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Abstract 
 

 

Structural and diffusion imaging patterns that can be evaluated using MRI in patients with 

cognitive deficits are the central theme of the proposed work. First, the clinical and 

neuroimaging background of dementias has been reviewed in a broader context, with a special 

focus on Alzheimer’s disease (AD) and differential diagnoses. The second part of this thesis 

contains four consecutive experimental studies. The primary objective of the first two studies 

was to obtain structural and microstructural information on the neurodegenerative processes 

characteristic for AD on global and regional levels. For this purpose, several complementary 

approaches were used and the focus was shifted from grey to white matter (GM/WM). The 

following two studies focused on the differential context of WM microstructural alterations in 

normal pressure hydrocephalus (NPH) and distinctive patterns of WM disintegrity in temporal 

lobe epilepsy (TLE).  

The most important conclusion of our studies is that structural and diffusion imaging proved to 

be useful in identifying regionally specific and disproportionate loss of brain volume and 

microstructure in several pathological processes underlying cognitive deterioration. The use of 

distinctive morphometric methods yielded complementary information on AD-related atrophy 

patterns, and further use of a combination of diffusion metrics appeared to facilitate 

interpretation of complex underlying pathological changes in AD, NPH and TLE. Whereas these 

MRI approaches can be useful diagnostic and differential support, further longitudinal studies 

should validate the prognostic value of distinctive measures in disease progression (AD) and in 

the identification of patients that would benefit from a surgical approach (NPH, TLE).  

 

 

Keywords: magnetic rezonance imaging, morphometry, diffusion tensor imaging, Alzheimer’s 
disease, normal pressure hydrocephalus, temporal lobe epilepsy  
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Abstrakt 
 
 

Předkládaná dizertační práce se ve své hlavní části zabývá možnostmi detekce strukturálních a 

difuzních změn v MR zobrazení u pacientů s kognitivním deficitem. V širším kontextu je nejprve 

zmíněn podklad klinických změn a nálezů při neurozobrazení u pacientů s demencí, a to se 

zvláštním zaměřením na Alzheimerovu chorobu (ACh) a její diferenciální diagnostiku. Druhá 

část práce obsahuje čtyři experimentální studie v rámci našeho výzkumu. Hlavním cílem prvních 

dvou studií bylo získání strukturální a mikrostrukturální informace o neurodegenerativních 

procesech charakteristických pro ACh – na globální i regionální úrovni. Pro tento účel bylo 

použito několik komplementárních přístupů se zaměřením především na evaluaci šedé, a 

následně i bílé hmoty mozku. V následujících částech jsme se zaměřili na popis kontextu 

mikrostrukturálních změn bílé hmoty u normotenzního hydrocefalu (NPH) a charakteristických 

vzorců dezintegrace bílé hmoty u epilepsií temporálního laloku (TLE).   

Nejdůležitějším závěrem, který lze vyvodit z našich studií je, že strukturální a difuzní 

zobrazování se ukázalo jako užitečné při identifikaci regionálně specifické a disproporcionální 

ztráty objemu mozku a mikrostruktury u některých patologických procesů, které jsou základem 

kognitivního zhoršení. Použití několika různých morfometrických metod vedlo k získání 

doplňujících informací o atrofických vzorcích souvisejících s ACh. Využití kombinace difuzních 

parametrů následně vedlo k usnadnění interpretace komplexních patologických změn u ACh, 

NPH a TLE. Zatímco obvyklé MR přístupy lze považovat za užitečnou diagnostickou a 

diferenciálně diagnostickou metodu u těchto onemocnění, je potřeba dalších prospektivně 

zaměřených studií pro potvrzení prognostické hodnoty jednotlivých MR technik v rámci detekce 

progrese těchto onemocnění (ACh) a rovněž pro identifikaci pacientů, u kterých je výhodou 

chirurgický zákrok (NPH, TLE).   

 

Klíčová slova: zobrazování magnetickou rezonancí, morfometrie, zobrazování difuzního 

tenzoru, Alzheimerova choroba, hydrocefalus normálního tlaku, epilepsie temporálního laloku 
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1 Introduction 
 

Magnetic resonance imaging (MRI) has become an invaluable tool in diagnostic medicine and 

biomedical research and its contribution to our understanding of brain structure and function is 

unprecedented. Advanced MRI postprocessing methods are increasingly used in research and 

clinical settings to complement visual scan evaluation. Whereas gross structural abnormalities 

can be assessed visually, the quest for quantitative MRI biomarkers has prompted a shift towards 

development of techniques able to evaluate alterations occurring at the microstructural level.   

 

In recent decades, the role of imaging techniques in providing information on topographical 

patterns of changes related to neurodegenerative processes has been established, and biomarkers 

of neuronal injury obtained with MRI have contributed to understanding of the pathogenesis of 

Alzheimer’s disease (AD) and other dementias. Structural and diffusion imaging has become an 

integral part of diagnostic assessment in patients with cognitive decline, and is particularly useful 

in distinguishing between different underlying pathologic conditions and predicting disease 

progression. Regional distribution of changes may be visualised on a macroscopic scale with 

structural and diffusion MRI, reflecting associated deficits in cognitive domains, paralleled by 

regionally specific and disproportionate loss of brain volume and microstructure.  

 
The thesis contains theoretical and experimental parts. In Chapter 3, theoretical clinical and 

neuroimaging background of dementias is reviewed in a broader context, with a special focus on 

AD and differential diagnoses. Chapter 4 is divided into four subchapters, representing 

consecutive experimental studies, each further divided into Methods, Results, Discussion and 

Summary. The primary aim of the studies covered in subchapters 4.1 and 4.2 was to obtain and 

discuss global and regional structural information on the neurodegenerative processes 

characteristic for AD. For this purpose, several complimentary approaches were used, and focus 

was shifted from grey to white matter. In subchapter 4.3, we focused on the differential context 

of microstructural alterations in normal pressure hydrocephalus, and distinctive patterns of white 

matter disintegrity were additionally evaluated in the framework of temporal lobe epilepsy – as 

described in subchapter 4.4. Summary and overall conclusions are listed in Chapter 5.    
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2 Aims 
 
 
 
The aim of the proposed thesis is to demonstrate the utility of several structural and diffusion 

MRI approaches in various groups of patients with clinical manifestation of cognitive 

impairment. Its primary objective was to evaluate the patterns of grey matter loss and white 

matter disintegration in AD in comparison to normal aging (subchapters 4.1 and 4.2) and normal 

pressure hydrocephalus (subchapter 4.3). Subsequently, the same methodology has been applied 

to evaluate microstructural white matter changes in temporal lobe epilepsy (subchapter 4.4). In 

order to better characterise structural patterns associated with selected conditions, we used 

several postprocessing methods, assuming that the whole-brain approach may be the most robust.     

The specific aims were as follows:  

1) Identifying structural MR patterns of global, cortical and subcortical changes in AD.  

• Patterns of global atrophy and specific regional changes on cortical and subcortical 

levels in AD can be analysed and visualised with the use of structural MRI. We 

assumed that information on AD-related atrophy patterns obtained with the use of 

several morphometric methods may be complementary. We further hypothesised that 

there is an association between these patterns. In particular, we assumed that focal 

regional patterns of both cortical and subcortical atrophy may present higher 

discriminative value than single measures of global and subcortical volumes.   

• To test the hypothesis of associated patterns of global and regionally specific volume 

loss in AD, we performed multilevel evaluation of brain atrophy, including cross-

sectional analyses of volumetric changes in total brain, cortical and subcortical grey 

matter, as well as of the focal atrophy of subcortical structures. With the multilevel 

approach we expected to better characterise structural patterns associated with 

underlying AD pathology.  

• We also assumed that structures that are strongly anatomically and functionally 

linked may show a similar rate of size alterations. We suspected that this might be 

valid specifically for pathology-driven structures, but not necessarily for healthy 

controls.  
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2) Identifying the spatial pattern of the MR diffusion motif characteristic for AD.   

• A number of studies have revealed altered diffusion parameters in AD that are related 

to different aspects of white matter (WM) microstructure. We assumed that these 

parameters should be evaluated jointly. We hypothesised that obtaining the spatial 

pattern of compound diffusion alterations may lead to an identification of the disease-

specific marker.  

• For this purpose, we used linked independent component analysis (ICA) to fuse and 

decompose data containing various diffusion parameters in a WM skeleton 

representing the core of fibre bundles. The main aim of the analysis (modified to a 

single modality group) was to identify the combined group-level features of diffusion 

parameters in AD that properly reflect their underlying variability.  

 

3) Identifying MR diffusion patterns of white matter integrity in AD and NPH.  

• Structural imaging patterns in AD, normal pressure hydrocephalus (NPH) and normal 

aging may be challenging to interpret in the context of widespread atrophy. We 

hypothesised that AD and NPH have different spatial patterns of WM microstructural 

changes, which can be differentiated using multiple diffusion metrics that may 

improve differential and diagnostic process and give more insight into the underlying 

processes accompanying both conditions.  

• We further assumed that patient group diffusion metrics may correlate with certain 

CSF volumes that are characteristically altered in NPH. 

 

4) Identifying MR diffusion patterns of white matter integrity in TLE.  

• We hypothesized that right and left temporal lobe epilepsy (TLE) have distinctive 

spatial patterns of WM changes that can be differentiated and interpreted with the use 

of multiple diffusion parameters. To test this hypothesis, we compared global WM 

microstructure in the core of fibre bundles in both right and left TLE with the use of 

TBSS analysis. 
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3 Theoretical part  
 
 
 
3.1 Clinical background 
 
3.1.1 Alzheimer’s disease (AD) 
 
Alzheimer’s disease (AD) is the most common type of dementia in the elderly and one of the 

most common neurodegenerative disorders, characterized by gradual cognitive decline. 

Worldwide, it has been estimated that the prevalence of AD was set to rise to 35.6 million people 

globally by 2010 (Dartigues 2009) and at least 50 million people were believed to be living with 

AD or other dementias in 2018 (Patterson 2018), with the imposition of an enormous social and 

financial burden. It has been estimated that one in ten people age 65 and older has AD, and the 

percentage increases with age, reaching 32% for age 85 and older (Hebert et al. 2013).  

 

Although a growing number of studies suggest that the prevalence of AD and other dementias in 

higher-income countries may have tended to decline in the past 25 years at the individual levels, 

due to increasing standards of education and improved control of cardiovascular risk factors, the 

global number of people living with AD and other dementias is expected to grow rapidly due to 

the growth of the aging population (He et al. 2015) (Alzheimer’s Association. 2019 Alzheimers’s 

Disease Facts and Figures. 2019). Whereas the 65-and-older population is expected to nearly 

double over the next three decades, the global population of the “oldest old” – people aged 80 

and older – is projected to more than triple by 2050 (He et al. 2015). Similarly, recent reports 

forecast that current estimates for AD prevalence may almost double every 20 years, reaching 75 

millions in 2030 and 131.5 millions in 2050 (Patterson 2018) and the social and economic 

burden will continue to grow, especially in low-and middle-income countries, where there is 

currently no evidence of declining tendency for risk of AD and other dementias (He et al. 2015).   

 

3.1.1.1 Clinical presentation 
 
Current diagnostic National Institute on Aging (NIA) and the Alzheimer’s Association (AA) 

guidelines (2011) recognize that AD begins many years before the onset of symptoms, being 

defined by structural changes in the brain, not by symptoms (Alzheimer’s Association. 2019 



 17 

Alzheimers’s Disease Facts and Figures. 2019). Accordingly, in the revised NIA-AA criteria, a 

conceptual distinction is made between AD pathophysiological processes and the various 

clinically observable symptoms designating different qualitative and quantitative clinical 

expressions of disease (Jack et al. 2011). The original NINCDS-ADRDA definitions and 

guidelines (1984) have been revised accordingly to broader terms of the entire spectrum of the 

disease (Jack et al. 2011), including earliest signs of AD pathological findings in the absence of 

clinical features, through early presentation of symptoms with at least partially preserved 

functionality (mild cognitive impairment – MCI) to severe stages of AD-related dementia which 

refers to the stage along this continuum where symptoms begin to impair daily activities.  

 

Precise demarcation between normal cognition and MCI may be problematic in a clinical 

practice; nevertheless, core criteria for the diagnosis of MCI include the evidence of concern 

regarding a change in cognition, impairment in one or more cognitive domains, preservation of 

independence in functional abilities and no evidence of a significant impairment in a social or 

occupational functioning (Albert et al. 2011). Whereas impairment in episodic memory is the 

most common clinical expression seen in MCI patients who subsequently progress to AD, other 

cognitive areas may be impaired, including executive functions (e.g., problem-solving, 

reasoning, planning, judgment), language functions (e.g., naming, fluency, expressive speech and 

comprehension), visuospatial skills and attention. Many validated clinical neuropsychological 

tests are available to assess these cognitive domains.  

 

General definition of dementia as “a progressive cognitive decline of sufficient magnitude to 

interfere with normal social or occupational functions, or with usual daily activities” (McKeith et 

al. 2017) corresponds with core clinical criteria for AD-related dementia. Clinical evidence of 

progressive decline characteristic for dementia must include a presentation of a minimum two or 

more cognitive or behavioural (neuropsychiatric) symptoms that interfere with the daily 

functional ability that cannot be explained by major psychiatric disorder. The initial and most 

pronounced feature of AD-related dementia is an amnestic presentation with impaired ability to 

acquire and remember new information. Typical non-amnestic manifestations include linguistic 

deficits (especially impaired word-finding), visuospatial impairment (deficits in a spatial 

cognition like object agnosia, impaired face recognition, simultagnosia, alexia), and impaired 
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reasoning, judgment and problem solving as deteriorated executive functions (McKhann et al. 

2011). Progressive alterations in personality and behaviour are observed simultaneously. As AD 

progresses to its last stage, physiological functions like swallowing, balance and bowel and 

bladder control are impaired, with severe complications such as immobility, malnutrition or 

aspiration with the high risk of pneumonia (which is the most commonly identified cause of 

death among elderly patients with AD). 

 

3.1.1.2 Pathological findings 
 
Alzheimer disease is considered to begin 20 or more years before symptoms arise, when 

microstructural alterations in the brain are initiated, yet without significant clinical expression. 

According to pathological findings, approximately 30% of cognitively normal elderly subjects 

meet neuropathologic criteria for AD despite the absence of apparent cognitive symptoms 

(Knopman et al. 2003) (Price & Morris 1999) (Savva et al. 2009). Conversely, recent 

pathological and clinical studies showed that the number of individuals (up to 30 %) who met the 

clinical criteria for AD did not have AD-related alterations in autopsy and in such cases different 

cause of dementia had to be considered (Nelson et al. 2011). 

 

Well-recognized neuropathologic features of Alzheimer disease are abnormal forms of protein 

tau (neurofibrillary tangles – NFTs) and beta-amyloid plaques – changes that together with 

associated processes such as inflammation and oxidative stress, lead to neuronal loss along with 

observable brain volume reduction (Mirra et al. 1991) (Hyman 1997). Interaction of beta-

amyloid (Aβ) aggregation with plaque development outside neuronal cells is believed to 

contribute to neuronal degeneration by deteriorating synaptic transmission, while the 

hyperphosphorylation and aggregation of tau protein with formation of NFTs interfere with 

axonal transport. The number of neurons containing neurofibrillary tangles in AD decreases over 

time, correlating with brain atrophy, which has been viewed as more accurate marker for 

assessment of cognitive impairment (de Jong et al. 2007). When the previous NINCDS-ADRDA 

criteria were defined, it was thought that actual symptoms presented by individuals with AD 

directly reflect the degree of damage to neurons in different parts of the brain; however, a 

growing number of studies revealed that an explicit correspondence between clinical expression 
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and the underlying pathology is not always observed (Jack et al. 2011). It has been described that 

various aspects of AD pathology appear to differently relate to clinical features and that amyloid 

and neurofibrillary pathology seem to develop on different time scales, rather than to occur 

simultaneously (Ingelsson et al. 2004).      

 

Amyloid pathology is believed to develop first during the long presymptomatic phase, while the 

development of NFTs accelerates slightly before the appearance of the clinical stage of AD (Jack 

et al. 2009). Relatively high frequency (about 30%) of cerebral beta-amyloid positivity (Aβ+) 

shown in cognitively normal elderly adults approximately correspond with the prevalence of AD 

symptoms nearly a decade later (Rowe et al. 2010) (Jack et al. 2008b) (Aizenstein et al. 2008). 

Extensive number of neuritic amyloid plaques, apart from their evidence in the absence of any 

obvious symptoms, has been shown in AD brains independently of disease duration (Mirra et al. 

1991) (Price & Morris 1999) (Ingelsson et al. 2004). Plaques are distributed unevenly in patches 

throughout the cortex with a significant intersubject variability (Braak et al. 1993). It should be 

noted, however, that increased Aβ deposition is seen also in disorders other than AD (e.g., 

amyloid angiopathy) (Albert et al. 2011). Likewise, evidence of abnormally phosphorylated tau 

protein as a solitary pathological sign is not disease-specific and may develop in hippocampi and 

elsewhere independently of other pathological processes in AD (Braak & Del Tredici 2011) 

(Nelson et al. 2009). Evidence of NFTs in the absence of amyloid neuritic plaques has been 

found in approximately 5% of elderly individuals, who therefore did not meet criteria necessary 

for the diagnosis of AD.  

According to (Braak et al. 1993) accumulation of AD-related NFTs (as well as neuropil threads 

found in distal portions of dendritic processes) occurs in a specific pattern and relatively 

predictable sequence; degeneration is considered to be constrained to the entorhinal and 

transentorhinal cortex in the early AD stages (namely I-II), subsequently spreading into the 

hippocampus and other mesiotemporal areas, and eventually extending over the isocortical 

association regions (Fig. 3.1). Prior to the late stages (namely V-VI), only a relatively small total 

number of neurons is affected; however, involvement of transentorhinal and entorhinal cortex as 

structures crucial for continuous transmission of information from isocortex to hippocampus and 
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vice versa results in obvious cognitive symptoms. These late pathological phases are consistent 

with clinical presentation of severe cognitive alterations with unambiguous diagnostic picture.  

It is expected that the co-occurrence of these two findings: at least a moderate number of 

amyloid plaques in certain regions of neocortex and the extent of the regional distribution of 

NFTs corresponding to Braak and Braak stage IV or higher (Fig.3.1) will continue to define 

neuropathological and pre-clinical entity of AD (Jack et al. 2011).    

 

Fig. 3.1. Neurofibrillary changes in hippocampal formation, entorhinal and transentorhinal regions, and in 
the adjoining temporal isocortex. Development of changes from stage I to stage VI. Reproduced with 
permission from (Braak et al. 1993)   
 
3.1.1.3 Diagnostic and prognostic biomarkers  
 
Over the last decades a number of biological markers of various compounds of AD-related 

pathology has been studied and included in the diagnostic criteria. It should be noted that a 

growing number of studies validate prognostic value of ɛ4 allele of apolipoprotein E (APOE) 

gene involved in beta amyloid trafficking, which is otherwise a well-known major genetic risk 

factor for late onset AD (Payton et al. 2018) (Dang et al. 2018). If an autosomal dominant form 
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of AD is confirmed (mutations in genes APP, PS1, PS2,), then the symptomatic cognitive decline 

can be considered as prodrome to AD-related dementia, most likely in the cases of early onset 

AD (Albert et al. 2011).   

Several major classes of biomarkers of AD-related pathophysiology have been described, based 

either on the process which they measure, or the type of clinical question they address (Hampel 

et al. 2010) (Albert et al. 2011). Importantly, they may serve either as a diagnostic support for 

the underlying etiology of clinical symptoms, or a prognostic tool to estimate the likelihood of 

cognitive functional progression to more severe stages of MCI or dementia. Conversely, if 

showing different regional patterns of alterations, biomarkers may indicate an alternative, non-

AD etiology.  

First category of measures, mapping and reflecting the evidence of Aβ deposits in the brain, 

include positive positron-emission (PET) amyloid imaging (see below in Neuroimaging 

biomarkers section) and cerebrospinal fluid (CSF) measure of low Aβ42 (Jack et al. 2008b). The 

second group of biomarkers, more non-specific than markers of amyloid pathology is that of 

downstream neuronal degeneration or injury (Albert et al. 2011).  

Direct measurement of tau depositions is considered to be a strong marker of the damage to 

neurons and synapses associated with AD and some clinical-pathological studies have revealed 

higher correlation rates between neurofibrillary pathology and cognitive impairment than 

between amyloid pathology and cognitive impairment (Gómez-Isla et al. 1997) (Bennett et al. 

2004). Markers of tau accumulation include CSF measures of increased total tau or 

phosphorylated-tau (Blennow & Hampel 2003). It should be noted, however, that elevated CSF 

tau measures may also reflect general, non-specific neuronal and synaptic damage, and their 

presence may as well occur in other neurodegenerative disorders. Therefore, in line with 

diagnostic criteria, it is the combination of these two markers that is considered to be more 

informative in terms of AD-related pathology (Albert et al. 2011). Both tau measures and CSF 

Aβ42 (as well as their ratio), have been further described as markers of progression of MCI to 

dementia (Albert et al. 2011).  

3.1.1.3.1 Neuroimaging biomarkers 
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Ultimately, it is neurodegeneration that has been designated as a superior metric of AD severity 

(Nelson et al. 2011) (Savva et al. 2009). Neuroimaging markers of neuronal injury include a 

number of structural and functional measures (like brain atrophy and hypometabolism or 

hypoperfusion shown in a topographical pattern characteristic of AD) obtained with MRI or 

PET. MRI biomarkers of neuronal injury will be discussed separately in the following chapter 

(3.2. Patterns in structural MRI). 

In general, PET using 18fluorodeoxyglucose (FDG) has been developed to evaluate neuronal 

glucose consumption, and as the main indicator of neuronal metabolism is used as a marker of 

neuronal damage (Reivich et al. 1979). PET using tracers for Aβ (amyloid imaging) is thought to 

be a marker of accumulation of the Aβ plaques that can be evaluated separately from structural 

changes in brain anatomy (Jack et al. 2008b).  

FDG-PET is a measure of cerebral glucose metabolism reflecting neuronal activity, usually in a 

resting state without the need for cognitive activation. It can be therefore used as a marker of 

degeneration, detecting specific regional hypometabolism (Kuhl et al. 1982). For decades, a 

number of studies and trials have evaluated a characteristic profile of AD-related changes seen in 

FDG-PET, showing reduced FDG uptake predominantly in temporoparietal association areas 

including the precuneus and posterior cingulate cortex (Rice & Bisdas 2017) (Mosconi et al. 

2008) (Hoffman et al. 2000). These alterations are closely associated with cognitive impairment 

as demonstrated in cross-sectional and longitudinal studies (Alexander et al. 2002) (Mosconi 

2005) (Ossenkoppele et al. 2012). The potential prognostic accuracy of FDG in predicting 

progression to AD in MCI patients has been consistently demonstrated by a number of studies, 

confirming the pattern of hypometabolism in the most affected regions – medial temporal and 

inferior parietal cortex (Anchisi et al. 2005) (Sörensen et al. 2019). A number of authors have 

also evaluated alterations in FDG uptake attributed to pharmacodynamic drug effects (Hampel et 

al. 2010). Using FDG-PET in a combination with other validated markers of AD-related 

pathology (like CSF tau measures) to predict prognosis in MCI patients, is thought to further 

improve its prognostic value (Fellgiebel et al. 2007).  

The most studied amyloid tracer is a11C-labelled thioflavin analogue known as Pittsburgh 

compound B (PIB) that crosses the blood-brain barrier and selectively binds to amyloid plaques 
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(specifically insoluble fibrillary forms of beta-amyloid 40 and 42) and doesn’t bind to soluble 

amyloid forms (Lockhart et al. 2007) (Klunk et al. 2004). Marked retention of PIB have been 

shown diffusely in frontal, parietal, temporal as well as occipital cortex and striatum in patients 

with diagnosed AD (Klunk et al. 2004). It should be noted, however, that increased global PIB 

retention may be observed also in a significant number of elderly non-symptomatic individuals 

and a shift has been prompted towards the longitudinal assessment of the relationship between 

Aβ burden and cognitive decline, as amyloid positivity is thought to relate to preclinical AD 

(diagnostic criterium). Regardless of results confirming significantly higher rate of conversion to 

AD in MCI patients with positive PET measures, it has been additionally noted that only using 

this modality with other methods, like combination with structural MRI, could predict a 

significantly shorter time to progression (Jack et al. 2010).   

3.1.2 Cerebrovascular and mixed dementia  
 
Whereas AD accounts for an estimated 60-80% of dementia cases (Wilson et al. 2012); as any 

other syndrome, it can possibly have a number of causes, each related with distinctive symptoms 

and structural patterns. Many individuals with symptomatic dementia have brain abnormalities 

associated with more than one pathology. Historically, evidence of the other most common cause 

of dementia – vascular dementia (VaD, was used as an exclusion criterium for a diagnosis of 

AD. That guideline is no longer valid, consistent with the pathologic studies, which show that the 

brain changes of AD and VaD commonly coexist. Co-occurring neuropathology was discovered 

in about half of patients with AD (Brenowitz et al. 2017). VaD as a solitary diagnosis is 

considered to account for about 5-10 % of dementia cases (Brenowitz et al. 2017) (McKhann 

2011). At the clinical level, confirmation of two or more causes of dementia leads to the 

diagnosis of mixed dementia. Recent studies suggest that mixed dementia is more common than 

previously recognized (Schneider et al. 2009) and its prevalence increases with age, with highest 

rates in the oldest old individuals (James et al. 2012) (De Reuck et al. 2018).  Deteriorated 

executive functions like impaired judgment or ability to make plans or decisions are the most 

characteristic features in patients with dementia of cerebrovascular etiology, as opposed to 

memory loss typical for early stages of AD. Difficulties with gait and balance are also common.  

 
3.1.3 Frontotemporal dementia  
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Frontotemporal dementia (FTD) or frontotemporal lobar degeneration (FTLD) accounts for less 

than 10 percent of dementia cases (National Institute on Aging 2018). It is a group of 

neurodegenerative diseases associated with accumulation of several proteins such as 3-repeat and 

4-repeat tau, and TAR DNA-binding protein 43 (TDP-43), including behavioural-variant FTLD, 

primary progressive aphasia, Pick’s disease, corticobasal degeneration and progressive 

supranuclear palsy, any one of which can result in frontotemporal disorder characterized with 

personality and behavioural changes and/or language impairment (Neumann & Mackenzie 

2019). Majority of individuals with FTLD tend to develop symptoms at younger age than 

patients with AD; about 60% at age 45 to 60 (National Institute on Aging 2018). It has been 

shown that using FDG-PET to differentiate between AD and FTLD may result in greater 

accuracy than clinical assessment (Foster et al. 2007).  

 

3.1.4 Dementia with Lewy bodies  
 
Symptoms of dementia are also developed by patients with Lewy body disease (DLB, or 

Dementia with Lewy bodies). Misfolded alfa-synuclein is the main component of intracellular 

inclusions called Lewy bodies, that compromise of aggregated vesicles and proteins causing 

neuronal loss in specific brain regions. The revised DLB diagnostic criteria (McKeith et al. 2017) 

distinguish between diagnostic biomarkers and clinical features which include: fluctuating 

cognition with prominent variations in attention and alertness, altered executive functions, 

visuospatial impairment, sleep disorders (REM sleep behaviour disorder) and well-formed visual 

hallucinations that may be pronounced in early stages. Memory impairment may not necessarily 

be present early, but usually occur along the progressive course of disease. Diagnostic criteria 

also include one or more key features of parkinsonism: bradykinesia (defined as slowness of 

movement and decrement in amplitude or speed), rest tremor, or rigidity (McKeith et al. 2017) 

(Postuma et al. 2015).  

 

About 5-10 % of individuals with dementia show evidence of DLB alone, however, the co-

occurrence with AD pathology is more common (Alzheimer’s Association. 2019 Alzheimers’s 

Disease Facts and Figures. 2019). Because of essential differences in patient management and 

outcome, providing effective differential diagnosis is crucial.  In the absence of one direct 

biomarker of DLB, several indirect methods were described as indicative, including 
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neuroimaging biomarkers like reduced dopamine transporter uptake (DAT) in basal ganglia 

(McKeith et al. 2017). Due to the fact that severe nigrostriatal dopaminergic degeneration 

typically occurs in DLB, but not in AD, the diagnostic accuracy appeared sufficiently high for 

DAT imaging to be clinically valid in distinguishing DLB from AD (McKeith et al. 2007). 

Generalized low uptake on SPECT/PET perfusion/metabolism scan with reduced occipital 

activity or the posterior cingulate island sign on FDG-PET imaging were proposed as supportive 

neuroimaging biomarkers (Lim et al. 2009) (O’Brien et al. 2014) (McKeith et al. 2017). Unlike 

in DLB, the occipital cortex in AD patients may retain its physiological glucose metabolism 

(Rice & Bisdas 2017). Likewise, in a clinical MR setting, relative preservation of medial 

temporal lobe structures on CT/MRI scan can be useful for separating DLB from AD (Harper et 

al. 2016); however, evidence of mediotemporal atrophy in DLB may suggest the co-occurring 

AD-related pathological process.   

The accumulation of Lewy bodies in the cortex, alongside the accumulation of beta-amyloid 

plaques and tau tangles, also contributes to the symptoms of cognitive decline in advanced stages 

of Parkinson disease (PD). Recent studies show that signs of secondary dementia including 

frontal executive dysfunction in PD patients may be further associated with levodopa-induced 

dyskinesis (Yoo et al. 2019).  

 

3.1.6 Normal pressure hydrocephalus (NPH) 
 
Normal pressure hydrocephalus (NPH) is a clinical syndrome, first described by Adams et al. 

(ADAMS et al. 1965), manifested by the clinical triad of symptoms including gait disturbance, 

urinary incontinence and dementia. Whereas CSF pressure may be normal at one spinal tap, 

episodes of increased CSF pressure can occur, and hence NPH is also referred to as "intermittent 

pressure hydrocephalus". NPH is caused by excessive accumulation of CSF in the ventricular 

system due to an impairment of its flow and absorption. Roughly 50% of cases with NPH have a 

known cause (secondary or symptomatic NPH), such as meningitis, subarachnoid haemorrhage, 

or cranial trauma, while the remaining 50% of cases are idiopathic, usually presenting in the 7th 

decade of life (Damasceno 2015).  

 

Idiopathic NPH is relatively common in the elderly population, with an estimated prevalence of 

1.4% (comparing to 13% in AD) in people aged 65 years or older (Tanaka et al. 2009) (Hebert et 
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al. 2003), accounting for about 5-6 % of all dementias (Verrees & Selman 2004) (Damasceno 

2015). Difficulties in differential diagnosis of NPH are common due to the fact that clinical 

manifestations of the triad (complete or incomplete) are often mimicked by other diseases; in 

particular they may be presented in VaD, PD, DLB, corticobasal degeneration (CBD), 

progressive supranuclear palsy, multiple system atrophy, medication side effects; or commonly 

seen in combination with other diseases (Damasceno 2015). In particular, there is an evidence for 

frequent co-morbidity of NPH and AD, which is reported from 31 to 75% (Golomb et al. 2000) 

(Leinonen et al. 2012) (Malm et al. 2013). 

 

Unlike AD, NPH is considered to be potentially reversible cause of dementia, treatable by 

ventriculo-peritoneal (VP) shunt insertion. Results obtained from VP shunting vary widely 

(Bateman & Loiselle 2007) (Aygok et al. 2005) (Hamilton et al. 2010) (Klassen & Ahlskog 

2011) and the postoperative response rate in NPH ranges from 10% to 90% in various studies. 

There are some longitudinal studies suggesting that the co-occurring moderate-to-severe AD-

related pathology results in poor response to VP shunting (Hamilton et al. 2010). However, the 

issue of misdiagnosis cannot be excluded in some cases and it can be one of the possible 

explanations for poor response to shunting; hence some patients may present ventriculomegaly 

ex-vacuo rather than due to NPH (Klassen & Ahlskog 2011). Nevertheless, NPH with cognitive 

impairment as a prominent or initial symptom is considered to have worse prognosis after 

shunting. Improvement in gait and cognition after shunting has been observed in individuals that 

demonstrated prior typical NPH syndrome regardless of the co-occurrence of AD pathology 

(Golomb et al. 2000) (Bech-Azeddine et al. 2007). As have been mentioned, NPH-associated 

dementia is considered to be multifactorial, related to both cortical and subcortical changes, as 

well as to pressure-induced ischaemia or even vascular disease (Golomb et al. 2000) (Tullberg et 

al. 2002).  

 

The classic triad of symptoms occurring in NPH is predominantly thought to be related to the 

compression of the subcortical WM tracts around the enlarged lateral ventricles (Ding et al. 

2001). Whereas ventriculomegaly is a key diagnostic hallmark in radiological evaluation of 

NPH, the magnitude of ventricular enlargement and the extent of WM impairment often do not 

go along with the severity of NPH symptoms or response to shunting (Lenfeldt et al. 2011). 
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Accordingly, due to high rates of revised diagnoses of NPH, it has been confirmed that 

previously reported NPH-related ventriculomegaly cases with suspected double underlying 

pathology, may in fact refer to symptomatic expressions of other neurodegenerative process, 

further explaining unfavourable risk-benefit ratio for VP shunting (Espay et al. 2017). 

 
3.2 Patterns in structural MRI  
 
 

MRI has become one of the most powerful and versatile diagnostic tools available to clinicians 

and researchers. There has been tremendous growth in both technology and clinical usage since 

MRI first became available. In the last decades, structural neuroimaging has become widely 

available and recommended as part of the clinical evaluation in a number of different dementias 

(Hort et al. 2010) (Rascovsky et al. 2011). Correctly distinguishing between various causes of 

neurodegenerative diseases related with progressive cognitive decline is challenging but 

substantial for patients and their families to provide holistically adequate approach. Apart from 

excluding treatable causes of cognitive deficits, the role of imaging techniques has been 

established as a valuable support in providing information on specific pattern of changes related 

to different neurodegenerative processes, like offering positive predictive value for underlying 

disease pathology. Detailed descriptions of topographical MRI patterns used as markers of 

neuronal injury have contributed to better understanding of the pathogenesis of AD and other 

dementias. Neuroimaging is commonly used to assess disease progression and has been included 

in numerous studies and trials investigating progressive cognitive decline. 

 

3.2.1 MRI basics  
 

MRI relies on the physical principles of nuclear magnetic resonance and measures the magnetic 

properties of biological tissues. Hydrogen, is an atom present in water and fat; therefore, 

abundantly represented in the human body and particularly useful for the purpose of such 

measurements. Classical and quantum explanations of MRI as we know in a clinical setting start 

with magnetic property of hydrogen proton – called spin (or quantized angular momentum), 

which may be simplified to the concept of a rotation around its own axis. Spins are behaving like 

little magnets (magnetic dipoles) and in the absence of an external magnetic field their 
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orientation is random; when spins are placed in an external, static magnetic field (B0), they align 

with this magnetic field and start precessing around an axis parallel to the direction of B0, but 

with a random phase. The frequency of the precession (called the Larmor frequency (ω, 

measured in MHz)) is proportional to the magnetic field strength the hydrogen nucleus is 

experiencing (in Tesla); the gyromagnetic ratio (γ) is a constant specific to each specific nucleus 

or particle, measured in MHz/Tesla): 

𝜔 = γB 

Spins can align either spin-up (parallel) or against (antiparallel) to the main magnetic field. More 

spins are aligned parallel (or more accurately in the spin-up condition – associated with lower 

energy state), and the sum of the protons precessing in the same direction around the direction of 

the external field is described as a net longitudinal magnetization (Fig. 3.2) When a patient is 

placed in the MRI scanner, most protons will align parallel to the magnetic field (B0, the Z axis).  

 

 

Fig. 3.2. The concept of net longitudinal magnetisation: The spin (and associated magnetic moment and 
angular momentum) is probabilistic in nature. Thus, each spin doesn’t in fact align with the B, but rather 
exists in a probabilistic shape (cone) and spin-up and spin-down implies that probabilistic cone that faces 
up or down. The number of excess nuclei in external magnetic field (in lower vs. upper energy states) is 
proportional to B0. These excess nuclei are the source of magnetization for all MRI experiments. Image 
adapted from http://users.fmrib.ox.ac.uk/~mchiew/teaching/   

Hydrogen protons may be triggered by an orthogonal radiofrequency pulse (RF); resonance 

occur when RF is applied at the same frequency (Larmor frequency) – spins absorb energy in a 

process called excitation and start rotating at the same phase. Following the excitation pulse an 

additional net transverse magnetisation is produced in a plane perpendicular to the Z axis. When 

the RF pulse is switched off, the protons start returning to their original configuration, parallel to 
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the main magnetic field. The process by which the protons release the energy that they absorbed 

from the RF pulse is known as relaxation. Naturally occurring, two separate processes take place 

during this relaxation phase, characterised by two distinct time constants. While both times 

measure the spontaneous energy transfer by an excited proton, they differ in the final disposition 

of the energy (Dale et al. 2015). The recovery of the parallel magnetisation is characterised by 

the exponential time constant T1. T1 relaxation is the process by which the net magnetization 

returns to its initial maximum value parallel to B0 (longitudinal relaxation, spin-lattice 

relaxation). T2 relaxation is the process by which the transverse components of magnetization 

decay or dephase (transverse relaxation, spin-spin relaxation). During the relaxation phase 

protons emit RF energy, which in a form of a “signal” can be detected (read-out) by the MRI 

scanner, measured and transformed into an image. Gradient magnetic fields are applied to 

differentiate between signal from different locations by assigning different resonant frequencies 

to different spatial positions.  

Due to the fact that protons have different relaxation rates depending on the tissue type, 

relaxation process is a fundamental aspect of MRI that provides the primary mechanism for 

image contrast. For example, tissues that consist mostly of water (like CSF), can be made to 

appear either bright (on T2-weighted images) or dark (on T1-weighted MRI brain images). 

Importantly, the RF pulses and magnetic fields used in MRI can be manipulated in numerous 

ways to modify the appearance of specific tissues for greater versatility and diagnostic utility.   

 
3.2.2 MRI protocol   
 
Validation of a systematic MR acquisition and reviewing protocols has become of a great 

importance in order to ensure the better reliability and reproducibility for any diagnostic process. 

Whereas specific protocols have been developed for clinical and scientific purposes (Jack et al. 

2008a), a typical “dementia MRI protocol” in a clinical setting consists of an axial T1-weighted 

3-D images, axial (and coronal) fluid attenuated inversion recovery (FLAIR), axial T2-weighted, 

axial susceptibility-weighted imaging, axial diffusion-weighted imaging (DWI), and an apparent 

diffusion coefficient (ADC) map derived from the diffusion scans (Asselin et al. 2019). 

Reviewing algorithm in the context of AD and other dementias should in the first place include 

assessment of the presence (or absence) of intra- or extra-axial lesions that are potentially 
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reversible and amenable to surgical intervention (tumors, arteriovenous malformations, subdural 

hematoma or hydrocephalus). Subsequent viewing protocol should include evaluation of other 

signal alterations within brain structure, with the following assessment of brain atrophy. 

 

3.2.3 Vascular cognitive impairment and vascular dementia  
 
The radiologic evaluation of signal alterations using T2-weighted imaging or FLAIR images can 

detect inflammatory demyelinating diseases, infections, toxic or metabolic processes which may 

be contributing to clinical manifestation of cognitive decline. Nevertheless, in the context of 

probable dementia, punctate or confluent regions of signal change within white matter (and/or 

deep grey matter) are highly indicative of vascular damage to the brain (Harper et al. 2014).  

Designations of vascular cognitive impairment (VCI) and vascular dementia (VaD) are related to 

the entire spectrum of cognitive disorders resulting from vascular brain injury of both ischemic 

and non-ischemic origin. Pathophysiological findings underlying VCI include dysfunction of the 

neurovascular unit and mechanisms regulating cerebral blood flow (Gorelick et al. 2011). If 

T2/FLAIR signal changes are found in strategic locations, such as arterial territories, association 

areas and watershed carotid territories, it is assumed that VCI or VaD result from large vessel 

disease. Similarly, the evidence of lesions that are located bilaterally in thalamus imply small 

vessel disease (SVD), as well as the evidence of multiple lacunar infarctions in frontal WM and 

basal ganglia. T2 hyperintensities with corresponding T1 and FLAIR hypointensity in regions of 

a single deep perforating arteriole are indicative of small deep brain infarcts, especially when a 

rim of hyperintensity is present on FLAIR images, reflecting gliosis. Susceptibility weighted 

imaging is commonly used to detect cerebral microhemorrhages or microbleeds (CMBs), with 

small and rounded hypointensities that are radiological manifestations of focal leakage of blood-

breakdown products from abnormal blood vessels. The location of these alterations is suggestive 

of underlying pathological processes: CMBs associated with hypertension are distributed mostly 

in deep brain regions, and CMBs associated with cerebral amyloid angiopathy (e.g., in AD) 

predominantly develop in cortical-subcortical regions; the co-occurrence of both phenomena is 

not uncommon in elderly subjects (Poels et al. 2011).  
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It is worth repeating that co-occurring neuropathology is found in as many as about half of 

patients with AD and the evidence of co-existing causes of cognitive impairment (including that 

of vascular origin) is no longer used as an exclusion criterium for a diagnosis of AD (Brenowitz 

et al. 2017). In the regard of commonly overlapping symptoms undermining clinical expression 

of cognitive deficits, discriminating the vascular contribution from neurodegenerative etiology 

has become a common clinical issue where MRI plays an unprecedented role.   

 

3.2.3.1 Fazekas scale   
 
The severity of T2/FLAIR hyperintensities located in cerebral white matter can be quantified by 

application of an established visual rating scales such as the age-related WM changes scale 

(Wahlund et al. 2001) or the Fazekas scale (Fazekas et al. 1987). Qualitative assessment of 

periventricular and deep white matter hyperintensity (WMH) burden using the Fazekas scale on 

FLAIR/T2 images involves WMHs grading from 0-3 (0: absent; 1: punctate foci; 2: beginning 

confluence; 3: large confluent areas) (Fig. 3.3). WMHs are foci of WM damage caused by 

vascular impairment or micro-angiosclerosis and their confluence in at least two regions, and the 

beginning of confluence in a further two regions that involve at least a quarter of the total WM, 

is sufficient to diagnose SVD (van Straaten et al. 2003).  

 

 
 

Fig. 3.3. Fazekas scale. Adapted from Radiopaedia.org, case courtesy of Dr Bruno Di Muzio, rID: 36927.  
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Although pathological studies suggest that WMHs may be primarily of ischemic nature as 

evoked by hypoperfusion, there is an emerging evidence that they may also reflect vascular 

deposition of beta-amyloid, particularly when distributed in posterior areas in patients with AD 

(Brickman et al. 2009). Nevertheless, age-related WMHs serve as robust radiological markers 

corresponding with cognitive decline, and when distributed in anterior brain regions, they are 

associated with deterioration in executive functions that is typical for normal aging. WMHs are 

found in 30-40% of all dementia patients (Asselin et al. 2019). Only minor cognitive decline has 

been observed in patients with the lower Fazekas score (Fazekas groups 1 and 2), whereas effect 

sizes in Fazekas group 3 seem to correspond with substantial deterioration in cognitive domains 

like social cognition, attention and memory (Kynast et al. 2018).  

Regardless of the absence of consensus in the context of WMH association with AD, a growing 

number of studies confirm predictive value of increased total WMH volume in AD diagnosis, 

independently from amyloid positivity. Some of recent findings suggest that WMH volume rates 

may be associated with preclinical AD equally or more accurately than conventional AD 

biomarkers and cognitive tests (Provenzano et al. 2013) (Kandel et al. 2016). Nevertheless, 

current models emphasize that as the key manifestation of SVD, WMHs contribute to AD 

clinical presentation independently, regardless of an increasing awareness for its importance as a 

predictor of cognitive decline and dementia. Conversely, in the absence of MRI evidence of 

vascular damage, neurodegenerative etiology remains the most likely cause of cognitive decline 

and further evaluation of structural imaging should be focused on cerebral atrophy.   

3.2.4 Cerebral atrophy assessment  
 
While the properties of structural neuroimaging, such as excellent tissue contrast and high 

resolution allow for cerebral atrophy to be estimated accurately, visual assessment remains the 

primary method of scan interpretation in a clinical setting.  

Global and regional brain atrophy is typically best identified on T1-weighted images; FLAIR and 

T2 images can be additionally used for the global evaluation. Coronal-oblique T1-weighted 

images are obtained in a plane orientated orthogonal to the long axis of hippocampi and parallel 

to the brainstem; images should be obtained with high resolution three-dimensional volume 

acquisition that can be reconstructed in all three planes. Thin-section coronal images enable the 
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reliable assessment of medial temporal lobe and hippocampal atrophy. Sagittal T1-weighted 

reconstructions are used for the evaluation of midline structures, as well as offer solid utility for 

rating parietal atrophy.  

3.2.4.1 Visual atrophy rating scales 
 
Several visual rating atrophy scores have been created to better utilise clinically relevant 

information and improve diagnostic accuracy in patients with cognitive deficits, using more 

structured approaches. Although primarily developed for research purposes, visual scales can be 

applied directly to a clinical set of images, usually without the need for additional software. A 

four-point or five-point scales are most commonly applied, with dichotomisation used to classify 

normal and abnormal scan appearance, where scale points 0 and 1 usually represent the degree of 

variation within the normal population, with points 2 and above describing pathological 

alterations (Harper et al. 2015). Visual scales that are widely used in a diagnosis of cognitive 

deficits focus on brain regions that are particularly susceptible to neuronal loss due to underlying 

pathology, and while offering the atrophy quantification at the individual level, they serve as 

potentially clinically applicable tools. The added value of combining scores from several visual 

rating in different brain regions may also increase the diagnostic value of these tools (Harper et 

al. 2016) (Yuan et al. 2019).  

 

3.2.4.2 Focal lobar atrophy   
 
Establishing diagnostic value of scales rating atrophy in patients with cognitive deficits is 

possible mainly due to the presence of patterns that are indicative of distinctive underlying 

processes, regardless of a certain degree of overlapping between conditions. Evidence of focal 

predominance in atrophy may serve as an initiating point narrowing the differential diagnosis 

(Harper et al. 2015).  

 
3.2.4.2.1 Frontal lobe atrophy     
 
In most cases, an asymmetrical pattern of atrophy or more anterior than posterior atrophy pattern, 

is associated with underlying FTLD pathology rather than AD pathology. Disproportionate 

frontal lobe atrophy is thus highly suggestive of FTLD (Harper et al. 2015). Clinical and 

anatomical differentiation within a broad syndrome category is related to a substantial variability 
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in the hemispheric distribution of atrophy, with predominantly extratemporal atrophy strongly 

asymmetric in Pick's disease group and relatively symmetrical in corticobasal degeneration – 

CBD, despite a clinical presentation suggesting asymmetrical correlation (Rohrer et al. 2011). 

Frontal atrophy in behavioural variant of FTD (bvFTD) may be either symmetrical or 

asymmetrical (with or without manifestation of additional temporal lobe atrophy) (Whitwell et 

al. 2013). Left posterior frontal and insular atrophy which may be limited to a subtle widening of 

the left sylvian fissure, is thought to be an anatomical discriminator in nonfluent forms of 

primary progressive aphasia – progressive non-fluent aphasia (Gorno-Tempini et al. 2011). In 

fact, each FTLD subtype pathological alterations may be associated with a variety of clinical 

presentations, although with different frequencies; clinical similarities therefore can arise from 

relatively distinct pathophysiological and neuroanatomical mechanisms (Gorno-Tempini et al. 

2011) (Rohrer et al. 2011) 

 

3.2.4.2.2 Temporal lobe atrophy  
 
Distinctive patterns of neuroanatomic damage are characteristic for primary progressive aphasia 

subtypes: apart from left posterior fronto-insular regions affected in nonfluent forms, 

predominantly left anterior temporal regions are involved in the semantic dementia variant of 

FTD, and temporo-parietal regions in the logopenic variant (Gorno-Tempini et al. 2011). In 

general, asymmetric temporal atrophy is the key imaging feature in patients with dementia due to 

FTLD, but it can also be seen in patients with AD. Also, the presence of an anterior/posterior 

atrophy gradient in the temporal lobe is more suggestive of FTLD rather than AD (Harper et al. 

2014). 

Specifically, it is logopenic aphasia that has been found to be a result of AD pathology, contrary 

to the most of clinical syndromes associated with FTDL. It is characterised with the atrophy 

pattern extending from predominantly left temporal location to the posterior perisylvian and 

temporoparietal areas (Whitwell & Josephs 2012). In contrast to logopenic aphasia, posterior 

temporal structures are relatively preserved in semantic dementia, where atrophy is confined 

more anteriorly, and in the most severe form seen as ‘knife edge’ atrophy of the temporal pole, 

with selective loss of anterior fusiform gyrus volume (Gorno-Tempini et al. 2011). Conversely, 

the similar pattern of atrophy but located in right temporal lobe is most commonly detected in 
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bvFTD (Rascovsky et al. 2011). Initially significant asymmetry usually becomes less 

pronounced when bilateral temporal lobes become affected in the course progression of both 

bvFTD and semantic dementia (Harper et al. 2014). 

3.2.4.2.3 Frontotemporal atrophy scales   
 
Several frontotemporal atrophy scales that have been developed specifically for the differential 

purpose in the diagnosis of FTDL syndromes, were based on a postmortem staging scheme used 

to rate atrophy in FTD (Harper et al. 2015).	The scale proposed by Davies et al., rating atrophy at 

the level of the anterior temporal lobe and the lateral geniculate nucleus, has been proven 

particularly useful in discriminating atrophy as the most important variable to predict prognosis 

in patients with bvFTD (Davies et al. 2006). The extended scale devised by Kipps et al, 

including additional atrophy rating of the posterior temporal lobe, appeared to be specifically 

sensitive to semantic dementia focal pattern of changes (Kipps et al. 2007). Later scales have 

been broadened to assess anterior atrophy more accurately, focusing on three regions — orbito-

frontal, anterior cingulate and fronto-insular regions, all of them showing high potential for 

discriminating between neurodegenerative conditions (Davies et al. 2009) (Hornberger et al. 

2010). In these studies, multiple brain regions emerged as relevant in the differential diagnosis of 

AD (temporal pole, anterior hippocampus, insula, orbitofrontal gyri), indicating the more diffuse 

pattern of atrophy (Harper et al. 2016).  

 

3.2.4.2.4 Parietal and occipital lobe atrophy   
 
The differential diagnosis for posterior cortical atrophy (PCA) in the parietal and occipital cortex 

involves CBD, DLB, and in the first place – AD, especially with co-existing mediotemporal lobe 

(MTL) atrophy. PCA is thought to be common in AD patients with typical and atypical clinical 

manifestation, and may assist in the clinical distinction of AD from other forms of dementia, 

particularly from FTLD. When combined with relative sparing of MTL, PCA seems to be 

characteristic for patients with atypical appearance (Koedam et al. 2011), especially in early-

onset cases. Although mild hippocampal atrophy is usually present, atrophy of the posterior 

cingulum and the precuneus occurs to be the most characteristic finding in early-onset AD 

(Harper et al. 2014) (Lehmann et al. 2012). Less common causes of parietal atrophy may be 

associated with familial cases of FTDL with specific mutations, such as in patients with 
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progranulin mutation, in which apparent unilateral apparent frontoparietal atrophy extending into 

the temporal lobe has been described (Whitwell et al. 2012).  

 

3.2.4.2.5 Visual rating of posterior atrophy  
 
The Koedam scale measures PCA, assessed in sagittal, coronal and axial planes, focusing on the 

posterior cingulate sulcus, pre-cuneus, parieto-occipital sulcus and the cortex of the parietal lobes 

(Koedam et al. 2011). Separate scores are given in each imaging plane, separately for both 

hemispheres, and the highest score is acknowledged in the case of different scores in different 

planes. Based on a study population of AD and other dementias, the sensitivity and specificity of 

the Koedam scale for AD was 58% and 95%, respectively (Harper et al. 2015). When combined 

with MTL assessment, sensitivity of 73% and specificity of 87% has been reported for visual 

rating of PCA, confirming discriminative value in differentiating AD from FTD and normal 

ageing (Harper et al. 2014) (Koedam et al. 2011).  

 
3.2.4.3 Focal hippocampal atrophy   
 
Atrophy of the medial temporal lobe – the innermost part of the temporal lobe that includes the 

hippocampus, is the hallmark feature in the course of AD, and hippocampal atrophy has been 

incorporated in to diagnostic criteria as the most acknowledged and validated imaging biomarker 

of AD (Jack et al. 2011). Hippocampal atrophy in the preclinical stages was shown to predict the 

conversion to AD (Jack et al. 1999) (Wang et al. 2006) and the severity of cognitive deficits in 

MCI and AD appears to be correlated with the hippocampal volume (Sarazin et al. 2010).  

 

Visual rating of MTL atrophy allows for distinguishing AD with high sensitivity and specificity 

when compared to control subjects (Westman et al. 2011). Less pronounced or absent atrophy of 

MTL structures, unusual in AD-related dementia, has been reported to be consistent with DLB 

(Harper et al. 2016). Nevertheless, if present in DLB patients, regional atrophy is suggestive of 

co-existing AD neuropathologic change and may predict a more rapid clinical course (Nedelska 

et al. 2015). Dopamine transporter imaging is therefore considered to be more efficient tool in 

distinguishing DLB from AD (Harper et al. 2014). Again, symmetrical pattern of MTL atrophy 

may also be seen in bvFTD along with frontal lobe pattern as the disease progresses.  
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3.2.4.3.1 Hippocampal sclerosis  
 
Hippocampal atrophy accompanied with abnormal signal intensity (T2/FLAIR hyperintensity) is 

characteristic imaging feature of hippocampal sclerosis (HS) (Hanamiya et al. 2009). HS is the 

most common histopathologic abnormality found in adults with drug-resistant temporal lobe 

epilepsy (TLE) (Blümcke et al. 2013). The International League Against Epilepsy (ILAE) 

recognizes two main types of TLE: mesial temporal lobe epilepsy arising in the hippocampus, 

the parahippocampal gyrus and the amygdala, and lateral temporal lobe epilepsy arising in 

the neocortex at the outer lateral surface of the temporal lobe. The term HS is used to 

histopathologically define the pattern of selective neuronal cell loss with concomitant 

astrogliosis in the hippocampal formation (including the dentate gyrus) (Blümcke et al. 2013). 

Histopathologic subtypes of HS with examples of MRI findings in histopathologically verified 

types of TLE-HS are shown and described in detail in Fig 3.4. We further evaluate the effect of 

HS on hippocampal volumes in our study (subchapter 4.4) 

 

It is worth mentioning, however, that the percentage of TLE-related reported MRI findings can 

vary notably from 25% to approximately 70% in a clinical setting, with highest scores found 

when patients were referred to tertiary epilepsy centers (Blümcke et al. 2013). When described in 

nonepileptic elderly patients, HS-like patterns of cell damage may be possibly related to anoxic 

or ischemic injury and neurodegeneration (Nelson et al. 2011).  

 

3.2.4.3.2 Mediotemporal atrophy scales  
 
MTL rating scales were initially created for the use with MRI as well as CT imaging (De Leon et 

al. 1997). In 1992 Scheltens et al. proposed a visual rating scale that has been incorporated in the 

research criteria for the diagnosis of AD (Dubois et al. 2007). The Scheltens scale has been 

applied in many studies and has served as the basis for additional scores, which have also been 

widely used.  
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Fig. 3.4. On the left: Histopathologic subtypes of HS in patients with TLE. (A) ILAE HS type 1 shows 
pronounced preferential pyramidal cell loss in both CA4 and CA1 sectors (CA- cornu ammonis). Damage 
to sectors CA3 and CA2 is more variable, but frequently visible. Variable cell loss is also seen in the 
dentate gyrus, with abundant granule cell loss in the internal limb in this sample, and a transition with 
preservation of cells in the subiculum. (B) ILAE HS type 2 (CA1 predominant neuronal cell loss and 
gliosis): This is a rarer and atypical HS pattern characterized by neuronal loss primarily involving CA1 
compared with other subfields where damage is often not really detectable by visual inspection (C) ILAE 
HS type 3 (CA4 predominant neuronal cell loss and gliosis): This is characterized by restricted cell loss 
mostly in CA4. (D) No HS, gliosis only: Microscopic inspection does not reveal significant cell loss in 
any of the hippocampal subregions (no-HS). DGe/DGI, external/internal limbs of dentate gyrus; Sub, 
subiculum. On the right: 3T MRI findings in histopathologically verified types of TLE-HS. Presurgical 
MRI findings in TLE patients with histopathologically classified HS on the right side (left on panel). (A) 
ILAE HS type 1. (B) ILAE HS type 2. (C) ILAE HS type 3. In these specific examples, volumetric loss is 
severe in ILAE HS type 1, moderate in ILAE HS type 2, but not detectable in ILAE HS type 3. Adapted 
with permission from (Blümcke et al. 2013).  
 

The qualitative assessment of focal atrophy using the Scheltens scale is based on rating three 

hallmark features of MTL: the width of the choroid fissure, the width of the temporal horn of 

lateral ventricle and the height of the hippocampus (Scheltens et al. 1992) (Fig. 3.5). The score is 

graded from 0 to 4, where 0 means no hippocampal atrophy; 1: isolated widening of choroid 

fissure; 2: additional widening of temporal horn; 3: moderate loss of hippocampal volume; 4: 

marked widening of the choroid fissure, enlargement of the temporal horn and the severe loss of 

hippocampal volume and internal structure. Diagnostic sensitivity and specificity of MTL 

atrophy for AD were 81 and 67% in the original study, or much higher in numerous consecutive 



 39 

reports using Scheltens scale in a clinical setting (Westman et al. 2011). The score of 2 for 

individuals older than 75 years of age is considered to be normal. 

 

Fig. 3.5. Scheltens scale. Adapted from Radiopaedia.org, case courtesy of Dr Bruno Di Muzio, rID: 42027  
 
 
The Scheltens scale is used a part of the extended rating scale proposed by Galton et al., that 

additionally incorporates medial non-hippocampal structures, as well as anterior and lateral 

regions; the complete Galton scale has been reported as helpful in a differential diagnosis 

(Galton et al. 2001). Later improvements on the clinical utility of the Scheltens scale include 

calibrated visual rating system using reference images for calibration of atrophy ratings in 

several discrete brain regions, including the entorhinal and perirhinal cortex (Urs et al. 2009). 

Further adaptations enable rating of MTL atrophy with the use of the axial plane images (Kim et 

al. 2014) or short inversion time inversion recovery images (Kaneko et al. 2012). 

 
3.2.4.4 Generalised atrophy   

Symmetrical generalised atrophy is commonly observed in AD and DLB, and may also 

accompany WM alterations in patients with VaD. Global brain atrophy without focal lobar 

volume loss is a typical finding on structural MRI studies in normal ageing, as one of the features 

associated with the accumulation of multiple age-related structural changes. These changes are 

highly heterogeneous in individuals and result in a variety of clinical cognitive manifestations 

(Harper et al. 2014). Assessment of these non-specific changes to determine whether they are 
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early indicators of neurodegenerative disease is challenging, because the findings in a normally 

aging brain can overlap with pathological findings in dementias.  

Gradual decline of brain volume occurring in later decades of life may be visualized on MRI as 

dilatation of the cortical sulci that can be associated with cortical and subcortical grey matter 

(GM) as well as WM loss. A typical widening of the sylvian fissure, the basal cisterns, the 

ventricles and the interhemispheric fissures, along with increasing prominence of the 

perivascular spaces is commonly observed in older patients. In a normally aging brain the frontal 

lobes are usually affected first (related to deterioration of executive findings), followed by the 

parietal lobes atrophy and enlargement of the lateral ventricles with relative sparing the temporal 

horns; any change in the temporal horns is therefore suggestive of pathological finding in 

neurodegenerative disease. 

The finding of ventricular enlargement that is disproportionate to cerebral atrophy may be 

suggestive of NPH. Ballooning of frontal horns and widening of temporal horns without 

evidence of hippocampal atrophy, accompanied by periventricular hyperintensities that are not 

attributable to microvascular ischemic changes or demyelination, are MRI (or CT) signs of NPH 

that may be decisive for the diagnosis and selection of shunt-responsive patients (Damasceno 

2015). Further NPH-related features include thinning and elevation of the corpus callosum, with 

callosal angle between 40º and 90º (Fig 3.6) and aqueductal or fourth ventricular flow void. 

Ventricular enlargement can be measured with Evans index, which is the ratio between the 

maximal width of the frontal horns and the maximal width of the inner table of the cranium at the 

level of the frontal horns; or by an equivalent measure. In case of Evans index>0.3 ventricular 

enlargement is considered disproportionate and not entirely attributable to cerebral atrophy.  

In NPH the ventricles are disproportionately more dilated than the cortical sulci, which are 

narrow or obliterated at the high convexity and midline, with local narrowing of the 

subarachnoid space surrounding the medial and outer brain surface (Fig. 3.6) (Damasceno 2015) 

(Hashimoto et al. 2010). On this basis, the finding of dilated ventricles accompanied with 

relatively enlarged basal cisterns and Sylvian fissures may be misleading and challenging in the 

context of evaluation cerebral atrophy and differential diagnosis.    
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Fig. 3.6. Coronal head CT (left) and MRI (right) at the level of the posterior commissure: in the left 
image, the CSF spaces over the convexity near the vertex are narrowed (red circle), as are the medial 
cisterns - these are typical findings of NPH. On the right image, however, the CSF spaces over the 
convexity near the vertex (red arrow) and the medial cisterns (green arrow) are widened, a finding 
consistent with brain atrophy. The blue lines in both images indicate the callosal angle: an angle less than 
90º is typical of NPH (left image), while an angle greater than 90º is typical of brain atrophy (right 
image). The blue arrows indicate periventricular signal alterations; the unilateral occurrence of these 
alterations (right image) suggests they are probably due to vascular encephalopathy. The abnormalities 
seen in the left image may well represent transependymal CSF changes due to NPH. Reproduced from 
(Damasceno 2015) (In turn citing from (Kiefer & Unterberg 2012), with permission. 

3.2.4.4.1 Visual rating of global cortical atrophy  

The qualitative assessment of global cortical atrophy on axial FLAIR images can be performed 

with the use of the Pasquier scale, also known as the global cortical atrophy (GCA) scale. The 

GCA scale is grading sulci diameters and gyri volumes in frontal, parieto-occipital and temporal 

regions, as well as assess ventricular system size (Pasquier et al. 1996). A visual rating scale 

developed by O’Donovan et al to assess ventricular enlargement has been used in a study 

distinguishing between AD and DLB with the use of the GCA scale, with scores confirming 

similar, general atrophy pattern in both groups of patients (O’Donovan et al. 2013). Practical 

implications associated with specifying multiple regions of interest (ROIs) has led to the 

development of the simplified scale to be primarily used as a component part of a larger 

diagnostic assessment (Harper et al. 2015). Comparing with other atrophy scales, GCA scale 

remains considered to be more confounded by age, as a result of extensive character of brain 

coverage, and the use of age-specific cut-offs may be needed to be improve a diagnostic value of 

the scale (Scheltens et al. 1997).  
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Rates of change in whole-brain volumes have been found to correlate with changes in cognitive 

performance, supporting their validity as markers of disease progression. Previous longitudinal 

studies that used time between initial and follow-up examination to model disease progression 

found whole-brain atrophy rates of 0.4–0.7% for cognitively normal older individuals and of 

0.6–2.2% for AD patients (Dicks et al. 2019). It has been observed that these rates measured in 

AD (prior to developed dementia), have been estimated at 1.4–2.2% per year, whereas rates of 

atrophy during normal aging (for a mean age of 70 years) do not usually exceed 0.7% per year 

(Frisoni et al. 2010). However, contrary to the assumptions of many previous studies, whole-

brain atrophy is not a linear (simply age-related) phenomenon and appears to accelerate in late 

onset AD during the transition stages to the MCI and AD dementia (Jack et al. 2008c).   

3.2.5 Morphometric methods 
 
As already reviewed, structural imaging can provide clinically useful information in patients 

with cognitive decline. Whereas gross atrophic changes can be assessed visually, a number of 

more advanced neuroimaging techniques such as volumetric quantification or automated 

classifier algorithms appear to be extensively reported in AD-related research and clinical trials 

(Harper et al. 2015). The design of brain morphometric studies depends on multiple aspects that 

can be categorized variably, due to the possibility of analysing brain properties at different scales 

(e.g., in the whole brain, regions of interest, cortical or subcortical structures), or even between 

different modalities. Furthermore, studies can be longitudinal (within the same brain, measured 

at different times) or cross-sectional (across brains). And finally, the data can be subjected to a 

wide range of distinctive approaches and tools for image processing and analysis steps.  

 

3.2.5.1 Rates of change in whole-brain volume 

Mapping of the dynamic change in cerebral atrophy, associated with a measurement of global 

brain volume over time, can be achieved by a number of methods; some of them serve as on-site 

developed techniques (Josephs et al. 2008), some are applied on a larger scale with the use of 

software packages (Sluimer et al. 2010). Some of these packages are commercially available or 

under General Public License (GNU), like Structural Image Evaluation, using Normalisation, of 

Atrophy (SIENAX), part of FSL (FMRIB Software Library (Smith et al., 2002) 

(http://www.fmrib.ox.ac.uk/analysis/research/siena/) (described in Chapter 4.1.1 – Methods).  
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3.2.5.2 Voxel-based morphometry (VBM) 
 
Whereas whole-brain atrophy is not specific to AD (or even to neurodegeneration), it is the 

pattern of GM loss or cortical thinning that has been found to be more disease specific and 

correlating cross-sectionally and prospectively with clinical symptoms (Frisoni et al. 2010) 

(Apostolova & Thompson 2008). GM atrophy modelled as a function of time in patients with 

abnormal baseline amyloid has been shown to occur faster in temporal lobes in AD dementia, 

while frontoparietal areas seem to be involved also in prodromal AD when GM volumes were 

modelled with age (Dicks et al. 2019).     

 

The most popular morphometric method that can simultaneously visualize group differences or 

statistical effects on GM (and WM), throughout the whole brain is known as Voxel-based 

morphometry (VBM) (Ashburner & Friston 2000) (Good et al. 2001). VBM was primarily 

developed to investigate voxel-wise differences in the local GM volume between several 

populations, or in one population related to one clinical score. While measuring structural 

differences among populations, VBM is sensitive to differences derived from a comparison of 

the local composition of various brain tissue types (e.g., GM, WM, CSF), while removing 

positional and large-scale volume differences, down to a specified spatial scale (Ashburner & 

Friston 2001). This approach is unbiased, and requires no a priori information about the location 

of these possible differences in the GM. VBM is available for many of the major neuroimaging 

software packages, like Statistical Parametric Mapping (SPM) or FSL (FMRIB Software 

Library, http://www.fmrib.ox.ac.uk/fsl, more detailed description is covered in Chapter 4.1 

Methods) and it provides an efficient tool to test or generate specific hypotheses about brain 

changes over time.   

 

In general, image registration is the process of transforming different sets of data into one 

coordinate system, and this step is necessary for any kind of inter-subject comparison. In order to 

compare the structural MRI brain images on a voxel-wise basis, they first need to be transformed 

into a standard space (usually Montreal Neurological Institute template MNI152 – a standard 

space average of 152 brains), which involves the use of non-linear registration (Andersson et al. 

2007). The classical VBM approach initially segments the brain into three tissue classes – GM, 

WM and CSF, then aligns GM individual maps to a common space and averages the data of all 



 44 

subjects while retaining information on the variability of each study group. GM images are 

smoothed to reduce the confounding effects of individual morphological differences while 

retaining the global disease associated changes (Apostolova & Thompson 2008).  

 

The local differences in GM density (or volume) can be subsequently statistically analysed 

across scans at the voxel level via general linear modeling (GLM) techniques and further 

interpreted in anatomical terms (e.g., as GM atrophy). VMB has been proven to be a useful 

method in assessing GM volume changes when comparing AD patients with healthy controls 

(Baron et al. 2001), especially when correlated with poor cognitive performance (Kim et al. 

2011b).  

 

Nevertheless, the interpretation of the results obtained with the traditional voxel-wise techniques 

was considered to be problematic and the approach criticised for its limitations. Possible bias has 

been associated with difficulties to determine if the observed local differences in GM distribution 

effectively mirror reduced cortical thickness or reflect different gyrification patterns resulting 

from the misalignment of the gyri and sulci (Douaud et al. 2007). The newer generation of VMB 

approaches addresses this issue by modulating the voxel intensity of the spatially normalized 

GM maps to correct for local expansion (or contraction) due to the non-linear component of the 

spatial transformation. As a result, the final modulated voxel contains the same amount of GM as 

in the native pre-registered grey matter map (Douaud et al. 2011) (Apostolova & Thompson 

2008). However, even with the improved design, the amount of spatial smoothing used in VBM 

remains the limiting factor in the interpretation of results. Digital filtering of GM maps is a step 

necessary to counterbalance the inter-individual differences in images that allows for easier 

detection of systematic, global disease-induced effects as opposed to individual variability; 

nevertheless, it occurs at the expense of blurring of focal changes (Apostolova & Thompson 

2008).  

 

3.2.5.3 Tensor/deformation-based morphometry (DBM) 
 
Whereas VMB is still currently widely used, some other alternatives exist. Deformation-based 

morphometry (DBM) is a fully automated, voxel-based method that can objectively analyze local 

expansion or shrinking of brain tissue in any brain area (Ashburner et al. 1998). DBM evaluates 
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information contained within the vector field generated by the nonlinear warping of an individual 

MRI scan to a reference template (Lau et al. 2008). In contrast to VBM, DBM does not require 

segmentation of the brain into different tissue compartments and the statistical analyses are not 

performed on the registered voxels but on the deformation fields used to register them (which 

requires multivariate approaches) or derived scalar properties. One common variant, referred to 

as Tensor-based morphometry (TBM), is based on the Jacobian determinant of the deformation 

matrix. Color-coded Jacobian maps, which show the local expansion or compression factor at 

each point in the image, indicate local volume loss or gain relative to a reference image (Hua et 

al. 2008).  

 

The biggest advantage of DBM with respect to VBM is its ability to detect subtle changes in 

longitudinal studies. TBM has been shown to be useful at the very early stages of dementia 

before severe cognitive decline emerges, as well as in longitudinal studies where the progression 

of MCI to AD has been predicted (Hua et al. 2008). DBM/TBM allows for efficient analysis of 

large datasets; nevertheless, its limitations include the long computation time required to produce 

the results and the special expertise required for the analysis (Tuokkola et al. 2018).   

 

3.2.5.4 Surface-based morphometry (SBM) 
 
Alternatively, numerous studies have adopted surface-based morphometry (SBM) and utilized 

primarily surface-based morphometric tools. FreeSurfer (http://surfer.nmr.mgh.harvard.edu) is 

the most popular software that has been primarily developed to generate surface representations 

of the cerebral cortex. It runs on a wide variety of hardware and software platforms, and is open 

source.  

Historically, evolution of FreeSurfer started with improvements of models focused on 

topological accuracy (of both the GM/WM boundary, as well as the pial surface to measure 

cortical thickness and volume) (MacDonald et al. 2000), through deformable surface approach 

(Fischl et al. 2001), with subsequent focus on corrections of topological defects to obtain 

accurate surface models. Practically, FreeSurfer uses the 3D T1-weighted images to locate the 

pial and WM surface of the cortex and the distance between these surfaces reflects the vertex-

wise thickness of cortical areas.    
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FreeSurfer surface models have been proven to provide an excellent basis for the analysis of the 

properties of the cerebral cortex (but not for subcortical and ventricular structures – for this 

purpose further wide array of image analysis tools and algorithms have been developed) (Fischl 

2012). Besides good performance, FreeSurfer owes its popularity to possibility of its integration 

with other toolkits, such as the extensive FMRIB software library (FSL) (Smith et al. 2004). 

Numerous studies on cognitive deficits have adopted SBM approach to assess morphometric 

parameters, such as cortical thickness to detect atrophy patterns in normal aging (Salat et al. 

2004), MCI, AD and other dementias (Möller et al. 2016). Recently proposed machine learning-

based method with a use of SBM classifier showed high sensitivity and specificity for both 

discriminating AD from normal controls and prediction of disease progression (Lee et al. 2018). 

3.2.6 Computational anatomy and diffeomorphometry  
 
Development of computational anatomy (CA) techniques for brain morphometry have been at 

the forefront of neuroimaging studies of neurodevelopment and neurodegeneration (Ceritoglu et 

al. 2013). At the heart of these techniques is the modeling of anatomical structures considering 

their complexity and the large variation between individuals. CA methods include newer metrics 

and more subtle descriptors to create maps of structural differences throughout the brain without 

manual interaction with images (Apostolova & Thompson 2008). The metric structures in CA 

are related to morphometrics, with the distinction that CA focuses on an infinite-dimensional 

space of coordinate systems transformed by a diffeomorphism, hence the central use of the 

terminology diffeomorphometry. The diffeomorphometry metric of CA measures how far two 

diffeomorphic changes of coordinates are from each other, which in turn induces a metric on the 

shapes and images indexed to them (Miller et al. 2014).  

 
Diffeomorphic registration, since its introduction in the 90's (Christensen et al. 1996) has been 

playing an important role in computational procedures for constructing correspondences between 

dense coordinate systems such as ANTS – Advanced Normalization Tools (Tustison et al. 2014) 

or LDDMM – The Large Deformation Diffeomorphic Metric Mapping (Miller et al. 2002). 

VBM approaches are built on many of these principles.   

 
3.2.7 Assessment of subcortical structures – different approaches 
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The oldest image analysis approach for structural MRI applied in dementia research is the region 

of interest (ROI) technique that measures the total volume of specific brain structures. It depends 

on manual delineation of the regions or structures of interest on each consecutive image slice, 

followed by calculating the overall volume of the structure, which is then used for statistical 

analysis (Apostolova & Thompson 2008). Manual evaluation of subcortical structures, such as 

the hippocampi (de Leon et al. 1993) (Korf et al. 2004) and the amygdala (Horínek et al. 2007) 

has been shown to be a sensitive but time-consuming and operator-dependent technique to assess 

subcortical atrophy. Additionally, analyses using this approach require an accurate a priori 

hypothesis and well-established tracing protocol, therefore they often tend to be limited to one or 

two structures of interest. Trained specialists performing manual segmentations of subcortical 

structures need to rely on a prior knowledge of shape, image intensities and shape-to-shape 

relationships (Patenaude et al. 2011).    

 

In recent decades, automatic segmentation approaches, specifically tuned for detecting and 

localizing subcortical atrophy have become widely available (Chupin et al. 2009) (Patenaude et 

al. 2011). While many quantitative MRI studies on subcortical GM nuclei have defined a single 

measure of structural volume, the shift has been prompted towards methods obtaining specific 

information about subregions of atrophying structures (Ceritoglu et al. 2013). This approach is 

considered to be particularly useful in determining whether MRI morphometric results correlate 

with neuropathologic or clinical features, and with other structural changes, as well as to more 

precisely define the sub/regional distribution of volume loss (discussed in more detailed in 

Chapter 4.1.2 -4.1.3).  

  

Statistical shape models have been established as a robust segmentation tools, starting with early 

2D models to widespread utilization of 3D models, and associated with breakthroughs in 

automatic detection of shape correspondences (Heimann & Meinzer 2009). The subcortical 

segmentation in methods utilizing Active Shape Model (ASM) or Active Appearance Model 

(AAM), which relies on learning anatomical information (vertices/control points or intensity 

distribution) from pre-segmented training datasets, can be handled in the Bayesian framework by 

solving a maximum a posteriori estimation problem. An implementation of this method, called 

FIRST (FMRIB’s Integrated Registration Segmentation Toolkit), is distributed with FSL 
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package (described in subchapter 4.1.1). When analysing differences in subcortical structures 

shape between different groups, it is possible to show the location of changes in these structures, 

additionally to changes in their overall volume.  Further differences in vertex locations provide a 

direct, local measure of geometric change in a structure between groups that, unlike VBM, is not 

dependent on tissue classification methods or arbitrary smoothing (Patenaude et al. 2011). 

 

Besides ASM and AAM methods, numerous other approaches apply automated segmentation of 

subcortical structures. These approaches can be surface-based, volumetric-based or frequently – 

the combination of different methods.  

Likewise, CA methods have also been used to demonstrate localized shape differences in 

subcortical structures in multiple neuroimaging studies. Analyses based on LDDMM framework 

have been proved to be particularly useful for studying changes in subcortical nuclei in normal 

aging, AD and other conditions (Qiu et al. 2008) (Ceritoglu et al. 2013). Many authors proposed 

combined approaches, such as FreeSurfer subcortical labeling in the LDDMM template-based 

segmentation (Khan et al. 2008), or the use of LDDMM in SBM pipeline (Miller et al. 2012). 

Numerous complementary analyses (VBM, ROI-based, and surface-based hippocampal shape 

analysis) have shown correlations between regional atrophy and their scores for episodic 

memory (Sarazin et al. 2010).    
 
3.2.8 Machine learning-based utility of atrophy patterns    
 
Reassuming, patterns of brain atrophy measured using MRI have been successfully utilized as 

biomarkers of AD. On this basis, it is worth to conclude that in recent years, there has been a 

growing interest in machine learning techniques for brain image analysis that can further aid the 

diagnostic process in AD and other dementias. Development of the classifiers for AD-specific 

atrophy similarity measure has become a novel approach for the prediction of dementia risk and 

for the evaluation of AD trajectories on the individual subject levels (Lee et al. 2018). However, 

due to complex and variable patterns of brain atrophy, defining a proper similarity measure 

between individuals is a challenging process, and automatic methods for AD classification 

require a large number of structural data. For this purpose, MR volumes provided by Alzheimer's 

Disease Neuroimaging Initiative (ADNI) are commonly utilized (Cuingnet et al. 2013).  
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In short terms, any supervised machine learning algorithm is “trained” to produce a desired 

output from a set of input (training) data. The classification algorithm is therefore used to learn 

the mapping function from the input to the output and the goal is to approximate the mapping 

function so well that with the introduction of new input data output can be easily predicted. 

Classification methods in imaging data provide a general framework to classify individual 

subjects, using arbitrary features defined e.g., on the 3D cortical surface or volumetric features 

(Lee et al. 2018). Numerous supervised machine learning frameworks have successfully 

demonstrated the discriminating power of cortical and subcortical atrophy patterns for AD 

diagnosis (Cho et al. 2012). Likewise, also semi-supervised learning approaches (in a learning 

procedure using unlabeled data in conjunction with labeled data for improving the classification 

performance) have been used to show early AD conversion prediction in MCI subjects (Moradi 

et al. 2015). Support vector machine (SVM) is a relatively common learning model of 

classification for brain image analysis in AD (Cuingnet et al. 2013). It allows to capture complex 

multivariate relationships in the data and SVM classifiers have been reported to show high 

sensitivity and specificity in discriminating AD from healthy controls (Klöppel et al. 2008) 

(Vemuri et al. 2008) and other dementias, such as FTLD (Davatzikos et al. 2008).   
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3.3 Patterns in DTI data 
 
 

As shown in the previous part of the proposed thesis, structural MRI studies appear to have high 

sensitivity and specificity in the diagnosis of AD. The ongoing research on a variety of other 

advanced MRI approaches is continually providing further insight into the pathomechanism of 

the disease. Among those, diffusion tensor imaging (DTI) permits a quantification of water 

diffusion in the brain in a manner that reflects the tissue microstructure. In particular, DTI 

provides information about the direction and the magnitude of water diffusion within tissues, and 

various parameters that are related to different aspects of the tissue microstructure can be used to 

quantify diffusion. Hence, it has become a promising approach for the identification of 

biomarkers of distinctive disorders that affect the central nervous system (Szabó et al. 2012) 

(O’Dwyer et al. 2011) (Hattori et al. 2012a). Notably, a number of studies supported a growing 

role of DTI and tensor-derived parameters in the assessment of microstructural WM integrity in 

MCI and AD. Parts of the following subchapter has been previously reviewed by (Stěpán-

Buksakowska et al. 2012).   

3.3.1 DTI basics 
 

The main concept of DTI is based on measuring differences in the magnitude of diffusion of 

water molecules within the brain (Basser & Pierpaoli 1996) (Moseley et al. 1990). The basic 

measured quantity is the diffusivity or apparent diffusion coefficient (ADC) that is expressed in 

units of mm2/s. Diffusion can be otherwise described as isotropic (the same in all directions, e.g., 

approximately in CSF) or anisotropic (when varies with direction). The nature of water diffusion 

in WM fibre tracts is highly anisotropic and the utility of DTI relies in the detection of in vivo 

microstructural WM alterations by taking advantage of this feature. Beaulieu et al. described the 

essential role of the membranes as predominantly responsible for the anisotropy of molecular 

diffusion in WM tracts by experimentally eliminating a dominating role of fast axonal transport, 

axonal cytoskeleton of neurofilaments and microtubules, and local susceptibility-difference-

induced gradients (Fig.3.7) (Beaulieu 2002). Moreover, anisotropy seems to be additionally 

modulated by the degree of myelination of the individual axons.  
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Fig. 3.7. A simplistic schematic of the longitudinal view of a myelinated axon. Myelin, the axonal 
membrane, neurofilaments and microtubules (associated with axonal transport) are all longitudinally 
oriented structures that could hinder water diffusion perpendicular to the length of the axon and cause the 
perpendicular diffusion coefficient to be smaller than the parallel diffusion coefficient. Reproduced with 
permission from (Beaulieu 2002).  
 

In GM, where the measured apparent diffusivity is largely orientation-independent (i.e. isotropic, 

or more precisely – with a minor degree of anisotropy), the scalar ADC is usually adequate to 

characterize the diffusion of molecules (Basser & Jones 2002). Conversely, while ADC is 

insufficient to characterize the orientation-dependent water mobility in WM, a more complex 

model of diffusion tensor has been proposed to describe the variability of diffusion in each voxel 

(volumetric pixels).   

 

Mathematically, the diffusion tensor can be described as a 3×3 symmetric, positive-definite 

matrix and can be modelled by an ellipsoid that represents an isosurface of (Gaussian) diffusion 

probability (Fig. 3.8). The diffusion ellipsoid can be characterized by 3 orthogonal (mutually 

perpendicular) eigenvectors that represent the orientations of the main axes and 3 eigenvalues 

(λ1, λ2, λ3) that refer to the magnitude of the diffusion along each axis. The major eigenvector of 

the diffusion tensor points in the principal diffusion direction (the direction of the fastest 

diffusion).  
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Fig. 3.8. The diffusion ellipsoids and tensors for isotropic unrestricted diffusion, isotropic restricted 
diffusion, and anisotropic restricted diffusion. Reproduced with permission from (Mukherjee et al. 2008). 
 

In order to measure diffusion using MRI, magnetic field gradients are applied to create an image 

that is sensitized to diffusion in a particular direction (with the use of the standard gradient coils, 

in MR spin-echo image acquisition scheme). By employing magnetic field gradients prior to and 

after the 180° rephasing pulse, the first gradient dephases all spins, while the second gradient 

rephases only those spins that remained stationary. Conversely, spins that diffused in a direction 

parallel to the diffusion gradient cannot be completely rephased due to a different magnetic field 

during the second gradient. This results in a local signal attenuation. In more colloquial terms – 

diffusion weighting is achieved by introducing extra gradient pulses that “cancel out” stationary 

water molecules and cause a random phase shift for molecules that diffuse (O’Donnell & Westin 

2011). By repeating this process of diffusion weighting in different, multiple directions, a 3D 

diffusion model (the tensor) can be estimated. The signal loss can be measured by solving 

Stejskal-Tanner equation (Stejskal 1965) (Le Bihan 1995) and visualised as darker voxels in MR 

images – voxels of WM tracts parallel to the applied gradient direction appear dark in the 

diffusion-weighted image for that direction. To calculate the tensor, at least 6 diffusion-weighted 

images (acquired by non-collinear motion probing gradients) and at least one non-diffusion-

weighted image need to be obtained (Ni et al. 2006) (Fig. 3.9).    
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Diffusion-weighting by a pair of strong gradient pulses is associated with a number of imaging 

parameters unique to diffusion imaging, such as the magnitude (b-value), orientations, as well as 

the number of the least diffusion-weighted images (so-called b = 0 images). The majority of DTI 

studies use b-values in the range of 700–1000 s/mm2 (Tournier et al. 2011). 

 

 
 

Fig 3.9. Six diffusion-weighted images (the minimum number required for tensor calculation). In 

diffusion MRI, magnetic field gradients are employed to sensitize the image to diffusion in a particular 

direction. The direction is different for each image, resulting in a different pattern of signal loss (dark 

areas) due to anisotropic diffusion. Reproduced with permission from (O’Donnell & Westin 2011). 

  

3.3.1.1 Diffusion tensor parameters 
 
One of the greatest advantages of DTI lies in its utility in evaluating the complex nature of WM 

microstructure with the use of several relatively simple quantitative measurements that can be 

derived from the tensor (Le Bihan et al. 2001). The average of the tensor’s eigenvalues – referred 

to as the mean diffusivity (MD), describes the overall extent of water diffusion in a voxel. MD is 

orientation-independent and can serve as a marker of WM ultrastructure. The measure of 

diffusivity parallel to the principal diffusion direction (λ1, L1, also called the axial diffusivity – 

AD, or longitudinal diffusivity – LD) is equal to the largest eigenvalue. The perpendicular 

diffusivity measure (PD, also called the radial diffusivity – RD) is equal to the average of the two 
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smaller eigenvalues (λ2+λ3)/2). LD is thought to be a putative axonal damage marker; whereas 

RD is considered to be sensitive to the degree of restriction that diffusing water molecules 

experience due to the presence of axonal membranes and myelin (Song et al. 2002) (Song et al. 

2003). Both these measures can be roughly interpreted as diffusivity parallel to and 

perpendicular to WM fibre tracts, most effective in regions of coherently oriented axons with 

little effect of fibre crossings. The fractional anisotropy (FA) is the most widely used tensor-

derived measure, considered to be a measure of WM integrity. FA provides information on the 

directionality of the diffusion tensor, reflecting WM ultrastructure determined by axonal fibre 

packing, as well as degree of myelination and axon diameter (Beaulieu 2002). While FA literally 

measures the fraction of the diffusion that is anisotropic (that ranges from 0 to 1) (Basser & 

Pierpaoli 1996), it constitutes a normalized variance of the eigenvalues: 

 

In case of all 3 eigenvalues being equal in size (λ1= λ2= λ3, the same amount of diffusion in all 

directions – e.g., CSF) FA is 0. If one eigenvalue is much larger than the other two (λ1> λ2=/> 

λ3 that indicate one direction of preferred diffusion, e.g. parallel to WM fibres) FA becomes 

closer to 1 (Basser & Pierpaoli 1996). In practice, acquiring more diffusion directions can result 

in a more precise estimation of this diffusion tensor: based on Monte Carlo simulations, it has 

been established that minimally 20 gradient directions for FA and at least 30 gradient directions 

are required for robust MD calculation (Jones 2004).   

3.3.1.2 Tensor maps and maps of diffusion metrics 
 

There are several methods to visualize the large amount of data obtained with DTI in a clinical 

setting or for further analyses. Tensor-derived metrics can be displayed as 2D color or grey-scale 

images; the major and minor eigenvalues may also be displayed in this fashion. The color 

scheme that is most commonly used to represent the orientation of the major eigenvector has 

been established in a following manner: blue is superior-inferior, red is left-right, and green is 

anterior-posterior (Pajevic & Pierpaoli 1999) (Fig.3.10). The image intensity can be modulated, 

e.g. with the fractional anisotropy image.  
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Fig.3.10. Example of visualizing the principal tensor direction with the use of FSLView (part of FLS FSL 

software package – FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl). Reproduced from  

http://ftp.nmr.mgh.harvard.edu/pub/dist/freesurfer/tutorial_packages/OSX/fsl_501/doc/fslview/dti.html.  

3.3.2 Advanced diffusion imaging methods 

It is important to note that all tensor-derived parameters are indirect measurements, based on the 

oversimplified diffusion tensor (DT) model that assumes there is a unique orientation of the 

fibers in each voxel, the direction of which is represented by the tensor’s main eigenvector 

(Tournier 2014). Whereas this assumption is valid in homogeneous WM regions, where fibres 

have predominantly the same orientation (therefore diffusion can be adequately described with 

the use of DT), this model may not be sufficient in case of crossing fibers – regions in which the 

fibers orientation is not unique, i.e. when the fibers are interdigitating, curving, bending or 

diverging (Tournier et al. 2007).  

This limitation has led to the development of new techniques that address this issue and that 

attempt to estimate the component fibres either discretely or as a fibre orientation distribution 

(FOD). This can be achieved with the use of multi-tensor approaches, spherical deconvolution, 

constrained spherical deconvolution, or from the angular dependence of the diffusion profile 

(Lazar 2010). Different functions have been proposed to express this angular dependence, 

including the Orientational Distribution Function (ODF) (Tuch 2004).  

Multi-tensor and deconvolution methods routinely employ a High Angular Resolution Diffusion 

Imaging (HARDI) acquisition, where data is acquired on a spherical shell in the diffusion space 

(i.e., the q-space) and diffusion-weighted images are obtained for a large number of different 

encoding direction (e.g., over 60) at a single b-value that is usually higher (Tournier et al. 2007). 
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High order techniques such as diffusion spectrum imaging (DSI) or Q-ball imaging (QBI) (Fig. 

3.11) can estimate ODF from HARDI data in several distinctive mathematical manners. ODF 

can be also estimated with the use of the diffusional kurtosis (DK) approximation of the 

diffusion signal that is decomposed into two components representing the Gaussian and non-

Gaussian diffusion contributions, respectively (Lazar et al. 2008). Diffusion kurtosis imaging 

(DKI) characterizes the departure from Gaussian diffusion using a fourth order tensor (the 

kurtosis tensor) that requires a relatively limited number of diffusion measurements and b values 

no higher than 2500 s/mm2. Nevertheless, the method has several limitations, such as less 

accurate estimation of the fibre directionality when fibres are crossing at small angles (Lazar et 

al. 2008) (Lazar 2010) (Fig. 3.11).  

3.3.3 White matter tractography 
 

To date, numerous algorithms have been developed to generate 3D representations of axonal 

fibres that estimate the connectivity patterns between different brain regions from the continuity 

in the local estimates of fibre direction at each voxel. These techniques are referred to as 

WM/fibre tractography and can be generally classified in deterministic, probabilistic, and global 

optimization algorithms. 

 

Fig. 3.11. ODF reconstructions using QBI and DK-ODF methods for different fibre configurations: (a) 
ODF reconstructions of two and three simulated fibers crossing at large angle (top two rows) and of fibers 
crossing at 30 degrees (bottom row) using DK-ODF, Q-ball, and diffusion tensor methods (from left to 
right). The original fibre directions are indicated by lines. (b) Diffusion tensor and (c) DK-ODF maps of 
the intersection between fibres. Reproduced with permission (Lazar 2010).  
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The deterministic algorithms create a unique trajectory (propagation direction) for each starting 

point or seed, resulting in a path that connects two distinctive brain regions. This process 

includes seed selection, fibre trajectory termination and fibre selection strategies (described in 

Fig. 3.12) (Lazar 2010). Conversely, the probabilistic algorithms characterize the uncertainty in 

fibre path estimation by generation of multiple possible trajectories for a seed point. Essentially, 

these algorithms connect the seed point with a set of voxels (in different brain locations) using 

weights that define the relative connectivity (Friman et al. 2006) (Lazar 2010) (Parker et al. 

2003). Finally, global optimization algorithms generate the most optimal path between two brain 

regions by minimizing a cost function describing the features of the path to the underlying 

diffusion signal (Kreher et al. 2008).  

Overall, WM tractography is considered to be a more postprocessed representation of DTI data 

than visualization of tensor maps and maps of metrics; however, although useful in tract 

visualization, all these methods are computationally demanding and more prone to errors – 

especially in voxels that contain crossing fibres (Lazar 2010). The limitations include the 

requirements of user-defined ROIs and threshold values, which affect the number of fibers 

tracked and the degree of noise effects.  

 

 
 
Fig. 3.12. (a) and (b): Fiber trajectories are obtained by following fiber direction estimates from voxel to 
voxel; the trajectory is initiated in both forward and backwards vector field directions starting at a “seed” 
point (indicated by a dot) ; (c)–(e) Several strategies may be used to step along the trajectory including a 
constant step size with the propagation direction estimated at the beginning of the step (c) or along the 
step (d), or a variable step size (Fiber Assignment by Continuous Tracking – FACT, (e)); (f) Tractography 
reconstruction of the corpus callosum obtained from seeds situated in the mid-sagittal region of the tract. 
Reproduced with permission from (Lazar 2010)  
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3.3.4 Tract-based Spatial Statistics (TBSS) 
 

Remaining issues of reproducibility and inter-subject comparisons of diffusion parameters can be 

partially resolved with the use of whole-voxel techniques. As WM fibres lose integrity due to 

underlying pathological processes that affect axonal density and homogeneity, changes in the 

diffusion characteristics of water molecules can be reflected in distinctive diffusion tensor-

derived metrics.  

Tract-Based Spatial Statistics (TBSS) is an automated method that allows for performing multi-

subject statistical testing on these diffusion-related parameters; misalignment issues are solved 

with restricting analysis to the core of the fibre bundles, represented by the local maxima of FA 

(Smith et al. 2006) – described in more detail in subchapters 4.3 and 4.4. TBSS aims to improve 

the sensitivity, objectivity and interpretability of multi-subject analyses, as it combines 

advantages of voxel-based approaches (enabling evaluation of the whole brain without an a 

priori predefining voxels or tracts of interest) with advantages of tractography-based approaches 

(estimating FA from relevant voxels). Moreover, while tractography measurements are derived 

from averaging values over all voxels within an individual WM tract, which can possibly 

exclude discrete areas of difference, TBSS can quantify DTI-based WM alterations throughout 

the entire brain without an a priori hypothesis, and at the same time detect different patterns of 

abnormality within individual tracts. This doctoral thesis includes two studies that further 

demonstrate the utility of TBSS approach in defining patterns of WM alterations in AD and NPH 

(subchapter 4.2 – partially, subchapter 4.3), as well as in TLE (subchapter 4.4).    

3.3.5 DTI patterns in AD and MCI 

 
DTI patterns in AD and MCI – approaches: 

Numerous studies have revealed altered diffusion metrics in AD, and over the years, different 

approaches have been used to evaluate these parameters. Earlier investigations tended to restrict 

the analysis to certain brain regions (Bozzali et al. 2002) (Choi et al. 2005) – an approach that is 

highly hypothesis-driven, and cross-study comparisons are difficult. Progressively, conventional 

ROI approaches have been further extended to the whole brain using VBM style analysis (Teipel 

et al. 2012) (Xie et al. 2006) (Medina et al. 2006) or TBSS approach restricted to the core of the 
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fibre bundles (Smith et al. 2006). TBSS analysis was employed in our studies and is further 

described in subchapters 4.3 and 4.3. 

Despite the undisputed merits of these studies, it has been argued, that in order to identify 

disease-specific markers, the patterns of various diffusion parameters should be judged together 

with the spatial pattern of the combination of these parameters. Standard approaches based on 

the GLM framework are not well suited for this purpose, because the information referring to the 

different diffusion parameters is combined only at the point of interpretation. Model-free, 

exploratory data analysis methods offer a solution to this issue, by fusing data before statistical 

analysis in order to characterize multimodal variances across space (Teipel et al. 2007). Linked 

independent component analysis (ICA) that has been proposed to obtain independent components 

of multimodal variability automatically balances the information content of different modalities, 

finding subject loadings that produce statistically independent and non-Gaussian spatial maps 

across the modalities (Groves et al. 2011). In our study, modified to a single modality group, as 

described in subchapter 4.2, we set out to identify the spatial pattern of the diffusion parameter 

motif characteristic of AD, using linked ICA to decompose the data containing various diffusion 

parameters in the WM skeleton representing the core of the fibre bundles.   

DTI patterns in AD and MCI – findings: 

Consistent with previous pathological and structural MRI findings, diffusion studies have shown 

an inhomogeneous pattern of WM abnormalities in AD and MCI that originate in the medial 

temporal region, subsequently spreading over wider temporal, parietooccipital and frontal 

regions. Regardless of significant role of these studies in revealing the pathological cascade 

underlying AD, differences in diffusion patterns across clinical groups remain challenging to 

interpret. The key issue that has been widely discussed is whether deteriorated connectivity 

within certain fibres and regions is primary due to WM changes following the specific pattern of 

atrophy through myelin breakdown and axonal damage, or secondary, due to perikaryal 

degeneration (Wallerian degeneration). Changes in distinctive WM regions (especially in extra-

temporal locations) have been reviewed in more detail (Stěpán-Buksakowska et al. 2012):  

3.3.5.1 Fornix  
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In AD and MCI patients, decreased FA and elevated MD have been naturally observed in the 

fornix (Kantarci et al. 2010) (Nowrangi & Rosenberg 2015), which is an important outflow tract 

of the hippocampus. Fornix is also known to contain afferent fibres to the hippocampus from 

structures in the diencephalon and basal forebrain (Zarei et al. 2010) and has been historically 

described as an essential component of the Papez circuit (limbic structures). These projections 

are known to play an essential role in memory functions (especially memory consolidation), and 

damage to the isolated fornix has been associated with anterograde amnesia. Explicitly, 

alterations in the hippocampus, fornix, and other diencephalic structures result in the inability to 

form declarative (semantic and episodic) memories.  

 

Whereas neurodegenerative changes of the fornix have been consistently associated with the 

cognitive impairment in AD patients, DTI studies have shown that the integrity of the fornix may 

be compromised already in its early phases, and thus may be an early indicator of the disease 

progression from preclinical (i.e. asymptomatic) to clinical (i.e. symptomatic) stages (Nowrangi 

& Rosenberg 2015). Cross-sectional DTI analysis by Mielke et al. and longitudinal analysis of 

the same cohort by Nowrangi et al. showed significant difference in fornix integrity that has 

correlated across cognitive scores in both MCI and AD, supporting its role as a potential 

indicator of AD progression (Mielke et al. 2009) (Nowrangi et al. 2013). Interestingly, according 

to some studies, degeneration of the fornix in AD seems to precede degeneration of the 

hippocampus (Douet & Chang 2015) (Fletcher et al. 2013).  

 

3.3.5.2 Corpus callosum (splenium vs genu) 

Interhemispheric disconnections occurring due to atrophy of the highly myelinated corpus 

callosum (CC – the major WM network consisting of corticocortical fibres) significantly 

correspond to cognitive impairment, and numerous early DTI studies have examined global or 

regional CC changes in AD and MCI patients (Cho et al. 2008) (Mielke et al. 2009) (Rose et al. 

2006) (Kavcic et al. 2008) (Bozzali et al. 2002) (Lee et al. 2010) (Stricker et al. 2009) (Chen et 

al. 2009) (Duan et al. 2006) (Zhang et al. 2007) (Di Paola et al. 2010). Whereas most of these 

studies focused directly on investigating FA and MD alterations in the genu and the splenium of 

CC (rarely in the middle CC), some of them measured AD-related parameters globally in all CC 

regions. In a meta-analysis by Sexton et al., it has been confirmed that AD-related changes in FA 
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and MD are characteristic for both the splenium and the genu; nevertheless, alterations in the 

splenium appear to be more significant (Sexton et al. 2011).  

Diffusion parameters have been widely evaluated in CC not only of patients with established AD 

but also in patients with MCI (Stahl et al. 2007) (H. Cho et al. 2008). Nevertheless, discrepancies 

between the studies concerning the conversion rate from normal aging to MCI, and from MCI to 

AD have been shown. Some studies showed significantly reduced FA in in AD but not in MCI 

(Zhang et al. 2007). Whereas other authors reported that CC is involved in both AD and MCI 

groups, more prominent WM impairment shown in AD were suggestive to be related specifically 

to AD progression (Chen, Lin, et al. 2009) (Chen, Chen et al. 2009). Likewise, there are studies 

on CC that suggest the role of diffusion metrics in distinguishing MCI patients when compared 

to normal controls (Wang et al. 2009).  

Importantly, different pathological models have been suggested to account for callosal WM 

microstructural alterations in the course of progressive cognitive manifestations in MCI and AD. 

The callosal genu and anterior midbody form the inter-hemispheric connection of prefrontal 

regions (prefrontal association cortices) that are known to be involved in the later stage of AD 

pathology evolution (Braak et al. 1993), and atrophy in anterior sections of CC seems to account 

for general deficits in executive functions and attention in AD (Di Paola et al. 2010). On the 

other hand, the splenium links two-thirds of the higher-order processing areas of the lateral 

temporal lobes (i.e., temporal pole, superior and inferior temporal gyri) and of the parietal lobes, 

which, together with MTL structures, are primarily involved in the cortical degeneration of AD 

(Braak & Braak 1997) (Schmahmann & Pandya 2007). Clinically, the callosal reductions in 

posterior sections are therefore thought to interfere with the functioning of the large cortical 

networks, including those involved in memory functions that are impaired early in the course of 

AD (Di Paola et al. 2010).  

Lee et al. hypothesized that both degenerative and cerebrovascular processes in AD additively 

affect the anterior CC (genu), whereas the main WM degenerative process occurs essentially in 

the posterior CC (splenium) (Lee et al. 2010). Similarly, it has been proposed that the selective 

vulnerability of posterior cerebral WM distinguishes AD patients from healthy subjects, while 
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anterior and middle WM integrity may be relevant to cognitive decline in both healthy and AD 

subjects, supposedly due to the additional vascular impact (Kavcic et al. 2008).  

Importantly, it has been observed that the reduced volume of CC posterior segments correlates 

with GM temporal atrophy (Di Paola et al. 2010) and these findings are highly suggestive of the 

process that assumes secondary WM atrophy due to cortex degeneration – referred to as 

Wallerian degeneration. The alternative retrogenesis theory assumes that diminished WM 

integrity is the result of myelin breakdown (that occurs in reverse order to myelogenesis), 

suggesting that WM degeneration is a direct consequence of AD pathology (Bartzokis 2004) 

(Reisberg et al. 1999). It has been hypothesized that regions which become myelinated later in 

brain development (including neocortical association and allocortical fibres) are characterized by 

a smaller number of oligodendrocytes that support a greater number of axons in comparison to 

regions that become myelinated earlier. Thus, oligodendrocytes in these regions of widespread 

networks are particularly employed in the metabolic sense and associated WM fibres become 

more susceptible to pathological processes, such as oxidative stress (Zhang et al. 2009). 

According to the retrogenesis model, pathways with small diameter fibres that myelinate later in 

normal development are the first to be affected by the AD degenerative process (Bartzokis 

2004), and pathways with large diameter fibres that myelinate first in development (such as 

primary motor fibres) are the last to be affected by AD (Stricker et al. 2009). The retrogenesis 

hypothesis might thus better explain WM atrophy in regions where neuronal disruption may not 

solely account for Wallerian degeneration. It has been demonstrated that the genu of the CC is a 

region characterised with the high density of small diameter fibers that myelinate later in 

neurodevelopment (Aboitiz et al. 1992), whereas fibers of the splenium of the CC myelinate 

earlier. In conclusion, corpus callosum appears as a model structure in which atrophy seems to 

result from both Wallerian degeneration (in posterior subregions) and the myelin breakdown 

process (in anterior subregions) (Di Paola et al. 2010). Evidence favouring the Wallerian 

degeneration or the retrogenesis processes in other various AD-related regions remains widely 

disputed, and likewise, both models are often proposed to account for WM alterations.  

3.3.5.3 Cingulum (posterior vs. anterior)  
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The common findings in DTI studies on MCI and AD include posterior cingulum – an important 

hub for information transfer between the parahippocampal gyrus and the prefrontal cortex 

(O’Dwyer et al. 2011) (Sexton et al. 2011). WM fibres projecting from the posterior cingulum to 

the entorhinal cortex have been shown to be involved in the cognitive network closely related to 

memory function. Consistently with pathological and other neuroimaging studies, many authors 

have shown decreased FA in the posterior cingulum (Kiuchi et al. 2009) (Rose et al. 2006) 

(Zhang et al. 2007), along with increased MD (Nakata et al. 2009). It has been hypothesized that 

the integrity of fibres connecting the medial temporal lobe with the posterior cingulum is 

diminished even at an early stage of AD (Zhang et al. 2007). Likewise, Kiuchi et al. found that 

FA values in the bilateral posterior cingulum bundles in MCI subjects were significantly 

decreased when compared to controls; however, no significant differences were demonstrated 

between MCI and AD subjects (Kiuchi et al. 2009). These findings might lead to the assumption 

that alterations in the posterior cingulum precede the onset of dementia, indicating measures in 

this region as a possible marker of the earliest stages of AD. Other studies; however, found 

significant changes in the posterior cingulum in AD, but not in MCI (Cho et al. 2008).  

Not only posterior cingulum, but also anterior cingulum – an important frontal association tract 

connecting regions repeatedly implicated in cognitive control is thought to play an important role 

in studies on early cognitive deficits (Metzler-Baddeley et al. 2012). Lower FA in the anterior 

portion of the cingulum have been also reported in association with disease progression to AD 

(Mielke et al. 2009). A possible explanation is the partial effect of WMHs in the anterior region, 

related to the common presence of vascular-induced changes, which may influence these results 

(Lee et al. 2010).   

3.3.5.4 Uncinate fasciculus, superior and inferior longitudinal fasciculus  
 
Many studies that focused on assessing differences in diffusion parameters across AD, MCI, 

other dementias and normal aging have reported WM abnormalities in several association tracts, 

such as the superior longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), 

uncinate fasciculus (UF) or inferior occipitofrontal fasciculus (Damoiseaux et al. 2009) (Kiuchi 

et al. 2009) (Kantarci et al. 2010) (Stricker et al. 2009) (Taoka et al. 2006) (Zhang et al. 2009). 

Components of SLF – connecting temporo-parietal regions with frontal regions, and ILF – 
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connecting temporal and occipital lobes, appear to play an important role in memory, attention 

and executive functions. (Historically, the SLF and arcuate fasciculus (AF), connecting cortical 

regions involved in language comprehension and production, were viewed as synonymous. More 

recently, four components of the SLF have been described as follows: components that connect 

frontal and opercular areas with the superior parietal lobe (SLF-I), the angular gyrus (SLF-II), 

the supramarginal gyrus (SLF-III), and the superior temporal gyrus (SLF-IV - previously viewed 

as the AF) (Dick & Tremblay 2012)). As previously suggested, alterations in late-myelinating 

fibres that connect cortical structures affected consecutively in the course of AD may reflect both 

Wallerian degeneration and retrogenesis process.  

 

Deteriorated integrity of SLF and ILF seen in pathological processes in MCI (Cho et al. 2008) 

and AD (Stricker et al. 2009) may possibly indicate another biomarker for disease progression. It 

has been hypothesized that WM changes are more likely to occur earlier in the ILF than in the 

SLF, because the ILF contains connections between structures affected earlier in the AD 

neuropathological process; in contrast, the SLF components primarily connect the parietal and 

frontal lobes, which are affected later in the disease process than medial temporal lobe structures 

(Stricker et al. 2009). Likewise, diminished integrity of the UF connecting the prefrontal regions 

with the medial temporal lobe has been commonly reported in AD (Damoiseaux et al. 2009) 

(Kiuchi et al. 2009) (Taoka et al. 2006) (Zhang et al. 2009) and MCI patients (Kiuchi et al. 

2009).   

 

3.3.6 DTI in NPH 

As previously reviewed, widespread areas of altered WM have been found and described in AD 

(Teipel et al. 2012) (Kincses et al. 2013). Likewise, regional microstructural WM alterations 

were also found in NPH when compared with controls (Hattori et al. 2012a) (Kanno et al. 2011) 

(Hattingen et al. 2010). Despite the pathological evidence for frequent co-morbidity of NPH and 

AD (Golomb et al. 2000) (Leinonen et al. 2012) (Malm et al. 2013) and regardless of a 

substantial role of diffusion MRI in differential diagnosis of AD and other dementias, to date, 

only a few studies compared diffusion parameters between AD and NPH (Hong et al. 2010) 

(Kim et al. 2011a) (Kanno et al. 2011) (Hattori et al. 2012b) (Hattori et al. 2011).  
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Most of the previous investigations restricted the analysis to certain brain regions (Hong et al. 

2010) (Kim et al. 2011a) (Hattori et al. 2012b) (Hattori et al. 2011), an approach that is 

reasonable, but highly hypothesis-driven, and methodological issues appear to compromise the 

generalizability of the results for the cross-study comparisons. The use of DTI approach in 

hydrocephalus was first mentioned in the study on acute dementia (Assaf et al. 2006). 

Consistently with neuropathological studies (Ding et al. 2001) (Del Bigio et al. 2003), 

differences in diffusion parameters in WM fibres are believed to occur mainly as a result of 

dilated horns of the lateral ventricles in NPH (Hong et al. 2010), raising an interesting issue on 

the extent of WM alterations. In this context, further DTI studies focused on a whole-brain 

analyses, including the use of VBM analysis (Kanno et al. 2011). To overcome the registration 

issues common for VBM-style approaches, analyses restricted to the core of the fibre bundles, 

(represented by the local maxima of FA) have been recommended as particularly convenient for 

this purpose (Smith et al. 2006). Accordingly, several studies have employed Tract Based Spatial 

Statistics (TBSS) analysis in NPH patients (Hattori et al. 2012a) (Hattingen et al. 2010) (Scheel 

et al. 2012), however – to date of the publication, NPH-related WM alterations were compared 

only to healthy controls and no comparisons to other dementia types were carried out previously. 

In the context of possible difficulties that may occur when NPH is distinguished solely with the 

use of structural imaging and atrophy patterns (Fig.3.6, discussed in subsection 3.2.4.4 

Generalised atrophy), we hypothesised that comparing whole brain WM integrity in AD and 

NPH would result in two distinctive spatial patterns of diffusion parameters. This study is 

described in subchapter 4.3. 

3.3.7 DTI in temporal lobe epilepsy (TLE) 

Underlying pathological findings in TLE – the most prevalent type of focal epilepsy, include 

neuronal loss and gliosis in hippocampus (Bronen et al. 1991). Widespread GM abnormalities 

are also frequently reported to extend to the parahippocampus and entorhinal cortex (Dawodu 

and Thom 2005), amygdala (Hudson et al. 1993), thalamus, and multiple cortical regions 

30/05/2019 09:32:00. Although TLE is considered to be a GM disorder, changes in WM fibres 

that reflect altered underlying brain connectivity seem to have important implications in terms of 

seizure generation and propagation (Concha et al. 2009) (Deleo et al. 2018). 
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Consistently, it has been shown that WM changes associated with TLE are not restricted to the 

affected MTL and involve a larger epileptogenic network (Thivard et al. 2005) (Deleo et al. 

2018), possibly reflecting the underlying seizure-related WM alterations. Numerous 

neuroimaging studies on unilateral TLE revealed temporal and extra-temporal WM changes 

(Gross 2011) (Schmidt and Pohlmann-Eden 2011) (Liu et al. 2014) (Bao et al. 2018).  To date, 

several studies used TBSS to evaluate WM changes in TLE patients compared to healthy 

controls (Liu et al. 2014) (Sanches et al. 2017) (Sone et al. 2018) (Tsuda et al. 2018); however, 

most of the reported TLE-related WM alterations were described without consideration of 

affected side or neglecting the possible discrepancies resulting from lateralization of brain 

function. We hypothesized that right and left TLE (RTLE and LTLE) have different spatial 

patterns of WM changes that can be differentiated and interpreted with the use of multiple 

diffusion parameters. In the study presented in subchapter 4.4 we compared global 

microstructure of fibre bundles with regard to seizure associated WM alterations – in both right 

and left TLE, addressing some of the methodological issues of previous studies.  
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4 Experimental part  
 

 

In this part, methodology and results of the included studies are described and discussed. The 

chapter contains four studies (subchapters 4.1-4.4), each divided into Methods, Results, 

Discussion and Summary sections.  

 

4.1 Structural MRI patterns in AD  
 
In this study, we aimed to obtain both the global and regional specific information about the 

degenerative processes characteristic for AD. The content of this chapter has been published in 

the following paper:  

• Štěpán-Buksakowska I, Szabó N, Hořínek D, Tóth E, Hort J, Warner J, Charvát F, Vécsei 

L, Roček M, Kincses ZT. Cortical and subcortical atrophy in Alzheimer disease: parallel 

atrophy of thalamus and hippocampus. Alzheimer Dis Assoc Disord. 2014 Jan-

Mar;28(1):65-72. 

4.1.1 Methods 

A total of 12 subjects diagnosed with AD (mean age: 75.08 years, range 61 to 87 years) and 13 

healthy controls (mean age: 69.92 years, range 55 to 83 years) were included in this study. No 

significant age difference was found between the two study groups (P<0.05). All AD patients 

were recruited by a neurologist from the Memory Disorders Unit, Department of Neurology 

(University Hospital Motol, Prague, Czech Republic). The clinical diagnosis was made 

according to NINCDS-ADRDA guidelines (McKhann et al. 1984) (Dubois et al. 2007). 

According to EFNS guidelines (Hort et al. 2010) patients were diagnosed with mild to moderate 

AD (scores between 16 and 26 on the Mini Mental State Examination). Mean Mini Mental State 

Examination score was 19.41 (range, 15 to 24). Half of the patients had score between 19 and 22, 

and only 16% of patients had score 15.  

Thirteen age-matched and sex-matched subjects with normal cognition were recruited from 

family members of patients, and from advertisement responders. All subjects underwent 
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neurological and neuropsychological evaluation. Exclusion criteria for patients and controls 

included illicit drug use and any major neurological or psychiatric disorder other than AD. All 

subjects (or guardians, in case of demented patients) provided written informed consents; 

approval for the study was obtained from the local ethical committee.  

Image Acquisition  

All subjects were examined with a GE 3.0T HDX MR scanner. T1-weighted 3-dimensional 

Brain Volume (BRAVO) sequence (TR/TE = 10.9/4.6, FOV 24x24 cm2, 352x224 matrix, 1.0 

mm slice thickness, whole-head coverage, flip angle 13 degrees) was performed with a standard 

8-channel head coil, and foam pads were used to prevent head motion.  

Comparison of the Total Brain Volume  

The total brain volume was calculated with SIENAX (Structural Image Evaluation, using 

Normalisation of Atrophy) (Smith et al. 2002), part of FSL (Smith et al. 2004). SIENAX starts by 

extracting brain and skull images from single whole-head input data (Smith et al. 2002). The 

image is then corregistered to the standard Montreal Neurological Institute template (MNI152 – 

a standard-space average of 152 brains) with a constrained affine transformation (brain image 

used for estimating initial and final translations and rotations, skull image is used to optimize 

scaling and skew). The determinant of this transformation matrix is the v-scaling factor, which 

represents the relative scaling of individual skull to the MNI152 skull. This factor was shown to 

have a strong linear relationship with the intracranial volume derived from T2-weighted images 

(Fein et al. 2004). Then, tissue-type segmentation with partial volume estimation was carried out 

(Zhang et al. 2001) in order to calculate total volume of brain tissue (including separate estimates 

of volumes of GM and WM). Volumetric comparisons were performed using the Statistical 

Package for Social Sciences (SPSS 17 for OS X, SPSS Inc., http:// www.spss.com).  

Voxel-wise Analysis of the Cortical Atrophy  

We employed an “optimised” VBM-style protocol (Ashburner & Friston 2000) (Good et al. 

2001) using FSL (Smith 2002). Non-brain regions were removed from all structural images 

(Smith 2002), and tissue-type segmentation was carried out by FAST4 (FMRIB’s Automated 
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Segmentation Tool 4) (Zhang et al. 2001). The resulting GM partial volume images were 

registered to a standard space (MNI152) using linear transformation (Jenkinson et al. 2002), 

followed by a nonlinear registration (Andersson, JLR et al. 2007). More precisely, the resulting 

images were averaged to create a study-specific template, to which the native GM images were 

then nonlinearly reregistered. The registered partial volume images were then modulated to 

correct for local expansion or contraction by dividing by the Jacobian of the warp field. The 

modulated segmented images were then smoothed with an isotropic Gaussian kernel with a 

sigma of 3mm. Finally, voxel-wise GLM was applied using permutation-based nonparametric 

testing. Thresholding was carried out with a threshold-free cluster enhancing technique (Smith & 

Nichols 2009). Images were thresholded at P<0.05 and corrected for multiple comparisons.  

Volumetric Analysis of the Subcortical Structures  

All acquired images were processed and analysed with the tools of the FSL software package 

(FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl) (Smith et al. 2004). Automatic 

segmentation of subcortical structures (hippocampi, thalami, and amygdalae) was carried out 

with FMRIB’s Integrated Registration Segmentation Toolkit (FIRST), which benefits from the 

principles of Active Shape and Appearance Models (ASM and AAM) applied within the 

Bayesian framework (Patenaude et al. 2011). In this approach, prior information about the shape 

and signal intensities were gained as shape and appearance models from a training set of 336 

manually labelled T1-weighted images. In the first step, shapes of subcortical structures were 

parameterized by means and eigenvectors, and a deformable model was used to construct 

tessellated surface meshes. Once the shape model based on vertex location was created, image 

intensities were sampled for each vertex along the surface normal and a multivariate Gaussian 

distribution was used to model the relationship between shape and intensity. The advantage of 

using the AAM in a Bayesian framework is that of elimination the need for other empirical 

weightings between intensity and shape (Patenaude et al. 2011). The posterior probability of the 

shape on changing intensity features was maximized (Zarei et al. 2010) when the model was fit 

to the new acquired images. The volume of the segmented structures was standardized to the 

total intracranial volume (more precisely with the v-scaling factor estimated by SIENAX) and 

compared across groups with a nonparametric Mann-Whitney U test. The normalized size of the 



 70 

various subcortical structures was correlated in patients and controls separately. Age and sex 

were used as covariates.  

Focal Shape Changes of the Subcortical Structures  

As described above, the shape-deformable model was fit to the individual subcortical structures, 

resulting in the construction of 3D surface meshes. The number of vertices was maintained 

across all subjects and the point correspondence was preserved. The surface meshes were 

registered in a 2-stage process to a common space in a MNI152 template (6DOF: rotations and 

translations) with FLIRT (FMRIB’s Linear Image Registration Tool) (Jenkinson et al. 2002). To 

evaluate local subcortical changes (shape alterations) between AD patients and healthy controls, 

a multivariate vertex-wise F statistics test was performed at each vertex (Patenaude et al. 2011). 

Images were thresholded at P<0.05. Vertex analysis on subcortical structures showed significant 

gross volume change, thus, no correction for multiple comparisons was applied. 

4.1.2 Results  

Changes in Total Brain Volume  

The SIENAX analysis showed reduced total brain volume in AD patients (normality of the data 

was violated based on the Kolmogorov-Smirnov test, hence non- parametric Mann-Whitney U 

test was used: P<0.007). The total GM as well as the total white matter was also reduced in AD 

patients (Mann-Whitney U test: P<0.04 and P<0.007, respectively) (Fig. 4.1).  
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Fig. 4.1. Volumetric alterations in AD. Top row represents the total brain volume, total GM and WM 
volume in controls (C) and in AD patients. Significant differences were found in all 3 comparisons. In the 
lower 2 rows the thalamic, hippocampal, and amygdalar volumes are represented on the right (R) and on 
the left (L). Differences were significant for the bilateral thalami and hippocampi. On the box-plot the 
central mark is the mean, the boxes represent the 25th to 75th percentiles, and outliers are depicted as red 
crosses. Data are presented in mm3. 

Localized Cortical Grey Matter Atrophy  

VBM analysis showed GM atrophy in AD patients in the bilateral medial temporal structures 

(hippocampus, parahippocampal gyrus, and amygdala), temporal cortical structures on both 

sides, but dominantly on the left (temporal pole, superior, middle and inferior temporal gyri), and 

of the bilateral praecunei and the left parietal regions (inferior parietal lobule, intraparietal 

sulcus) (Fig. 4.2).  
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Fig 4.2. Localized GM atrophy in Alzheimer’s disease. Significant GM atrophy is depicted in red-to-
yellow representing P-value. Statistical images are overlaid on standard brain (MNI152). 

Subcortical Atrophy  

The size of the bilateral thalami, hippocampi, and amygdala were compared between AD 

patients and controls. As the Kolgomorow-Smirnof test indicated that the normality assumption 

was violated, a nonparametric Mann-Whitney U test was performed, which showed significantly 

smaller thalami and hippocampi on both sides (right thalamus: P<0.015; left thalamus: P<0.015; 

right hippocampus: P<0.0071, left hippocampus P<0.0317) (Fig. 4.1). The sizes of both 

amygdalae were also smaller, but the difference was not significant (P>0.53).  

The vertex-based analysis of the focal subcortical atrophy showed local shrinking of size in 

antero-ventromedial and antero-medio-dorsal regions of the thalami in AD patients (Fig. 4.3).  

0.05

0.000
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Fig. 4.3. Vertex analysis results for the bilateral thalami. The thalami are colour-coded by F-statistic 
values thresholded at P<0.05 uncorrected. The following viewpoints are depicted: superior-posterior (top-
left), superior-anterior (top-right), inferior-anterior (mid-left), inferior-posterior (mid-right), right 
(bottom-left), left (bottom-right). 

In the case of the hippocampi, the left hippocampus showed localized atrophy at the medial side 

of the body (Fig. 4.4). On the right side, however, the hippocampal atrophy did not show any 

focality.  



 74 

 

Fig. 4.4. Vertex analysis results for the left hippocampus. The hippocampus is color-coded by F-statistic 

values thresholded at P<0.05, uncorrected. The vectors represent the mean difference between the groups 

(Alzheimer disease and controls). Views from posterior-superior, anterior-superior, and right aspect are 

included.  

Correlation of the Subcortical Volumes  

In AD patients the volume of the hippocampi correlated with the size of the thalami on both 

sides (R=0.91, P<0.0003 for the right and R=0.913, P<0.0002 for the left side, corrected for 

multiple correlations, age and sex as covariate) (Fig. 4.5). In addition, the size of the amygdalae 

correlated significantly with the volume of the thalami (left: R=0.887, P<0.0006, right: R=0.799, 

P<0.0055; corrected for multiple correlations, age as covariate). The size of the left amygdala 

also correlated with the size of the left hippocampus (R=0.828, P<0.0031; corrected for multiple 
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correlations, age as covariate). No similar correlations were found in normal controls regarding 

subcortical volumes (Fig. 4.5).   

 

Fig. 4.5. Correlation of thalamic, hippocampal, and amygdalar volumes. Note the correlation of the right 

hippocampus and amygdala was not statistically significant. Volumes are represented in mm3.  
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4.1.3 Discussion 

In this study, we carried out an integrative evaluation of brain atrophy in AD. The brain volume 

loss included WM and GM. While the neocortical atrophy was distributed over widespread 

regions, it also showed regional specificity, incorporating the mesiotemporal lobe and some 

posterior structures such as the praecuneus. Similarly, atrophy of the bilateral thalami and 

hippocampi was identified and was shown to be regionally specific. Furthermore, subcortical 

structure sizes were highly correlated in patients, but not in controls.  

Grey as well as white matter atrophy contributed to the loss of total brain volume. The loss of 

neocortical GM confirmed the expected pattern of AD-related atrophy (Karas et al. 2003) 

(Kinkingnéhun et al. 2008), with the most substantial volume reduction seen in the bilateral 

temporal regions extending to the parietal area. The diminished cortical volume in more posterior 

brain area (including bilateral praecuneus), also showed significant atrophy, larger on the left 

side. Whereas posterior cerebral atrophy is considered to be typical in early onset AD when 

combined with relative sparing of MTL (Koedam et al. 2011b) (Karas et al. 2007), it is thought 

to be common in AD patients with typical clinical manifestation and MTL atrophy; our results 

confirm these findings.  

In addition to the reduced total brain volume and the VBM-identified focal cortical loss, the 

atrophy of the subcortical GM structures was confirmed in the FIRST analysis. Apart from 

reduced hippocampal and thalamic volumes, the vertex analysis displayed the regional atrophy in 

anteromedial and anterodorsal regions of bilateral thalami and in the medial area of the left 

hippocampus. Our results in this respect are in line with those previously published with the 

same methodology (Patenaude et al. 2011) and consistent with the results presented by Zarei et 

al. that showed reductions in the anterodorsal region of thalami (Zarei et al. 2010). As suggested 

by Zarei, in agreement with neuropathologic studies (Xuereb et al. 1991) the volume reduction of 

anterior parts of the thalamus may be caused by the degeneration of the anterodorsal nuclei and 

additionally the mammilo-hippocampal tracts within the anterior internal medullar lamina. The 

impairment of connections between anterior thalamus and hippocampus (direct via fornix and 

indirect via mamillary bodies) is considered to be associated with AD-related memory loss 
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(Zarei et al. 2010) along with the disruption of WM tracts leading from anterodorsal nuclei to the 

retrosplenial area (Kaitz & Robertson 1981).  

Focusing on the regional hippocampal atrophy in AD patients, previous MRI studies revealed a 

reduction of volume related mainly to the CA1 subregion, considered to correspond to the medial 

aspect of the head and lateral aspect of the body (Frisoni et al. 2008) (Scher et al. 2007) (Xie et 

al. 2009). In our study, FIRST analysis confirmed loss of overall hippocampal volume and, 

consecutive vertex analysis showed inward deformation across the medial zone of the left 

hippocampal surface. Local changes of the medial hippocampal surface may be related to the 

atrophy of the subiculum (lying roughly beneath the deformed surface), assuming the 

correspondence of delineated areas on the hippocampal surface to underlying subregions 

(Csernansky et al. 2005). However, it should be clearly stated that local displacement of vertices 

in any superficial region does not necessarily indicate volume reduction directly under that 

surface. Therefore, in the current study, an indirect effect of volume loss in a CA1 subregion on 

the contralateral hippocampal side cannot be explicitly excluded.  

However, of more significance than the atrophy of individual structures, we found that the 

volumes of the subcortical structures were correlated in AD patients, but not in healthy controls. 

Zarei et al showed the spot of thalamic atrophy in the anterodorsal surface, similar to what was 

found in our study, where the thalamus connects to the hippocampus through the fornix (Zarei et 

al. 2010). Similarly, the amygdalae are known to be connected to the hippocampi (Colnat-

Coulbois et al. 2010). These results might suggest the atrophy of these structures is not 

independent, but that primary neurodegeneration in one of the structures could lead to secondary 

degeneration of regions connected to it. Authors of pathologic studies formulated a similar 

hypothesis: Xuereb et al found the anterodorsal nucleus of the thalamus to be the most affected 

structure by the pathologic process in AD (Xuereb et al. 1991). The connectivity profile of the 

anterodorsal nucleus and the anterior nuclear group raises an interesting issue. These anterior 

nuclei are connected to the medial limbic portion of the temporal lobe on the one end, and to the 

cingulate gyrus on the other (Zarei et al. 2010). Interestingly, the anterodorsal nucleus constitute 

only a thin lamina of cell layers around the anteroventral nucleus, representing a small portion of 

the anterior nuclear group within the thalamus. Thus, it is unlikely that the degeneration of this 

nucleus itself could account for the overall reduction of volume (Zarei et al. 2010). As significant 
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cell loss was observable only in the anterodorsal nucleus, the gross thalamic atrophy might be 

explained by a change in the glial cell populations or a loss of synapses that characterize all the 

dorsal nuclei – in large numbers (Xuereb et al. 1991). In our study, the focal atrophy in thalami 

appeared to be more widespread, extending to medio-dorsal regions bilaterally and larger in the 

right thalamus, where changes are also widespread antero-ventro-medially.  

In a previous study, Cherubini et al found reduced volume of the bilateral thalami and 

hippocampi similar to our results (Cherubini et al. 2010). However, although the hippocampal 

microstructure investigated by diffusion MRI was found to be altered, neither the fractional 

anisotropy nor the mean diffusivity was altered in the thalamus (Cherubini et al. 2010). In this 

study, we found that the volumes of the subcortical structures were correlated in AD patients, but 

not in healthy controls. These results might lead to the conclusion that the atrophy of these 

structures is not independent, but that the primary neurodegeneration of one structure could 

trigger secondary degeneration of connected regions. It should be noted that our findings do not 

necessarily imply a causal relationship; they might simply indicate a similar rate of atrophy in 

the hippocampus and the thalamus. Further, longitudinal studies on parallel structural and 

functional connectivity should bring new insight to our understanding of the dynamics of brain 

atrophy; in particular, they may clarify the relation between thalamic and hippocampal atrophy.  

In the last decades, global and regional hippocampal atrophy has been investigated with the 

application of numerous distinctive volumetric methods. The primary aim of the rapidly evolving 

refined algorithms is to provide empirical parameterisations of hippocampal shape variability in 

order to enable robust cross-sectional analysis between patients and controls (Shen et al. 2011). 

The main inconvenience of basic statistical shape models is that shape descriptors / coefficients 

cannot directly visualize localized cross-sectional changes in hippocampal volume reduction. 

This is because these coefficients are not directly associated with the deformed area, but only to 

a mode of this deformation; therefore, additional information is required to enable such 

visualization (Shen et al. 2011).These limitations are omitted in the applied FIRST method, with 

the use of the Bayesian approach for vertex-based analysis; once conditional probabilities allow 

the expected intensity distribution to change with the proposed shape, there is no need for 

additional empirical descriptors (Patenaude et al. 2011). Furthermore, contrary to the VBM 

approach, which is based on tissue-type / locally averaged GM segmentation, in the FIRST 
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analysis no such information is needed, as it is based purely on differences in vertex locations 

that determine structure boundaries. Even more conveniently, no further arbitrary smoothing or 

any other boundary correction is required in vertex analysis, as vertex coordinates of underlying 

meshes are used directly to localize focal geometrical changes (Patenaude et al. 2011). In 

contrast to FIRST analysis, no thalamic atrophy was detected in our VBM analysis. Lower GM-

WM contrast and misregistration issues in the thalamic regions may be responsible for the 

differences.  

The essential drawback of the vertex analysis (as well as any other segmentation method for 

subcortical structures) as described above, is that cross-sectional assessment of the focal 

shrinkage in subcortical volume is only indirectly related to the underlying subregional atrophy 

and that global atrophy does not necessarily appear in the form of significant focal atrophy 

(Patenaude et al. 2011) (Zarei et al. 2010). In general, methods based on vertex-wise features are 

considered to be sensitive to noise (Cho et al. 2012). Moreover, our study certainly suffers from 

the limitation that only a relatively low number of patients were recruited.  

4.1.4 Summary   
  
To evaluate AD-related brain atrophy in an integrative manner we have consecutively performed 

several analyses incorporating distinctive morphometric methods, each bringing complementary 

information about AD-related atrophy patterns. Correspondingly with the whole-brain atrophy 

(including total GM and WM loss) that distinguished patients from elderly age-matched controls, 

we confirmed that it is the regional pattern of GM atrophy that appears to be its main component 

of discriminative value.  

Likewise, obtaining specific information on subcortical structures shape, rather than solely 

measuring their overall volume can help in the interpretation of AD-related changes. Moreover, 

of more significance than the atrophy rates of individual structures, we found that the volumes of 

the subcortical structures were correlated in AD patients, but not in healthy controls. Similar rate 

of atrophy in the hippocampi and the thalami together with their specific focal structural changes 

found in patients may be suggestive of non-independent sequence of neurodegenerative 

processes resulting in the atrophic pattern as presented.   
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4.2 DTI patterns in AD  
 

In this study, we set out to identify the spatial pattern of the diffusion parameter motif 

characteristic of AD. We used linked ICA to decompose the data containing various diffusion 

parameters in the WM skeleton representing the core of the fibre bundles. The results of these 

analyses were summarized in the following article:  

• Kincses ZT, Hořínek D, Szabó N, Tóth E, Csete G, Stěpán-Buksakowska I, Hort J, 

Vécsei L. The pattern of diffusion parameter changes in Alzheimer's disease, identified 

by means of linked independent component analysis. J Alzheimers Dis. 2013;36(1):119-

28.  

 

4.2.1 Methods 

A total of 16 subjects diagnosed with AD (median age ± SD: 77.5 ± 6.71 years) and 17 healthy 

controls (median age ± SD: 74 ± 8.4 years) were enrolled in the study. Age and gender were not 

significantly different in the two groups (age: Mann-Whitney test: U = 84.5, z = −1.84, p = 

0.063; gender: χ2 (2, n = 33) = 3.51, p = 0.72). All the AD patients were recruited by a 

neurologist from the Memory Disorders Unit, Department of Neurology, University Hospital 

Motol, Prague, Czech Republic. Clinical diagnosis was made in accordance with the EFNS 

guidelines (Hort et al. 2010). Participants were evaluated by a neurologist who obtained medical 

history from the patient and caregiver, and performed the Mini-Mental State Examination 

(MMSE), Hachinski Ischemic Scale, and a neurological examination. Research assistants and 

study coordinators gathered other data including Geriatric Depression Scale, Activities of Daily 

Living, and additional personal and family history.   

All participants were administered a comprehensive neuropsychological evaluation. The 

psychometric battery covered the following cognitive areas: 1) verbal memory measured with the 

Auditory Verbal Learning Test trials 1–6 and Delayed Recall trial, Free and Cued Selective 

Reminding Test; 2) non-verbal memory measured with the Rey-Osterrieth Complex Figure Test-
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the Immediate Recall condition; 3) visuospatial function measured with the Rey-Osterrieth 

Complex Figure Test-the Copy condition; 4) executive function measured with the Trail Making 

Test B and Controlled Oral Word Association Test; 5) attention and working memory measured 

with the Backward Digit Span and Trail Making Test A; and 6) language measured with the 

Boston Naming Test.  

Most of the subjects were either on a cholinesterase blocker or NMDA receptor blocker 

medication (4 rivastigmine, 9 donepezil, 1 memantine). Control subjects with normal cognition 

were recruited from among the family members of the patients and from the group who 

responded to an advertisement. All participating subjects underwent neurological and 

neuropsychological evaluation. The mean MMSE score was 20.18 (range: 14–25) for patients 

and 29.29 (range: 24–30) for controls. Concomitant diseases, such as hypertension, diabetes, and 

hypercholesterolemia were evenly represented in the two study groups. The exclusion criteria for 

patients and controls included illicit drug use and any major neurological or psychiatric disorder 

other than AD. All the subjects involved (or their guardians in the cases of demented patients) 

provided their written informed consent; approval for the study protocol was given by the local 

medical-ethical committee.  

Data acquisition  

MR imaging was carried out on a 3T GE MR scanner. 3D spoiled gradient echo images (FSPGR: 

TE: 4.1 ms, TR: 10.276 ms, matrix: 256×256, FOV: 25×25 cm, Flip angle: 15◦, in-plane 

resolution: 1×1 mm, slice thickness: 1 mm) and 30 direction diffusion weighted images with 5 

non-diffusion-weighted reference volumes (TE: 93.8 ms, TR: 16000 ms, matrix: 96 × 96, FOV: 

23×23 cm, Flip angle: 90◦, in-plane resolution: 2.4×2.4 mm slice thickness: 2.4 mm, b: 1000 

s/m2, NEX: 2, ASSET) were acquired for all subjects.  

Image analysis  

Diffusion data were corrected for eddy currents and movement artefacts by 12 degrees of 

freedom affine linear registration to the first non-diffusion-weighted reference image (Jenkinson 

& Smith 2001). Diffusion tensors at each voxel were fitted by the algorithm included in the 
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FMRIB’s Diffusion Toolbox (FDT) of the FMRIB’s Software Library (FSL v. 4.0, 

http://www.fmrib.ox.ac.uk/fsl; (Smith et al. 2004)). FA, MD, and diffusivity parallel (λ1) and 

perpendicular ((λ2 + λ3)/2) to the principal diffusion direction were computed for the whole 

brain. In order to reduce the possible errors arising from misalignment of the images, we used the 

Tract Based Spatial Statistics (TBSS) method (Smith et al. 2006). For all subjects, the FA data 

were aligned into a common space chosen to be the best target from all FA images, using the 

non-linear registration tool FNIRT (FMRIB’s Non-linear Image Registration Tool) (Andersson, 

JLR et al. 2007), which uses a b-spline representation of the registration warp field (Rueckert et 

al. 1999). A mean FA skeleton was derived from the mean FA image, which represents the 

centres of all tracts common to the group. The aligned FA data for each subject were then 

projected onto this skeleton and thresholded at 0.2 FA. Similarly, to FA, the MD, axial, and 

radial diffusivity images were also warped to the thresholded mean FA skeleton image. For 

computational reasons, images were downsampled to an isotropic resolution of 2 mm. The 

resulting images were fed into the linked ICA.  

Linked independent component analysis  

Linked ICA is an exploratory data analysis approach for the fusion of information from several 

different imaging modalities. The approach was described in detail earlier (Groves et al. 2011). 

The main aim of the analysis is to identify combined group level features of the multimodal data 

that reflect a biophysically plausible form of variability. The resulting components consist of 

subject loading, which indicates how much the given combination of modalities across space is 

expressed in individual subjects. The original, full version of the analysis decomposes the 

multimodal data from different modality groups with identical spatial organization in a modality 

group over modalities. In the current analysis, we used a restricted version of the approach, with 

only a single modality group of different diffusion parameters in the FA skeleton. The 

decomposition results in a trilinear factorization of the data:  
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where in an n voxel space, Xn,i is the spatial map for component i, Wt,i is the modality weighting 

for component i in modality t, and Hi,r is the weight for component i in subject r. Uncorrelated 

Gaussian residuals are assumed, with the modality-dependent noise precision λt :  

 

To adapt to different scalings of the signal in each modality, an automatic relevance 

determination (Wipf & Nagarajan) prior is used on the modality courses (W).   

The matrices are optimized to find estimates of the generative model of Eq. 1 such that the 

spatial maps are maximally non-Gaussian. The spatial patterns were converted to pseudo-Z-

statistics by accounting for the scaling of the variables and the SNR in that modality. Images 

were thresholded at the pseudo-z-value of 3.1 or 2.3.  

4.2.2 Results 
 

We decomposed the combined data of 16 patients and 17 controls with linked ICA into six 

independent components. Out of the six components, only two showed different subject loadings 

in the two investigated groups (IC 0: p < 0.044, IC 3: p < 0.0027).  

The subject loadings were not correlated with the cognitive function of the patients as measured 

by the MMSE.  

IC 0 was dominated by axial diffusivity (39%), but to a smaller degree, MD (27%), FA (14%), 

and perpendicular diffusivity (20%) also made significant contribution.  

In the spatial map, increased axial diffusivity was found in patients in several regions where 

fibres are crossing: forceps major and minor and corona radiata, superior longitudinal fascicle 

and corona radiata (in Table 4.1 both of these structures are indicated). Smaller clusters were 

found with similar diffusion alterations in the parahippocampal (putative cingulum bundle) and 

paraamygdalar WM, fornix, uncinate fasciculus, and in the thalami (Fig. 4.6). Importantly fibres 

of the internal capsule were spared.  
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Increased axial diffusivity was accompanied by increased MD in most of the regions described 

above. Additionally, some smaller clusters of increased MD were detected in juxtacortical WM. 

Similarly, increased perpendicular diffusivity was found in patients in similar regions identified 

with the axial diffusivity alterations. The peak of statistical significance in case of perpendicular 

diffusivity was in the close vicinity that of axial diffusivity, but in most of the cases not right on 

the same spot.  

Decreased FA was detected in two larger clusters in the forceps major bilaterally (right: x = −28 

mm, z=12mm, ZFA =−6.1, ZMD =3.79, y=−60mm, ZRD =6.73; left: x=26mm, y=−52mm, 

z=10mm, ZFA = −4.26, ZMD = 4.11, ZRD = 5.66). Some smaller clusters were detected in the 

juxtacortical WM. IC 3 was also dominated by axial diffusivity (52%) and MD (29%). FA and 

perpendicular diffusivity had only minor contribution (3% and 15% respectively).  

The spatial map of increased axial diffusivity indicated a small cluster in the left 

parahippocampal WM (putative cingulum bundle; x = −26 mm, y=−32mm, z=−16mm, ZMD 

=2.75, ZAD =2.39). A few single voxel size differences were found in various bilateral, frontal 

and temporal regions (Fig. 4.7).  

The spatial map of the MD (increased in patients) depicted a left precuneal juxtacortical WM 

cluster (x=−18mm, y=−62mm, z=30mm, ZMD = 2.83), a left cluster in the left cingulum bundle 

— the same spot as indicated by the axial diffusivity. Small clusters of increased MD were found 

in the anterior temporal WM (possibly inferior longitudinal fascicle) bilaterally (left: x=−40mm, 

y=−10mm, z=−30mm, ZMD =2.4; right: x=40mm, y=−10mm, z=−28mm, ZMD = 2.54). A few 

single voxel differences were detected in the frontal, parietal, temporal, occipital WM, bilateral 

anterior commissure, and in the left thalamus.  

The component did not indicate differences in FA or perpendicular diffusivity.  
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Table 4.1. Significant clusters in component #0. Side of the cluster (L-left, R-right), standard space 
coordinates in mm, z values for fractional anisotropy (FA), mean diffusivity (MD), axial (L1) and 
perpendicular (L23) diffusivity are given in the consecutive columns. The indicated peak statistical 
significances are based on axial diffusivity (the associated z values are indicated in bold). 
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Fig. 4.6. Summary graph of component #0. Subject loadings were different between AD patients and 
healthy controls (p<0.044, higher in patients, top-right boxplot). The component was mainly driven by the 
axial diffusivity (top-left barplot). Statistical images are overlaid on MNI152 standard brain. Blue-to-light 
blue colour signifies a reduction, red-to-yellow an increment of the given parameter (FA, fractional 
anisotropy; MD, mean diffusivity; L1, axial diffusivity; L23, perpendicular diffusivity). Images are 
thresholded at z = 3.1. Colour bars reflect pseudo-z values. 
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Fig. 4.7. Summary graph of component #3. Subject loadings were different between AD patients and 
healthy controls (p < 0.0027, higher in patients, top-right boxplot). The component was mainly driven by 
the axial diffusivity (top-left barplot). Statistical images are overlaid on MNI152 standard brain. Blue-to-
light blue colour signifies a reduction, red-to-yellow an increment of the given parameter (FA, fractional 
anisotropy; MD, mean diffusivity; L1, axial diffusivity; L23, perpendicular diffusivity). Images are 
thresholded at z = 2.3. Colour bars reflect pseudo-z values.  

 
4.2.3 Discussion 
 

In the current study we used multivariate analysis to identify the motif of diffusion parameter 

changes in AD. One of the most crucial findings of this analysis was that diffusion alterations in 
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AD are dominated by increased axial diffusivity. The increased axial diffusivity, which was 

paralleled by increased mean and perpendicular diffusivity, was found in the intersection of 

major WM fibres bundles such as forceps major and minor, corona radiate, and superior 

longitudinal fascicle. Importantly, the alterations spared the internal capsulae. Similar changes 

were found in the medio-temporal structures.  

There are two models of WM disintegration in AD. The retrogenesis model posits that WM 

disintegration is the reverse of the myelogenesis (myelinogenesis) (Reisberg et al. 1999).  

The small-diameter fibres that are myelinated last in the neocortical association and the 

allocortical fibres are the first to be affected during the progression of the disease (Bartzokis 

2004). An alternative hypothesis considers that the WM disintegration is related to the Wallerian 

degeneration due to cortical neuronal degeneration (Coleman 2005). Our results, which revealed 

WM disintegration in the association fibres as well as in parahippocampal WM, indicate that the 

two hypotheses might exist in parallel.  

Similar data on AD patients were earlier analysed by Groves et al. with linked ICA in the 

seminal paper describing the method (Groves et al. 2011). However, that analysis was different 

in additionally considering the GM atrophy besides the microstructural alterations measured with 

diffusion MRI. Hence, in their analysis, the components described complex variations of the GM 

and WM, which were expressed in the same way in individual subjects. With that, they 

hypothesized that WM disintegration is related to cortical atrophy or at least co-occurs with 

similar dynamics in patients (Wallerian degeneration model). While this is reasonable, it might 

also be necessary to consider GM atrophy-independent microstructural changes (retrogenesis 

model). In their analysis component #2 of the flat, concatenated and linked ICA identified 

widespread cortical atrophy and co-occurring WM disintegration. In contrast, component #11 of 

the Groves analysis identified FA and MD alterations mainly in the callosal fibres without 

cortical atrophy. In our analysis, neocortical association fibres and the medial temporal WM 

were also affected, which may point to the validity of both models. However, it should be 

emphasized that late myelinating fibres connect to the medio-temporal structures (Brun & 

Englund 1986).  



 89 

While it is generally accepted that the primary pathology is in the GM, it has also become clear 

that the cognitive dysfunction in AD is also related to disconnection (Gunning-Dixon & Raz 

2000). This has been confirmed in several in vivo human diffusion (Liu et al. 2011) and 

functional MRI studies (Delbeuck et al. 2003) (Greicius et al. 2004), in human (Stokin et al. 

2005) and animal (Desai et al. 2009) histological investigations. Moreover, it is known that 

amyloid-protein aggregates can also be found in the WM (Roher et al. 2002) and regionally 

specific myelination abnormalities can be detected prior to the development of tau and amyloid 

pathology in an animal model of AD. It was reported recently that the amyloid-42 oligomer 

inhibits myelin formation in vivo (Horiuchi et al. 2012). Oligodendrocytes have been 

demonstrated to be susceptible to amyloid (Zeng et al. 2005) and oxidative stress (Deng et al. 

2004), factors that are crucial in the pathogenesis of AD (Kincses et al. 2010).  

Thus, diffusion MRI-detected parameter alterations have frequently been described in AD. While 

the reported spatial distribution of such alterations is variable, most is probably the consequence 

of methodological differences; callosal and medio-temporal disintegration are often reported 

features (Xie et al. 2006) (Stricker et al. 2009) (Salat et al. 2010) (Damoiseaux et al. 2009) 

(Zhang et al. 2007) (Rose et al. 2006). Furthermore, correlation of cognitive performance with 

diffusion parameters was recently investigated with univariate approaches (Bosch et al. 2012) 

(Huang & Auchus 2007) (Fellgiebel et al. 2008). In a recent TBSS study investigating several 

cognitive measures, only memory composite was correlated with FA when AD and mild 

cognitive impairment patients were analysed together but not for AD patients separately (Bosch 

et al. 2012). Similarly, in our study no correlation was found between the expression of the 

components in individual subjects (subject loadings) and the MMSE scores. It is important to 

point out MMSE is a general measure of cognitive performance and does not test a single 

specific cognitive function which could be correlated with a focal structural alteration.  

Previous studies have indicated that the different patterns of the diffusion parameter alterations 

may be associated with different pathological changes in the white matter. The alterations of 

axial and radial diffusivity in mouse models of multiple sclerosis have been suggested to relate to 

axon or myelin damage, respectively (Sun et al. 2007) (Song et al. 2005) (Budde et al. 2008). 

One mouse model study revealed a decreased FA in transected nerves, the FA returning toward 

the normal in the course of axonal regeneration. Additionally, the FA and axial diffusivity 
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correlated significantly with the total axon count (Lehmann et al. 2010). In the optic nerve of 

mice, a significantly decreased axial diffusivity was observed 3 days after retinal ischemia 

without any detectable changes in radial diffusivity, which was consistent with histological 

finding of significant axonal degeneration without demyelination. Consistent with the 

histological finding of myelin degeneration, an increase in radial diffusivity was observed 5 days 

after ischemia (Song et al. 2003). The myelin content in the post-mortem human brain, prior to 

and after fixation, was predicted by the changes in radial diffusivity, together with FA and MD 

(Schmierer et al. 2008). A further possibility behind the increased axial diffusivity might be the 

selective degeneration of the weaker of the crossing fibres (Douaud et al. 2011). In the current 

study, the identified components were most strongly influenced by the axial diffusivity. This 

might suggest that axonal loss is the key pathological process. On the other hand, other diffusion 

parameter changes were also significantly included in the independent components. At this stage, 

the pathological relevance of these findings cannot be unanimously concluded. While it is 

crucially important to understand the pathological relevance of the diffusion alterations in AD, if 

further studies could confirm the results and extend these findings in longitudinal investigations, 

diffusion MRI could be a potential biomarker in studies testing putative neuroprotective 

treatments.   

4.2.4 Summary 
 

In this study we made use of a model-free analysis approach of linked independent component 

analysis to identify a motif of diffusion parameter alterations exemplifying AD. Analysis 

revealed six independent components, two of which demonstrated differences between patients 

and controls. Component #0 was dominated by axial diffusivity but significant alterations in 

fractional anisotropy and mean and radial diffusivity were also detected. Alterations were found 

in regions of crossing of major WM pathways, such as forceps, corona radiata, and superior 

longitudinal fascicle, as well as mediotemporal WM. These results lend support to the 

coexistence of WM disintegration of the late myelinating associating fibres and Wallerian 

degeneration-related disintegration, in accordance with the retrogenesis and Wallerian 

hypothesis.  
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4.3 DTI patterns in AD and NPH  
 

In this study we compared whole brain WM integrity in AD, NPH and normal aging. We 

hypothesised that these conditions have different spatial patterns of WM alterations reflected in 

diffusion measures that can differentiate them. The content of this chapter has been published in 

the following study:  

• Hořínek D, Štěpán-Buksakowska I, Szabó N, Erickson BJ, Tóth E, Šulc V, Beneš V, 

Vrána J, Hort J, Nimsky C, Mohapl M, Roček M, Vécsei L, Kincses ZT. Difference in 

white matter microstructure in differential diagnosis of normal pressure hydrocephalus 

and Alzheimer's disease. Clin Neurol Neurosurg. 2016 Jan; 140:52-9.  

 

4.3.1 Methods 

Forty-eight patients participated in this study: 17 subjects diagnosed with NPH (average age   

76.18 years, SD 8.38), 14 subjects diagnosed with AD (78.92 years, SD 6.31) and 17 healthy 

controls (74.06 years, SD 8.11) (Table 4.2). Subjects with idiopathic NPH were recruited from 

among patients attending the Department of Neurosurgery of Central Military Hospital, Prague 

and were diagnosed by an experienced neurosurgeon – according to the clinical diagnostic 

criteria of probable NPH, including gait disorder, dementia and urinary incontinence (ADAMS et 

al. 1965). Patients with any other neurologic disease, psychiatric disorder or history of head 

trauma were excluded from the study. All 17 NPH patients underwent gait speed test on 10-m 

track, get-up and go test, diagnostic lumbar infusion test and neuropsychological evaluation. All 

patients underwent VP shunting procedure. In cases of uncertain results of lumbar infusion test, 

the 120-h external drainage test was additionally performed before VP shunting. The NPH 

patients were those that had a positive postoperative clinical response. Patients with negative 

response to lumbar infusion test or external lumbar drainage, respectively, were excluded from 

this study. Definitive diagnosis of NPH was assessed after symptomatic improvement following 

VP shunt insertion. MRI scanning was carried out previous to the VP shunting.  
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The control subjects were recruited among the healthy volunteers (from family members of 

patients and from the group who responded to the advertisement), with no history of neurological 

or psychiatric disorder.  

There were no differences between the age of the groups. All AD patients were recruited by a 

neurologist from Memory Disorders Unit, Department of Neurology (University Hospital Motol, 

Prague, Czech Republic). The clinical diagnosis was made according to NINCDS-ADRDA and 

respecting new EFNS guidelines (Hort et al. 2010). The study protocol was approved by local 

institutional ethics committee and informed consent was obtained from all subjects (or their 

guardians).  

MR imaging was carried out on a 3T GE Signa HDx MR imaging system (GE Medical Systems, 

Milwaukee, WI) in the Central Military Hospital, Prague. All sequences were acquired using 8-

channel head coil. The MRI protocol included T1-weighted 3D BRAVO sequence (TR: 10.9, 

TE: 4.6 ms, matrix: 352 × 224, FOV: 24 × 24 cm, flip angle: 13◦, in-plane resolution: 0.68 × 1.07 

mm2, slice thickness: 1 mm). T2-weighted and FLAIR images were acquired, as a part of the 

diagnostic workup, to exclude patients with significant vascular lesions and other causes of 

dementias. Diffusion images were obtained with a diffusion-weighted single-shot echo-planar 

imaging (b = 1000 s/m2 for 30 non-collinear diffusion directions with 5 non- diffusion-weighted 

reference volumes, TR: 16,000 ms, TE: 89 ms, matrix: 128 × 128, FOV: 24 × 24 cm, flip angle: 

90◦, in-plane resolution: 1.8 × 1.8 mm2, slice thickness: 2.4 mm). 

 

 

Table 4.2. Sociodemographic data of the subjects. Data are represented as mean ± standard deviation. 

NPH, normal pressure hydrocephalus; AD, Alzheimer’s disease; MMSE, Mini Mental State Examination.  
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Image analysis  

Raw diffusion data were visually inspected and data with major movement artefact were 

excluded from further analysis. Then DTI images were corrected for eddy currents and motion 

artefacts by 12 degree of freedom (12DOF) affine linear registration to the first non-diffusion-

weighted reference image (Jenkinson & Smith 2001). Diffusion tensors at each voxel were fitted 

using the FMRIB’s Diffusion Toolbox (FDT, FSLv.4.0, www.fmrib.ox.ac.uk/fsl). Fractional 

anisotropy (FA), mean diffusivity (MD), and diffusivity parallel (λ1) and perpendicular ((λ2 + 

λ3)/2) to the principal diffusion direction (RD – radial diffusivity) were computed for the whole 

brain. In order to reduce the possible errors arising from misalignment of the images, we used the 

Tract Based Spatial Statistics (TBSS) method (Smith et al. 2006). All subjects’ FA data were 

aligned into a common space that was chosen to be the best target from all FA images (an 

algorithm included in the TBSS package), using the nonlinear registration tool FNIRT (http:// 

fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT), which uses a b-spline representation of the registration 

warp field. A mean FA skeleton was derived from the mean FA image that represents the centres 

of all tracts common to the group. Each subject’s aligned FA data was then projected onto this 

skeleton and thresholded at 0.2 FA. The resulting data were fed into voxel-wise cross-subject 

statistics. Modelling and inference using standard general linear model (GLM) design set-up was 

accomplished using permutation-based cluster analysis (5000 permutation) (Nichols & Holmes 

2002) as implemented in FSL; the design was encoded for group membership. For statistical 

inference Threshold-Free Cluster Enhancing (TFCE) approach was used (Smith & Nichols 

2009).  

In case of all AD and NPH patients’ data – the lateral ventricles, the 3rd ventricle and the 

Sylvian fissures were masked manually on the high-resolution T1-weighted images. The CSF 

volumes estimated from these masks were fed into TBSS analysis to reveal voxel-wise 

correlation between the CSF volumes and diffusion metrics. A separate group-specific skeleton 

was used for each group.  
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Back-projection of the results into native FA space  

In order to detect possible misregistrations, TBSS results from group comparison and correlation 

were back-projected to the original FA map with the “tbss deproject” algorithm of FSL. The 

results of the back-projection were checked visually for registration artefacts. 

4.3.2 Results 

Registration problems  

Back-projection of the group comparison TBSS results showed that the registration failed around 

the thalami, affecting also the internal capsule in NPH patients. No other region showed 

misregistration in NPH patients and there was no misregistration in AD patients. We found no 

misregistrations in the results of the TBSS correlation. The misregistered regions were excluded 

from the results.  

White matter microstructure alterations in NPH patients compared to controls  

White matter microstructure as evaluated by group level voxel-wise FA differences in the centre 

of WM fibre bundles was significantly altered in NPH patients as compared to normal controls. 

Higher FA values were found in the cortico-fugal fibres arising from the frontal and parietal 

cortex. Reduced FA was found over the corpus callosum, most prominently in the splenium. 

Additional WM regions with significantly lower FA were found in the left parietal lobe and left 

temporal pole (Fig. 4.8).  

MD was higher in NPH patients compared to controls over the majority of WM fibre bundles 

except the juxtacortical white matter. In particular, higher MD was observed in the bilateral optic 

radiation where FA was reduced in NPH patients. 
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Fig. 4.8. WM alterations in NPH compared to controls. WM fibre tracts with higher FA, λ1 (L1), MD and 

RD in NPH patients are depicted in green, and tracts with lower FA are depicted in blue. Misregistered 

areas are excluded. Significant clusters were thickened in order to obtain better visualisation. Results are 

overlaid on the mean FA skeleton thresholded at 0.2. Images are thresholded at p < 0.05, corrected for 

multiple comparisons.  

An increase of λ1 was also found in widespread regions, highly overlapping with MD changes, 

but not in regions where FA was reduced, e.g., in the corpus callosum and in the optic radiations. 

On the other hand, the increase in RD was widespread, but not seen in the cortico-fugal fibres 

where FA was found to be increased (Fig. 4.8). 

White matter microstructure alterations in AD patients compared to controls 

No significant FA differences were found between AD patients and normal controls. 
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MD was higher in AD patients in the left parieto-temporal WM. However, when lowering the 

statistical threshold, the differences were found to be bilateral and were also seen in the frontal 

WM (Fig. 4.9). 

The λ1 was increased throughout widespread WM of the frontal, parietal and temporal lobes, as 

well as in the brain stem, but not in the occipital lobe. 

RD was not altered in AD patients. 

 

Fig. 4.9. WM alterations in AD as compared to normal controls. Higher λ1 in AD patients are shown in 
green. Blue regions depict higher MD in AD patients. Images are shown without misregistered areas, 
thresholded at p < 0.05 and corrected for multiple comparisons.  

Comparison of white matter microstructure in NPH and AD 

FA was found to be higher in NPH patients in the cortico-fugal white matter tracts similar to 

what was found when comparing NPH patients with normal controls. Similarly, reduced FA was 

found in the splenium of the corpus callosum in NPH patients (Fig. 4.10). 

The MD was higher in NPH patients in the bilateral cortico-fugal fibres in the frontal and parietal 

WM. There were no tracts having lower MD in NPH than in AD patients. 

Higher λ1 (L1) was found in AD patients predominantly on the right side of the splenium of the 

corpus callosum, while λ1 was higher in NPH patients in the bilateral cortico-fugal fibres in the 

frontal and parietal WM. 

RD was higher in NPH patients than in AD patients in the right parietal and frontal WM adjacent 

to the anterior and posterior horn of the lateral ventricle. 
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Fig. 4.10. Differences in diffusion parameters between NPH and AD patients. Blue thickened clusters 
indicate higher parameters in NPH patients, while red region higher parameters in AD. Images are 
overlaid on the mean FA image. The WM skeleton thresholded at 0.2 is shown in green. Images are 
shown without misregistered areas, thresholded at p < 0.05 and corrected for multiple comparisons. 
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Diffusion alterations related to ventricular size 

In AD patients, negative correlation between volume of lateral ventricles and FA in the left 

frontal WM near the anterior horn, as well as between the volume of Sylvian fissure and RD in 

the right splenium of corpus callosum were found. Also, there was a positive correlation between 

the volume of Sylvian fissure and RD in the right part splenium of corpus callosum localised 

postero-laterally from the previous one. There was no correlation between the volume of the 3rd 

ventricle and the diffusion parameters (Fig. 4.11). 

In NPH patients, a positive correlation between volume of 3rd ventricle and FA in bilateral 

frontal WM – especially on left side – near the anterior horn of lateral ventricles and a negative 

correlation with RD in the splenium of corpus callosum was found. There was no correlation 

between the volume of either lateral ventricles or the Sylvian fissures and the diffusion 

parameters.  
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Fig. 4.11. CSF space correlation with WM diffusion parameters in patients. Results are overlaid on the 
mean FA skeleton thresholded at 0.2. Images are thresholded at p<0.05, corrected for multiple 
comparisons. Negative correlations are depicted in blue, positive correlations are depicted in red. In the 
first row FA shows negative correlation to the 2nd (lateral) ventricle volume in AD. In the second and 
third row RD shows positive and negative correlation to the Sylvian fissure volume in AD, respectively. 
In the fourth row FA shows positive correlation, in the fifth row RD shows correlation to the 3rd ventricle 
in NPH.    
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4.3.3 Discussion 
 

We found that there are measurable differences in WM microstructure in NPH as compared to 

AD and normal controls. The most characteristic changes in NPH were the increased FA in the 

cortico-fugal tracts adjacent to the lateral ventricles, along with increased MD and axial 

diffusivity. In contrast, posterior callosal WM pathways had reduced FA paralleled with 

increased RD. Furthermore, increased lateral ventricular volume negatively correlated with the 

FA of the frontal WM in AD and 3rd ventricular volume positively correlated with the FA of the 

frontal and parietal periventricular WM in NPH.   

 

Our results are basically in line with previous DTI studies on NPH. Hattori et al. (Hattori et al. 

2012a) in a combined TBSS- and ROI-based investigation found increased FA in the internal 

capsule and in corticospinal tracts, along with decreased FA in the periventricular WM and 

posterior parts of the splenium. Also using the combined TBSS and ROI approach, Hattingen et 

al. (Hattingen et al. 2010) reported significantly lower FA and higher MD values in corpus 

callosum, along with higher FA and MD values in the periventricular corticospinal tract. 

Accordingly, Kanno et al. (Kanno et al. 2011) in a VBM-style analysis showed increased MD in 

the periventricular regions and lower FA in the corpus callosum and the subcortical regions. 

Recently, similar results were also presented in NPH patients before VP-shunting (Scheel et al. 

2012). Moreover, our results are also broadly consistent with a recent DTI study on a rodent 

model of hydrocephalus (kaolin-induced), in which regionally heterogonous diffusion alterations 

were also detected in the WM fibres (Yuan et al. 2012).   

 

The reduction of FA in the corpus callosum and posterior periventricular WM fibres in NPH can 

be explained with mechanical pressure on the callosal and periventricular fibres caused by 

ventricular enlargement to the extent it that may cause axonal degeneration (Ding et al. 2001). 

Furthermore, it appears that induced CSF effusion into the periventricular WM due to increased 

pressure (resulting in extracellular edema) also significantly contribute to the altered diffusion 

parameters (Medina & Gaviria 2008). A further explanation could be that the enlargement of the 

ventricles may cause predominantly antero-posterior stretching of WM fibres in the body of 

corpus callosum and cranio-caudal stretching of the fibres in the splenium. In either case, the 
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stretching is perpendicular to the main fibre direction in the corpus callosum – and that can 

possibly lead to reduced FA and increased RD (Hattori et al. 2011).   

 

We propose two alternative hypotheses for the increased FA that may be seen mainly as a result 

of the increase of axial diffusivity (λ1) in the periventricular cortico-fugal fibres. One possibility 

is that the increased mechanical pressure arising from the reduced CSF turnover may stretch the 

ventricles and compress the WM fibres, which in turn will reduce the winding of the fibres 

within a voxel, resulting in increased water diffusivity in the main direction – parallel to fibres. 

Alternatively, the degeneration of crossing fibres that are running through the corpus callosum 

(the region where reduced FA was found) will reduce the perpendicular diffusivity. However, 

since no reduction of the RD was measured here, this second hypothesis seems less likely.  

 

As previously reviewed (in subsection 3.2.4.4 Generalised atrophy and subsection 3.3.6 DTI 

patterns in NPH) AD is considered to be the most important differential diagnosis for NPH and 

is often found as NPH comorbidity. Our study reported higher MD in parieto-temporal WM in 

AD patients when compared to controls, consistently with the pattern known from previous DTI 

studies (Sexton et al. 2011). Likewise, higher MD values in NPH patients indicate reduced 

axonal fibre calibre along with increased amount of extracellular space, occurring as a result of 

increased CSF diffusion into interstitial periventricular space due to increased CSF production 

and decreased brain perfusion (Hattori et al. 2011) (Ivkovic et al. 2012). In our study these 

regional changes were more significant for the left hemisphere; however, they were displayed 

also on the right when the statistical threshold has been lowered.  

 

In our study, no significant change in FA was detected in AD patients. That is in contrast to 

former TBSS analyses on AD patients that reported FA reductions in various locations. Some of 

these studies however used a more liberal statistical threshold (Salat et al. 2010) (Liu et al. 

2011), or much higher gradient directions to define diffusion parameters (Damoiseaux et al. 

2009). Nevertheless, while no significant FA differences were found between AD patients and 

normal controls, we reported an increase of λ1 – axial diffusivity in the temporal, parietal and 

frontal lobes in AD patients. Increased λ1 can be explained by increased extra-axonal space due 

to reduced axonal density and faster diffusion parallel to axons (Sun et al. 2008). According to 
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Kim et al. (Kim et al. 2006), λ1 changes may simply describe axonal damage occurring 

secondarily to Wallerian degeneration.  

 

The results of the present study are broadly consistent with the findings described in subchapter 

4.2 - DTI patterns in AD. Correspondingly to the present analysis, in our previous study - using a 

model free approach, we found that the increased λ1 accounted for the main component of the 

pattern in diffusion alterations in AD patients. These findings have lent support to the agreement 

on the coexistence of WM disintegration of the late myelinating associating fibres and secondary 

degeneration-related disintegration, in accordance with the retrogenesis and Wallerian 

degeneration hypotheses (Kincses et al. 2013).    

 

Contrary to numerous DTI studies on AD, less studies used diffusion parameters to differentiate 

NPH patients from other types of dementia. In our analysis we have been able to compare 

patterns of the diffusion changes in different populations with the use of both AD and the control 

group of aged-matched (elderly) patients. Kanno et al. performed a voxel-based comparative 

study between DTI metrics in NPH, AD and Parkinson disease (PD) (Kanno et al. 2011) that also 

showed significantly higher MD in the periventricular WM in NPH patients as compared to 

either AD (in line with our results) or PD patients. Conversely, MD was found to be higher in 

AD and PD patients as compared to NPH in the left subcortical frontal WM. The most 

significant reduction of FA was noticed in the splenium of corpus callosum in NPH as compared 

to AD or PD patients, which is also very similar to our findings. Similarly, another tract specific 

ROI-based analysis showed increased FA and λ1 in the cortico-spinal tract in NPH patients 

(Hattori et al. 2011). This feature was shown to have a sensitivity of 94% and specificity of 80% 

when differentiating from AD or PD patients (Hattori et al. 2011). In another study, using tract-

specific analysis Hattori implied different pathogeneses for fornix damage between NPH and AD 

patients, presenting significantly lower FA values in both NPH and AD, with differences 

concerning the length of the fornix (greater in NPH, but not altered in AD) (Hattori et al. 2012b).   

 

A further important finding of our present research is the correlation between diffusion 

parameters and external and internal CSF volumes. In AD the enlargement of the ventricles is 

thought to be an ex vacuo process, hence the reduction of FA that correlates with the ventricular 
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enlargement might be seen as a signature of neurodegeneration. Contrary, the positive correlation 

between the periventricular FA and the size of the third ventricle points to a mechanical effect 

arising from the increased pressure in the ventricles. These findings might also call attention to 

the size of the third ventricle in the diagnosis of NPH between the various CSF volumes and 

indices (Yamada et al. 2015). 

 

Earlier TBSS analyses compared NPH patients to controls (Hattori et al. 2012a) (Hattingen et al. 

2010) (Scheel et al. 2012), but comparison to other diseases with similar clinical and 

neuroradiological features were missing (to date of the publications of the present study). We 

used TBSS analysis that is not compromised with the need for specific ROIs and represents a 

more uniform approach, convenient in the present study, in the light of a presumption of the 

more general effect of dilated ventricular system on the cerebral WM. Furthermore, TBSS as 

compared to former voxel-wise morphometric analyses, has the advantage of reducing errors 

arising from the possible misalignments in the WM that has a key importance in our patient 

population – where gross brain configuration is altered. Similar to our results, earlier TBSS 

studies using back-projection from the skeleton had confirmed successful registration in most of 

the brain. Although misalignment issues are resolved with TBSS approach to some extent, huge 

anatomical deformation due to ventricles enlargement are still problematic in NPH (Hattori et al. 

2012a). In our study we further improved the registration by using a single image (an AD 

patient’s image) instead of the normal standard space template and visual inspection further 

ensured the result of registrations. Furthermore, the regions where misregistration happened were 

excluded from the analysis. 

 

Probably the biggest drawback of all types of voxel-based cross-sectional analyses (one of which 

is TBSS, though restricted to the core of fibre tracts) is that many steps are required, such as 

intersubject image registration, tissue segmentation, smoothing, and many others. Recently, 

parametric model fitting for the shape of a whole-brain MD histogram was developed (Ivkovic et 

al. 2012) and presented as a useful approach for differential diagnosis for NPH and AD, omitting 

the need for intersubject registration. However, this method lacks the spatial information, which 

looking at our results, could be a key feature of diffusion parameter alterations.  
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One problem with the diffusion-tensor approach is also its clinical feasibility. As seen above, 

DTI images require time-consuming postprocessing and statistical steps before a diagnostic or 

differential conclusion can be reached. This makes the clinical application challenging. 

Nevertheless, diffusion-tensor imaging is considered to be a very powerful approach to evaluate 

WM alterations on a whole-brain or tract-specific basis, and combined application of various 

diffusion parameters such as FA, MD, λ1 and RD is thought to enrich the information used to 

differentiate between various pathologies and their further description; our results seem to 

confirm that.  

 

In this context, conclusion can be made with the implication of future research that should 

address the potential effect of VP shunt insertion in NPH patients on DTI parameters; some 

degree of normalisation might be assumed in shunt-responsive group. In our pre-operative study, 

patient group consisted only of subjects that were known to respond well, therefore the presented 

pattern of WM alterations in NPH as compared to AD and healthy age-matched controls may 

reflect the successful configuration for shunt indication.     

 

This issue has been partially addressed in later studies (published after the present study) that 

showed – as expected – a significant ventricular volume reduction in VP shunt-responders, 

accompanied by a significant interaction between clinical improvement and decrease in 

ventricular size. WM regions in which FA was decreased after shunt placement included corona 

radiata. This finding was observed only in shunt-responsive NPH patients and might reflect the 

plasticity of the brain for mechanical pressure changes from the CSF system (Kanno et al. 2017).  

 
4.3.4 Summary 
 

In our study, TBSS analysis showed a specific patter of diffusion parameter changes that can 

differentiate NPH from AD and healthy aging controls. Our findings support the utility of non-

invasive DTI approach in differential diagnosis of NPH and prediction of success of VP 

shunting. The challenge for further future research is to perform a follow up study after VP shunt 

insertion and to assess the diffusion characteristics against the clinical course and other 

diagnostic markers of NPH.   
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4.4. Structural and DTI patterns in TLE  
 
The current study compares global microstructure of fibre bundles with regard to seizure-related 

WM alterations in both right and left TLE. The content of this chapter is a part of the following 

study: 
• Buksakowska I, Szabó N, Martinkovič L, Faragó P, Király A, Vrána J, Kincses ZT, 

Meluzín J, Šulc V, Kynčl M, Roček M, Tichý M, Charvát F, Hořínek D, Marusič P 

Distinctive Patterns of Seizure-Related White Matter Alterations in Right and Left TLE -

submitted, Manuscript ID: 474992   

 

4.4.1 Methods 
 
Subjects  
 
Fifty-four patients with drug-resistant TLE, epilepsy surgery candidates, were enrolled into the 

study. All of them underwent standard preoperative examination in the Motol Epilepsy Centre. 

The evaluation included clinical examination, EEG and video-EEG monitoring, 

neuropsychological assessment, repeated MRI examinations (including fMRI with linguistic-

based tasks) and, in selected cases, functional examinations like ictal SPECT or interictal PET. 

When it seemed necessary, the patients underwent an intracarotid sodium amobarbital procedure 

and/or intracranial EEG monitoring. Electroclinical diagnosis was concordant with temporal lobe 

epilepsy in all the patients.  

 

The age- and sex-matched control subjects were recruited among the healthy volunteers, with no 

history of neurological or psychiatric disorder. The study protocol was approved by the local 

institutional ethics committee and informed consent was obtained from all subjects.  

 

From the initial number of 54 TLE patients, 22 subjects were excluded: 3 patients due to 

extensive structural lesions (2 for astrocytoma and 1 for prior herpetic encephalitis), 6 due to 

uncertain lateralization or localization of epilepsy (1 with suspected bilateral TLE, 1 with 

differential diagnosis frontal lobe epilepsy versus TLE, 4 with temporo-parietal-occipital 

lesions), 8 due to the low quality of images (2 with improper acquisition,  6 with motion artefacts 

or incomplete examination). One patient refused subsequent examinations. Additionally, we also 
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excluded 4 patients that were not Czech native speakers. All patients had confirmed dominance 

of the left hemisphere for specialised linguistic operations as evaluated with a series of fMRI 

tests and/or Wada test.  In the LTLE group 8 patients were diagnosed with hippocampal sclerosis 

- HS (53%), in the RTLE group – 10 (58%) (Table 1). 

  

Finally, DTI data from 17 patients with RTLE (age: 40,72 ± 10,38; 10 females, 7males), 15 

patients with LTLE (age: 37,33 ± 10,38; 6 females, 9 males) and 15 age-matched normal 

controls (age: 34,76 ± 11,16; 8 females, 7 males) were used in this study. Shapiro-Wilk tests of 

normality and t-tests were performed using the Statistical Package for Social Sciences (SPSS 17 

for OS X, SPSS Inc., http://www.spss.com).  

 
 
Data acquisition 
 
MR imaging was carried out on a 3T GE Signa HDx MR imaging system (GE Medical Systems, 

Milwaukee, WI) in the Central Military Hospital, Prague. All sequences were acquired using 8-

channel head coil. The MRI protocol included high resolution head imaging T1W (FSPGR), 

T2W (T2 CUBE) and FLAIR (FLAIR CUBE) 3D sequences. The FSPGR sequence parameters 

were as follows: TR/TE = 9.33/3.88, 120 slices, slice thickness 1 mm without gap, 320x256 

matrix with a FOV of 24x24 cm2. Diffusion tensor images (DTI) were obtained with a diffusion-

weighted, single-shot, echo-planar imaging (b=1000s/m2 images with 30 non-collinear diffusion 

directions – TR: 15000ms, TE: 89 ms, matrix: 128x128, FOV: 24x24cm, flip angle: 90 degrees, 

in-plane resolution: 1.8x1.8 mm2, slice thickness: 2.4 mm and with 5 non-diffusion weighted 

reference volumes). 

 

Image analysis 
 
DTI data were corrected for eddy currents and motion artefacts by 12 degree of freedom 

(12DOF) affine linear registration to the first non-diffusion-weighted reference image (Jenkinson 

& Smith 2001), which was also used to generate a binary mask with the Brain Extraction Tool 

implemented in	 FMRIB Software Library (BET, FSLv.6.0 www.fmrib.ox.ac.uk/fsl). The 

extraction algorithm was optimised for each subject's data. Diffusion tensors at each voxel were 

fitted using the FMRIB’s Diffusion Toolbox (FDT). FA, MD, and LD and RD were calculated 
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for the whole brain. In order to reduce possible errors arising from misalignment of the images, 

we used the Tract Based Spatial Statistics (TBSS) method (Smith et al. 2006).  

All subjects' FA data were aligned to the FSL FMRIB58_FA template in standard Montreal 

Neurological Institute (MNI) space with the use of the nonlinear registration tool FNIRT 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT), which uses a b-spline representation of the 

registration warp field. A mean “FA skeleton image” was computed from the mean FA image by 

finding the central axis of each tract, representing the centres of all tracts common to the group. 

Each subject's aligned FA data was then projected onto this skeleton and thresholded at 0.2 FA. 

In a similar fashion, the MD, LD and RD images were also warped to the thresholded mean FA 

skeleton image. The resulting data were fed into voxel-wise cross-subject statistics. Modelling 

and inference using standard general linear model (GLM) design set-up was accomplished with 

the use of permutation-based cluster analysis (5000 permutations) (Nichols & Holmes 2002) as 

implemented in FSL. The regressors of the GLM analysis coded for group membership and 

clinical variables in the design. The regressors, age and gender were demeaned. Correlation 

analysis was conducted between diffusivity parameters and seizure frequency. With the GLM 

design negative and positive correlations were calculated. For statistical inference Threshold-

Free Cluster Enhancing (TFCE) approach was used (Smith & Nichols 2009). 

 
Volumetric analysis of the subcortical structures 
 
Acquired structural images were additionally processed and automatic segmentation of 

hippocampi and amygdalae was carried out with FMRIB’s Integrated Registration Segmentation 

Toolkit (FIRST) (Patenaude et al. 2011). Structural data were available and complete for all the 

LTLE patients, 16 RTLE patients and 14 controls.  Volumetric comparisons were performed 

using the Statistical Package for Social Sciences (SPSS 25 for Windows, SPSS 

Inc., http://www.spss.com).  The volumes of the segmented structures of hippocampi and 

amygdala were compared across groups (sides included) with a nonparametric Mann-Whitney U 

test.   

 

In the next step, in order to explain the variance between groups (RTLE, LTLE and controls), we 

examined the influence of the diagnosed HS as a covariate on the measured hippocampal 

volumes. For this purpose, we used Analysis of Covariance (ANCOVA), which is a combination 



 108 

of an ANOVA and a regression analysis and that examines the influence of an independent 

variable on dependent variables, while removing the effect of the covariate factor.    

 
4.4.2 Results 
 
 
Clinical variables 
 
The clinical and demographic variables of patients are summarized in Table 4.3. No significant 

differences were found between the age or gender distribution of the groups (p > 0.05). The 

groups didn’t differ in handedness (p > 0.05). In regard to disease duration and seizure frequency 

(seizure/month) the patients’ groups didn’t show difference (p > 0.05). 

 

Table 4.3.  Characteristics of patient groups.   
 

 
HS – hippocampal sclerosis, RTLE – right temporal lobe epilepsy, LTLE – left temporal lobe epilepsy, 
FCD1 – focal cortical dysplasia type 1  
 
Hippocampal and amygdalar volumetry 
 
The size of hippocampi and amygdala were compared between groups. A total of 18 tests were 

conducted. Because the Kolgomorow-Smirnof test indicated that the normality assumption was 

violated, a nonparametric Mann-Whitney U test was performed. 
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The RTLE group of patients showed a significantly smaller size of the right hippocampi 

(unilateral side) compared to the left side (p<0.024). The size of unilateral amygdala was also 

smaller, but the difference was not significant (p<0.193).  

 

It was also shown that the right hippocampi were significantly smaller when the RTLE group 

was compared with the LTLE. Unilateral hippocampal and amygdalar volumes were also smaller 

for the LTLE group, although with no significant difference (p<0.290 and p<0.130).  

 

When compared with the controls, the only statistically significant result was shown for 

amygdalar volumes in LTLE (p<0.023). 

 

These results were further confirmed with the analysis of covariance. While the data were 

adjusted for the effect of HS (roughly more than half of subjects in patient’s groups), the 

difference between the LTLE and RTLE groups for the right hippocampal volume remained the 

only statistically significant finding (p < 0.014) (Fig. 4.12).  

 

No significant differences were found between the patients and controls.      

 

 
 
Fig.4.12. Right hippocampal volume comparison between left TLE and right TLE adjusted for HS with 
ANCOVA 
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WM microstructure alterations in patients with RTLE compared to controls 
 
Significantly reduced FA (p< 0.01) was found bilaterally over widespread brain regions in right 

TLE patients when compared to controls (Fig. 4.13), including the genu and body of corpus 

callosum (but not splenium), fornix and posterior limb of internal (and external) capsule. 

Reduced FA values were more widely distributed in the ipsilateral hemisphere in the inferior 

fronto-occipital fasciculus, uncinate fasciculus, inferior longitudinal fasciculus and caudal part of 

forceps minor; the largest changes were seen in the WM of the right temporal pole and the WM 

close to the temporal and occipital fusiform cortex and parahippocampal gyrus. Additionally, 

reduced FA values were present in the contralateral superior longitudinal fasciculus, superior and 

posterior part of the corona radiata and cranial parts of the forceps minor. 

 

Increased MD (p< 0.02) was widespread in the RTLE patients, highly overlapping with the FA 

changes. Again, an increase of MD was predominantly seen in the ipsilateral hemisphere: in the 

inferior fronto-occipital fasciculus, uncinate fasciculus and inferior longitudinal fasciculus. 

Moreover, higher MD values in the superior longitudinal fasciculus, superior and posterior parts 

of the corona radiata and the forceps minor were also essentially ipsilateral. Only some fibre 

bundles (the forceps major and the posterior part of the inferior fronto-occipital fasciculus) 

showed a predominantly contralateral MD increase (Fig. 4.13). 

 

RD was also higher (p<0.01) in the RTLE patients as compared to the controls over the 

widespread WM fibre bundles, mostly ipsilaterally (Fig.4.13). Regions with significantly higher 

RD included WM fibres arising from the frontal and parietal cortex passing through the posterior 

limb of the internal capsule, superior longitudinal fasciculus, inferior longitudinal fasciculus, 

inferior fronto-occipital fasciculus (mostly the anterior part), uncinate fasciculus and forceps 

minor. Whereas generally diffuse, these changes were mostly presented in the right hemisphere. 

 

Again, solitary clusters in the posterior part of the left inferior fronto-occipital fasciculus/forceps 

major were more noticeable contralaterally. Whereas there were higher values in the bilateral 

body and genu of the CC (less in the splenium), no RD changes were shown in fornix. 
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Finally, higher values of LD (p< 0.02) were found exclusively (or almost exclusively) in the 

ipsilateral inferior longitudinal fasciculus, uncinate fasciculus, superior longitudinal fasciculus 

and posterior limb of internal capsule; minor changes in the genu and body of the CC were seen 

bilaterally (Fig.4.13). 

  

 
 

Fig. 4.13. White matter alterations in RTLE as compared to normal controls. Blue clusters indicate 
reduced FA in patients, while yellow-red regions indicate an increase in diffusion parameters: mean 
diffusivity (MD), AD (axial/longitudinal diffusivity) and RD (radial/perpendicular diffusivity). Images 
are overlaid on the mean FA image; the WM skeleton thresholded at 0.2 is shown in green. Images are 
thresholded at p<0.05, corrected for multiple comparisons.  
 
 

WM microstructure alterations in patients with LTLE compared to controls 
 
FA was reduced in the patients with LTLE compared to the controls over the WM fibre bundles 

in the ipsilateral hemisphere, most prominently in the left uncinate fasciculus and inferior fronto-

occipital fasciculus (p< 0.01) (Fig. 4.14). Additional WM regions with significantly lower FA 

(p< 0.02) were also found in the ipsilateral inferior longitudinal fasciculus, superior longitudinal 

fasciculus, forceps minor and forceps major body and genu of the corpus callosum.  
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Furthermore, some smaller clusters also appeared in the contralateral inferior fronto-occipital 

fasciculus and uncinate fasciculus.    

 

Increased MD and RD values (p< 0.02) were observed in widespread WM fibre bundles 

ipsilaterally, largely overlapping with regions where FA was lower (inferior longitudinal 

fasciculus, uncinate fasciculus, inferior fronto-occipital fasciculus and superior longitudinal 

fasciculus). Moreover, MD was higher in ipsilateral corona radiata; small clusters of higher MD 

were also found in the genu and body of the corpus callosum. No higher MD values were seen 

contralaterally, and only some clusters of higher perpendicular diffusivity were shown in the 

right superior and inferior longitudinal fasciculus, when the threshold was lower (p<0.05)  

 

No LD increase was observed in the patients with LTLE compared to the controls (4.14). 

 

 
 
Fig. 4.14. White matter alterations in LTLE as compared to normal controls. Blue clusters indicate 
reduced FA in patients, while yellow-red regions indicate an increase in diffusion parameters: mean 
diffusivity (MD) and RD (radial/perpendicular diffusivity). Images are overlaid on the mean FA image; 
the WM skeleton thresholded at 0.2 is shown in green. Images are thresholded at p<0.05, corrected for 
multiple comparisons. 
  
 
WM microstructure alterations in patients with LTLE compared to RTLE 
 
No difference was found between the left and right TLE groups.  
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4.4.3 Discussion 
 
Group-level analyses of multiple diffusion parameters in the core of WM fibre bundles showed 

different patterns of WM changes in the RTLE and LTLE as compared to the controls. Whereas 

LTLE-related WM alterations were predominately or exclusively ipsilateral, temporal and extra-

temporal WM abnormalities in the RTLE appeared to be more widespread and bilateral, 

(although also predominantly ipsilateral).  

 

As expected, widespread WM changes were most pronounced in pathways terminating in the 

temporal lobe (including the inferior longitudinal fasciculus, uncinate fasciculus and superior 

longitudinal fasciculus). Our findings are consistent with previous DTI studies that showed TLE-

related WM abnormalities which are not only confined to the temporal lobe but associated with a 

larger epileptogenic network (Bao et al. 2018) (Gross 2011) (Riley et al. 2010) (Focke et al. 

2008) (Schoene-Bake et al. 2009) (Lemkaddem et al. 2014).  

 

Some previous TBSS studies either combined the image data from both left and right TLE 

(Tsuda et al. 2018) (Bao et al. 2018) (Liu et al. 2014) (Scanlon et al. 2013) (Afzali et al. 2011) or 

mirrored RTLE images across the midline (Scanlon et al. 2013) (Riley et al. 2010), thus adding 

more anatomical variances and making group differences more difficult to detect (Riley et al. 

2010). We solved these issues by keeping left and right TLE data distinct and comparing them 

separately with age and sex-matched controls in order to further differentiate WM abnormalities 

depending on the hemisphere of the seizure onset.   

 

Most of the previous TBSS studies demonstrated TLE-related WM aberrations as illustrated 

solely by either FA reduction (Schoene-Bake et al. 2009) (Scanlon et al. 2013) or FA reduction 

followed by MD increase (Nguyen et al. 2011) (Liu et al. 2014). In our study, we used multiple 

DTI metrics to provide complementary information about the underlying WM seizure-related 

WM damage and to strengthen the comprehensibility of the results.  

In general, high MD values indicate reduced axonal fibre calibre and increased extracellular 

space. Whereas FA values reflect the underlying integrity of WM tracts, MD values can also 

indicate the structural changes in grey matter neurons (Bao et al. 2018). The increased 
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longitudinal diffusivity can be explained by increased extra-axonal space due to reduced axonal 

density and greater diffusion parallel to axons (Sun et al. 2008) as a result of axonal damage and 

degeneration (secondary to Wallerian degeneration), whereas diffusivity perpendicular to the 

principal diffusion direction reflect mainly the degree of demyelination (Budde et al. 2007) 

(Della Nave et al. 2010).  

The pattern that we observed in LTLE with ipsilaterally decreased FA and increased 

perpendicular diffusivity, accompanied by non-significant change in longitudinal diffusivity, 

may be suggestive of earlier or less severe stages of degeneration (Weaver et al. 2009) (Cosottini 

et al. 2005).   

Conversely, severe and extensive WM microstructural alterations in RTLE represented by 

reduced FA and higher values of MD, LD and RD in temporal and extratemporal WM bundles 

suggest an underlying combination of axon and myelin loss, and indicate more severe tract 

damage related to advanced stages of Wallerian degeneration, likely as a result of cortical and 

subcortical grey matter pathology. Hippocampal volumetric measures confirmed these results, 

suggesting that damage of both white and grey matter was more severe in the RTLE group, as 

addressed later in discussion.    

Previous studies have confirmed that WM structural integrity in TLE is thought to be disturbed 

more severely in the ipsilateral rather than contralateral hemisphere, as revealed by FA and MD 

changes (Deleo et al. 2018) (Bao et al. 2018) (Otte et al. 2012) (Oguz et al. 2013). Usually, fibre 

bundles connected with the affected temporal lobe are the ones most severely altered (Otte et al. 

2012) and showing a centrifugal pattern of changes. Similarly, asymmetry of WM integrity 

(explored in terms of lower FA values) was found to be associated with a leftward or rightward 

tendency, depending on the affected hemisphere (Li et al. 2014). Interestingly, some studies 

indicated that TLE patients with left hemispheric onset exhibit more alterations in ipsilateral and 

contralateral regions than those with RTLE, manifested as FA reduction and/or MD increase in 

temporal and extra-temporal fibre bundles (Focke et al. 2008) (Ahmadi et al. 2009) (Lu et al. 

2013); these findings were also confirmed postoperatively (Schoene-Bake et al. 2009). Other 

studies on the effect of hemispheric laterality on diffusion parameters revealed more widespread 

WM abnormalities in RTLE patients than in those with LTLE (Bonilha et al. 2010) (Lemkaddem 
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et al. 2014). It can be concluded that the diverse distribution of WM alterations suggests that the 

localization of epileptic networks may play a role in the WM burden, regardless of which initial 

side is studied (Campos et al. 2015).  

 

Several possible explanations have been proposed to resolve the hemispheric predominance of 

WM changes. It has been suggested that neuronal connections in either the left or right 

hemisphere, respectively, may be more likely to support seizure propagation to the contralateral 

hemisphere (Ahmadi et al. 2009) (Lu et al. 2013). In particular, it is possible that seizures cause 

more excitotoxic damage while originating in the dominant hemisphere, whereas the brain tissue 

in the dominant hemisphere may be more susceptible to pathological impact (Lu et al. 2013). In 

addition, the role of different maturation speed between both hemispheres has been proposed as 

another potential explanation for these asymmetries, implying that neurodevelopmental factors 

may play an important role in the epileptogenic process of TLE (Voets et al. 2011).   

 

Importantly, many discrepancies between laterality of findings may be explained by the 

heterogeneity in the studied populations, followed by differences in analytical approaches. 

Overall, a growing corpus of research demonstrates the strong effect of etiologically distinct and 

pathologically different syndromes underlying TLE, while mesiotemporal – hippocampal 

sclerosis (HS) is considered to be a distinct clinico-pathologic entity from a non-HS group that 

appears to be highly heterogeneous (Mueller et al. 2006).      

 

Our results, suggesting that the epileptogenic network appears to be larger in RTLE, are partially 

consistent with findings presented by (Bonilha et al. 2010) that identified additional MD changes 

expressed in RTLE (additionally to diffuse pattern of FA changes in both LTLE and RTLE) and 

with findings described by (Oguz et al. 2013) that showed more extensive MD changes in RTLE 

in groups of both female and male patients. Also, the results described by Lemkaddem et al. are 

broadly consistent with the evidence that bilateral neocortical networks are severely affected in 

RTLE; the extensive pattern of alterations affecting temporal and extratemporal structures has 

been shown with a more complex combination of microstructural changes (Lemkaddem et al. 

2014). 
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Our study confirmed more restricted WM abnormalities in LTLE than in RTLE as compared to 

controls; the diffusion-related asymmetry was thus more obvious in the LTLE group, with WM 

alterations found predominantly or almost exclusively ipsilaterally. The number of significant 

voxels was considerably larger in the contralateral hemisphere in RTLE subjects. Also, 

hippocampal volumes were significantly smaller ipsilaterally in the RTLE group, although 

significant analogous results were not confirmed in the LTLE group.  

 

As already implied, several factors may influence the degree and extent of diffusion alterations 

in TLE, including the severity of mesiotemporal lobe sclerosis (neuronal loss and gliosis) (Deleo 

et al. 2018) (Scanlon et al. 2013). Our results seem to partially confirm that: widespread and 

severe diffusion abnormalities were more apparent in the group with significant ipsilateral 

hippocampal volume reduction. Contrary to studies that did not detail the repartition of HS 

versus non-HS findings on MRI, we examined the influence of HS on the measured volumes, 

given the fact that more than half of the patients in each group demonstrated HS with a similar 

rate. Our analyses confirmed the diagnostic role of HS as a covariate when explaining the 

variance between RTLE and LTLE, but no volume differences were found in comparison to the 

controls. Our primary objective was to assess the degree of severity of hippocampal atrophic 

rates in both right and left TLE, and the diagnostic partition appeared to be consistent with these 

results. Our results might therefore be dominated to some extent by the finding of more 

prominent hippocampal atrophy in the RTLE group; however, these findings may not necessarily 

imply a causal relationship.   

 

Whereas a growing number of studies imply that the degree of WM alterations appears to be 

heavily influenced by the side of seizure onset and macroscopic structural changes, converse 

evidence from animal models and human studies suggests that hippocampal neural loss can 

occur following severe or prolonged seizure activity (Cavazos et al. 1994). Some authors suggest 

that patients who experience secondary generalised seizures are more prone to contralateral 

hippocampal volume loss (Alhusaini et al. 2012). Others, on the other hand, argue against the 

hypothesis that epileptiform activity per se contributes to focal brain injury in previously 

undamaged cortical regions (Noè et al. 2019) and imply that structural brain damage is not an 

inevitable consequence of epileptic seizures (Liu et al. 2005). 
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Likewise, early presentation of diffusion abnormalities despite the lack of volumetric changes 

(Hutchinson et al. 2010), would be indicative of contributing factors of neurodevelopmental 

nature. It is also possible that the microstructural architecture of WM can be at least partially 

altered by the presence of developmental neuronal remnants (interstitial neurons) that have been 

more recently reported in epilepsy (Deleo et al. 2018). These findings may be interpreted as 

arrested neuronal migration and/or increased WM neurogenesis from progenitor cells (Richter et 

al. 2016) (Lojewski et al. 2014).    

 

One important limitation of our study is that the time between the last seizure and MR scan was 

unknown and thus interictal heterogeneity within the patient groups was possible. There is 

growing evidence of postictal changes that may persist for longer periods of time in some 

patients, and which are reflected as a decrease in diffusivity (Diehl et al. 2005). Specifically, 

these changes likely indicate cellular swelling in the area of seizure onset and possibly areas of 

seizure spread. Further systematic studies may therefore shed more light on complex and 

dynamic changes that reflect the timing of seizure and imaging. Special focus on the correlation 

of these changes with outcome after epileptic surgery may be the key component to determining 

the role of postictal diffusion measures in the presurgical evaluation of epilepsy patients.  

Moreover, due to recent findings suggesting that WM architectural changes may be reversible in 

the contralateral hemisphere after a successful surgery in TLE (Li et al. 2019), it would also be 

interesting to perform analyses on pre- and post-postoperative data, as it may help differentiate 

the impairment attributed either to the outcome of resection or to underlying seizure disorder.	

Also,	 further correlations of diffusion-derived metrics with quantified neuropsychological and 

functional imaging findings may provide complementary information about the underlying 

seizure-related WM abnormalities with regard to functional hemispheric specialization.    

 
4.4.4 Summary  
 
Overall, our results are broadly consistent with studies confirming that patients with TLE suffer 

from dysfunctions affecting large-scale brain networks rather than a single focal region. Our 
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study implies that right and left TLE have different distinctive spatial patterns of WM 

microstructural abnormalities that can be differentiated and interpreted with the use of multiple 

diffusion metrics. It appears that patients with RTLE exhibit a more widespread pattern of WM 

alterations that extends far beyond the temporal lobe in both the ipsilateral and contralateral 

hemisphere; furthermore, these changes seem to reflect more severe damage related to chronic 

degeneration.  On the other hand, diffusion changes in LTLE may suggest a pattern of less severe 

axonal damage, more restricted to ipsilateral hemisphere. Partially comprehensive finding of 

more prominent hippocampal atrophy in the RTLE raises an interesting issue of seizure-induced 

implications on grey and white matter microstructure that may not necessarily mean a 

straightforward causal relationship. Additional correlations of diffusion-derived metrics with 

neuropsychological and functional imaging measures may provide complementary information 

about underlying seizure-related WM abnormalities with regard to functional hemispheric 

specialization; and correlations with outcome after epileptic surgery may determine the role of 

postictal diffusion measures in the presurgical evaluation of TLE patients. An interesting issue to 

address further would be whether these abnormalities might be reversible with good seizure 

control or surgery.  
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5 Conclusions 
 

 

Structural and diffusion imaging patterns seen as dementia-related changes in the brain were the 

central theme of the proposed thesis. As pointed out in consecutive chapters of the presented 

work, MRI is in fact an excellent tool that may be used for this purpose. With this intention, the 

clinical and scientific implications of MRI patterns seen in AD and other conditions related with 

cognitive deterioration were first emphasized in the theoretical part of this work (subchapters 

3.1-3.3).  

On this basis, the utility of several structural and diffusion MRI approaches was further 

demonstrated in the experimental part. As assumed, it was possible to identify the specific motifs 

of grey and white matter alterations in AD (subchapters 4.1, 4.2, 4.3), NPH (subchapter 4.3) 

and TLE (subchapter 4.4). The results from each of the four studies included in the thesis 

allowed the following conclusions to be drawn:  

1) Structural patterns in AD  
 
The broad implication of this study (subchapter 4.1) emphasises the advantage of the integrative 

approach in assessment of brain atrophy in AD. As assumed, the use of several distinctive 

morphometric methods resulted in obtainment of complementary information about AD-related 

atrophy patterns: 

 

• In addition to the whole-brain atrophy (including GM and WM loss) that distinguished 

AD patients from elderly age-matched controls, we confirmed that it is the regional 

pattern of grey matter atrophy that appears to be more specific and of discriminative 

value (the most substantial volume reduction was shown in the bilateral temporal regions 

extending to the parietal area – predominantly on the left side).  

• Likewise, the atrophy of bilateral thalami and hippocampi was identified and shown to be 

regionally specific (focal atrophy in the antero-ventromedial and antero-medio-dorsal 

regions of the thalami and medial aspects of the left hippocampus).   
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• Moreover, of more significance than the atrophy rates of individual structures, was the 

finding that the volumes of the subcortical structures were correlated in AD patients, but 

not in healthy controls. 

 

One important conclusion that can be drawn from our results is that a similar rate of atrophy in 

the hippocampi and the thalami, coupled with their specific focal structural changes, may suggest 

a non-independent sequence of the neurodegenerative processes that resulted in the described 

atrophic pattern. It should be noted, however, that our findings do not necessarily imply a causal 

relationship. Further, longitudinal studies on structural and functional connectivity should bring 

more insight to our understanding of the dynamics of brain atrophy; in particular, they may 

clarify the relation between its different components.   

 

Overall, our results add to a growing corpus of research that puts focus on obtainment of specific 

information on the shape of individual subcortical structures rather than sole measurement of 

their overall volume. Likewise, morphometric features specified regionally are believed to be 

more disease-specific and correlated cross-sectionally than global atrophy rates, and our results 

confirm this. Despite the limiting factor of a small study group, our integrative evaluation 

appears to be fairly conclusive and contributive in terms of the interpretation of AD-related 

patterns of atrophy on both cortical and subcortical levels. 

 

2) Diffusion patterns in AD  
 
Having obtained the complementary multi-level information on structural MRI patterns in AD, 

we further used DTI data from the same population of patients and age-matched elderly controls 

(extended by additional subjects). In this study (subchapter 4.2), we intended to gain more 

insight into the WM microstructural disintegration underpinning AD pathological processes.  

 

We achieved this aim using a model-free approach of linked independent component analysis 

that identified a motif of diffusion parameter alterations exemplifying AD: 

 

• Analysis revealed six independent components, two of which demonstrated differences 

between AD patients and controls. One of the most crucial findings of this analysis was 
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that diffusion alterations in AD are dominated by increased axial diffusivity, paralleled by 

increased mean and perpendicular diffusivity (found in the intersection of major WM 

fibre bundles such as forceps major and minor, corona radiata and superior longitudinal 

fasciculus). Similar changes were found in the medio-temporal structures. Importantly, 

the alterations spared the internal capsulae.  

The major contribution of this work consists in the finding of apparent pathological relevance of 

diffusion alterations in AD. In the first place, predominant influence of the axial diffusivity may 

imply that axonal loss is the key pathological process in WM disintegrated fibres. On this basis 

we further conclude that the revealed pattern of WM microstructural alterations may correspond 

to the coexistence of two models of WM disintegration: that of the late myelinating associating 

fibres, and that related to Wallerian degeneration – in accordance with the retrogenesis and 

Wallerian hypothesis, respectively. Alterations found in the association fibres as well as in the 

parahippocampal WM may indicate that these two processes can occur in parallel. 

Nevertheless, apart from axial diffusivity, the influence of other diffusion metrics in independent 

components also contributed to our results, with possible implications of their suggested 

pathological relevance. Further work could disentangle these complexities and successfully 

explore this issue further, possibly in a longitudinal framework. If our findings can be confirmed 

and extended using a larger sample, it would accordingly emphasize the role of DTI as a 

potential biomarker in studies testing putative neuroprotective treatments.     

 

3) Diffusion patterns in AD and NPH  

 

In our subsequent DTI study (subchapter 4.3), we expanded the evaluated sample to normal 

pressure hydrocephalus (NPH) and compared the whole brain WM integrity in AD, NPH and 

normal aging. Structural imaging patterns in these conditions can sometimes be challenging to 

interpret and distinguish in the context of widespread atrophy. With this in mind, we 

hypothesised that comparison of disproportionate ventricular enlargement in NPH to the 

prominent ex-vacuo pattern in AD would possibly bring more information on periventricular 
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WM integrity than solitary comparison to a normal aging pattern, which would presumably bring 

more obvious results.  

 

On the other hand, it should be mentioned that ventricular disproportionate enlargement in NPH, 

along with group heterogeneity, may be seen as a certain drawback compromising further 

analyses in between groups. To verify the reliability of these comparisons, we checked the 

results for possible misregistrations and excluded problematic areas (found focally in NPH – 

extending to internal capsule) from further analysis and interpretation. 

 

As assumed, the whole-brain analysis restricted to the core of WM fibre tracts revealed a specific 

pattern of diffusion metrics changes in NPH that differentiated it from AD and healthy aging 

controls: 

 

• The most characteristic findings in NPH were increased FA in the cortico-fugal tracts 

adjacent to the lateral ventricles, along with increased MD and axial diffusivity when 

compared to AD and normal aging. In contrast, posterior callosal WM and optic radiation 

pathways had reduced FA in parallel to increased RD in NPH patients. 

• While no significant FA differences were found between AD patients and normal 

controls, we reported an increase in axial diffusivity, accompanied by an increase in MD 

– in the temporal, parietal and frontal lobes in AD patients, in correspondence with our 

previous findings (described in subchapter 4.2). The pattern of these changes was 

different from the one found in NPH; AD patients additionally showed higher axial 

diffusivity in posterior callosal WM and optic radiation when compared to NPH.  

• Finally, increased lateral ventricular volume negatively correlated with the FA of the 

frontal white matter in AD, and the third ventricular volume positively correlated with the 

FA of the frontal and parietal periventricular WM in NPH.    

 

Broadly translated, our results indicate the utility of the TBSS method in evaluation of WM 

microstructural alterations in the differential diagnosis of AD, NPH and normal aging.  

Employment of a combination of diffusion metrics appeared to facilitate the interpretation of 

complex underlying changes caused by different conditions: 



 123 

 

• Parts of the experiment were broadly consistent with our previous research. With 

different methodology (TBSS approach versus model free approach), we confirmed the 

predominant role of axial diffusivity in the AD-related pattern of WM changes, which 

implies an increased extra-axonal space due to reduced axonal density and faster 

diffusion parallel to axons. As previously reviewed, the location of alterations 

(association fibres of the temporal, parietal and frontal lobes when compared to controls, 

and also optic radiation and callosal WM when compared to NPH) most probably imply a 

combination of axonal damage occurring secondarily to Wallerian degeneration and 

disintegration of late myelinating fibres in accordance with retrogenesis theory. 

• We proposed two alternative explanations for the widespread changes in diffusion 

parameters seen in the periventricular cortico-fugal fibres in NPH. One possibility is that 

the increased mechanical pressure arising from reduced CSF turnover may stretch the 

ventricles and compress the WM fibres, which in turn will reduce the winding of the 

fibres within a voxel, resulting in increased water diffusivity in the main direction parallel 

to fibres. Alternatively, the degeneration of crossing fibres that are running through the 

corpus callosum (the region where reduced FA was found) may reduce perpendicular 

diffusivity. However, since no reduction of perpendicular diffusivity was measured here, 

this second hypothesis seems less likely. 

• Changes in the corpus callosum and posterior periventricular WM fibres in NPH can 

possibly be explained by mechanical pressure on the callosal and periventricular fibres 

caused by the ventricular enlargement to an extent that may involve axonal degeneration 

(widespread increase in RD). Further implications would be strictly of a mechanical 

nature (stretching perpendicular to the main fibre direction) or related to CSF effusion.  

 

A further important finding of this study was the correlation between diffusion parameters and 

external and internal CSF volumes. While the enlargement of the ventricles in AD is generally 

thought to be an ex vacuo process, our results, which show reduction of FA in frontal WM that 

correlates with ventricular enlargement, might also be interpreted as a sign of neurodegeneration. 

In contrast, the positive correlation between the periventricular FA and the size of the third 

ventricle points to a mechanical effect arising from increased pressure in the ventricles. These 
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findings might also call attention to the size of the third ventricle in diagnosis of NPH between 

the various CSF volumes and indices.  

 

In this context, our conclusions could be supplemented with further research that should address 

the potential effect of VP shunt insertion in NPH patients on DTI parameters; some degree of 

normalisation might be assumed in the shunt-responsive group. Nevertheless, because our pre-

operative study patient group consisted exclusively of shunt-responders (non-responders were 

excluded), the identified pattern of WM alterations in NPH as compared to AD and healthy age-

matched controls may reflect the successful configuration for shunt indication.  

 

Our findings therefore support the utility of diffusion imaging in differential diagnosis of NPH 

with the potential prediction of benefit from VP shunting. Whereas the latter assumption has 

already been partially addressed in later studies, further longitudinal research that would include 

a combination of diffusion metrics in order to assess the diffusion characteristics against the 

clinical course and other diagnostic markers of NPH might still prove important.  

 

4) Diffusion patterns in TLE  

 

As has been shown previously, diffusion-tensor imaging can be a very powerful approach to 

evaluating WM alterations on a whole-brain and tract-specific basis, and combined application 

of various diffusion parameters is thought to enrich the information used to differentiate between 

underlying conditions and describe them further; our results on AD and NPH groups seem to 

confirm that.  

 

Likewise, in our further study using the TBSS approach (subchapter 4.4), we showed that right 

and left TLE have distinctive spatial patterns of WM microstructural abnormalities that can be 

differentiated and interpreted with the use of multiple diffusion metrics: 

 

• Significantly reduced FA, increased MD, LD and RD were found bilaterally over 

widespread brain regions in RTLE as compared to the controls.  An increase in MD and 

RD values were observed in widespread WM fibre bundles ipsilaterally in LTLE, largely 
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overlapping with regions where FA was lower; while no increase in LD was observed.  It 

therefore appears that patients with RTLE exhibit a more widespread pattern of WM 

alterations that extend far beyond the temporal lobe in both ipsilateral and contralateral 

hemisphere; furthermore, these changes seem to reflect more severe damage related to 

chronic degeneration. Conversely, more restrained changes in the LTLE may imply a 

pattern of less severe axonal damage, more restricted to ipsilateral hemisphere.  

• We also found a difference between the LTLE and RTLE groups for the right 

hippocampal volume (with and without adjustment for hippocampal sclerosis), whereas 

no significant volume differences were found between patients and controls. Partially 

comprehensive finding of more prominent hippocampal atrophy in the RTLE therefore 

raises an interesting issue of seizure-induced implications on grey and white matter 

microstructure that may not necessarily mean a straightforward causal relationship.  

 

Several factors may influence the degree and extent of diffusion alterations in TLE, including the 

group heterogeneity and the severity of mesiotemporal lobe sclerosis; our results seem to 

partially confirm that, with the finding of widespread and severe diffusion abnormalities more 

apparent in the group with significant ipsilateral hippocampal volume reduction (with and 

without adjustment for HS). Several additional explanations have been proposed to further 

resolve the issue of hemispheric predominance of WM changes.  

 

Overall, our results are broadly consistent with studies confirming that patients with TLE suffer 

from dysfunctions affecting large-scale brain networks rather than a single focal region. An 

interesting issue to address further would be to examine whether these abnormalities might be 

reversible with good seizure control or surgery. Additional correlations of diffusion-derived 

metrics with neuropsychological and functional imaging measures may provide complementary 

information about underlying seizure-related WM abnormalities with regard to functional 

hemispheric specialization; and correlations with outcome after epileptic surgery may determine 

the role of postictal diffusion measures in the presurgical evaluation of TLE patients.  

 

 

      *** 
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The most important conclusion than can be drawn from our studies is that structural and 

diffusion imaging proved to be useful in identifying regionally specific and disproportionate loss 

of brain volume and microstructure in several pathological processes underlying cognitive 

deterioration. The use of several distinctive morphometric methods resulted in obtainment of 

complementary information on AD-related atrophy patterns, and further employment of a 

combination of diffusion metrics appeared to facilitate the interpretation of complex underlying 

pathological changes in AD, NPH and TLE. While these MRI approaches can be seen as useful 

diagnostic and differential support, further longitudinal studies should verify the prognostic value 

of distinctive measures in disease progression (AD) and in the identification of patients that 

would benefit from a surgical approach (NPH, TLE).     
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