage for 

tissues with low proton density, low rates of molecular diffusion, and short T2 times, 

as is the case for fixed post-mortem brains. Miller et al. compared the tractography 

results of the spin echo and DW-SSFP sequence. Both sequences used 54 diffusion-

weighted gradients with isotropic distribution, a b value of 4500 s/mm
2
, achieving a 

high resolution voxel size of 0.94x0.94x0.94 mm
3
, considerably better than the vast 

majority of in vivo diffusion MRI studies. The results showed that probabilistic 

tractography modelled from the optimised DW-SSFP sequence was more reliable 
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than that modelled from the spin echo sequence in the corticospinal, corpus 

callosum, SLF, and cingulum bundle white matter tracts (Miller et al., 2012). 

In order to achieve this high quality post-mortem diffusion MRI data, it is necessary 

to address the challenges associated with post-mortem scanning of fixed tissue 

(Dyrby et al., 2011, D'Arceuil et al., 2007, Widjaja et al., 2009, Pfefferbaum et al., 

2004). 

Post-mortem Human Brain Diffusion MR Imaging - Current Challenges 

A significant percentage of the brain mass is water; white matter, grey matter and 

CSF consist of 70%, 80% and 99% water molecules respectively (MacDonald et al., 

1986). The interaction of these water molecules is the basis on which MRI images 

are generated, and diffusion MRI measures the displacement of these water 

molecules to provide information on white matter microstructure (chapter two). The 

environment of in vivo water molecules can change considerably after death, and 

thereby change their interaction. Schmidt et al. compared the ADC of the human 

cerebrum, cerebellum, and thalamus of twenty one corpses (mean age 38.7 years), 

and three in vivo participants (mean age 70.5 years) (Schmidt et al., 2012). The 

corpses were scanned within 2-23 hours post death, without fixation, permitting the 

primary investigation of the effect of death on diffusion MRI indices. The ADC of 

post-mortem brains was significantly reduced compared to the ADC measured in 

vivo, indicating that the diffusion patterns change considerably following death. 

However, this could be exaggerated by the older age of the post-mortem group, 

compared to the in vivo participants, a confounding factor which was not addressed 

in this comparative study (Schmidt et al., 2012). White matter microstructural 

alterations that occur following death have been investigated using electron 

microscopy and shown that within 24 hours post death the myelin sheath is most 

affected by autolysis (Hukkanen and Roytta, 1987). This indicates that the tissue 

must be fixed to preserve microstructure and limit cellular changes that would 

otherwise affect the acquisition of post-mortem diffusion MRI data relative to in vivo 

data. 

Undoubtedly the fixation of post-mortem brains alters the diffusion patterns of water 

molecules and this is most likely due to those same mechanisms by which fixation 
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prevents autolysis. The fixation process (dependent on the composition of the 

fixative) augments the changes in the microstructure due to death by the introduction 

of the chemical agents that delay tissue decomposition. Fixation causes protein 

cross-linking, dehydration, cell swelling or shrinkage to „fix at a point in time‟ the 

microstructure, by minimising the loss caused by enzymatic deconstruction and 

autolysis, maintaining microanatomy. An important function of fixative is to 

maintain and stabilise the micro-architecture over long periods of time for storage, 

permitting future multi-disciplinary investigative analyses. Fixation methods vary 

depending on the requirements of the tissue and experimental protocol, and include 

heating, freezing and chemical fixation. Chemical fixation (most consistently used in 

post-mortem MRI) is a combination of chemicals, commonly formaldehyde or 

gluteraldehyde causing microstructural protein cross-linking. Other chemical agents 

such as phenol or ethanol introduce dehydration into the fixation process causing 

protein coagulation. Mixtures of several fixative agents (formaldehyde with phenols 

and ethanol) are referred to as compound fixatives causing cross-linking, coagulation 

and dehydration (Bancroft. J.D and Gamble. M, 1997). The most commonly used 

fixative is 10% buffered formalin. Pure formaldehyde is a gas and typically kept in 

an aqueous solution of about 37-40% formaldehyde. Typical 10% formalin consists 

of 4% weight to volume of this formaldehyde solution. Formalin interacts with 

protein molecules causing the formation of hydroxymethyl side chains, it also 

interacts with nuclear proteins causing them to stabilize and prevent autolysis. The 

addition of alcohols – ethanol and glycerine, is termed alcoholic formalin which 

coagulates proteins, dehydrates but also preserves glycogen causing less shrinkage 

and is particularly useful in the fixation of fatty tissues. Phenol acts as an 

antibacterial agent, killing bacterial cells rapidly, due to its high affinity with water it 

also produces a degree of dehydration to the tissue. Therefore consideration of the 

fixative used must be considered, as the degree of dehydration and remaining water 

content will affect the T2 time of the post-mortem brain. 

The fixation method used has been shown to affect quality of brain tissue 

preservation. Adickes et al. reported that perfusion fixation is optimal for brain 

tissue, requiring a minimum of 5-7 days with perfusion through the cerebral arteries; 

compared to the necessary duration of 2 weeks for immersion fixation (Adickes et 

al., 1997). This study concluded that immediate perfusion fixation via the middle 
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cerebral artery is superior in maintaining tissue microarchitecture compared to 

traditional immersion fixation, and specimens can be examined as little as 3-5 days 

post fixation. However, this perfusion fixation was carried out on an ex vivo post-

mortem brain removed immediately post death, and logistically can be a challenge 

when acquiring human post-mortem tissue. 

The effect of fixative on conventional MRI indices must be understood to establish 

the appropriate modification of the diffusion MRI sequence, for example, the 

duration between death and tissue fixation, or to what degree does fixation affect the 

T2 of post-mortem tissue? Grinberg et al. showed that a short post-mortem interval 

(duration of time between death and fixation), and a low body temperature were the 

main factors in determining the quality of routine MRI protocols (Grinberg et al., 

2008). The effect of fixation technique investigated by Grinberg et al. supports 

previous evidence stating perfusion fixation is optimal for the preservation of 

neuroanatomical specimens (Adickes et al., 1997). The effect of formaldehyde 

fixation on T1 and T2 times has been studied in human post-mortem tissue 

(Schmierer et al., 2008, Yong-Hing et al., 2005, Dawe et al., 2009). To re-cap on the 

principles of MRI, T2 time (or relaxation time) is a measure of how long spinning 

protons rotate “in phase” following the 90⁰ pulse sequence.  This does not involve a 

change in energy but a loss of coherence due to the proton-proton interactions which 

generate local magnetic field inhomogeneity in the sample, causing the protons to 

precess at varying frequencies. The T2 time is based on biological properties of the 

tissue that determine the mobility of protons. Tissues with high water content and 

high proton mobility have a longer T2 time. T2 time is reported considerably lower 

in post-mortem fixed brain tissue (T2 = 40 ms) (Dawe et al., 2009) compared to in 

vivo (T2 = 79.9 ms) (Wansapura et al., 1999) , with a 21% and 81% decrease in T1 

and T2 times in the fixed rat brain (Shepherd et al., 2009b). This reduction in T2 

time in post-mortem tissue may be proportionally attributed to microstructural 

changes occurring post death, followed by fixation induced dehydration. The degree 

of dehydration therefore requires MRI sequence modification and affects the quality 

of the data obtained.  

A study examining the effects of brain tissue decomposition on diffusion MRI data 

and tractography reconstructions, using rodent brain data across a range of post-

mortem interval times from 0-14 days (D'Arceuil and de Crespigny, 2007), reported 
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a steady and significant decrease in diffusion MRI parameters FA, ADC, and all 

three eigenvalues. The results show that the decrease in FA is most evident between 

day 0 and day 1 PI, after which the effect of delayed fixation becomes less 

significant. Schmierer et al. compared diffusion MRI indices in fresh and fixed brain 

slices from patients with multiple sclerosis (Schmierer et al., 2008). This study 

supports previous findings (D'Arceuil et al., 2007), reporting significant reduction in 

FA and MD in fresh brain followed by a further reduction with fixation which 

stabilised over time (Schmierer et al., 2008).  

Age is also a confounding factor for the acquisition of post-mortem diffusion MRI 

datasets, as post-mortem tissue is generally obtained from donors in an older age 

bracket, compared to clinical in vivo diffusion MRI studies (unless specifically 

investigating neurological diseases associated with age such as Alzheimer‟s disease, 

Parkinson‟s and Dementia in vivo). White matter undergoes microstructural changes 

from early development in utero, through childhood, adolescence and late into 

adulthood (Helenius et al., 2002, Salat et al., 2005, Nomura et al., 1994), as detected 

by age related correlations with decreased FA, MD and tract volume (Sala et al., 

2012).  These changes correlated with post-mortem results reporting a decrease in 

myelination, changes in brain water content, and axonal architecture (Meier-Ruge et 

al., 1992, Aboitiz et al., 1996). These changes are crucial to the natural biological 

process of neural development ensuring appropriate regional connectivity, and 

neuronal growth and repair. The majority of post-mortem diffusion MRI studies have 

been carried out in an aged population which is associated with decreased FA in 

vivo; therefore a drop in diffusion MRI indices detected post-mortem may be 

impacted by the natural decline in indices associated with increased age.  

Post-mortem diffusion MRI has become a useful tool in the study of neuropathology 

in disorders affecting white matter (Kolasinski et al., 2012, Larsson et al., 2004, 

Englund et al., 2004). The optimisation of acquisition protocols, which aim to 

overcome the associated challenges and limitations of the post-mortem context 

diffusion MRI (Seehaus et al., 2013, Miller et al., 2012, Miller et al., 2011, McNab 

et al., 2009), have advanced over the past decade post-mortem diffusion MRI 

(Pfefferbaum et al., 2004). The aim of this chapter is to obtain high resolution 

diffusion MRI data which requires optimisation of the post-mortem brain preparation 

prior to scanning including brain extraction, fixation, storage, and the scanning 
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sequence itself (Dyrby et al., 2011). The post-mortem data acquired must be of high 

quality to ensure accurate reconstruction of the underlying fibre orientation using 

CSD and tensor-based fibre orientation estimation methods, corresponding to those 

applied in vivo (Chapter 2). The fibre orientation estimated from post-mortem 

diffusion MRI datasets can then be directly compared with histological 

measurements of the underlying microstructure. This approach to diffusion MRI 

qualitative validation is essential for making accurate assumptions of white matter 

alterations in schizophrenia. 
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3.3 Methods 

The technical and procedural information outlined in this methods section was 

carried out solely by me, Laurena Holleran. Sequence development was carried out 

in collaboration with MR physicists specialised in diffusion MRI acquisition (GB, 

and Dr. Karla Miller).  

Preliminary Diffusion MRI Acquisition UHG 

All of the cadaveric material used had been bequeathed to the Medical School 

National University of Ireland Galway for the purpose of the advancement of 

medical knowledge. This is covered by legislation governing the practice of 

Anatomy in the Republic of Ireland (Anatomy Act 1832, the Anatomy Act 1871, 

Health Order 1949, Medical Practitioners Act 2007). This study had full local ethics 

committee approval. 

I removed cadaveric brains from the skulls for the initial scanning carried out using 

UHG‟s 1.5T Siemens Magnetom Scanner. This acquisition implemented the 

diffusion MRI in vivo sequence used in previous research studies carried out by the 

Clinical Neuroimaging Laboratory, NUI Galway (full sequence description detailed 

in chapter 2 of this thesis). The selection of the post-mortem brains was not based on 

predetermined criteria, as this was primarily for investigative purposes to determine 

the feasibility of post-mortem diffusion MRI acquisition using UHG‟s scanning 

system. Modifications to the in vivo sequence were carried out by an experienced 

MR physicist (GB). 

Scanning Preparation 

Prior to scanning, the dura mater was removed from the brain. Any excess fixative 

was then removed from the deeper sulci and ventricles. The brain was securely 

wrapped in MRI compatible film, and sealed and labelled. Brains were left at room 

temperature to equilibrate with temperature in the MRI scanning suite, as 

recommended Dyrby et al. (Dyrby et al., 2011). The orientation within the scanner 

was kept constant for each scan with anterior posterior along the y-axis of the 

scanner bore (consistent with the orientation of the in vivo acquisition).  
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Modification of UHG Diffusion MRI In Vivo Scquisition Sequence  

Sequence parameters included 1 b=0 s/mm
2
 image, 6 independent diffusion-

weighted gradients with b=3000 s/mm
2
, TR/TE = 8000/108 msec, slices 48, and 8 

averages, with a total scan time of 7.42 minutes.  

Assessment of the raw data (Results section) determined the signal to noise ratio to 

be inadequate for the planned analyses, and therefore demanded that alternative post-

mortem diffusion MRI acquisition arrangements be sought. 

Optimised Post-mortem Diffusion MRI Acquisition 

Through collaboration with Dr. Karla Miller, University of Oxford, an optimised 

diffusion MRI acquisition sequence was developed for use with our fixed human 

whole brain. Post-mortem diffusion MRI data was collected using a Siemens Trio 3 

T scanning system following the optimisation of brain selection criteria, removal, 

storage and preparation post-mortem diffusion MRI. 

Brain Selection 

Following the initial acquisition I designed a study specific brain selection criteria 

developed for optimal diffusion MRI data acquisition, based on previous knowledge 

gathered from a literature review of post-mortem diffusion MRI (Pfefferbaum et al., 

2004, Miller et al., 2012, Schmierer et al., 2007, McNab et al., 2009). The criterion 

included post-mortem brains with short post-mortem intervals, as longer post-

mortem intervals were shown to reduce the diffusion signal acquired (D'Arceuil et 

al., 2007), relatively recent date of death, Although the stability of fixed post-mortem 

tissue was indicated to be in the range of 3 years (Dyrby et al., 2011), it was 

preferential to eliminate a potential reduction in the diffusion signal due to a long 

duration of storage in fixative. Pathology has also been shown to reduce the 

diffusion signal with a correlation between FA and MD and lesioned white matter 

(Englund et al., 2004, Larsson et al., 2004, Kolasinski et al., 2012), therefore it was 

deemed appropriate to only include post-mortem brains with no history of 

neurological disorders from GP records. An age related decline in FA has been 

reported in vivo (Helenius et al., 2002) and in post-mortem assessment of callosal 
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fibres density (Aboitiz et al., 1996), age at time of death was therefore set at an upper 

limit of 75 years. Six brains from within the NUI, Galway‟s Department of Anatomy 

donor registry matched these criteria and were selected for inclusion in the study.
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Brain preparation – Fixation, Removal and Storage 

Fixation 

Upon arrival to the Department of Anatomy, cadavers undergo immediate perfusion 

fixation. Approximately 20 litres of embalming fluid (including water (42.25%), 

phenol (7.04%), methanol (21.13%), glycerine (21.13%), and formalin (8.45%), 

listed in Table 3.1) circulate through the vascular system via the carotid artery. Entry 

via the carotid artery gives the optimal fixation of the head, neck and brain as 

immersion fixation methods prolong the duration of fixative reaching the inner 

structures due to the delay in absorption of the fixative from the cortex. Formalin is a 

saturated formaldehyde solution in water, and the embalming solution is equivalent 

to a 4% formaldehyde fixative solution. The additional preservatives (phenol, 

methanol, and glycerine) increase the strength of the fixative, necessary for whole 

body preservation for the purpose of teaching anatomy to an extensive group of 

students over the course of an academic year. 

Table 3.1 Compound Fixative Solution  

Chemical Amount (L) Percentage 

Phenol 2 (80% liquid) 7.04 

Water 12 42.25 

Alcohol (methanol) 6 21.13 

Glycerine 6 21.13 

Formalin 2.4 8.45 

Legend. Fixation solution used for the perfusion fixation of cadavers in the Department of Anatomy 

NUI Galway. 

Brain Removal & Storage 

Following perfusion fixation, brains were removed from the skull using the 

following protocol. I specifically devised this extraction protocol to enhance 

preservation of tissue structure and integrity by reducing cortical damage which was 

evident using previous extraction methods, particularly in the temporal region.  
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Protocol for Whole Brain Removal from Skull 

 

1. An incision was made through the scalp from the glabella to the spine of the first 

thoracic vertebra. A second incision was made in the scalp from above the 

superior helix of the right ear, extending to the above the superior helix of the left 

ear. The scalp was reflected back to expose the surface of the skull.  

2. The skull cap was removed by making a circumferential cut through the skull 

from the external occipital protuberance posteriorly, to the glabella anteriorly 

using an electronic bone saw. A longitudinal midline cut through the skull is 

made anteriorly from above the glabella posteriorly to the above the external 

occipital protuberance, dividing the skull cap into 2 halves which were removed 

after detaching the dura matter from the inner surface of the skull.  

3. The dural layer was detached from the skull at the crista galli anteriorly.  

Posteriorly, at the straight sinus the dural layer was cut at the junction of the 

falxcerebri and tentorium cerebelli, and removed.  

4. The frontal pole was raised slightly to expose and cut the optic nerve at the optic 

chiasm. 

5. Posteriorly, a transverse cut in the skull was made, approximately 5cm in length 

across the point of the external occipital protuberance, and extended inferiorly to  

the magnum foramen. This exposed the posterior surface of the cerebellum and 

the tentorium cerebelli was removed. 

6. The cerebellum was lifted slightly to expose the spinal cord, which was cut at the 

exit point through the foramen magnum.  

7. Finally, the exposed cranial nerves were detached at their exit points at the base 

of the skull.  

8. The detached brain was then removed from the skull base, and placed in the skull 

cap to maintain shape and support the brain tissue. The post-mortem brains, 

within the skull cap, were then immersed in fixative for storage until preparation 

for structural scanning for neurological assessment.   
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Neurological Assessment 

A component of our selection criteria for the ideal candidate brain to proceed to 

diffusion MR acquisition was to conduct a structural MR scan and review it both 

clinically and structurally. A neurological assessment was carried out on six brains 

which met the study criterion*. To determine the presence of any neuropathology, 

detected by a trained radiologist  T1 and T2 structural scans were obtained for each 

brain at the Centre of Advanced Medical Imaging, St. James Hospital, Dublin, 

Ireland (CAMI link ref) using a Philips Achieva 3T MRI scanner.  Four brains were 

excluded from the study on the basis of white matter hyperintensities and a diagnosis 

of multiple sclerosis in one (Table 3.2), as the pathological tissue would affect the 

diffusion signal acquired, and an assessment of this was not the primary goal of this 

study. The remaining two post-mortem brains (C54, C69) were stored until 

preparation on the day of diffusion MRI acquisition. An additional post-mortem 

brain (C94) on a date post neurological assessment. The addition of C94 to the study 

was on the basis of a young age at time of death and the short post-mortem interval, 

therefore meeting the study inclusion criterion.  

Post-mortem Brain Preparation Day of Diffusion MRI Data Acquisition  

Preparation for diffusion MR data acquisition required elimination of fixative from 

the cortical surface and deep within the sulci and ventricles. The arachnoid layer was 

removed for this purpose. The ventricles were given a thorough rinsing to remove 

trapped fixative which interferes with the MRI signal. The post-mortem brains 

(without sealing in a synthetic film) were placed in a MRI compatible container to 

soak in fomblin ® fluid. Fomblin is industrial lubricated grease which does not 

emulsify with water, and is resistant to most solvents. It is a proton free solution, and 

therefore does not produce an MRI signal. Soakage in the fomblin removes 

additional fixative or water trapped within the ventricles and sulci of the brain. 

Because of fomblins‟ hydrophobic properties, excess water and fixative rises to the 

surface and can be removed from the MRI container prior to scanning, thus 

eliminating additional noise sources in the field of view. All brains were soaked for a 

minimum of 24 hours in the fomblin fluid, and left to equilibrate to the scanning 

room temperature prior to commencing scanning.  
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Diffusion MRI Acquisition Sequence Parameters 

Prior to image acquisition, an experimental design was established in collaboration 

with Dr. Karla Miller and her laboratory members. This included the optimal 

immersion time in fomblin fluid, brain positioning in the MRI compatible container, 

and optimal positioning in the scanner bore.  

Sequence development for diffusion MRI data acquisition was carried out by Dr. 

Karla Miller. This included the optimisation of the applied b value, the number of 

diffusion weighted gradients, averages and necessary adjustments to sequence 

parameters which were based on tissue specific T1 and T2 characteristics.  

C54 post-mortem brain 

The diffusion MRI parameters used to acquire diffusion MRI data was that described 

by Miller et al. (McNab et al., 2009), utilising a steady state free precision (SSFP) 

sequence optimised for fixed human post-mortem brains. The specific parameters 

used for post-mortem brain C54 were one b=0 s/mm
2
 repeated nine times and 

averaged followed by a diffusion-weighted series acquired with 54 gradient 

directions at a  b value of 4500 s/mm
2
 repeated twice. A bandwidth of 159 Hz/Px, 

TE/TR of 24/35 msec, a flip angle of 35⁰ and an isometric voxel size of 1.2 mm
3
. 

This took a total scan time of 21 hours 30 minutes. . 
 

C69 post-mortem brains 

Following initial scanning on C54, slight adaptations to the sequence allowed for 

higher quality data. The sequence parameters for C69 were one b=0 s/mm
2
 repeated 

nineteen times and averaged followed by a diffusion-weighted series acquired with 

54 gradient directions at a b value of 4500 s/mm
2
 repeated three times. A bandwidth 

of 159 Hz/Px, TE/TR of 24/35 msec, a flip angle of 35⁰, and an isometric voxel size 

of 1.2 mm
3
, with a total scan time of 30 hours 35 minutes.  

C94 post-mortem brains 

The sequence parameters for C94 were one b=0 s/mm
2
 repeated nineteen times and 

averaged followed by a diffusion-weighted series acquired with 54 gradient 

directions at a b value of 4500 s/mm
2
 repeated three times. A bandwidth of 159 
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Hz/Px, TE/TR of 20/35 msec, a flip angle of 35⁰, and an isometric voxel size of 1.2 

mm
3
, with a total scan time of 30 hours 35 minutes 

Post-mortem MRI Structural Protocols 

Structural protocols were acquired for each post-mortem brain during the scanning 

session. However, the structural sequence used for in vivo acquisition results in poor 

grey and white matter contrast in the post-mortem brain. A T1 inversion recovery 

(TIR) sequence was implemented to produce adequate post-mortem tissue contrast. 

TIR provides additional contrast in post-mortem imaging as it suppresses the signal 

from fixative or excess water providing greater contrast than conventional T1-

weighted images. The TIR structural image was acquired by averaging five repeats 

and with a voxel size of 2.4 x 2.4 x 4.8 mm
3.
 

A T2 turbo spin echo (TSE) sequence, which is characterised by rapidly applied 

180⁰ rephrasing pulses, was acquired as an equivalent to the conventional T2-

weighted sequence used in vivo. The TSE sequence allows for rapid image 

acquisition and therefore multiple averages to give a higher image resolution. The 

TSE sequence was acquired using 5 repeats with a voxel size of 2.4 x 2.4 x 4.8 mm
3
. 

Post-mortem Diffusion MRI Image Processing 

Quality analysis included a visual inspection of post-mortem diffusion MRI datasets 

for obvious problems or image artefacts caused by misalignments and eddy current 

induced artefacts.  

Pre-data processing of image co-registration, and correction of eddy current artefact 

was carried out by Dr. Karla Millers group, FMRIB. The post-mortem diffusion MRI 

data processing pipeline was developed based on modifications to the in vivo data 

processing due to the lower diffusion signal obtained from fixed post-mortem data 

(McNab et al., 2009, Miller et al., 2012). 

Processing involved registering of images using the linear registration tool (FLIRT) 

(Jenkinson et al., 2002), including eddy current correction generated by excessive 

heating of the scanner. Multiple acquisition repeats (three repeats for C69 and C94, 

two repeats for C54) are then averaged. Affine registration corrects for 
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misregistration at this step to scale and shear the data as required. The diffusion 

toolkit within FSL „dtifit‟ was used to fit the diffusion signal for each image voxel to 

generate FA, MD, radial diffusivity, first, second and third eigenvector and 

eigenvalue.  

Estimation of the principal and secondary direction of diffusion was calculated using 

Bayesian estimation of diffusion parameters (BEDPOSTx) (Behrens et al., 2007). 

This Bayesian estimation uses Monte Carlo Sampling to build up distributions of 

diffusion parameters for each voxel, including voxels containing more than one fibre 

orientation. Modelling of a reliable second fibre population is carried out using 

automatic relevance determination (ARD), which estimates the second fibre 

orientation only if there is evidence in the data to support this fibre populations‟ 

existence. It does this by forcing the fibre volume fraction to zero if it does not reach 

the predefined threshold (0.05). This ensures that a secondary fibre diffusion 

direction is estimated only if surpasses the threshold and is supported by the data. 

and is therefore not supported by the data (Behrens et al., 2007). 

The diffusion direction vector or „dyads‟ were used to visualise the diffusion 

directions contributing to each voxel. This included two separate dyad image 

datasets which represented the primary and secondary diffusion directions 

respectively. The second dyad dataset was set to a volume fraction threshold of 0.05, 

the second fibre orientation is then therefore only shown, if the volume fraction is 

above this threshold. The primary and secondary fibre orientations were then 

overlaid on the diffusion-weighted FA images to show the fibre orientation for every 

voxel. 

CSD-Based Estimation of Fibre Orientation 

CSD and tenor-based estimation was carried out using ExploreDTI (Jeurissen et al., 

2013, Leemans A, 2009). The raw diffusion data, and the text file of the 

corresponding b-value and b-vector information, was used to generate diffusion 

images for each post-mortem diffusion MRI dataset. An automatic mask excludes 

voxels outside the brain such as the skull, neck and eyes. The data is then corrected 

for subject head motion and eddy current induced distortions additionally providing 

for rotation of the b matrix based on these corrections. The latter ensures that the 
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orientational information remains valid following rotations made during the 

correction processes (Leemans and Jones, 2009). The quality of the data was 

checked before and after these corrections to ensure visually that adequate correction 

of motion and eddy current induced artefacts took place.  

As described in Chapter 2, CSD deconvolves the diffusion signal using a kernel 

termed the response function. The response function refers to the diffusion-weighted 

signal measured in a voxel with a single fibre orientation (Tournier et al., 2004). The 

distribution of fibre orientation is then estimated by the convolution of spherical 

coordinates of this response function (Tournier et al., 2007). This reverse 

convolution of the diffusion-weighted signal estimates the peak of the fODF which 

is attributed to the principal fibre direction; the remaining peaks in the fODF 

constitute the secondary fibre orientations within the voxel. The reconstructed voxel 

fODF will have multiple peaks, with each peak representing a fibre orientation. 

However, the reconstructed fODF estimated from spherical deconvolution is highly 

susceptible to noise. A low-pass filtering of the data minimises the extent of the 

noise, however, filtering can also eliminate the high angular frequencies in the data. 

In order to overcome the need for low-pass filtering, Tournier et al. developed a 

mechanism of constraining the spherical deconvolution to eliminate negative values 

thereby avoiding the need to filter and retain the high angular frequencies of the data 

(Tournier et al., 2007). This method of CSD-based fODF estimation accurately 

estimates multiple intravoxel fibre orientations (Jeurissen et al., 2011, Jeurissen et 

al., 2013, Tournier et al., 2008, Tax et al., 2014).  

Previously, the response function was calculated with a user defined FA threshold 

(Anderson, 2005, Descoteaux et al., 2009, Tournier et al., 2004) where the chosen 

FA reflected a single fibre population. This is true at low b-values, but with 

increased b-values (typically used for high-angular-resolution diffusion imaging 

(HARDI) acquisition), the reliability of FA decreases due to a fall-off in the SNR 

The novel method of calculating the response function proposed this year by Tax et 

al.  does not require a FA threshold  (Tax et al., 2014). This method of calculated the 

response function was applied to CSD-based fODF estimation of both clinical 

(Chapter 2) and post-mortem diffusion MRI data herein. The recursive calibration 

uses an initial response function chosen from voxels with a diffusion MRI signal 

with a dominant fibre orientation that would schematically correspond to a diffusion 
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tensor with an FA of 0.05. This initial response function is then used to estimate the 

directional magnitude of fODF peaks. The peak ratio defined as the ratio of the 

magnitude of the second largest to the largest peak in the fODF. If this peak ratio 

falls below a specific user defined threshold, a voxel will be determined to have only 

a single reliable fibre population. The voxels with a single peak in the fODF 

(corresponding to a voxel with a single fibre orientation), are then used in the next 

iteration to estimate the response function. The diffusion MRI signal, from these 

voxels is reoriented to align the diffusion direction with the orientation of the peak in 

the fODF. A second iteration is performed to calculate a new response function 

based on the spherical harmonics of the newly reoriented diffusion MRI signal from 

the previous step and applied to subsequent iterations for a maximum number of 20 

iterations, or until the response function shape of 2 consecutive iterations do not 

significantly differ. This method of recursive response function calibration is 

described in detailed by Tax et al. Its validation involved a demonstration of 

successful ODF estimation using the post-mortem data  acquired herein (Tax et al., 

2014).  
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3.3 Results 

Post-mortem Diffusion MRI - Preliminary Results 

Preliminary post-mortem diffusion MRI acquisition using UHG‟s 1.5T clinical 

scanner resulted in poor quality data which was observed with the initial visual 

check. Signal to noise ratio (SNR), a quantitative measure of data quality, 

demonstrated that this post-mortem diffusion MRI data (SNR 9.6) would not result 

in useful data for comparison to histological images and was considerably lower 

compared to that of an in vivo diffusion MRI data (SNR 25.6)(Figure 3.2). As a 

result of clinical timetable and hardware restrictions, acquisition of post-mortem 

diffusion MRI data using UHG‟s scanning system was considered inadequate for 

further data collection.  

 

Figure 3.1 UHG Post-mortem Diffusion MRI Data Quality 

 

Legend. C39 post-mortem brain image quality following acquisition implementing modifications of 

UHG‟s in vivo diffusion MRI sequence. A visual check of the data highlighted the poor quality of the 

data, with minimal diffusion signal. The SNR (9.57) was sup-optimal for our purposes.  
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Table 3.2 Demographic Characteristics of Post-mortem Brain Donors 

Legend. Demographics of post-mortem brains selected for inclusion in the study and based on study specific criteria. Post-mortem interval is the time in hours 

from time of death to time of fixation. A record of exact time of death was not available. The time stated is the maximum possible post-mortem interval, calculated 

from date of death to commencement of fixation. M=males, F=females. C94** was included in the study after the date of structural scanning as it met the study 

post-mortem inclusion criteria, with the youngest age and shortest post-mortem interval of the study. 

Code Gender Age (years) Post-mortem Interval Clinical report – CAMI 

C54 F 53.6 48-52hrs No parenchymal abnormality, normal examination 

C69 M 71.8 24-48hrs No parenchymal abnormality, normal examination 

C75 F 64.9 24-48hrs 
Tiny number of small deep white matter hyperintensities, no significant 

atrophy, semiovale & periventricular hyperintensities. 

C79 F 68.9 24-48hrs 
Multiple deep white matter hyperintensities, no significant atrophy, 

semiovale hyperintensities. 

C60 M 68.8 24-48hrs 
Multiple deep white matter hyperintensities, no significant atrophy, 

semiovale hyperintensities. 

C76 F 60.0 24-48hrs 
Numerous small centrum semiovale hyperintensities, no parenchymal 

damage otherwise, multiple small deep white matter hyperintensities 

C94** M 46.9 12-24hrs 
No pre-screening structural MR scan conducted – observational report 

shows no sign of cortical abnormalities 
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 Post-mortem Brain – Scanning Preparation and Storage  

A total of seven post-mortem brains were selected based on the inclusion criteria 

established for this study. The seven donors (3 males, 4 females) had an average age 

of 63 +10 years at the time of death (Table 3.2). Following neurological screening by 

an experienced radiologist, four brains were removed from the study. These four 

post-mortem brains (C60, C75, C76, and C79) were reported to have multiple deep 

white matter hyperintensities in the area of the centrum semiovale (Table 3.2) a key 

area of interest for our research. The detection of white matter hyperintensities and 

MS pathology would result in a further reduction of the diffusion signal in lesioned 

tissue. C94 was not assessed in the same manner and was included on the basis of 

meeting study criteria otherwise as well as having no observable cortical 

abnormalities. 

Diffusion MRI Data Quality Analysis 

The reported white matter T1 and T2 times for the formaldehyde fixed post-mortem 

brains (Table 3.3) were as expected, lower than that typically recorded in vivo 

(Wansapura et al., 1999), as well as those previously reported post-mortem (Dawe et 

al., 2009). 

Table 3.3 Post-mortem brain white matter T1 and T2 times.  

White Matter T1 value (ms) T2 value (ms) 

C54 430 32 

C69 195 28 

C94 233 31 

Mean + SD 286 + 126 30 + 2 

Legend. Post-mortem brain white matter T1 and T2 recorded during diffusion MRI acquisition. Post-

mortem T2 times are considerably lower than that during in vivo acquisition (79.6 ms). 

No obvious visual problems were observed for the post-mortem diffusion MRI 

datasets, C54, C69 or C94. Data quality was notably improved relative to the 

preliminary modified clinical sequence investigated earlier (Figure 3.2). Specifically, 
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the 3 Tesla system acquired images with an SNR of 15 which was greater than the 

SNR of 9.6 obtained using the 1.5 Tesla system and its‟ associated modified clinical 

sequence. 

Figure 3.2 Preliminary and High Resolution Post-mortem Diffusion MRI Data 

 

Legend. Visual inspection of FA maps derived from preliminary post-mortem diffusion MRI data 

(left) and high resolution post-mortem diffusion MRI data (right). The preliminary post-mortem 

diffusion MR image (SNR 9.6) indicates a high level of noise and low contrast relative to the image 

on the right obtained using a 3 Tesla system, a 30.5 hour long sequence (SNR 15, full acquisition 

sequence details in Methods section, page 105). The image on the right shows the clearly defined 

anatomical detail expected for the human brain and white matter structure. 

Correction of eddy current distortions and brain motion distortions, derived from 

scanner table vibrations, were carried out and assessed visually by confirming 

adequate removal of artefacts and alignment inaccuracies. Sample transformations 

applied for motion correction are shown in Figure 3.3. 
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Figure 3.3 Transformations Applied to Post-mortem Diffusion MRI Data 

 

Legend. Transformations applied during motion distortion correction (a) C94 and (b) C69 diffusion 

MRI datasets. As indicated in the graphical representation of the transformations both C94 and C69 

required similar transformations in all directions for scale, translations, scale and skew, as expected 

from the same acquisition sequence applied for both post-mortem brains.  
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Select regional alignment inaccuracies were evident in the standard deviation image 

(SDDWI) which depicts the standard deviation or variance of the diffusion-weighted 

images at each voxel. The voxel intensities in the SDDWI image, at the edge of the 

brain and CSF boundaries, show the magnitude of misalignment between the 

different diffusion-weighted images. Correction of motion distortion and eddy 

current induced artefacts adequately resolved these misalignments in the raw data, as 

shown in Figure 3.4.  

The improvement in image quality following eddy current and motion distortion 

correction was evident after a visual inspection of the colour coded FA map. Greater 

variability in the pixel intensity can be observed in the uncorrected image relative to 

the corrected image (Figure 3.5). The tissue/fixative boundary at the cortex and 

ventricles were most susceptible to artefacts, as evident in Figure 3.5, which was 

minimal in the post-correction image.  
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Figure 3.4 SDDWI Images Pre and Post Data Correction 

 

Legend. Comparison of SDDWI images showing the correction of alignment inaccuracies prior to (a) 

and following (b) eddy current and motion distortion correction of post-mortem diffusion MRI data.  
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Figure 3.5 Post-mortem Diffusion MRI DEC Map  

 

Legend. Diffusion MRI DEC map (a) uncorrected, and (b) following eddy current and motion 

distortion correction. The artefacts detected at the tissue/fixative boundaries were adequately removed 

by the correction process. 

 

Fibre Orientation Reconstruction - Single Fibre Population 

Regions with a single fibre population were accurately reconstructed using the 

tensor-based method (Figure 3.6). The diffusion tensor ellipsoid shows the corpus 

callosum as a highly organised, densely packed region of interhemispheric fibres 

(Figure 3.6). Both fODF and the tensor ellipsoid accurately reconstruct the single 

fibre orientations within the corpus callosum (Figure 3.7). Uniform single fODF 

peaks in the horizontal orientation parallel the axon direction of fibres in the corpus 

callosum. A small number of voxels close to the border of the ventricles have second 

and third fODF peaks (Figure 3. 7). These peaks correspond to fixative associated 

noise in voxels at the tissue/CSF border.  

A single principle diffusion direction was observed in the corpus callosum (Figure 

3.8). A few second diffusion direction dyads are present but only close to the border 

of the ventricles. The second diffusion direction shows a minor shift in orientation 
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from the primary diffusion direction that is not present anatomically. This 

contribution of noise is most evident in voxels surrounding the ventricles. The 

principal diffusion direction estimated supports CSD and tensor-based estimation of 

fibre orientation for the corpus callosum. 

Figure 3.6 Post-mortem Diffusion MRI Tensor Reconstruction in the Corpus 

Callosum 

 

Legend. Tensor reconstruction of the diffusion signal from a single fibre population in post-mortem 

diffusion MRI datasets (a) C69 and (b) C94.  
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Figure 3.7 Post-mortem Diffusion MRI fODF Reconstruction in the Corpus 

Callosum 

 

Legend. CSD fODF estimation of fibre orientation in the body of the corpus callosum from (a) C69 

and (b) C94 diffusion MRI datasets. Single peaks in the fODF are reconstructed indicating a single 

fibre population. Voxels with close proximity to the ventricles show secondary peaks, due to partial 

volume effects from the CSF containing residual fixative.  
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Figure 3.8 Post-mortem Diffusion MRI Principal Diffusion Direction in the Corpus 

Callosum 

 

Legend. Coronal slice through the body of the corpus callosum in C69 illustrating the principal 

diffusion direction (red dyads) and few second diffusion directions (blue dyads). 
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Fibre Orientation Reconstruction - Centrum Semiovale 

Post-mortem diffusion MRI fibre reconstruction in the centrum semiovale 

successfully detected this regions‟ complex white matter architecture showing 

multiple voxels of two or more fibre orientations (Figure 3.9). The diffusion 

ellipsoid fails to illustrate the multiple intravoxel fibre orientations as modelled by 

CSD estimation. Subsequently, the tensor does not differentiate the volume fraction 

of individual fibre bundle orientations, which is successfully modelled by the 

different magnitudes of the fODF peaks (Figure 3.9 (d)).  

CSD estimates crossing fibres in voxels where the lateral projections of the corpus 

callosum are interdigitated with the ascending and descending fibres of the 

corticospinal tract. Figure 3.9 panel (d) indicates a similar volume fraction for both 

fibre orientations in this region, indicating that a high proportion of the signal is 

contributed to by each fibre orientation contained within the voxel. Few voxels 

display a third peak in the fODF, which corresponds to the fibre orientation of the 

superior longitudinal fasciculus (green voxels on the RGB colour coded maps Figure 

3.9(c)). 

Visualisation of the principal and secondary diffusion direction via the dyads 

estimated using ARD, indicates two distinct fibre orientations within the same voxel 

in the centrum semiovale, corresponding to fODF peaks. The fibre tract associated 

with the principal diffusion direction is dependent on the specific anatomical 

location of the voxel. Medially, voxels with a primary diffusion direction 

corresponds to the fibre orientation of the corpus callosum.  Lateral voxels had a 

principal diffusion direction associated with the ascending and descending fibres of 

the corticospinal tract.  Within these voxels the secondary fibre population 

corresponded to the radiations of the corpus callosum.  Reconstructed dyads of the 

principal and secondary diffusion direction are shown in Figure 3.10.  
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Figure 3.9 Post-mortem Diffusion MRI Fibre Orientation in the Centrum Semiovale 

 

Legend. C69 diffusion MRI data showing the centrum semiovale region. (a) RGB colour coded FA 

image, and (b) b=0 s/mm
2 

image though a coronal section of C69 diffusion MRI dataset, (d) 

reconstructed fODF and tensor ellipsoid for a corresponding voxel. The tensor ellipsoid fails to detect 

the crossing of the corticospinal tract and radiations of the corpus callosum as indicated by the blue 

(corticospinal tract) and red (corpus callosum) peaks of the fODF.  
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Figure 3.10 Post-mortem Diffusion MRI Principal Diffusion Direction in the 

Centrum Semiovale 

 

Legend. Fibre orientation in the centrum semiovale. Reconstructed dyads of the 

principal and secondary diffusion direction show two distinct fibre orientations 

within a single voxel (panel (a) and (b)). The associated fibre tract with the principal 

and secondary diffusion direction is dependent on voxel location. Lateral voxels 

have principal diffusion directions which correspond to the fibre orientation of the 

corticospinal tract, compared to medial voxels, where the orientation of the principal 

diffusion direction corresponds precisely to the fibres of the corpus callosum. Panels 

(a) and (b) compare dyad, CSD fODF and tensor ellipsoid of the same voxel, where 

the tensor fails to distinguish two fibre orientations within a voxel.  
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Fibre Orientation Reconstruction - Brainstem 

Region of interest analysis of the brainstem indicates that both CSD and tensor 

estimation of the diffusion MRI signal are relatively anatomically accurate methods 

of fibre orientation reconstruction. Both methods detect the anterior pontocerebellar 

fibre bundles, fibres with a left to right orientation, located on the anterior surface of 

the pons (Figure 3.11). Deeper voxels show a diffusion direction which corresponds 

to the ascending and descending fibres of the corticospinal tracts. Clusters of voxels 

anteriorly with a left-right diffusion direction, and posterolaterally with an anterior-

posterior diffusion direction correspond anatomically to the deeper pontocerebellar 

fibre bundles shown in Figure 3.11(a).  Few voxels show interdigitation of fibres 

crossing within the 1.2 mm
3
 voxel size. This was observed in modelled fODF peaks 

which correspond to fibres of the pontocerebellar and corticospinal tracts. The tensor 

ellipsoid fails to illustrate both fibre populations in identical voxels (Figure 3.11 (b)). 

 

Dyad based visualisation of the principal and secondary fibre populations correspond 

to the anatomical fibre orientations of the pontocerebellar and corticospinal tracts, 

respectively (Figure 3.12 (c & d)). Within the lateral-most voxels of the brainstem, 

the principal diffusion direction corresponds to the pontocerebellar fibre bundles, 

whereas the principal diffusion direction of the deeper voxels corresponds to the 

fibre orientation of the corticospinal tracts.  
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Figure 3.11 Post-mortem Diffusion MRI Fibre Orientation in the Brainstem 

 

Legend. CSD and tensor estimation of the diffusion MRI signal in the brainstem. The axial DEC map 

with reconstructed diffusion tensor ellipsoid (a) and fODF's (b). The tensor ellipsoid and fODF‟s 

model the pontocerebellar and corticospinal tract fibre orientations at the pontine level of the 

brainstem. The pontocerebellar fibres are located on the anterior surface (red and green ellipsoid and 

fODF peaks), with the deeper corticospinal tract fibres (blue ellipsoid and fODF peaks).  
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Figure 3.12 Post-mortem Diffusion MRI Fibre Orientation in the Brainstem 

 

Legend. Post-mortem diffusion MRI reconstructed fibre orientation in the brainstem. Fibre 

orientation was visualised using the fODF (c), and dyads of principal and secondary diffusion 

directions (d). Both fODF and dyads reconstruct the curvature of the anterior pontocerebellar tract and 

the deeper fibre bundles of the corticospinal tract. Few voxels in the border regions between these 

tracts reveal an interdigitation of the fibre bundles (c & d).  
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3.5 Discussion 

Following the optimisation of post-mortem brain preparation, we acquired three high 

resolution human post-mortem diffusion MRI datasets to assess anatomical accuracy 

of fibre reconstruction estimation methods. The acquisition of high resolution post-

mortem diffusion MRI data required specific post-mortem brain selection, longer 

scanning durations, and modifications to the processing pipeline. Furthermore, this 

work permitted modelling of the data in the iso-linear corpus callosum region where 

tensor-based estimation successfully fit the data. Similarly, the data indicated that the 

tensor fit was poor at boundaries with non-white matter voxels, and dramatically 

failed to accurately estimate the fibre orientation at crossing, kissing, bending and 

interdigitated fibres. In contrast, a recently FA tensor independent fibre orientation 

reconstruction method estimates the proportion of multi fibre contributors to the 

signal at a sub-voxel level.  

The results of the preliminary post-mortem diffusion MRI acquisition were sup-

optimal for accurate fibre orientation estimation. This was evident during the initial 

visual check of the data, and confirmed by the low SNR indicating the high level of 

noise in the data. Following the development of the study specific post-mortem brain 

selection and preparation protocol, along with sequence optimisation, the quality of 

the diffusion MRI data dramatically improved. This improvement in the post-mortem 

diffusion MRI data quality permitted the application of both CSD and tensor-based 

estimation of the underlying microstructure.   

Previous studies highlighted the necessary considerations which must be taken when 

acquiring diffusion MRI data of a formaldehyde fixed post-mortem brain (D'Arceuil 

et al., 2007, D'Arceuil and de Crespigny, 2007, Dyrby et al., 2011, Miller et al., 

2012, Miller et al., 2011, McNab et al., 2009). Successful acquisition of high 

resolution data required substantial pre-acquisition optimisation and modifications to 

the typical in vivo diffusion MRI sequence.  The necessity for pre-acquisition 

optimisation was evident from preliminary post-mortem diffusion MRI datasets 

acquired using UCHG‟s modified in vivo diffusion MRI acquisition sequence. 

Following the preliminary acquisition a study specific selection criterion was 

established for optimum post-mortem brain selection from the available post-mortem 

samples within the Department of Anatomy, NUI Galway. The post-mortem brain 
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selection criterion was established for optimal diffusion MRI data acquisition. This 

included a short post-mortem interval as this was shown to have a significant effect 

on diffusion MRI indices (D'Arceuil et al., 2007, D'Arceuil and de Crespigny, 2007). 

A relatively recent date of death, although this was not of equal importance to a short 

post-mortem interval as the stability of diffusion MRI indices in fixed tissue over a 

prolonged period of time has been reported. However, for optimal results any 

decrease in the diffusion MRI signal over time was avoided. Exclusion of the post-

mortem brains with reported neurological abnormalities, white matter 

hyperintensities and multiple sclerosis, as lesioned white matter in post-mortem 

brains is associated with further reductions in ADC (Larsson et al., 2004, Englund et 

al., 2004). An age at time of death of less than 75 years, as FA has been shown to 

decrease with age in vivo (Charlton et al., 2010, Helenius et al., 2002), and this 

would be an additional confound in aged post-mortem brains.   

The acquisition of post-mortem diffusion MRI data requires access to human post-

mortem brains, particularly where age is not a confounding factor, which can be 

logistically difficult. The average age of post-mortem brains available for this study 

was relatively high compared to in vivo diffusion MRI investigations (average age at 

time of death was 62.5 + 10 years). It was decided that post-mortem brains would 

only be selected if the age at time of death was less than 75 years, based on previous 

studies in vivo showing age related decline in FA in multiple white matter tracts 

(Charlton et al., 2010, Charlton et al., 2006, Salat et al., 2005, Pfefferbaum et al., 

2000, Voineskos et al., 2012).  The youngest post-mortem brain available was C94 

which was 49 years at time of death. The image quality achieved this brain could be 

attributed in part to this, as well as the short post-mortem interval (>12hours), 

perfusion and immersion fixation, optimised scanning parameters and diffusion-

weighted gradient repeats, and a long scanning duration resulting in high quality 

post-mortem diffusion MRI data.  

From the preliminary diffusion MRI acquisition using the 1.5 T scanning system, it 

was evident that sufficient data quality could not be obtained due to the low diffusion 

signal associated with fixed tissue. Pfefferbaum et al. also failed to obtain human 

post-mortem diffusion MRI data using varying b values on a 1.5T and 3T system, 

applying a sequence similar to in vivo diffusion MRI acquisition (Pfefferbaum et al., 

2004). This study reported limited diffusion in the post-mortem formalin fixed brain, 
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resulting in data which could not be analysed using similar methods utilised for in 

vivo studies. The lack of diffusion detected was attributed to the short T2 times 

associated with formalin fixed brains. The short T2 times is thought to be a result of 

formaldehyde fixation, a necessary post-mortem requirement to maintain tissue 

microstructure and prevent autolysis. The average T2 relaxation times of the post-

mortem brains presented here is 30.33 ms (Table 3.3), which is 61.9% lower than 

white matter T2 time reported in vivo (average white matter T2, n=19 acquired with 

3T = 79.6ms) (Wansapura et al., 1999), and 24.18% lower than that reported in T2 

relaxation time of formaldehyde fixed human brains (average white matter T2 post-

mortem brain acquired with 3T = 40 ms) (Dawe et al., 2009). This corresponds to the 

previous post-mortem diffusion MRI acquisition which required modifications to the 

sequence parameters to overcome the short T2 time of fixed post-mortem tissue 

(Miller et al., 2012, McNab and Miller, 2010).   A significant body of research has 

investigated the effects of fixative on MRI and diffusion MRI indices (Blamire et al., 

1999, Yong-Hing et al., 2005, Pfefferbaum et al., 2004, D'Arceuil et al., 2007, 

Shepherd et al., 2009a), and consistently reported reduced T2 relaxation times in 

formaldehyde fixed human brains. This reduction is associated with the dehydration 

and chemical fixation of post-mortem tissue, as indicated by the most severe 

reductions in T2 times in the surface of fixed brains as the fixative takes longer to 

permeate deep in the cortex (Dawe et al., 2009). Strong fixatives with multiple 

chemical components can reduce the water content to an even greater extent which 

will had inevitable adverse effects on diffusion MRI acquisition. The composition of 

the fixative used for preservation of the cadavers in the Department of Anatomy NUI 

Galway is listed in Table 3.2. This compound fixative consists of formaldehyde, 

ethanol, glycerine, phenol, and water. Typical fixatives used in previous studies 

consist of a 10% buffer formalin solution (Miller et al., 2012, Miller et al., 2011, 

McNab et al., 2009). The compound fixative used in this study may explain the 

further reduction in T2 relaxation time recorded, however this was unavoidable as 

the fixative strength was necessary for whole body fixation and preservation for the 

purpose of medical teaching. The various elements of the compound fixative would 

cause a greater degree of dehydration of the post-mortem brains which would 

directly affect the T2 relaxation time. The method of fixation for the post-mortem 

brains has also been shown to affect the preservation of the underlying 

microstructure (Shepherd et al., 2009a, Adickes et al., 1997). Perfusion fixation has 
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been reported as the optimal fixation method and is the method of choice for post-

mortem fixation in the Department of Anatomy NUI Galway, which ensures a fast 

and optimal tissue preservation of post-mortem brains used.  

In order to overcome the limitations of the fixative during diffusion MRI data 

acquisition, post-mortem brains were immersed in a MRI compatible sealed 

container with fomblin fluid for 24 hours prior to scanning. Fomblin, traditionally 

used as a mechanical pump fluid, has been reported as an effective method of 

reducing the noise associated with the fixative signal during image acquisition 

(Miller et al., 2012, Miller et al., 2011, McNab et al., 2009, D'Arceuil et al., 2007, 

Kolasinski et al., 2012, Wedeen et al., 2008, van Duijn et al., 2011). Fomblin is a 

proton free solution and therefore does not contribute to the MRI signal. Detaching 

of the meningeal layers allowed for excess fixative to be removed from the sulci and 

ventricles prior to scanning, and thereby limiting its adverse effects. However, as 

seen in the post-mortem diffusion MRI data acquired (Figure 3.2, Figure 3.4, and 

Figure 3.5), artefacts associated with fixative remain on the cortical surface. Total 

elimination of the artefacts on the cortical surface would be extremely difficult as 

detaching of the pia mater would cause unwanted tissue damage. Diffusion MRI 

acquisition of post-mortem brains without any fixation would logistically be difficult 

and unfixed tissue is less readily available. While unfixed post-mortem  brains would 

still face death associated changes in diffusion MRI parameters, future post-mortem 

diffusion MRI investigations using unfixed tissue would not be limited by fixative 

associated reductions in T2 times, and would ultimately achieve higher image 

quality.  

The advantage of acquiring post-mortem diffusion MRI data using fixed tissue is the 

ability to dramatically increase the scanning duration which would not be possible 

using fresh frozen human brains (Miller et al., 2012, Miller et al., 2011, McNab et 

al., 2009, Soria et al., 2011). The sequence used here was based on optimal diffusion 

MRI sequence acquisition development for whole post-mortem human brains 

previously established (McNab and Miller, 2010, Miller et al., 2012, Miller et al., 

2011). This included 54 gradient directions at a b value of 4500 s/mm
2
 repeated two 

to three times. This resulted in a prolonged scanning duration which typically 

extended beyond 24 hours, depending on the number of diffusion MRI acquisition 

repeats. C94 had the longest scanning duration of 30.35 hours. This scanning 
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duration allows for the acquisition of multiple averages with higher b values of 4500 

s/mm
2
 and gradient strengths which would be impossible to achieve using a clinical 

1.5 T scanner, or in vivo diffusion MRI acquisition (b-value = 1300 s/mm
2
). The 

trade-off between higher b values and SNR can be overcome by the multiple 

averages obtained and can therefore provide datasets of a much higher resolution and 

smaller voxel sizes (Miller et al., 2012, Miller et al., 2011, McNab et al., 2009, Soria 

et al., 2011).  

Processing of the high resolution post-mortem diffusion MRI datasets also required 

modifications to the in vivo pipeline (Miller et al., 2011). Firstly, the removal B0 drift 

was necessary with registration to remove shifts. This B0 drift misalignment was due 

to overheating in the scanner during the application of multiple diffusion-weighted 

gradients with a relatively high b value (Miller et al., 2011). Individual repeats were 

then averaged using linear registration and included correction of eddy current 

induced distortions. The high resolution data acquired permitted the modelling of the 

data using a tensor fit and multi-fibre based estimations of orientation. The multi-

fibre CSD estimation implemented a novel recursive calibration of the response 

function which was previously shown to have increased accuracy in the delineation 

of the lateral projections of the corpus callosum (Tax et al., 2014).  This method of 

reconstructing fODF‟s is independent of tensor-based indices and FA thresholds 

previously applied in CSD-based estimations of fibre orientation, thereby increasing 

the anatomical accuracy of the reconstructed data. 

In the iso-linear region of the corpus callosum, both tensor and CSD estimation 

modelled a single coherent fibre population, and was supported by the principal 

diffusion direction in this region. In contrast, the tensor fit was poor in voxels 

containing crossing, kissing, bending, or interdigitated fibres in the centrum 

semiovale, a complex white matter hub, consisting of fibre bundles from 

corticospinal, superior longitudinal fasciculus, and corpus callosum tracts. This was 

also true of voxels in the brainstem region, where the interdigitation of the 

pontocerebellar and corticospinal fibres was poorly modelled. However, CSD 

accurately modelled the proportion of each fibre orientation within these voxels in 

the reconstructed fODF.  
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Studies debate as to which diffusion MRI signal estimation method is most 

appropriate for in vivo applications (Tournier et al., 2011, Jones et al., 2013). Tensor 

estimation remains the most widely used method for analysing diffusion MRI in 

schizophrenia (Ellison-Wright and Bullmore, 2009, Di et al., 2009, Buchsbaum et 

al., 1998). However, the results of this analysis support previous findings reporting 

tensor estimation as an inadequate model of the diffusion MRI in regions of complex 

white matter architecture (Tuch et al., 2003, Tuch et al., 2002, Wedeen et al., 2005, 

Anderson, 2005). 

The corpus callosum is a widely studied white matter tract and a specific region of 

interest for diffusion MRI analysis as its‟ function is to provide the structural 

connectivity between the hemispheres. Significant alterations have been reported in 

the corpus callosum in schizophrenia (Li et al., 2014, Henze et al., 2012, Knochel et 

al., 2012, Whitford et al., 2010, Patel et al., 2011). These studies investigated FA 

group differences between patients and controls. As the tensor is an adequate 

indicator of underlying fibre orientations in this region, we can assume a high level 

of accuracy in these results; however, caution must additionally be taken when 

carrying out tensor analysis in the corpus callosum region. We have shown here that 

close to the lateral borders of the midline corpus callosum voxels may contain a 

small volume fraction from neighbouring white matter tracts, and partial volume 

effects from CSF. Superiorly, the corpus callosum borders the cingulum bundle, 

laterally, the ascending and descending fibres of the corticospinal tract, and 

inferiorly, the lateral ventricles. Midline voxels within the corpus callosum contain 

non-callosal tissue or CSF, and have a diffusion MRI signal contribution from these 

non-callosal structures. This signal contribution results in a partial volume effect, 

affecting accuracy of the associated reconstructed tensor. The FA for these voxels 

may be underestimated, which can result in the reporting of false positives for the 

tract. The results of this study show the tensor estimation accurately models a single 

fibre bundle. However, in voxels bordering the ventricles containing CSF, the fODF 

models a secondary peak due to partial volume effects (Figure 3.7 and Figure 3.8). 

CSD may therefore be a more appropriate estimation method even in a single fibre 

population that is susceptible to partial volume effects. The principal lobe of the 

fODF‟s in the corpus callosum are most frequent and consistent with a single fibre 

orientation (Figure 3.8), but can also differentiate the input from non-callosal fibre 
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bundles in voxels which are at periphery of the tract (Figure 3.8). The application of 

CSD estimation in single fibre populations could therefore further reduce the 

possibility of detecting false positives in clinical applications of these techniques. 

The accuracy of fODF estimation in a single fibre population supports that reported 

by Tax et al. where the recursive method of response function calibration for CSD 

estimated a more reliable fibre orientation of the corpus callosum, and in the region 

of the centrum semiovale where the lateral callosal fibres were delineated more 

completely (Tax et al., 2014). In the post-mortem data presented here, all methods 

examined failed to adequately overcome the partial volume effect experienced in 

voxels at boundaries with non-white matter tissue. However, with CSD estimation 

the reconstructed fODF was affected in a minor lobe representing the contribution 

from the partial volume effect in contrast to the global effect on a voxel tensor 

ellipsoid. 

The results presented here support previous studies highlighting poor model fit in 

regions of complex fibre orientation using tensor-based estimations for in vivo 

diffusion MRI data (Nimsky, 2013, Fernandez-Miranda, 2013, Farquharson et al., 

2013, Tournier et al., 2011). To demonstrate this, we reconstructed the tensor 

ellipsoid and fODF‟s in the centrum semiovale, a region consisting of multiple fibre 

tracts including long association fibres of the superior longitudinal fasciculus, the 

ascending and descending fibres of the corticospinal tract, lateral projections of the 

corpus callosum, and fanning of the corona radiata (Figure 3.9(c)). The results of this 

study show the complex organisation of the white matter in reconstructed fODF 

peaks, where tensor estimation fails to distinguish multiple fibres. Accurate 

estimation of the fibre orientation using CSD in post-mortem diffusion MRI datasets 

supports its application for clinical research in schizophrenia. This will provide 

biologically meaningful information of the underlying microstructure and improve 

the accuracy of diffusion MRI results in schizophrenia and other neurological 

disorders.   

Within the brainstem, non-tensor estimation models two distinct fibre orientations in 

a single voxel corresponding to corticospinal and pontocerebellar tracts (Figure 

3.11). This was also evident using dyad visualisation of the principal and secondary 

diffusion directions (Figure 3.12). Tensor estimation within these voxels show that 

the two fibre orientations are not differentiated. The complexity of the multi-fibre 
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population in the ex vivo brainstem region was previously investigated by Soria et al. 

(Soria et al., 2011) using high resolution MRI and diffusion MRI acquired using a 7 

T MRI scanning system. Similar to this study, Soria et al. examined the complex 

fibre orientation at the pontomesencephalic junction of the brainstem. Using a 7T 

scanning system, and ex vivo brainstem tissue blocks opposed to 3T acquisition of 

whole brain datasets used here, Soria et al. achieved a spatial resolution of 0.4 x 0.4 

x 0.6 mm
3
, a resolution greater than the post-mortem results presented in this thesis 

(isotropic voxel size of 1.2 mm
2
). However, advances in both post-mortem and in 

vivo diffusion MRI acquisition are bridging the gap between limitations in voxel size 

and the inference of biologically meaningful information of the underlying 

neuroanatomy. To date the resolution achieved for in vivo diffusion MRI data for the 

human connectome project is in the region of 1.25 mm using 3 T scanning systems, 

however, a subset of in vivo acquisitions are being carried out using 7 T and 10.5 T 

scanning systems (Van Essen et al., 2012). This will push the boundaries of in vivo 

image resolution even further, and aims to provide high multi-orientation sensitivity 

with low uncertainty in regions of complex white matter microstructure, and 

ultimately provide accurate connectivity data (Van Essen et al., 2012).  
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3.6 Conclusion 

The acquisition of high resolution post-mortem diffusion MRI data required specific 

considerations for post-mortem brain selection and preparation to achieve high 

quality data that permitted the accurate estimation of underlying fibre orientation. 

This included a study specific post-mortem brain selection and extraction protocol, 

optimisation of acquisition parameters and post-processing of post-mortem diffusion 

MRI data, and subsequent modelling using tensor and multi-fibre estimations. The 

high resolution post-mortem diffusion MRI data acquired provides a method of 

investigating the accuracy of fibre orientation estimation methods used for in vivo 

clinical research in schizophrenia. The results presented here indicate that CSD 

estimation accurately models up to at least three fibre orientations within a single 

voxel. Therefore, the application of CSD estimation methods in vivo will provide 

accurate information of white matter microstructure, reducing the possibility of 

detecting false positives or false negatives, and improving our interpretation of 

clinical findings. The post-mortem data presented herein is also relevant for future 

analyses that directly compare diffusion MRI reconstructed fibre orientations and 

„gold standard‟ histological measurements as a method of diffusion MRI validation 

(Chapter 4).  

3.7 Limitations and Future Considerations 

Caution must be taken when interpreting diffusion MRI data (Jones et al., 2013), and 

must also be considered when interpreting results of human post-mortem diffusion 

MRI datasets. The precise explanation of reduced diffusion MRI signal measured in 

fixed post-mortem brains is not yet know, it may reflect fixative related changes to 

the microstructure such as crosslinking, dehydration, and protein coagulation. 

Interpretation of in vivo neuro-microstructure from post-mortem data is somewhat 

limited; however, the use of post-mortem human brains is the ideal method to 

compare the underlying microstructure and diffusion MRI data. The estimation of 

the diffusion MRI signal in regions close to trapped fixative may be less reliable and 

should be addressed during image acquisition and analysis, eliminating the effect of 

fixative as much as possible. Future studies using varying concentrations of fixatives 

would provide information of the optimal fixative strength, which provides adequate 
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tissue preservation while maintaining MRI indices similar to those measured in vivo. 

This would advance the field of post-mortem diffusion MRI acquisition; limiting the 

adverse effects of fixative induced microstructural changes and improving post-

mortem diffusion MRI replication of datasets acquired in vivo.  

After the degree of diffusion MRI post-mortem alterations are established, future 

diffusion MRI studies of schizophrenia post-mortem brains would confirm the 

histopathological underpinnings of schizophrenia neuropathology which are 

implicated by in vivo research. Studies of this nature would provide clinically 

relevant information which progress our knowledge of white matter organisation in 

schizophrenia. 
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Chapter 4 Post-mortem Histological & Diffusion MRI Fibre Orientation 

4.1 Abstract 

Diffusion MRI has been widely used to investigate white matter organization, most 

frequently in psychiatric research studies. This has been particularly beneficial in 

white matter microstructural research in schizophrenia to investigate a 

neuropathological structural disconnect which is thought to a contributing factor to 

the disorder. Recent advances in diffusion MR imaging have sought to improve the 

accuracy of fibre orientation estimation models, which will provide additional 

information of „true‟ microstructural organisation in vivo, and allow inferences to be 

made regarding white matter alterations that transcend the limited tensor-based 

estimations. Ex vivo diffusion MRI can provide a link between reconstructed fibre 

orientations and „gold standard‟ histology studies of human neuroanatomy. This 

requires the acquisition of high resolution post-mortem diffusion MRI datasets and 

adequate histological experiments that measure fibre orientation. Polarised light 

microscopy (PLM) provides information regarding fibre orientation based on 

anisotropic characteristics of white matter and therefore represents a unique 

opportunity as a method of validating diffusion MRI derived estimations.  The aim 

of this chapter is to assess white matter fibre orientation using PLM, to compare 

these directly with fibre orientations estimated from ex vivo diffusion MRI data 

acquired on the same specimens. This will bridge the gap between fibre estimation 

algorithms and human neuroanatomical fibre organisation.  

The fibre orientation within the corpus callosum and centrum semiovale was 

examined using histological measurements of human post-mortem brain samples. 

These regions were selected on the basis of containing a coherent and complex fibre 

microstructure. Histological fibre orientation was directly compared with the fibre 

reconstructions for that area from high resolution human post-mortem diffusion MRI 

data (Chapter 3). Diffusion MRI reconstructed orientation in a single fibre 

population was successfully confirmed by direct visualisation of the histological 

fibre orientation. In a more complex region, histological assessment confirmed the 

presence of two distinct orientations within a single voxel which was successfully 

reconstructed using diffusion MRI multi-fibre estimation methods. For these voxels, 

tensor based estimations failed to accurately estimate the complexity of the 
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underlying microstructure. The results of this analysis validate the application of 

multi-fibre estimation methods for post-mortem human diffusion MRI datasets.  

Validation carried out using human post-mortem tissue, can be translated into the 

accuracy of fibre orientation estimation methods in vivo.  The results presented here 

highlight the need to move beyond tensor-based estimation, as CSD accurately 

estimates the fibre orientation in both a simple and complex microstructural 

organisation. Furthermore, the fibre orientation measurements of human post-

mortem neuroanatomy bridge the gap between diffusion MRI reconstructions and 

biologically meaningful information of the underlying white matter organisation.  
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4.2 Introduction 

Diffusion MRI provides a non-invasive means of probing white matter 

microstructure in vivo ((Basser and Jones, 2002, Le Bihan et al., 2001, Basser et al., 

2000, Chenevert et al., 1990, Le Bihan, 2003), with consistent reports of deficits in 

white matter organisation in schizophrenia (Chapter 1 (Holleran et al., 2014)) 

(Ellison-Wright and Bullmore, 2009, Fitzsimmons et al., 2013, Canu et al., 2014, Di 

et al., 2009). Undoubtedly, diffusion MRI has provides an insight into the 

neuropathology of schizophrenia, adding evidence of white matter organisational 

disturbances supporting the biological disconnect hypothesis proposed by Wernicke 

in the early 20
th

 century (Wernicke, 1906). However, the precise biological 

underpinning inferred from diffusion MRI data is not yet known. The accepted 

inference is that the diffusion signal measured reflects the restricted or hindered 

displacement of water molecules within the microstructure. This molecular 

displacement displays a preferential diffusion pattern parallel with axonal fibres 

(Jones et al., 2013). Diffusion MRI data estimation methods delineate the underlying 

fibre orientation, permitting a quantitative measurement of anisotropy that is used to 

assess microstructural abnormalities. In schizophrenia, this is most consistently 

reported as a decrease in FA (Ellison-Wright and Bullmore, 2009, Canu et al., 2014, 

Fitzsimmons et al., 2013), a value of anisotropic diffusion, and inferred as a loss of  

so called „white matter integrity‟ (Jones et al., 2013). However, inferences of this 

nature must be made with caution, as FA is an anisotropic index which fails to 

adequately distinguish the „true‟ underlying fibre orientation in regions that are 

microstructurally complex (Jeurissen et al., 2013).  More advanced diffusion MRI 

estimation methods use algorithms which deconstruct the signal into its various 

components that are attributed to distinctly separate fibre orientations within a single 

voxel (Jeurissen et al., 2008, Tournier et al., 2008, Tournier et al., 2004, Zhang et al., 

2012, Wedeen et al., 2005).  Chapter 2 and Chapter 3 of this thesis outline the use of 

the non-tensor dependent multi-fibre estimation method CSD, which places 

constraints on the spherical deconvolution of the diffusion MRI signal. This 

constraint aims to eliminate the associated noise when acquiring high resolution 

diffusion MRI datasets. The level of noise is mainly attributed to spherical 

deconvolution associated acquisition protocols requiring high b values and multiple 

diffusion-weighted gradient directions (Tournier et al., 2008). „Constrained‟ 
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spherical deconvolution thereby reduces the estimation of peaks associated with 

noise in the reconstructed fODF, while maintaining accurate orientational 

information of the underlying microstructure (Tournier et al., 2007). This method of 

estimating the diffusion MRI signal was implemented in Chapter 2 of this thesis to 

carry out a novel tract specific quantitative analysis of white matter organisation in 

schizophrenia. Chapter 3 provides evidence to support its‟ accuracy compared to 

tensor-based estimations in high resolution post-mortem diffusion MRI datasets. The 

high resolution post-mortem diffusion MRI data can then be used to compare fibre 

orientations reconstructed from various imaging modalities, particularly „ground 

truth‟ histological measurements, in order to bridge the gap between the measured 

signal and human neuroanatomy.  This study design permits original research to 

determine the accuracy of diffusion MRI fibre estimation methods in the human 

post-mortem brain, which has previously been carried out using an animal model 

(Leergaard et al., 2010). However, a gap remains in the validation of fibre 

orientation estimation methods in the human brain. Investigating the accuracy of 

diffusion MRI fibre orientation reconstructions is necessary to make biologically 

meaningful inferences of microstructural organisation. 

Diffusion MRI Fibre Orientation Validation Studies  

The majority of validation based studies, investigating the accuracy of diffusion MRI 

fibre estimation methods have previously been carried out using computer simulated 

data (Zhan and Yang, 2006, Hess et al., 2006, Jian and Vemuri, 2007), phantom 

(Tournier et al., 2008, Perrin et al., 2005, Fieremans et al., 2008a, Fieremans et al., 

2008b, Pullens et al., 2010) and animal models (Leergaard et al., 2010, Dauguet et 

al., 2007a, Dauguet et al., 2007b, Dubois et al., 2007, Dyrby et al., 2007, D'Arceuil 

et al., 2008). Computer simulation methods can provide accurate mathematical 

estimates of diffusion MRI data with a known fibre bundle orientation (Tournier et 

al., 2004, Hess et al., 2006, Dell'Acqua et al., 2007, Jian and Vemuri, 2007). 

However, simulations involve user defined generated synthetic data, which may not 

reflect the diffusion environment in vivo.  

Phantom methods differ from simulations in that a real model of water diffusion is 

used to create fibre bundles followed by acquisition of real datasets. This generally 
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involves the construction of phantom fibre bundles from materials to replicate white 

matter bundles; previous groups have used plastic capillaries (Lin et al., 2003, 

Tournier et al., 2008) or synthetic fibres (Perrin et al., 2005, Fieremans et al., 2008a, 

Pullens et al., 2010). Phantom models provide a suitable experimental method to 

validate diffusion MRI reconstructed fibre orientations in a complex region. Tournier 

et al. used plastic capillaries immersed in water and embedded in stacked 

placeholders (Tournier et al., 2008). Capillaries were altered at different angles to 

reflect various fibre orientations and the accuracy of diffusion MRI reconstructions 

could be tested for each case. The latter experimental design generates a controlled 

fibre orientation to mimic white matter fibre bundles, permitting the comparison of 

capillary orientation with diffusion MRI reconstructions (Tournier et al., 2008). The 

Brownian motion of water molecules in phantoms provide a source for 'real' MR data 

analysis, although, the behaviour of water molecules within capillaries or synthetic 

fibres may not reflect the path of diffusing water molecules within biological tissue. 

The interaction of water with intracellular structures such as neurofilaments, 

microtubules, vesicles, to name a few, cannot be replicated using man-built fibre 

models.  

Animal models permit the investigation of molecular diffusion patterns in a 

biological state, which is not possible using computer or phantom models. The 

diffusion MRI data obtained from animal models can be directly compared to the 

fibre orientation in the underlying microstructure, using various histological 

measurements (Leergaard et al., 2010, Dauguet et al., 2007a, Dauguet et al., 2007b)).  

Leergaard et al. carried out a comprehensive study using diffusion MRI data of the 

rat brain to estimate the fibre orientation followed by a quantitative histological 

validation of the reconstructed fODF‟s (Leergaard et al., 2010). The findings support 

those of simulated and phantom data investigations, reporting accuracy of tensor-

based estimation methods only in coherent iso-linear fibre population of the genu. In 

contrast, the histologically determined fODF‟s in the superior colliculus 

corresponded to the fODF‟s estimated using diffusion spectrum imaging in this 

region. Furthermore, they reported the tensor reconstruction to have a “cigar-like” 

profile in the corpus callosum, compared to the “disk-like” profile in the superior 

colliculus. This is of direct relevance for the interpretation of in vivo data, a voxel 

with a “disk-like” profile would have a low FA, not due to a loss of coherence, but a 
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microstructural complexity which cannot be accurately reconstructed using tensor-

based estimations (Leergaard et al., 2010).    

There has been little evidence of diffusion MRI validation using human post-mortem 

tissue (Seehaus et al., 2013). One study directly compared the fibre orientation 

reconstructed from diffusion MRI data and histological measurements in a section of 

the temporal lobe of the human post-mortem brain. This study reported a 

correspondence between histological and reconstructed tracts, with approximately 

80% sensitivity and specificity (Seehaus et al., 2013). However, this was restricted to 

a section of the temporal lobe, and the histological technique used required 

exceptionally long periods of staining.  While informative, a gap still remains in 

assessing the accuracy of the estimated fibre orientation in human neuroanatomy, 

and requires a holistic approach using multiple imaging modalities. 

Neuroimaging research coupled with histological investigations using post-mortem 

human brains will ultimately “bridge the gap between non-invasive neuroimaging 

and histology” (Annese, 2012). Annese suggests that this universal approach to post-

mortem research has not previously been carried out due to the logistics of obtaining 

histological and neuroimaging data from corresponding brains. This is primarily due 

to the limited research groups with access to post-mortem human brains, adequate 

neuroimaging scanning systems, and histological hardware. This study presented 

structural and diffusion MRI data coupled with corresponding large scale histology 

images, with an added advantage of acquiring neuroimaging data in situ and again 

excised after fixation. This was carried out using one post-mortem brain sample, and 

the author concludes that continued research of this nature, while logistically 

difficult, would ultimately answer the questions on the precise microstructural 

information derived from in vivo imaging modalities based on histological 

measurements. This is precisely true for diffusion MRI data, where the exact fibre 

orientation reconstructed from the diffusion signal could be compared with the 

„ground truth‟ fibre orientation of the human neuroanatomy.    

Human post-mortem diffusion MRI coupled with histological measurements were 

previously carried out to assess the sensitivity of detecting  neuropathological white 

matter lesions using diffusion MRI (Kolasinski et al., 2012, Englund et al., 2004, 

Larsson et al., 2004, Klawiter et al., 2011). These studies validate the sensitivity of 
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diffusion MRI to detect abnormalities in white matter microstructure. Using 

prolonged acquisition times necessary for post-mortem diffusion MRI acquisition 

(Chapter three). Kolasinki reported a significant correlation between tract specific 

diffusion MRI indices FA an MD with the intensity of myelin staining in non-

lesioned white matter, more precisely the intensity of tract myelination correlated 

with regions of higher FA and lower MD (Kolasinski et al., 2012). This finding 

supports the relationship between myelin content and the diffusion properties of 

water molecules in white matter reported in a review of the determinants of 

anisotropic diffusion in the CNS (Beaulieu and Allen, 1994a). However, it is widely 

accepted that myelin is not the single cause of directional diffusion, but other 

microstructural contributing factors such as the cellular membrane and fibre 

orientation were not assessed in the latter study (Beaulieu, 2002). Klawiter et al. 

assessed the relationship between myelin and radial diffusivity, using spinal cord 

with MS pathology. Spinal cord was chosen as the highly organised single fibre 

population eliminating a signal change due to complex fibre orientations which may 

complicate the interpretation of the results (Klawiter et al., 2011). Interestingly, 

Klawiter reported that radial diffusivity (λ⊥) was the only diffusion MRI index to 

accurately distinguish between regions of four states of myelination (normal, mild, 

and moderate to severe myelination), where increases in radial diffusivity were 

significantly correlated with the increased severity in demyelination (Klawiter et al., 

2011). The results noted above support a relationship between diffusivity measures 

and myelination in human post-mortem white matter. However, as indicated by 

Wheeler-Kingshott, caution must be exercised when interpreting these alterations to 

in vivo diffusion MRI indices with myelin disturbances, without the appropriate 

mathematical and geometric investigations of individual datasets (Wheeler-

Kingshott and Cercignani, 2009).  

Although these studies investigate the post-mortem histological correlate of diffusion 

MRI indices, they do not validate the accuracy of diffusion MRI fibre orientation 

estimation methods, which to date has not been widely studied. Seehaus et al. carried 

out a histological validation of diffusion MRI tractography using human post-

mortem tissue (Seehaus et al., 2013). A histological tracing of white matter fibre 

orientation within tissue blocks of the upper temporal lobe was carried out using 

lipophilic tracers which attach to the lipid myelin layer within axonal bundles 
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(Seehaus et al., 2013). This study concluded that diffusion MRI accurately reflects 

the shape and orientation of axonal fibre bundles, which remained sensitive at small 

spatial regions. This study proposes a method of carbocyanine tracing in post-

mortem samples which can be used to histologically trace a fibre orientation. While 

providing an accurate method of tracing fibre orientation in a histological sample, it 

requires long periods of crystal dye implantation and diffusion into deep white 

matter fibre bundles in post-mortem tissue blocks (Seehaus et al. reported a duration 

of 48 months post implantation of carbocyanine crystals) (Seehaus et al., 2013).   

It is widely accepted that histology is the gold standard for determining anatomically 

correct information of human neuroanatomy. The advancement of medical imaging, 

particularly diffusion MRI which provides a non-invasive in vivo imaging tool that is 

sensitive to detecting microstructural and orientational information of the underlying 

white matter fibre bundles. The information of which is used to assess 

microstructural abnormalities in schizophrenia and other psychiatric disorders 

(Holleran et al., 2014, Canu et al., 2014, Ellison-Wright and Bullmore, 2009, 

Fitzsimmons et al., 2013). However, histology of post-mortem human neuroanatomy 

remains a critical component for the validation of diffusion MRI fibre estimation 

methods. The direct comparison of histologically derived measurements and 

diffusion MRI derived metrics will ultimately determine the relationship between the 

measured diffusion MRI signal in vivo and the underlying microstructure, resulting 

in more accurate assumptions of diffusion MRI analysis in vivo.   

Polarised Light Microscopy - A Histological Method of Diffusion MRI Validation 

One method of proposed validation for diffusion MRI has been the use of polarised 

light microscopy, a microscopic imaging technique which can give orientational 

information within a sample based on its birefringent properties. The concept of 

using polarised light microscopy as a method of viewing fibre orientation in 

histological sections arose from work carried out by the Axer Laboratory group in 

the Department of Neurology, Jena University Hospital, Jena, Germany (Axer et al., 

2001, Axer and Keyserlingk, 2000). This work was carried out using gross 

histological sections and successfully demonstrated this technique for investigating 

fibre orientation, similar to that reconstructed from diffusion MRI datasets. They 
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proposed that polarised light microscopy would provide much needed information 

on the underlying white matter fibre orientation that influence diffusion MRI 

parameters and would therefor act as a robust method for diffusion MRI validation 

(Axer et al., 2001, Axer and Keyserlingk, 2000).  

The refractive index of a material determines the velocity (or speed) at which light 

moves through the sample. When plain polarised light travels more rapidly along a 

particular axis of a sample (more rapid along long axis than short axis), the material 

has anisotropic properties based on its birefringence, i.e. having 2 refractive indices. 

As plane polarised light passes through an anisotropic sample, the refractive index 

reflects the directional composition of the sample, due to the anisotropic properties 

of white matter, it is said to have optical birefringence (Axer and Keyserlingk, 2000). 

The anisotropic properties of white matter has been reported as far back as 1937 

(Schmitt and Bear, 1937), and is due to the birefringence of the macromolecular lipid 

formation of the myelin sheath. White matter is said to exhibit negatively uniaxial 

birefringence due to this lipid component (Fraher and MacConaill, 1970, Miklossy et 

al., 1991, Greenberg and Schmidt, 1924, Schmitt F. O., 1935b). Detecting this 

birefringent property of white matter can be achieved by placing a sample between 

two polarizers (polarizer below and analyser above the sample) with a perpendicular 

transmission axis, and passing unpolarised light through the system (Figure 4.1).  
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Figure 4.1 Schematic representation of the polarised light microscope. 

 

Legend. Plane polarised light interacts with the birefringent sample to produce two individual wave 

components (extraordinary and ordinary rays) due to the multiple fibre orientations in the white 

matter tissue sample. 

 

The first polarizer located above the light source converts the light to a plane 

polarised beam. If the sample is not birefringent the polarised light remains 

unchanged and passes through the sample to be absorbed by the second polariser 

located above the sample (termed the analyser). As in the case of white matter, plane 

polarised light travels through the birefringent sample, the light is split to become 

elliptically polarised, a portion of which can pass through the second polarizer. The 

splitting of the polarised light into the ordinary and extraordinary rays occurs once 

the light passes through the sample. The extraordinary and ordinary rays have 
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different velocities and the light is termed elliptically polarised with a phase shift, δ. 

The difference in amplitude is directly dependent on the fibre orientation within the 

sample, as given by the equation 

 

            

 

where δ is a function of the wavelength (λ), section thickness (d) and the optical 

birefringence (Δn). When the plane polarised light is rotated at discrete angle 

increments, the measured transmitted light intensity (Iο) after passing through the 

sample, can be analysed on a pixel by pixel basis to give direct information 

regarding the orientation within the sample, as in the equation  

         
             

 

 
  

Where ρ reflects the angle of rotation of the transmission axis for the first polariser, 

φ is the orientation of the fibre relative to the polariser plane, and the phase shift δ. 

The contrast in a transmitted light intensity image arises from the interaction of 

plane-polarised light with a birefringent specimen. The birefringence of white matter 

is attributed to the components of the myelin. By exploiting these characteristics of 

white matter, the orientation of fibre bundles in a gross histological section can be 

mapped. This was first developed by Axer et al. (Axer and Keyserlingk, 2000, Axer 

et al., 1999), where they demonstrated the use of polarised light microscopy as a 

method of visualisation and quantification of fibre orientation in gross histological 

sections, proposing it as a histological validation technique for diffusion MRI. They 

exploited the optical birefringent properties of white matter to investigate fibre 

orientation in numerous regions of the CNS including the cingulum bundle, 

brainstem, and the internal and extreme capsule (Axer et al., 2011a), and obtain high 

resolution whole brain 3D fibre reconstructions (Axer et al., 2011c), as well as 

reconstruction of the dorsal and ventral language system of the brain (Breuer et al., 
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2013). These studies produce large scale reconstructed fibre images on a 2D and 3D 

basis which are comparable to that produced in vivo using diffusion MRI, and justify 

this histological method as a useful tool for diffusion MRI validation. The data 

produced in these studies offer an additional source of information of the multiple 

fibre orientations of white matter tracts (Axer et al., 2001, Axer et al., 2011a, Axer et 

al., 2011c, Breuer et al., 2013, Dammers et al., 2012, Larsen et al., 2007). However, 

these studies were not carried out in conjunction with diffusion MRI acquisition 

prior to histological analysis, limiting the direct correlation of these PLM and 

diffusion MRI images.  

 

The aim of this chapter is therefore; to investigate the accuracy of diffusion MRI 

fibre orientation estimation methods and making direct comparisons with „ground 

truth‟ histological measurements of the human post-mortem brain. The acquisition of 

high resolution human post-mortem diffusion MRI data using Oxford‟s 3T scanning 

system (Chapter 3) permits this direct comparison which will provide information to 

bridge the gap between reconstructed estimations and the underlying neuroanatomy. 

This validation is essential for making accurate assumptions about white matter 

organisation from diffusion MRI data and inferences of potential alterations in 

schizophrenia. 
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4.3 Methods 

All of the cadaveric material used had been bequeathed to the Medical School 

National University of Ireland Galway for the purpose of the advancement of 

medical knowledge. This is covered by legislation governing the practice of 

Anatomy in the Republic of Ireland (Anatomy Act 1832, the Anatomy Act 1871, 

Health Order 1949, Medical Practitioners Act 2007). This study had full local ethics 

committee approval. 

Following post-mortem diffusion MRI data acquisition, post-mortem brains were 

returned to formaldehyde fixative solution for storage prior to microscopic analysis. 

The regions of interest selected for examination were based on documented regions 

of various fibre orientations, from both diffusion MRI and gross histological studies. 

The regions of interest chosen included the single fibre orientation of the corpus 

callosum, and a multi-fibre orientation region taken from the centrum semiovale.  

Post-mortem Brain Sectioning 

Excess fixative was washed from the surface and deep within the sulci of the post-

mortem brains. Each post-mortem brain was sectioned into right and left hemispheres 

for further division and isolation of regions of interest. Guided by images of the 

structural scans and anatomical landmarks, the hemispheres were sectioned to 

expose the corpus callosum and centrum semiovale regions (Figure 4.2).  

Isolation of the corpus callosum: From the medial surface of each hemisphere, a 

transverse slice sectioning the superior portion of the cerebrum was made above the 

arch at the body of the corpus callosum. The lateral border of the corpus callosum 

isolation was defined as the border of the body and lateral ventricles. A slice along 

the lateral border of the body and the lateral ventricle was made along the length of 

the whole corpus callosum from the anterior genu to the posterior splenium, resulting 

in a whole corpus callosum segment (Figure 4.2. (c)).  

Isolation of the centrum semiovale: From the medial surface of each hemisphere, the 

arch of the body of the corpus callosum marked the inferior surface at which the 

transverse slice through the cerebrum was made. One centimetre above the inferior 

border, another transverse slice was made resulting in a tissue block containing the 

centrum semiovale white matter The anterior, posterior and lateral grey matter were 
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trimmed away, ensuing a white matter tissue block with minimal grey matter as seen 

in the top panel of Figure 4.2. (a) and (b). 

 

Figure 4.2 Post-mortem Brain Region-of-Interest Segmentation 

 

Legend. Post-mortem whole brain (c94) with outer meningeal layers removed (a) prior to division of 

right and left hemispheres along the longitudinal fissure. Right (b) and left (c) hemisphere segment of 

the corpus callosum and transverse tissue block for segmentation of the centrum semiovale 
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Post-mortem Brain Microscopic Tissue Preparation 

The 3 processes of histology; fixation, sectioning and visualisation was carried out 

separately for each microscopic imaging technique used – polarised light microscopy 

(PLM), transmission electron microscopy (TEM), and scanning electron microscopy 

(SEM).  

Polarised Light Microscopy 

The isolated corpus callosum and transverse white matter blocks were segmented 

into smaller tissue blocks prior to cryoprotection and cyrosectioning. Each tissue 

block was approximately 1c mm
3
 in size and marked to preserve orientation 

correctly. In order to protect the tissue during snap freezing it is necessary to carry 

out cryoprotection to prevent the formation of ice crystal artifacts in frozen tissue 

samples. This is especially important for brain tissue samples as grey matter freezes 

at a different rate than the myelinated fibers in white matter. Sucrose was used for 

cryoprotection as it is a partial dehydrant that prevents crystal formation during snap 

freezing and assures good microscopic morphology. Cryoprotection solution 

comprised of a 30% sucrose 100ml solution of 1x PBS (0.01M). Tissue blocks were 

placed in the 30% sucrose solution and left refrigerated until the tissue section sinks. 

(The length of time necessary for cryoprotection depended on the individual tissue 

blocks and ranged 1-3 days) 

Snap freezing (the rapid lowering of tissue block temperature below -70°C using 

liquid nitrogen) achieves the same endpoint as slow rate controlled freezing, but at 

approximate rate of -10-1000°C/min, compared to -1°C/min.  Slow freezing 

promotes ice crystal formation and therefore expansion of the tissue causing damage 

and disturbances to the tissue microstructure. To avoid structural damage and tissue 

block cracking, snap freezing was used prior to block sectioning using the cryostat 

(get cryostat model here). (Attempts to section unfrozen tissue blocks using a 

vibrotome were abandoned as slice thickness varied and could not be reproducible at 

the desirable thickness.) 

Snap freezing – a cylinder of methyl butane was brought to -80 degrees in an 

insulated container of liquid nitrogen. Once solid, the cylinder of methyl butane is 
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removed from the liquid nitrogen and allowed to reach a consistency indicating the 

correct temperature for snap freezing. Individual tissue blocks are immersed in the 

methyl butane until the block is frozen throughout. Samples were kept to a minimum 

size to ensure that the centre of the tissue section reaches -80 degrees as quick as 

possible. If the section is too large, or the cryoprotection was not successful, cracks 

may appear in the section which is then discarded from further processing. Once 

snap-freezing was complete the tissue was wrapped in insulating foil, marked and 

stored at -80ºC and sectioned as soon as possible. 

Sectioning - The tissue section is mounted to a cryostat chuck using OCT (Tissue-

Tek® OCT Compound) in the correct orientation. Once the tissue block is trimmed, 

sections were cut at 50 µm and placed on superfrost ultra plus charged slides, 

coverslipped with aquatex and allowed to dry. Registration of 50 µm sections and 

diffusion MRI data was followed by accurately marking 1 cm
3
 tissue blocks to their 

corresponding region on structural and diffusion MRI datasets, ensuring the gross 

accuracy within a 1cm
3
 region.  Each slide was numbered and labelled accordingly 

to determine the section position within the tissue block and section position relative 

to diffusion MRI data images.  

Polarised Light Microscopy – Sections were viewed using the Olympus BX61 

mounted with the Oxford Cyrosystems Metripol Birefringence Imaging System, 

controlled via Metripol software package installed on Dell windows 2000 operating 

systems PC. The lower component of the Metripol incorporates a motorised rotating 

polariser and filter mount. Monochromatic plane polarised light passes through the 

sample and then through a circular analyser consisting of polariser and quarter wave 

plate. The transmitted light enters the digital camera and the intensity value for each 

pixel is recorded. The rotating polariser allows a series of images to be taken (from 5 

to 50) at different angles of the polariser.  Following calibration, sections were 

viewed using a 10x lens (model inserted here). Sections are scouted for birefringent 

regions by selecting constant rotation of the polarizer; regions of high birefringence 

alter between dark and light on the live image. Images were acquired utilising a 

single measurement 50-series image acquisition (highest number of possible image 

series for high resolution final images, also useful in regions of lower birefringence). 

The orientation image (φ) represents the orientational angle of one of the axes of the 

elliptical section. The orientation at particular regions within the image can be 
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determined and graphed to display the orientation angle within the section. 

Secondary output images include the image displaying the magnitude of 

birefringence (|sinδ|) where δ is related to the birefringence of the sample by the 

equation 

  
  

 
   

where Г is the retardation of the sample (the retardation can be expressed as Γ =ΔnL 

where Δn is the birefringence and L is sample thickness). The light transmittance 

image (Iο) indicates the transmittance of a sample without any interference caused by 

the birefringent properties of the material (ref Metripol user manual).  

Transmission Electron Microscopy  

Following sectioning into tissue blocks for TEM (approximately 1 - 2 mm
3 

blocks as 

fixative cannot penetrate more than 2 mm into the tissue), tissue blocks were placed 

in the primary fixative solution (25 mls 0.2 M cacodylate/HCl Buffer pH 7.2, 10 mls 

10% paraformaldehyde, 4 mls 25% gluteraldehyde, and 11 mls distilled H20) for 2 - 

3 hours. Tissue blocks are then placed in secondary fixative for osmication for 1-2 

hours (1% osmium tetroxide in 0.1 M sodium cacodylate/HCl buffer pH 7.2. The 

electron dense osmium atoms improve the image contrast for TEM). Following 

osmication, osmium solution is drawn off. Tissue blocks are dehydrated through 

graded alcohols (50%-pure ethanol for two washes of fifteen minutes in each alcohol 

percentage). Once dehydrated, pure ethanol is replaced by propylene oxide (two 

washes of twenty minutes).  

Resin was prepared outlined by the manufacturers specifications (Agar Low 

Viscosity Resis kit, Agar product information sheet ARG1078). A medium hard 

resin was used (48g resin, 16 VH1 hardener, 36g VH2 hardener, 2.5g LV 

accelerator). Tissue blocks are placed in a 50:50 mixture of resin and propylene 

oxide for 4 hours, replaced with a 75:25 mixture of resin and propylene oxide and 

left in a rotator overnight (rotating ensures adequate infiltration of the resin). Tissue 

blocks are placed in clean bottles with pure resin and returned to the rotator for 5-6 
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hours. Tissue blocks are placed in labelled embedding moulds and placed in a 65⁰ C 

oven for 48 hours for polymerisation.  

Following polymerisation, tissue blocks are trimmed to expose the cutting surface of 

the tissue block to cut 1 micron thick sections used to determine regions of interest 

for ultrathin sections. Ultrathin sections (80-100 nm) were cut with a Reichert-Jung 

ultra-microtome and placed on a 3mm copper grid, followed by 30 minutes 1.5% 

aqueous Uranyl Acetate and 10 minutes Lead citrate staining (carried out using Leica 

EM AC20 automated contrasting apparatus). After adequate drying time, sections are 

then viewed using the Hitachi H-7000 TEM model fitted with a 1K Hamamatsu 

Digital Camera. Images were captured using AMTV542 Image Capture Engine 

software. 

Scanning Electron Microscopy  

Cut sections (<0.5 cm
3
) were placed in primary fixative (solution as per TEM 

preparation) overnight, followed by osmication for 1 hour 30 minutes. For SEM post 

fixation processing tissue blocks were dehydrated through a series of graded alcohols 

(50%-pure ethanol, two 15 minute washes in each). Once dehydrated tissue blocks 

were placed in HDMS (Hexamethyldisilazane, alternative for critical point drying 

for SEM observation of biological samples), followed by a sputter coating of gold, 

mounted on a specimen holder and imaged using the Hitachi S2600N Variable 

Pressure SEM model with a fully integrated image capturing system. 
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4.4 Results 

Polarised Light Microscopy 

The histological fibre orientation measured supports the reconstructed fibre 

orientation estimated using diffusion MRI in the corpus callosum and centrum 

semiovale region. For both corpus callosum and centrum semiovale regions the 

detected birefringence was low with |sinδ| values  >0.5. The predominate orientation 

(φ) within the sections of the corpus callosum was along the 0 and 180⁰ axis, 

corresponding to a coherent single population of fibres in a cosistent orientation 

(Figure 4.3. Results). In relation to diffusion MRI estimates from the same region, 

the single fibre orientation of the histological images is consistent with multi-fibre 

and tensor-based reconstructions. Further quantitative examination of the 

histological orientation image (φ) is illustrated using a histogram to measure the 

parallel fibre orientation detected in the corpus callosum. In contrast the histogram 

measuring the orientation within the centrum semiovale region showed two distinct 

fibre orientations, which is anatomically relavent to this white matter region (Figure 

4.4. Results). The orientation (φ) of the centrum semiovale detected in histological 

images is consistent with the directional information estimated using diffusion MRI. 

The orientation (φ) image histogram corresponding to a single voxel showing two 

distinct fibre orientations in the centrum semiovale. Subdivison of the orientation (φ) 

image of the centrum semiovale indicate the variation of fibre orientations within a 

single voxel ((Figure 4.5). Figure 4.5. indicates the need to subdiviside sections for a 

more discrete analysis, as a secondary fibre orientation may contribute a smaller 

volume fraction to the overall orientation image.  
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Figure 4.3 Post-mortem Diffusion MRI and Histological Reconstruction of Fibre Orientation 

 

Legend. The corpus callosum region of interest (yellow box in (a)) as seen on a coronal slice of the post-mortem diffusion MRI DEC image. The fibre orientation 

was measured using diffusion MRI data, panel (b), and histological orientation data, panel (c). Panel (b) shows the fibre orientation reconstructed using the 

principal diffusion direction (top), and fODF (bottom) which correspond to a single fibre population. Panel (c) shows the orientation image φ (top) and 

birefringence image |sinδ| (bottom).  
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Figure 4.4 Fibre Orientation in the Corpus Callosum and Centrum Semiovale 

  

Legend. The fibre orientation estimated from post-mortem diffusion MRI data panel (a) compared 

with the orientation image histogram for the same region (panel b). Panel (c) displays the fibre 

orientation estimation using the tensor method (top) compared to the recursively calibrated CSD for 

the same voxel within the centrum semiovale. As measured histologically, this region contains fibres 

with opposing orientations, which is not modelled in tensor based estimations, but is reconstructed in 

the fODF.  
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 Figure 4.5 Histological Fibre Orientation in the Centrum Semiovale  

 

Legend. Histological orientation image (a) and measured histogram (b) of the centrum semiovale 

subdivided (c) for analysis of fibre orientation. The overall image histogram (b) indicates a secondary 

fibre orientation where the volume fraction is smaller than the signal contribution from the dominate 

fibre orientation. Analysis of the image into quadrants shows that the top left and bottom right regions 

contain a higher proportion of fibres in the 90⁰ orientation. This corresponds to the effect of variation 

in the volume fractions contributing in diffusion MRI data, where the tensor shape becomes more 

spherical as a result of the second fibre contribution to the diffusion MRI signal. The fODF begins to 

overcome this limitation and models a secondary peak with smaller amplitude.  
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Transmission Electron Microscopy 

Electron microscopy images indicate the level of autolysis and cellular breakdown 

which occur post death, as observed in Figures 4.6 and Figure 4.7. The high 

resolution images indicate the degree of myelination in post-mortem brains. A 

typical myelin thickness from a myelinated axon in the body of the corpus callosum 

is 0.30 µm (Figure 4.6 (b)). There are few axons which exhibit a complete ring of 

myelination around the axonal membrane (Figure 4.6(b), Figure 4.7 (b) and (d)). 

This may be due to a number of factors including post-mortem tissue autolysis and 

breakdown of myelin, poor fixation of the neuro-microstructure with formaldehyde 

fixation through the carotid artery (embalming procedure of the Department of 

Anatomy, NUI Galway), lack of mechanical support to post-mortem tissue during 

TEM tissue processing or sub-optimal TEM gluteraldehyde fixation.  The most 

likely cause of sub-optimal TEM image quality is the inadequate initial post-mortem 

fixation which is not designed in a manner that would be required to maintain the 

microstructural integrity of the cellular components of each individual axon. 

Comparing TEM images of the human post-mortem tissue and rat spinal cord section 

which underwent identical (tissue processing from primary fixation to resin 

embedding) highlights the need for specific microscopic gluteraldehyde fixation 

ensuring optimal image quality for quantitative analysis (Figure 4.7).  
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Figure 4.6 Transmission Electron Microscopy of the Corpus Callosum 

 

Legend. TEM low magnification image of the corpus callosum with myelinated axons and 

intermittent glial cells. A typical myelin thickness of 0.30 µm was observed in axons of the corpus 

callosum, indicated by the red line in the higher magnification TEM image (b).  



Post-mortem Histological & Diffusion MRI Fibre Orientation 

170 

 

Figure 4.7 Optimal Tissue Processing for Transmission Electron Microscopy  

 

Legend. Optimal fixation during tissue processing (a) and (c) improves preservation of the 

microstructure compared to the fixation of human post-mortem tissue (b) and (d). Myelin sheath 

degradation was observed in the axons of the corpus callosum in human post-mortem tissue (d), 

compared to TEM image of the rat spinal-cord. The loss of mechanical extracellular support is also 

evident in human post-mortem tissue (d) compared to rat spinal-cord (c) which was processed using 

gluteraldehyde fixation.  
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Scanning Electron Microscopy 

Samples prepared for scanning electron microscopy were viewed using the Hitachi 

S2600N Variable Pressure SEM model. SEM images illustrate the compact white 

matter microstructure in a region of parallel fibre orientation (body of the corpus 

callosum). There were no quantitative measurements made using the SEM images, 

but the compact fibre bundle orientation corresponds to that detected using PLM and 

diffusion MRI from the same region.  

Figure 4.8 Scanning Electron Microscopy Image of the Corpus Callosum 

 

Legend. SEM image illustrating the parallel fibre orientation in the body of the corpus callosum. Red 

arrows point to glial cells which are interspersed throughout the myelinated axons.  
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Figure 4.9 Scanning Electron Microscopy in Human Post-mortem Tissue 

 

Legend. SEM image of the body of the corpus callosum cut edge. The image highlights the difficulty 

with acquiring SEM of human post-mortem brain tissue. The tissue degradation reflects the 

substandard fixation of human post-mortem tissue for SEM or TEM analysis.  
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Figure 4.10 Parallel Fibre Orientation in the Corpus Callosum 

 

Legend. A higher magnification SEM image illustrating the parallel fibre orientation within the body 

of the corpus callosum. The microstructural organisation within the body of the corpus callosum, 

measured histologically corresponds to reconstructed fibre orientation using diffusion MRI. It must be 

noted that each individual diffusion MRI reconstructed streamline does not represent a single fibre but 

the many fibre bundles contributing to the anisotropic diffusion direction within a given voxel. 
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Figure 4.11 Scanning Electron Microscopy of White Matter and Vasculature  

 

Legend. SEM image of cerebrum white matter where the extra-cellular vasculature and glial cell 

contribute to the hindered displacement of water molecules measured using diffusion MRI, although 

the signal contribution of these extra-cellular structures is not yet defined. 
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4.5 Discussion 

By direct comparison of the fibre orientation measured in histological sections and 

diffusion MRI data, we assessed the accuracy of both tensor and multi-fibre 

estimation methods. This study supports previous reports of adequate tensor fit in an 

iso-linear fibre population, in contrast to the insufficient tensor fit in a more complex 

microstructurally organised region. In a region with a microstructurally complex 

white matter organisation, we have shown that tensor independent multi-fibre 

orientation estimation methods provide information which is biologically more 

accurate. While diffusion MRI parameters are reduced post-mortem (D'Arceuil et al., 

2007), this neuroanatomical validation of diffusion MRI in the human post-mortem 

brain is highly likely to extend to and support the accuracy of diffusion MRI fibre 

orientation estimation methods in vivo based on this histological evidence of the 

underlying microstructure. This validation is essential for making accurate 

assumptions regarding the organisational underpinnings inferred from diffusion MRI 

data, and provides biological meaningful information which is relevant for research 

into the neuropathology of schizophrenia.  

Human neuroanatomy is widely researched using both histology and in vivo imaging 

techniques, including the relatively recent non-invasive diffusion MRI which greatly 

advanced our understanding of white matter organisation in clinical research. 

Diffusion MRI has provided evidence of white matter alterations in schizophrenia 

(Holleran et al., 2014, Ellison-Wright and Bullmore, 2009, Canu et al., 2014, 

Fitzsimmons et al., 2013). Furthermore, recent advances in the fibre orientation 

estimation methods claim to overcome tensor-based estimations which in turn will 

provide biologically meaningful information of white matter organisation. However, 

multi-fibre estimation methods require validation which has previously been carried 

out using animal models, computer simulations and phantom models, with limited 

information currently available assessing their accuracy using human 

neuroanatomical approaches. The purpose of this histological level investigation was 

to determine the neuroanatomical fibre orientation in the formalin fixed human post-

mortem brain, and directly compare this with diffusion MRI fibre reconstructions in 

regions of diverse microstructural complexity. In the corpus callosum, the orientation 

detected in histological images corresponded with both tensor and multi-fibre 

reconstructions; however, in the centrum semiovale the accuracy is exclusive to 
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multi-fibre estimation methods. This study also supports polarised light microscopy 

as an appropriate histological method to assess orientation estimation by diffusion 

MRI. Transmission and scanning electron microscopy (TEM and SEM) images 

acquired provide additional structural information of the underlying microstructure; 

although, optimisation of primary and secondary fixation protocols is necessary to 

improve the quality of TEM and SEM imaging in the formalin fixed human post-

mortem brain. 

Histological measurements of the fibre orientation in the corpus callosum show a 

single coherent fibre population, as indicated by the orientation image (φ) and 

histogram analysis of the data. This was in contrast to the complex fibre orientation 

detected in the centrum semiovale, a region of multiple white matter tract crossings, 

where two distinct fibre orientations were measured. The centrum semiovale is a 

complex white matter core region where multiple white matter tracts pass through to 

reach their cortical termination points. It houses projection fibres of the corticospinal 

tract, long association fibres of the superior longitudinal fasciculus, and continues 

ventrally as the corona radiata.  The complex fibre anatomy makes this a difficult 

region to examine using diffusion MRI where reconstructions may not be a reliable 

estimation of the underlying white matter anatomy. This is a result of the limitations 

associated with diffusion MRI which include assumptions of Gaussian models of  

particle displacement, and limited microstructural accuracy with spatially large voxel 

dimensions containing vast anatomical components (Jones and Cercignani, 2010). 

Previous diffusion MRI fibre orientation reconstruction methods have consistently 

used tensor-based estimations, however, it is widely accepted that the tensor model is 

inadequate in regions of complex fibre orientations e.g. the centrum semiovale, the 

bending of the uncinate fasciculus, and the delineation of occipito-temporal and 

frontal fibre tracts (Jones and Cercignani, 2010). Furthermore, the tensor remains the 

primary estimation method in diffusion MRI in vivo research studies to date, and FA 

is consistently reported as an index of white matter alterations. Jeurissen et al. 

suggested that over 90% of white matter voxels contain two or more fibre 

populations (Jeurissen et al., 2013). This and additional studies highlight this pitfall 

of tensor-based estimations (Tournier et al., 2011, Tournier et al., 2008, Farquharson 

et al., 2013, Fernandez-Miranda, 2013) and advocate the use of fibre estimation 

algorithms which accurately estimate and quantify the diffusion MRI signal 
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(Dell'Acqua et al., 2013). As addressed in Chapter 2 and Chapter 3, advances in 

diffusion MRI estimation methods claim to accurately reconstruct the underlying 

fibre orientation where fibre bundles may cross, bend or interdigitate with fibre 

bundles from anatomically separate tracts. Constrained spherical deconvolution, the 

tensor independent multi-fibre diffusion MRI estimation method, was used to 

investigate white matter alterations in schizophrenia (Chapter 2). As stated, spherical 

deconvolution estimates the distribution of the fibre density within each voxel, 

thereby modelling multiple intravoxel fibre orientations visualised using the fODF 

(Anderson, 2005, Dell'Acqua et al., 2007, Tournier et al., 2004). Spherical 

deconvolution requires the use of low-pass filtering in an attempt to reduce the 

existing noise in the data; however, this also eliminates the high angular frequencies 

in the data. Tournier et al. developed a model of constraining the spherical 

deconvolution to eliminate negative values thereby avoiding the need to filter and 

thereby retaining the high angular frequencies (Tournier et al., 2007). This method is 

referred to as constrained spherical deconvolution and estimates a fibre orientation 

distribution with fODF peaks which are neuroanatomically plausible and are 

intended to relate to the underlying fibre orientation (Tournier et al., 2007). Due to 

the elimination of noise, and evidence of CSD accuracy using computer simulations 

and phantom models (Jeurissen et al., 2011, Jeurissen et al., 2013, Raffelt et al., 

2012, Tournier et al., 2008), this  is the chosen method of multi-fibre estimation 

applied for the in vivo analysis in this present work. The algorithms used for CSD 

have been further developed recently to include a recursively calibrated response 

function independent of FA, designed to determine the signal from the primary fibre 

orientation (Chapter 2 and Chapter 3) (Tax et al., 2014). Applications using 

increasingly accurate methods to estimate fibre orientation are essential as diffusion 

MRI is used to investigate structural abnormalities and alterations to white matter 

microstructure in schizophrenia and other psychiatric and neurological conditions. 

As observed in this study, the tensor fit is poor in regions of complex white matter 

organisation. For diffusion MRI research in vivo, this inaccuracy results in both false 

positives and false negatives, and inferences of white matter organisation would not 

reflect the underlying microstructure. The results presented here indicate that tensor 

independent multi-fibre orientation estimation methods accurately determine the 

fibre orientation of the underlying microstructure.  
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Diffusion MRI validation is a widely studied topic, a PubMed search returns 495 

publications to date, including validation using computer simulated data, real in vivo 

data, constructed fibre models, and various histology techniques. Histology remains 

the „gold standard‟ of diffusion MRI validation as it provides a direct link between 

the neuroanatomical fibre orientation and diffusion MRI reconstructions. The 

accuracy of fibre orientation distribution functions (fODF‟s) was shown to surpass 

that of the tensor using fixed rat brain data obtained using high b-value q-space 

imaging (Leergaard et al., 2010). This study also investigated a single, coherent fibre 

orientation and a second more complex region to determine if the fODF 

reconstructions accurately modelled the underlying micro-fibre orientation. The 

qualitative and quantitative analysis of the genu of the corpus callosum and superior 

colliculus were chosen based on fODF reconstructions of diffusion MRI data, in 

which the fODF corresponded well with histological images. The results presented 

in this thesis support the extension of these findings from the rat brain (Leergaard et 

al., 2010) to the human context. Similar to the histological findings presented here, 

Leergard et al also showed that tensor-based fibre orientation estimation is sufficient 

in a single fibre population; however it is not adequate in a microstructurally 

complex region in the rat brain.  As with the results in this chapter, a coherent fibre 

orientation was detected using both histology and diffusion MRI reconstructions in 

the corpus callosum (Leergaard et al., 2010).  In voxels analysed from the centrum 

semiovale, fODF and dyad reconstructions correlated with the multiple fibre 

orientations depicted by the histologically determined orientations, where two 

distinct fibre orientations were detected. The approximate angle of separation 

between these two distinct fibre orientations was 45⁰ (Figure 4.4. (b)). Furthermore, 

tensor-based reconstructions failed to be accurately model this complex fibre 

orientation supporting previous evidence reported by Leergard et al (Leergaard et al., 

2010).  

The histological measurement of fibre orientation for post-mortem human brains in 

this study was carried out using polarised light microscopy (PLM). PLM was first 

proposed as a method of visualising fibre orientation in gross histological sections by 

Axer et al. (Axer and Keyserlingk, 2000). The myelin component of white matter 

results in the optical birefringence due to the orientation of the axonal bundles in 

relation to the transmission of the plane of polarised light passing through the 
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sample. Although PLM and diffusion MRI use different methods of estimating fibre 

orientation i.e. the optical birefringence of white matter compared to the diffusion 

properties, both PLM and diffusion MRI provide similar information pertaining to 

fibre orientation and making PLM an excellent validation tool. Axer et al. have 

carried out an extensive body of research using PLM to map the white matter of the 

human brain (Axer et al., 2001, Axer et al., 2011a, Axer and Keyserlingk, 2000, 

Dammers et al., 2012, Larsen et al., 2007), adding vast amounts of information 

regarding the brains structural connectivity at a level of detail never achieved 

previously for the whole human brain. PLM offers an opportunity to examine white 

matter microstructure at a much smaller scale than that currently offered by in vivo 

diffusion MRI data with current acquisition offering a voxel size of 1.5 - 2.5 mm
3
 for 

clinical applications, where one voxel can therefore contain thousands of axons. For 

example, Aboitz et al. indicated that in the genu of the corpus callosum, a 1 mm
2
 

dimension contains in the range of 400,000 myelinated axon fibres (Aboitiz et al., 

1992). Previously, Miller et al. achieved a human post-mortem diffusion MRI voxel 

size of 0.94 mm
3
 using a similar acquisition sequence as employed herein (Miller et 

al., 2011, McNab et al., 2009). The voxel size achieved in this body of work was 1.2 

mm
3
, significantly smaller then that achieved in vivo (2.5 mm

3
). An additional 

obvious advantage of having a smaller diffusion MRI voxel size is the co-registration 

of histological images obtained post-scanning. Smaller voxel sizes can be achieved 

by pro-longed scanning durations and the use of stronger gradient strengths (McNab 

et al., 2009, McNab and Miller, 2010, Miller et al., 2011, Dyrby et al., 2011). 

However, even with a scanning duration of greater than thirty hours, the voxel size 

of post-mortem whole brain diffusion MRI remains in the order of millimetres, and 

remains much larger than the microscopic scale of histological images at the level if 

individual neuronal axons. PLM therefore offers a fibre reconstruction method at a 

much smaller scale, where the partial volume effect from neighbouring tracts 

becomes less problematic when deriving orientation related information. This 

smaller voxel size results in a more accurate detailed map of the white matter 

structural connectivity. Axer et al. mapped many white matter tracts including the 

cingulum bundle, the brainstem, and the internal and extreme capsule (Axer et al., 

2011a), obtaining a pixel size of 64 x 64 x 100 µm, resulting in RGB colour coded 

fibre orientation maps similar to that obtained by diffusion MRI. However, the PLM 

analyses did not include co-registered diffusion MRI data obtained from the same 
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brain samples. The work presented in this thesis provides additional value in this 

respect, through the validation of diffusion MRI using PLM images co-registered to 

human post-mortem diffusion MRI data to enable direct qualitative and quantitative 

comparison of the two techniques.  

Axer et al. carried out gross histological analysis of broad regions of white matter, 

including whole brain coronal slice images, and tract segments imaged from 

sagittally sliced brain sections (Axer et al., 2011a, Axer and Keyserlingk, 2000, Axer 

et al., 2011b, Axer et al., 2011c). This larger scale imaging was permitted by the use 

of a large area rotating polarimeter which was optimised for high resolution PLM 

images (Axer et al., 2011c). This requires the use of equipment which is developed 

for whole brain sectioning, which was not available for the research undertaken in 

this thesis. Acquisition of whole brain PLM images, using the appropriate cryostat 

would provide a mechanism of comparing diffusion MRI and PLM data permitting 

whole brain analysis. This would additionally allow for the comparison of the path 

of specific tracts, their interaction with neighbouring tracts, determining precise 

termination points in cortical grey matter, and stacking of PLM images to achieve 

3D reconstructed datasets similar to those presented by (Axer et al., 2011c). Studies 

using both imaging modalities would be of particular interest to the research 

community mapping the network patterns within the brain. Whole brain human post-

mortem white matter mapping would provide additional information regarding white 

matter fibre bundle trajectories and the level of interdigitation and angle deviations 

present which are controversial at present (Wedeen et al., 2012). The in vivo 

mechanisms for mapping white matter networks must be developed with constant 

reference to the underlying neuroanatomy using “gold standard” histological 

methods, as diffusion MRI data can vary depending on the scanning system used, 

gradient strength and directions applied, processing algorithms, and application 

packages used to analyse the data. There have been many publications to date 

regarding the optimisation of sequence acquisition, and guidelines for the in vivo 

acquisition and processing of diffusion MRI data (Jones and Cercignani, 2010, Jones 

et al., 2013, Tournier et al., 2011), until there is a common ground for both the 

acquisition and processing of this data, variances will exist across multiple research 

centres limiting the comparability of diffusion MRI findings and the establishment of 

a gold standard approach. Multiple research groups have advised caution when 
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interpreting changes in diffusion MRI indices particularly in relation to the 

underlying microstructure and highlight the need for further comparative studies, 

comparing histological and diffusion MRI indices of human post-mortem brain. 

Multimodal histological techniques such as PLM, TEM, SEM, and light microscopy 

would provide a wealth of information establishing the biological correlates of the 

diffusion signal, which would ultimately improve neuropathological inferences 

clinically. 

Transmission and scanning electron microscopy images were also obtained to 

examine the quality of the microstructure of the human post-mortem brains. Myelin 

degradation was evident from the TEM images acquired, preventing a quantitative 

analysis of myelin thickness and its correlation with diffusion MRI indices. 

Investigating axon density was problematic using TEM sections as the level of 

autolysis prevented an accurate quantification of this metric. However, as a marker 

of cellular integrity this would be of interest in future post-mortem studies which 

would provide useful information predicting the relationship between the diffusion 

MRI signal and axon density in vivo. Additionally, future post-mortem TEM studies 

with optimal myelin preservation would permit stereological assessment of the g-

ratio, that is the circumferential myelin to the axon circumference (Chau et al., 

2000), in relation to the diffusion signal. Ultimately, the optimisation of post-mortem 

human brain fixation protocols would permit future beneficial microscopic analysis 

necessary for diffusion MRI parameter validation. 

Although the tissue fixation and preservation was not optimal for TEM analysis 

herein, a relatively high level of myelin was detected considering the fixation 

protocol used (Chapter 3 Post-mortem Diffusion MRI). As mentioned previously, 

the optical birefringence of white matter is a result of the lipid and protein 

components of myelin and without adequate myelination birefringence would be 

sub-optimal to acquire orientational information within the samples. Optimisation of 

the fixation, including the elimination of chemicals such as phenol and ethanol, 

shorter post-mortem intervals, and faster delivery mechanisms would improve the 

quality of tissue for both TEM and PLM. Artefactual separation of the post-mortem 

brain tissue in Figure 4.6 (a) and Figure 4.7 (d) may be due to mechanical separation 

of the fibres during TEM tissue processing. A potential solution to overcome this 

may be to support the post-mortem brain tissue with immersion in a structurally 
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supportive media such as gelatine during TEM tissue processing. As seen in SEM 

images the overall fibre orientation is maintained, despite the degree of autolysis and 

myelin degradation. This supports the PLM results presented, where a single bundle 

orientation in the corpus callosum is correlated with the coherent architecture of the 

interhemispheric fibre bundles observed using SEM  for the same region (Figure 4.8 

& Figure 4.10). The structural images obtained using TEM and SEM also show a 

high level of cellular structures which would impede or facilitate the patterns of 

extra-axonal diffusion (Figure 4.6 (a) and Figure 4.8 (glial cell) and Figure 4.11 

(vasculature)). Attempts to assess the level of intra and extra-axonal diffusion are 

based on the restricted diffusion within an axon and the hindered diffusion in the free 

space surrounding multiple axonal bundles, glial cells and microvasculature (Assaf 

et al., 2004, Barazany et al., 2009). Assaf et al. demonstrated that the Gaussian 

pattern of the hindered diffusion seen at low b-values was relative to the restricted 

extra-axonal diffusion, compared to the non-Gaussian restricted intra-axonal 

diffusion detected using high b-values (Assaf and Basser, 2005, Assaf et al., 2004). 

Examination of the microstructural compartments therefore requires the use of 

multiple b-values, a method not generally applied for in vivo applications. In vivo 

imaging sequences have an approximate voxel size of 2.5 mm
3
 utilising a b-value of 

1000 s/mm
2
 and b = 0 s/mm

2
 images for registration purposes. High resolution, 

multiple b-value experiments assessing the level of intra and extra-axonal diffusion 

patterns imply that the diffusion signal for a standard diffusion MRI protocol with a 

voxel size of 2.5 mm
3
 is limiting with respect to making accurate assumptions about 

axonal patterns or the cellular microstructure contained in a relatively large scale 

voxel. Although multiple histological studies have investigated the relationship 

between the diffusion MRI signal and the underlying microstructure, the only 

accepted certainty is that the signal represents a diffusion pattern which is restricted 

or hindered due to the microstructural environment, where contributing factor of 

specific cellular components remains undefined.  

As with any histological analysis, the effect of fixation must be taken into account 

when interpreting results. This current study was carried out using post-mortem 

human brains fixed using 10% formaldehyde fixative. TEM and SEM required 

additional fixation prior to imaging, and showed that optimal fixation of the 

microstructure requires additional optimisation of the fixation protocol for human 
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post-mortem tissue. In the study carried out by Leergard et al., in the rat brain they 

concluded that the 4% paraformaldehyde would have a relatively small effect on the 

overall fibre orientation in histological sections based evidence of this reported by 

D‟Arcueil et al. D‟Arcueil et al investigated the effects of fixation on the diffusion 

patterns of water molecules by directly comparing data pre and post fixation at 

various time points (D'Arceuil and de Crespigny, 2007). This work reported a 

significant overall reduction in FA and ADC over time, coupled with a loss in fibre 

coherence from PMI day 0-14, highlighting the limitation of interpreting fixed post-

mortem data (D'Arceuil and de Crespigny, 2007). This is of particular importance for 

post-mortem diffusion MRI data interpretation, where the reduced signal may reflect 

the effects of death, fixative and reductions in tissue temperature. D‟Arcueil et al 

reported a reduction in all eigenvectors ( 1,  2, and  3) indicating that the orientation 

itself is maintained with the fixative despite it causing alterations to cellular 

structures such as the cell membrane, myelin degradation and cross-linking 

(D'Arceuil and de Crespigny, 2007). Although not examined explicitly, the post-

mortem results reported here support the stability of overall fibre orientation in the 

fixed post-mortem brain as both diffusion MRI and PLM data show a coherent single 

fibre population in the corpus callosum, a region well documented for containing 

highly organised interhemispheric fibre bundles.  
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4.6 Conclusion 

Human post-mortem histological investigations are the „gold standard‟ method to 

examine white matter microstructure and the most appropriate validation model 

relative to in vivo diffusion MRI datasets. The results presented here highlight the 

need for appropriate diffusion MRI fibre orientation estimation methods that provide 

biologically accurate information of microstructural organisation. We have shown 

that CSD out-performs tensor-based estimations, specifically in a complex white 

matter region. Furthermore, CSD estimates sub-voxel multi-fibre orientations, 

supporting its‟ application to diffusion MRI in vivo investigations in schizophrenia 

(Chapter 2). This validation of CSD fibre orientation estimation using human post-

mortem neuroanatomy bridges the gap between diffusion MRI indices and 

biologically meaningful information of the underlying white matter organisation. 

The continued application of accurate fibre orientation estimation methods will 

provide an additional insight in white matter organisation alterations in 

schizophrenia.   

4.7 Limitations and Future Considerations 

For this thesis, the corpus callosum and centrum semiovale were examined to 

determine the histological fibre orientation in the post-mortem human brain. Future 

studies investigating additional regions of microstructural complexity are necessary 

to define the limits of accuracy in diffusion MRI fibre orientation reconstructions. 

This would determine the number of sub-voxel fibre orientations which can be 

accurately modelled using diffusion MRI. Furthermore, application of this study 

design on a global level would determine precise structural pathways throughout the 

entire brain, validating in vivo fibre orientations estimated using diffusion MRI. 

Future studies using both post-mortem diffusion MRI and histological analysis 

would provide additional information in defining the microstructural characteristics 

that contribute to the diffusion MRI signal. The current study was limited in that 

comparisons between post-mortem diffusion MRI indices and cellular 

characteristics, such as degree of myelination, contribution of microtubules and 

neurofilaments, and integrity of the cellular membrane were not possible. Future 

studies using tissue samples with optimal fixation for high resolution diffusion MRI 
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acquisition and post histological analysis would provide much needed information in 

the field of diffusion MRI validation. If the diffusion MRI signal could be delineated 

further into more biologically meaningful information, its‟ potential as a tool for 

understanding the structural connections in the human brain are endless, which can 

be applied to many clinical research studies examining neuropathology and 

neurosurgical planning. This is also relevant for current research projects aiming to 

map the human brain‟s structural connectivity e.g. the human commectome project 

(Setsompop et al., 2013), and the brain initiative (Pettigrew, 2014). 

As mentioned previously, the fixative used for post-mortem brain preservation was 

sub-optimal for high resolution TEM and SEM histological analysis. Future studies 

optimising the fixation protocol of human post-mortem brain tissue would be 

necessary to correlate precise neuroanatomical microstructural components with the 

measured diffusion MRI signal.  This would also include optimisation of the fixative 

concentration for post-mortem brain storage to ensure adequate tissue preservation 

while minimising the adverse effects such as cross-linking and dehydration of the 

tissue.  

This current study is based on a qualitative validation of fibre orientation estimation 

methods by the direct comparison of post-mortem diffusion MRI data sets with 

histological measurements. To provide an additional quantitative validation requires 

a robust method of co-registration between these two imaging modalities, which 

permit radiological and histological correlations. To overcome issues with image co-

localisation would require modifications to the experimental design employed for 

this study. One such method would be to include an additional diffusion MRI 

acquisition following the initial whole brain acquisition. This second diffusion MRI 

would be carried out on smaller sections of whole brain following selection of 

specific regions of interest. The smaller tissue blocks would be subsequently placed 

in the MRI scanner with a predefined orientation and known location of the first 

diffusion image slice. This information can then be applied to the tissue block during 

histological sectioning, where twenty four 50 µm serial sections correspond to a 

single diffusion image slice. Registration of the histological images constructs a 3D 

section which can then be registered to the 3D diffusion MRI datasets. While 

providing a more accurate means of image registration, this modification would also 

permit a quantitative correlation of histological and diffusion MRI parameters. The 
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prominent fibre orientation of the histological data could be extracted from the 3D 

PLM images and compared with the fODF peak orientation estimated from diffusion 

MRI data. Supplementary cellular information which contributes to the diffusion 

signal could also be derived in this manner. Stereological estimates would include 

EM measures of axonal density and size, G-ratio investigations to assess the effect of 

myelination, and immunohistochemistry analysis to assess the contributing factor of 

non-neuronal cell types to the acquired diffusion signal. As outlined above, this 

histological analysis requires optimal fixation and tissue processing techniques to 

ensure accurate quantitative correlations of histological and radiological data.  

Lastly, this experimental design could be applied for future studies using post-

mortem brains from individuals with an ante-mortem diagnosis of schizophrenia. 

This analysis would provide histological information confirming the white matter 

microstructural findings reported in Chapter 2, whereby the anatomical extent of 

these alterations could be established. Furthermore, post-mortem schizophrenia 

research would ultimately provide clinically relevant information of the 

neuropathological underpinnings of the disorder, and improve inferences from in 

vivo diffusion MRI research in schizophrenia. 
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Chapter 5 General Discussion 

This thesis explored white matter alterations in schizophrenia using both traditional 

and novel diffusion MRI quantitative measures. Furthermore, this thesis examined 

the accuracy of diffusion MRI fibre orientation reconstructions in the post-mortem 

human brain. This chapter includes further discussion regarding the biological 

meaning of these findings with additional methodological considerations and 

proposals for future research in this field. 

5.1 Discussion 

The primary aim of this thesis was to identify white matter microstructural 

abnormalities in a cohort of patients with severe chronic schizophrenia. This 

included the use of both traditional and novel diffusion MRI fibre orientation 

estimation methods. Additionally, the accuracy of fibre orientation estimation 

methods applied in vivo was qualitatively assessed by directly comparing 

histological measurements and diffusion MRI reconstructions in the human post-

mortem brain. This thesis provides evidence of white matter alterations in 

schizophrenia, using both tensor and novel tensor independent fibre orientation 

estimation methods which accurately reconstruct the underlying microstructure. The 

ex vivo investigation outlines the accuracy of tensor-based estimations which is 

exclusive to a coherent single fibre population. Additionally, post-mortem findings 

indicate the accuracy of tensor independent multi-fibre estimation methods, which 

provides evidence to support their application in clinical research. This original study 

comparing histology and diffusion MRI data of human post-mortem brains is 

critically relevant to diffusion MRI investigations in schizophrenia, where white 

matter alterations may play a critical role in the onset and development of the 

disorder. While voxel-wise and tractography based estimations are based on 

distinctly different algorithms, their complimentary analysis of diffusion MRI data 

will ultimately provide anatomically relevant information of the underlying 

microstructure and white matter organisation in schizophrenia. 

Schizophrenia is a complex disorder, reflected by multiple hypotheses of its‟ 

aetiology resulting in the manifestation of associated signs and symptoms. The 
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German psychiatrist Emil Kraeplin believed that a biological underpinning was core 

to the aetiology, which requires both physical and biological research of 

schizophrenia neuropathophysiology. Hypotheses of neurotransmisson disruption 

suggest abnormal dopamine functioning and glutamate hypofunction, and are the 

biological target of antipsychotic medications. This disruption is supported by 

genetic studies indicating enhanced neuregulin 1 isoforms associated with NMDA 

receptor hypofunction (Hahn et al., 2006), although the precise functional role of 

neurogulin 1 in schizophrenia is not yet established. Similarly, COMT expression 

has been shown to play a role in enzymatic clearance of dopamine (Craddock et al., 

2006). However, the precise genetic underpinnings are not yet known, with several 

loci in the genome linked to increased risk of schizophrenia onset (Ross et al., 2006). 

A genetic-environmental interaction has also indicated that abnormal 

neurodevelopment may be associated with foetal exposure to a maternal cytokine in 

response to infection during critical developmental stages (Urakubo et al., 2001, 

Gilmore and Jarskog, 1997), as well as environmental impacts letter in life such as 

adverse stressful life events and substance abuse effecting genetically susceptible 

individuals to schizophrenia (McDonald and Murray, 2000). A functional and 

anatomical disconnect in neural systems was proposed as far back as Bleuler in 1911 

(Bleuler, 1950)  and Wernicke 1906 (Wernicke, 1906), which suggests that 

alterations to the structural network causes disruptions in cortical communication, 

leading to the manifestation of schizophrenia. The spatially discrete white matter 

alterations detected in this study, supports this hypothesis and previous evidence of 

microstructural organisational abnormalities in schizophrenia (Ellison-Wright and 

Bullmore, 2009, Bora et al., 2011, Canu et al., 2014, Fitzsimmons et al., 2013). 

This diffusion MRI investigation in schizophrenia makes a significant contribution 

advancing the fields knowledge of the neuroanatomical underpinnings of the 

disorder. The findings provide additional evidence of microstructural deficits which 

are spatially discrete and localised in the corpus callosum, bilaterally in parietal 

portions of the superior longitudinal fasciculus, temporal inferior longitudinal 

fasciculus and uncinate fasciculus, the posterior limb of the internal capsule, and the 

external capsule. They were also evident in the anterior limb of the internal capsule, 

the fornix, the posterior projections of the middle cerebellar peduncle, midline 
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portions of the superior and inferior cerebellar peduncles, and in the brainstem level 

of the corticospinal tracts. This voxel-wise analysis suggests that the microstructural 

alterations in schizophrenia are localised to discrete, spatially specific regions along 

white matter tracts. The tract-wide FA reduction detected in the right anterior limb of 

the internal capsule suggests that deficits may be more extensive across this white 

matter tract. The FA reductions reported in this study are in agreement with a meta-

analysis outlining frontal and temporal regions being most consistently affected in 

schizophrenia (Ellison-Wright and Bullmore, 2009). Furthermore, a recent meta-

anlysis outlined that TBSS was the most consistently used diffusion MRI analysis 

tool to detect microstructural alterations in schizophrenia (Fitzsimmons et al., 2013), 

with FA reductions in  the uncinate fasciculus, external capsule, posterior limb of the 

internal capsule, the internal capsule, superior longitudinal fasciculus, inferior 

fronto-occipital fasciculus, as well as the left frontal and temporal clusters, with 

region-of-interest approaches reporting deficits in the anterior limb of the internal 

capsule, and the genu of the corpus callosum.  The voxel-wise results detected in this 

study correspond with this finding, and provide additional evidence of localised 

white matter alterations. An FA reduction was also detected in a tract segment of the 

right anterior limb of the internal capsule which is also consistent with a previous 

finding in schizophrenia (Rosenberger et al., 2012). However, no other group 

differences were detected across the uncinate fasciculus, inferior longitudinal, and 

left anterior limb of the internal capsule tracts. The uncinate fasciculus has been 

implicated in previous tractography analysis in schizophrenia (McIntosh et al., 2008, 

Seal et al., 2008, Miyata et al., 2010, Burns et al., 2003, Mori et al., 2007, 

Kawashima et al., 2009). Although the results of this sudy detected reduced FA in 

the uncinate fasiculus, inferior longitudinal fasciculus, and left anterior limb of the 

internal capusle, in the schizophrenia group relative to healthy controls, it did not 

reach significance. This provides additonal support of spatially discrete 

microstructural alterations which would be lost in the analysis of an tract wide FA 

value. Alternatively, these tracts may have a complex fibre orientation beyond the 

estimation capabilities of the tensor, resulting in potential false positives in FA based 

cross sectional studies. 
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Previously, tensor-based estimations of fibre orientation have been most widely used 

for applications of diffusion MRI in vivo. However, the limitations associated with 

this modelling approach affect results obtained and final interpretations of FA based 

investigations (Jones et al., 2013, Farquharson et al., 2013, Fernandez-Miranda, 

2013). Anisotropic diffusion reflects the relative arrangement and orientation of the 

fibres in the underlying microstructure, thus, the interpretation of reduced FA 

includes alterations to axonal number or packing density, cellular membrane 

abnormalities that lead to increased permeability, or an inconsistent fibre orientation 

(Beaulieu, 2002). The FA reductions detected here suggest that these deficits may be 

core to the pathophysiology of schizophrenia. However, its accuracy relating to the 

underlying microstructure is limited, particularly in regions of complex micro-

architecture, as supported by the present original histological and diffusion MRI 

investigation of the human post-mortem brain.  

The diffusion MRI in vivo  acquisition resulted in a voxel size of 2.5 mm
3
, which at a 

microscopic level contains thousands of axons with variances in orientational 

organisation (Aboitiz et al., 1992), supported by the post-mortem histological 

investigations reported here. Tensor based estimations use a Gaussian model to 

attribute a single FA value of anisotropic diffusion in subcortical white matter voxels 

that can house multiple tract bundles. However, the displacement of water molecules 

no longer fits a Gaussian model in voxels with multi-fibre orientations. FA in these 

voxels is reduced because the complexity of the underlying fibre orientation cannot 

be modelled using a 3 x 3 tensor (Jeurissen et al., 2011, Jones et al., 2013). This may 

be a factor in the reduced FA detected in the diffusion MRI investigation in 

schizophrenia, where false positives may exist as a result of tensor-based limitations. 

Additionally, FA as a quantitative measure is particularly susceptible the partial 

volume effect. Metzler-Baddeley et al. states that “diffusion MRI indices are only 

tissue specific if the image voxels contains a single type of tissue” (Metzler-

Baddeley et al., 2012). Therefore, it is probable that partial volume artefacts occur in 

diffusion MRI in vivo datasets with a voxel size of 2.5 mm
3
, which contains multiple 

tissue types each contributing to the overall signal for that voxel. Reductions in FA 

may be additionally overestimated in regions with partial volume effects from CSF, 

particularly in the corpus callosum, and must be considered when inferring white 
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matter alterations in schizophrenia. While the inclusion of tract volume may negate 

some of the partial volume effect, it does not completely eliminate FA contamination 

from non-white matter diffusion MRI signal sources. The post-mortem diffusion 

MRI and histological investigation in this study highlight the need for accurate 

modelling approaches which overcome the associated limitations of tensor-based 

fibre orientation estimation methods. 

The in vivo diffusion MRI investigation in schizophrenia included a tensor 

independent multi-fibre orientation estimation method, the accuracy of which was 

supported by post-mortem investigations. CSD deconstructs the diffusion MRI signal 

measured into the various fibre orientation components while placing constraints on 

the noise contribution in the reconstructed fODF (Tournier et al., 2004, Tournier et 

al., 2008). Furthermore, in this study the reconstructed fODF is tensor-independent 

due to the recursive calibration method applied during the calculation of the response 

function for CSD iterations (Tax et al., 2014).  This is a recent advancement in multi-

fibre orientation estimations which has the additional benefit of eliminating the need 

for FA-based thresholds in response function calculation. Until recently, the 

quantitative measure of the fODF in clinical investigations was limited to FA 

(McGrath et al., 2013, Reijmer et al., 2012). However, this in vivo study in 

schizophrenia transcends the tensor to include a novel tract-specific diffusion MRI 

metric, HMOA, which to date has not been investigated in clinical research to the 

best of our knowledge. Based on the multi-fibre orientation estimation, HMOA 

reflects the anisotropic diffusion along the reconstructed fODF peaks relating to the 

tract of interest. This ensures specificity along a given orientation, and reduced 

susceptibility to partial volume effects from secondary fibre populations and non-

white matter tissue contained within a single voxel compared to the tensor model. 

HMOA investigations for this study were carried out across the corpus callosum, 

uncinate and inferior longitudinal fasciculi, and the anterior limb of the internal 

capsule. While the results obtained from the two distinctly different fibre orientation 

estimation methods applied in this study, the negative finding of group differences in 

HMOA provides further support for localised deficits in schizophrenia which may be 

lost using a single tract metric. Moreover, HMOA deficits may extend across 

multiple white matter tracts not investigated in this thesis and would require future 



General Discussion 

192 

 

analysis to determine the extent of HMOA alterations in all white matter tracts. 

HMOA is a novel measurement of white matter anisotropy in clinical research and is 

currently quantified as a single tract-wide metric as opposed to a voxel-by-voxel 

value. However, future voxel-wise HMOA investigations would provide information 

that overcomes FA limitations, is spatially discrete and specific to a given tract. 

Ultimately, this would provide additional knowledge which is anatomically relevant 

to the pathophysiology of schizophrenia. 

Additionally, the aim of this thesis was to determine the accuracy of multi-fibre 

orientation estimation methods relative to human neuroanatomy. This novel ex vivo 

study was specifically carried out using post-mortem human brains to ensure that the 

measured fibre orientations could be as directly translated to in vivo diffusion MRI 

investigations as possible. The post-mortem human brain investigation supports the 

accuracy of tensor-based estimations in an iso-linear, single fibre population in both 

histological and diffusion MRI reconstructions of white matter organisation. 

Furthermore, this study using human post-mortem brains verified multi-fibre 

orientation estimation methods which accurately reconstructed two distinct fibre 

orientations at a sub-voxel level.  In this post-mortem analysis, the reconstructed 

multiple peaks of the fODF corresponded to the fibre orientation in the underlying 

microstructure, and was supported by the histological measurement of this 

organisation in human post-mortem neuroanatomy. Therefore, the application of 

HMOA is an appropriate quantification measurement for in vivo diffusion MRI 

investigations and appears to provide anatomically accurate information of white 

matter organisation. For the first time, this novel tract-specific diffusion MRI metric 

was used to investigate microstructural alterations in schizophrenia. Moreover, the in 

vivo and post-mortem study detailed here supports the application of multi-fibre 

orientation estimation methods and the investigation of tract-specific metrics in 

future diffusion MRI clinical application studies.   

The validation of in vivo fibre orientation estimation methods required the 

acquisition of both histological and diffusion MRI reconstructions of white matter 

organisation in the human post-mortem brain. Previous validation methods included 

computer simulations, phantom and animal models which are essential for the 
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optimisation of diffusion MRI acquisition protocols, and development of accurate 

estimation methods. For the first time this study included the direct comparison of 

human post-mortem diffusion MRI datasets with histological measurements of 

multiple fibre orientations. Earlier post-mortem MRI studies were carried out to 

assess the histopathological correlates of diffusion MRI indices (Larsson et al., 2004, 

Englund et al., 2004, Pfefferbaum et al., 2004), and improving post-mortem diffusion 

MRI acquisition protocols (Soria et al., 2011, Miller et al., 2011, Miller et al., 2012, 

McNab et al., 2009), and a single validation study assessing the accuracy of fibre-

tracking tensor estimations (Seehaus et al., 2013). This thesis included a study 

specific human post-mortem brain selection and extraction protocol, optimisation of 

acquisition parameters and post-processing of post-mortem diffusion MRI data, and 

subsequent modelling using tensor and multi-fibre estimations. This post-mortem 

validation analysis indicates that tensor independent multi-fibre estimation methods 

accurately model up to three fibre orientations within a single voxel. Therefore, its 

application in vivo would reduce the possibility of detecting false positives or false 

negatives, and improving our interpretation of anatomically accurate clinical 

findings. 

The acquisition of post-mortem diffusion MRI datasets permitted the histological 

assessment of white matter organisation using PLM, and the direct comparison of 

fibre orientations obtained using both imaging modalities. Histology remains one of 

the most accurate methods of validating diffusion MRI as a direct link can be made 

between the “gold standard” biological fibre orientation and diffusion MRI 

reconstructions. Axer et al. carried out high resolution PLM of gross histological 

sections which were used to generate orientational information maps of the structural 

connections in the brain (Axer et al., 2001, Axer et al., 2011a, Axer et al., 2011b, 

Larsen et al., 2007), and purposed PLM as a valid method of diffusion MRI 

histological validation. In this thesis, the validation was brought a step further by 

directly comparing the fibre orientation obtained histologically with PLM and 

reconstructions estimated using high resolution post-mortem diffusion MRI datasets. 

This study using human post-mortem brains bridges the gap between fibre 

orientation estimation models and their anatomical accuracy to human neuroanatomy 

in vivo.  
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5.2 Conclusion  

In conclusion, this thesis indicates localised alterations in interhemispheric, long 

association and projection fibres in a group of clozapine-naive treatment resistant 

individuals with severe chronic schizophrenia. Likewise, these deficits may extend 

across a tract segment of the right anterior limb of the internal capsule, indicating 

microstructural alterations in fibres connecting the frontal lobe with major brain 

centres such as the thalamus and brainstem. While the exact microstructural 

alterations in schizophrenia remain unclear, it may be in part modified with anti-

psychotic medication exposure. Moreover, the white matter microstructural 

alterations detected may be an outcome of neurodevelopmental abnormalities 

resulting in disruptions to the structural connections and onset associated clinical 

symptoms. Furthermore, this thesis included for the first time, the application of a 

novel tract specific metric obtained using a tensor independent multi-fibre 

orientation estimation method, the accuracy of which was supported by diffusion 

MRI and histological investigations in the human post-mortem brain. The goal of 

this original human post-mortem diffusion MRI and histological investigation was to 

obtain high quality data which is anatomically relevant to diffusion MRI in vivo 

datasets. Additionally, this post-mortem study permitted the direct comparison of 

histological measurements and diffusion MRI reconstructions, validating the 

application of multi-fibre orientation estimation methods in vivo. This validation also 

supports HMOA as a novel tensor independent quantification metric which provides 

cutting-edge tract-specific diffusion MRI findings in schizophrenia. 

5.3 Methodological Considerations 

This research was carried out in a cohort of participants with severe chronic 

schizophrenia who were at the time considered for commencement of clozapine 

medication. Clozapine naïve participants were specifically included to eliminate 

white matter alterations recently linked with this medication (Ozcelik-Eroglu et al., 

2014). This research was therefore limited to nineteen participants including five 

females and fourteen males, which limits the investigation of gender associated 

alterations in schizophrenia. The participant medication profile also included atypical 

and typical antipsychotic medication (Appendix B) due to the severity of symptoms. 



Chapter 5 

195 

 

Carrying out research of this nature in a cohort of medication naïve participants with 

chronic schizophrenia is logistically difficult and would ultimately reduce the sample 

population further. 

Care must be taken when inferring post-mortem results to in vivo diffusion MRI 

datasets. This study design permits the direct qualitative comparison of human 

neuroanatomy which is not always transferable using computer simulations, 

phantom or animal models. However, there are alterations to the molecular diffusion 

patterns in post-mortem tissue compared to those observed in vivo. The apparent 

diffusion coefficient (ADC) is reduced by up to 84% post-mortem (D'Arceuil et al., 

2007), primarily due to the necessary fixation to preserve post-mortem tissue. The 

compound fixation used in this study may cause additional tissue dehydration which 

reduces T2 times further and fundamentally lower the acquired SNR. Ultimately, 

post-mortem diffusion MRI acquisition would be improved by optimisation of 

fixation protocols which maintains the microstructure while limiting the degree of 

tissue dehydration. This outcome would permit the acquisition of post-mortem 

diffusion MRI datasets of the utmost resolution, with smaller voxel dimensions 

which essentially provide even greater anatomical detail.  

As outlined in Chapter 4, this study was limited to a qualitative correlation of 

diffusion MRI and histological measures of fibre orientation. To provide accurate 

quantitative correlation measures requires improvement in image co-localisation 

which was not permitted at the time of this study. Due to geographical location and 

additional costs, further diffusion MRI data acquisition was not carried out. 

However, as previously mentioned, modifications to the experimental design would 

permit a quantitative correlation of histological and radiological data. This 

histological-radiological investigation should include the correlation of diffusion 

parameters with cellular metrics of axonal density and size, G-ratio to determine 

myelin contribution factor, and glial cell estimates which would ultimately bridge the 

gap in the biological relevance of diffusion MRI data.   
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5.4 Future Directions 

Future diffusion MRI studies implementing voxel-wise novel tensor independent 

fibre orientation estimation methods would provide additional knowledge of 

spatially discrete and tract specific microstructural alterations in schizophrenia, 

which was not methodologically possible at the time of this thesis. Studies of this 

kind would supply accurate information of localised disturbances and may play a 

role in the development of schizophrenia specific neuroimaging biomarkers.  

Longitudinal based studies in this patient cohort would permit an investigation into 

the effect of clozapine treatment in white matter. This would also give an insight into 

possible variances in microstructural organisation in responders versus non-

responders. 

In order to disconnect any possible effect of antipsychotic medication, and explicitly 

investigate white matter alterations relative to disorder progression it is necessary to 

carry out a similar study in a medication naïve group. Ideally, a future longitudinal 

study would commence at the onset of symptoms and follow participants through 

their illness duration, thereby providing a timeline of schizophrenia white matter 

disturbances. This study design would also permit the examination of homogeneous 

diagnostic and medication sub-groups with the progression of the disorder. 

Future multifaceted neuroimaging studies with structural, diffusion, functional and 

additional MRI approaches included in the study design would provide a wealth of 

neuropathological information which would delineate the disorder further. 

Ultimately, this information is essential for the evolution of diagnostic measures, 

development of advanced medications to improve patient quality of life. 

Additional post-mortem diffusion MRI studies in the healthy brain would further 

delineate the diffusion MRI signal into biologically relevant information. This 

requires optimal image co-localisation and registration of histological and 

radiological datasets, coupled with quantitative measures to determinine the 

underlying cellular environment which corresponds to the diffusion MRI signal. 

Investigations of this nature are essential to transcend the current limited inferences 

of white matter alterations. To date the only specific information is that the diffusion 

MRI signal measured reflects the hindered and restricted diffusion of water 
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molecules in a cellular environment (Jones et al., 2013). Although the exact 

contribution of each cellular structure may never be defined, additional studies 

implementing specific acquisition protocols which deconstruct the signal into 

biological meaningful information would greatly advance research investigating the 

neuropathophysiology of schizophrenia. Post-mortem diffusion MRI studies trying 

to achieve this would also require additional optimisation of fixative concentration 

for post-mortem brain storage to ensure adequate tissue preservation while 

minimising the adverse effects such as cross-linking and dehydration of the tissue.  
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Appendix A 

1. Clinical Psychiatrist Administering PANSS 

 

MA  Dr. Mohamed Ahmed 

JMF  Dr. John McFarland 

 

 

2. MRI Physicist Sequence Development UHG 

 

GB  Prof. Gareth Barker 

 

 

3. Tract Segmentation Raters 

 

LH  Ms. Laurena Holleran 

COD  Ms. Claire O‟Doherty 

COF  Ms. Claire O‟Flynn 

PH  Mr. Patrick Higgins 
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Appendix B 

Participant Medication Profile 

Participant Medication 

1 Olanzapine 20 mg daily, Zuclopenthixol 200 mg IM every 2 weeks 

2 Olanzapine 20 mg daily, Risperidone 50 mg IM Q 2 weeks 

3 Flupenthixol 20 mg IM Q 2 weeks, Paliperidone 6 mg daily 

4 Olanzapine 10 mg three times daily 

5 Aripeprazole 30 mg daily 

6 Paliperidone 6 mg daily 

7 Quetiapine 700 mg daily 

8 
Olanzapine 405 mg IM Q 4 weeks, Aripeprazole 15 mg daily, Sertraline 

100 mg daily, Mirtazapine 45 mg daily 

9 Quetiapine 800 mg daily, Mirtazapine 45 mg daily 

10 Olanzapine 25 mg daily  

11 
Olanzapine 30 mg daily, Haloperidol 5 mg daily, Clonazepam 0.5 mg 

three times daily 

12 Olanzapine 20 mg daily, Sertraline 100 mg daily 

13 Olanzapine 12.5 mg daily, Fluoxetine 20 mg daily 

14 Amisulpiride 600 mg daily, Fluoxetine 20 mg daily 

15 Olanzapine 15 mg daily, Risperidone 50 mg IM Q 2 weeks 

16 Aripeprazole 30 mg daily, Risperidone 50 mg Q 2 weeks 

17 Aripeprazole 20mg daily, Clonazepam 1 mg daily 

18 Olanzapine 10 mg daily, Paliperidone 8 mg daily 

19 Olanzapine 20 mg daily 
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Appendix C 

 

Magnetic Resonance Imaging Safety Questionnaire Form 

Please complete this safety questionnaire carefully and remove all loose metal objects 

before you enter the scanning room 

ALL PARTICIPANTS Yes No 

1. Do you have a Cardiac Pacemaker?   

2. Have you ever had any surgery to your Heart?   

3. Have you ever had Surgery to your Head?   

4. Do you have any eye or ear Implants?   

5. Have you ever had METAL fragments in your EYES or 

            have you ever worked with metal? 

  

6. Do you have or have you had any METAL fragments 

             in any other parts of your body e.g. shrapnel or body piercing? 

  

7. Do you wear dentures, contact lenses, a hearing aid 

             or skin patches? 

  

8. Do you have kidney problems? 

            Are you currently receiving Renal Dialysis? 

  

9. Do you suffer from epilepsy, diabetes or asthma?   

Please provide details of any surgery you have undergone: 

 

FEMALE PATIENTS ONLY Yes No 

1. Do you have an intrauterine device (IUD)?   

2. Could you be pregnant or are you breast-feeding?   

 

I have read, understood and completed to the best of my knowledge the questions on 

this consent form. I hereby consent to undergo MRI at UHG. 

Signature:                                                                                     Date:  
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JOURNAL PUBLICATIONS 

Holleran L, Ahmed M, Schmidt H, Emsell L, Leemans A, Scanlon C, Dockery P, 

McCarthy P, Barker G, McDonald, Cannon DM. Altered Interhemispheric and 

Temporal Lobe White Matter Microstructural Organisation in Severe Chronic 

Schizophrenia. J. Neuropsychopharmacology, 2014 

CONFERENCE ABSTRACTS AND PROCEEDINGS 

Holleran L, Miller K, Lam W, Foxley S, Leemans A, Scanlon C, McDonald C, Dockery P, 

Cannon D. Post-mortem Diffusion Imaging and Polarized Light Microscopy To 

Measure Microstructural Organisation Of The Human Brain And Deficits In Chronic 

Schizophrenia. Society of Biological Psychiatry Annual Symposium, New York June 2014 

Holleran L, Miller K, Lam W, Foxley S, Leemans A, Scanlon C, McDonald C, Dockery P, 

Cannon D. Postmortem Diffusion MRI validation with polarized light microscopy. Irish 

Diffusion Imaging Symposium, Galway 2013 

Holleran L, Miller K, Lam W, Foxley S, Leemans A, Scanlon C, McDonald C, Dockery P, 

Cannon D. Investigating crossing fibres in white matter using ex vivo human diffusion 

MRI and polarized light microscopy. Microscopy Society of Ireland Conference, Galway 

2013 

Holleran L, Ahmed M, Schmidt H, Emsell L, Leemans A, Scanlon C, Dockery P, McCarthy 

P, Barker G, McDonald, Cannon DM. Widespread Microstructural White Matter 

Alterations in Treatment Resistance Schizophrenia: A DTI Study. ISMRM 

Neuroimaging Biomarkers of Psychiatric Disorders Workshop, Montabaur, Germany 2011 

POSTER PRESENTATIONS 

Holleran L, Miller K, Lam W, Foxley S, Leemans A, Scanlon C, McDonald C, Dockery P, 

Cannon D. Investigating crossing fibres in white matter using ex vivo human diffusion 

MRI and polarized light microscopy. Proc. 8th Neuroscience Ireland Conference, UCC, 

Cork 2013 
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