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ABSTRACT 

Alzheimer's disease (AD) is the most common neurodegenerative disease preceded 
by a stage of mild cognitive impairment (MCI). The structural brain changes in AD 
can be detected more than 20 years before symptoms appear. If we are to reveal early 
brain changes in AD process, it is important to develop new diagnostic methods. 

Magnetic resonance imaging (MRI) is an imaging technique used in the 
diagnosis and monitoring of neurodegenerative diseases. Magnetic resonance 
imaging can detect the typical signs of brain atrophy of degenerative diseases, but 
similar changes can also be seen in normal aging. Visual rating methods (VRM) have 
been developed for visual evaluation of atrophy in dementia. A computer-based 
tensor-based morphometry (TBM) analysis is capable of assessing the brain volume 
changes typically encountered in AD. 

This study compared the VRM and TBM analysis in MCI and AD subjects by 
cross-sectional and longitudinal examination. The working hypothesis was that TBM 
analysis would be better than the visual methods in detecting atrophy in the brain. 
TBM was also used to analyze volume changes in the deep gray matter (DGM). 
Possible associations between TBM changes and neuropsychological tests 
performances were examined. This working hypothesis was that the structural DGM 
changes would be associated with impairments in cognitive functions. 

In the cross-sectional study, TBM distinguished the MCI from controls more 
sensitively than VRM, but the methods were equally effective in differentiating AD 
from MCI and controls. In the longitudinal study, both methods were equally good 
in the evaluation of atrophy in MCI, if the groups were sufficiently large and the 
disease progressed to AD. Volume changes were found in DGM structures, and the 
atrophy of DGM structures was related to cognitive impairment in AD. 

Based on these results, a TBM analysis is more sensitive in detecting brain 
changes in early AD as compared to VRM. In addition, the study produced 
information about the involvement of the deep gray matter in cognitive impairment 
in AD. 

KEYWORDS: Alzheimer’s disease, mild cognitive impairment, normal aging, 
visual rating method, tensor-based morphometry, deep gray matter, cognitive 
impairment   
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TIIVISTELMÄ 

Alzheimerin tauti (AT) on yleisin dementoiva sairaus, jota edeltää yleensä lievä 
muistitoimintojen heikentyminen. AT:n aivomuutoksia voidaan todeta yli 20 vuotta 
ennen sairastumista. Jotta vielä varhaisempia AT:n aivomuutoksia voidaan todeta, 
on tärkeää kehittää uusia diagnostisia menetelmiä.  

Magneettikuvausta (MK) käytetään rappeuttavien aivosairauksien diagnostii-
kassa ja seurannassa. MK:lla voidaan havaita aivorappeumasairauksille tyypillistä 
kutistumista, mutta samanlaisia muutoksia voi esiintyä myös normaalissa ikäänty-
misessä. Aivorappeuman arviointiin on kehitetty silmämääräisiä arviointimenetel-
miä. Tietokoneperusteinen tensoripohjainen muotoanalyysi (TPM) laskee esimer-
kiksi AT:lle tyypillisiä aivojen tilavuusmuutoksia. 

Tämä tutkimus vertaili silmämääräisiä arvioitimenetelmiä ja TPM:ä lievässä 
muistitoimintojen heikentymisessä ja AT:ssa poikittais- ja pitkittäistutkimuksella. 
TPM:n oletettiin olevan silmämääräisiä menetelmiä parempi tunnistamaan aivojen 
kutistumismuutoksia. Lisäksi TPM:llä tutkittiin AT:iin liittyviä aivojen syvän 
harmaan aiheen muutoksia, joita verrattiin neuropsykologisten testien tuloksiin. 
Syvän harmaan aineen kutistumisen oletettiin olevan yhteydessä tietojenkäsittelyn 
heikentymiseen. 

Tulosten perustella TPM tunnisti AT:iin liittyviä aivomuutoksia silmämääräistä 
menetelmää paremmin jo lievän muistitoimintojen heikentymisen vaiheessa. AT:iin 
liittyviä aivomuutoksia löytyi myös aivojen syvästä harmaasta aineesta ja ne olivat 
osittain yhteydessä neuropsykologisten testien tuloksiin.  

Tutkimuksen perusteella TPM voi parantaa AT:n varhaisdiagnostiikkaa ver-
rattuna silmämääräisiin arviointimenetelmiin. Tutkimus antoi myös tietoa aivojen 
syvän harmaan aineen osallisuudesta ihmisen tietojenkäsittelyyn.  

AVAINSANAT: Alzheimerin tauti, lievä muistitoimintojen heikentyminen, nor-
maali ikääntyminen silmämääräinen arviointimenetelmä, tensoripohjainen muoto-
analyysi, syvä harmaa aine, heikentynyt tietojenkäsittely   
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1 Introduction 

Alzheimer’s disease (AD) is the world’s most common neurodegenerative disease, 
causing a progressive decline in daily activities (Alzheimer's Association, 2016). AD 
is a degenerative brain disease, which is caused by a progressive accumulation of 
pathological protein products (beta-amyloid plaques and tau tangles) within the brain 
(Alzheimer's Association, 2016). The accumulation may begin more than two 
decades before the appearance of any clinical symptoms and eventually leads to 
neuronal damage and death (Alzheimer's Association, 2016). The most common risk 
factors of AD are older age, a positive family history and carrying the apolipoprotein 
(APO) ɛ4 gene (Alzheimer's Association, 2016). The prevalence of AD is 11% at the 
age of 65 years but it rises up to 32% at the age of 85 years. The number of new 
diagnoses increases also with age (Alzheimer's Association, 2016).  Mild cognitive 
impairment (MCI) is a possible pre-condition of AD, in which cognitive abilities 
have declined, but do not influence activities of daily living (Alzheimer's 
Association, 2016; Petersen, 2016). MCI can revert back to normal cognition, remain 
stable or lead to other forms of dementia (Alzheimer's Association, 2016). However, 
almost every third MCI subject will develop AD in 5 years (Alzheimer's Association, 
2016).  

The diagnosis of AD is mostly clinical, but it is supplemented by a variety of 
diagnostic laboratory and imaging biomarkers (Alzheimer's Association, 2016). 
There is no curative treatment for AD and although with medication it is possible to 
slow down the progression of symptoms at the early stage of AD, unfortunately the 
therapeutic effect is only transitory (Alzheimer's Association, 2016).  

Atrophy of the medial temporal lobe (MTL) is the main structural finding in the 
brain of subjects with AD and it has also been associated with MCI (Dubois et al., 
2007; Apostolova et al., 2012). The degree of medial temporal atrophy (MTA), 
especially hippocampal atrophy, is associated with the degree of severity of AD 
(Frisoni et al., 2010; Jack Jr et al., 2002). The atrophy of MTA may also help in the 
differential diagnosis between healthy controls and subjects of progressive MCI, 
stable MCI and AD (Chételat et al., 2005; Bozzali et al., 2006; Dubois et al., 2007; 
Hämäläinen et al., 2007; Frisoni et al., 2010; Devanand et al., 2012; Tondelli et al., 
2012; Braskie & Thompson, 2014). Atrophy of MTA has also been shown to predict 
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the later conversion to AD (Jack et al., 1999; Jack et al., 2000; Rusinek et al., 2004; 
Duara et al., 2008; Vemuri & Jack, 2010). A limitation of evaluating MTA or any 
gray matter atrophy is that it is not specific for any particular neurodegenerative 
disease as similar findings can be seen in normal aging and all neurodegenerative 
diseases (Fox & Freeborough, 1997; Jack Jr et al., 2002; Duara et al., 2008; Frisoni 
et al., 2010). However, in neurodegenerative diseases, the MTA process is stronger 
and more rapid than in normal aging (Driscoll et al., 2009; Chou et al., 2010; 
McDonald et al., 2012; Lockhart & DeCarli, 2014) and the atrophy has often a 
characteristic additional distribution according to the type form of neurodegenerative 
disease (Park & Moon, 2016).  

During the neurodegenerative process, the cortical gray matter atrophy is not 
restricted to the MTL or to any typical areas, but spreads to the other regions of the 
brain as well (Thompson et al., 2003; Pini et al., 2016). In MCI and AD, the cortical 
atrophy spreads to other regions of the temporal lobes, and parietal and frontal lobes 
(Jacobs et al., 2011; Apostolova et al., 2012; McDonald et al., 2012; Trzepacz et al., 
2014; Pini et al., 2016). Simultaneously with the cortical gray matter atrophy, an 
enlargement of cerebrospinal fluid (CSF) spaces and atrophy of deep gray matter 
(DGM) nuclei can be observed (de Jong et al., 2008; Liu et al., 2010; Cho et al., 
2014; Pini et al., 2016; Yi et al., 2016).  

Similar to the situation seen with cortical atrophy, the ventricular enlargement 
and DGM atrophy are progressive conditions and not specific for MCI or AD only 
(de Jong et al., 2008; Apostolova et al., 2012). Actually, DGM atrophy is a typical 
finding in diseases primarily affecting these brain structures, like Parkinson disease, 
vascular dementia, Huntington disease and multiple sclerosis (Kassubek et al., 2005; 
Batista et al., 2012; Mak et al., 2014; Debernard et al., 2015). In addition, atrophy of 
DGM has been shown to predict the conversion from MCI to AD, and it has also 
been associated with the severity of AD (Liu et al., 2010; Roh et al., 2011; Yi et al., 
2016). Furthermore, DGM atrophy is related to the occurrence of dementia in healthy 
older subjects (de Jong et al., 2012). It has been argued that the enlargement of CSF 
spaces could be used in the differential diagnosis of control, MCI and AD subjects 
(Nestor et al., 2008), and also to predict MCI conversion to AD (Macdonald et al., 
2013). 

The neuronal degeneration in AD (and other neurodegenerative diseases) is 
associated with a progressive cognitive decline (Apostolova et al., 2012). In MCI 
and AD, MTA and hippocampal atrophy are associated with cognitive impairments 
(particularly in episodic memory functions) and predict a future cognitive decline 
(Du et al., 2006; Nadel & Hardt, 2011; Li et al., 2012; McDonald et al., 2012; 
Velayudhan et al., 2013; Pini et al., 2016). In addition, global brain atrophy and 
ventricular enlargement have been linked with a cognitive decline (Apostolova et al., 
2012). Frontal atrophy is typically associated with impairment in executive functions 
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(McDonald et al., 2012). Nonetheless, to date, the reports on the possible 
associations between DGM atrophy and cognition in MCI and AD have been 
somewhat contradictory and based on only a few studies (de Jong et al., 2008; Roh 
et al., 2011; Cho et al., 2014; Hilal et al., 2015; Yi et al., 2016; Nie et al., 2017). 
However, most of the reports have found an association between DGM atrophy and 
a general cognitive decline (de Jong et al., 2008; Roh et al., 2011; Cho et al., 2014; 
Hilal et al., 2015; Yi et al., 2016; Nie et al., 2017). 

Magnetic resonance imaging (MRI) is the most popular imaging method applied 
in MCI and AD diagnostics (Femminella et al., 2018). It is a non-invasive and 
radiation-free technique with excellent contrast and resolution for examining the 
anatomy and pathology of the brain (Symms et al., 2004; Oxtoby et al., 2017).  

The visual rating method (VRM) of Scheltens et al. (1992) has been developed 
for the evaluation of MTA, and it is a widely used method in clinical practice. The 
method scores atrophy into 5 stages from 0 to 4 on the basis of MTL atrophy. 
Categories 0-1 represent normal stages and 2-4 pathological stages (Scheltens et al., 
1992), but the score 2 indicates normal MTL in subjects above 75 years of age 
(Pereira et al., 2014). The VRM can separate early AD, amnestic MCI and other 
dementia subjects from healthy controls and can predict the conversion of healthy 
controls to MCI and MCI to AD (Wahlund et al., 1999; Wahlund et al., 2000; 
DeCarli et al., 2007; Duara et al., 2008; Appel et al., 2009; Urs et al., 2009). The 
general sensitivity and specificity of the VRM is approximately 80-85% in 
differentiating AD from controls, and approximately 80 % in differentiating MCI 
from controls (Scheltens et al., 1992; Dubois et al., 2007; Duara et al., 2008; Frisoni 
et al., 2010). In predicting the progression of MCI to AD, the sensitivity is somewhat 
less impressive, 51-72%, and specificity is 68-81% (Visser et al., 2002; Korf et al., 
2004; DeCarli et al., 2007). The strength of VRM is that it is easy to apply, cost-
effective and does not need special software. Furthermore, pathologies outside the 
MTL can also be observed during the analysis. The limiting element of the 
Scheltens’ VRM is its usability for estimating the extent of the atrophy in brain areas 
other than in the MTA (Ferreira et al., 2009) and inter-rater reliability may be 
compromised when conducted by less experienced raters (Scheltens et al., 1995). 

The VRM devised by Victoroff et al. (1994) was developed for the evaluation of 
global cortical atrophy in AD. It was divided into the categories according to the 
brain lobes (frontal, temporal and parietal lobes), and the rating stages were from 0 
to 2. The method suffered from difficulties on reliable visual readings and in its 
possibilities of identifying the different dementia forms (Victoroff et al., 1994). 
However, it is still the only published VRM which can be utilized for evaluating the 
atrophy in the whole frontal area. Later, Davies et al. (2009) published their VRM 
for frontal subregions and Harper et al. (2016) slightly modified it in their own work. 
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Tensor-based method (TBM) is a fully automated voxel-based method that can 
objectively analyze the local expansion or shrinking of the brain tissue or CSF spaces 
in any brain area. TBM is based on the registration of a subject image with a template 
image and computing the determinant of the Jacobian matrix of the resulting 
deformation field (Hua et al., 2008a). This measure, termed the Jacobian, estimates 
the local volume change (Hua et al., 2008a). TBM has been used in cross-sectional 
(Lepore et al., 2008; Brun et al., 2009; Leow et al., 2009) and longitudinal studies 
(Apostolova et al., 2006; Teipel et al., 2007; Hua et al., 2008a; Hua et al., 2008b; 
Leow et al., 2009; Wolz et al., 2011), and in clinical trials (Thompson & Apostolova, 
2007), but there has been rather limited exploitation in clinical imaging work. TBM 
is capable of separating controls, MCI subjects and AD subjects from each other and 
it has been used for predicting the progression of MCI and AD (Hua et al., 2008a; 
Hua et al., 2008a; Koikkalainen et al., 2011). The TBM results associate also with 
cognitive decline, genetic AD profiles and CSF markers (Hua et al., 2008a; Hua et 
al., 2008b; Hua et al., 2010). One benefit of TBM is that it can be used in the very 
early stages of dementia, before the appearance of any severe cognitive decline (Hua 
et al., 2008a). It is also free of subjective interpretations and the analysis extends 
outside the MTL. The limitations for its clinical use are the need for extra time, 
special expertise and computers with high computation capacity. 

The aim of this thesis was to evaluate the usefulness and applicability of TBM 
in differentiating subjects of normal aging, MCI, progressive MCI, stable MCI and 
AD in both cross-sectional and longitudinal clinical settings as compared to the 
VRMs of Scheltens et al. (1992) and Victoroff et al. (1994). In addition, the TBM 
volume changes were evaluated in the area of DGM, and relationships were assessed 
between DGM changes and neurocognitive functions in control, MCI, and AD 
groups. The first hypothesis was that TBM would be more sensitive than VRMs in 
recognizing MCI and AD volume changes of the brain. The second hypothesis was 
that the TBM volume changes in DGM area would exist already in the MCI as well 
as in the AD groups. The third hypothesis was that DGM atrophy would be 
associated with impairments in cognitive functions. 
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2 Review of the Literature 

2.1 Normal aging 

2.1.1 Normal aging 
In the literature, the nomenclature of advanced aging brain includes both “normal 
aging” (age-related differences in brain structure and function, but the absence of 
clinically significant impairment) and “healthy aging” (the apparent structural and 
functional preservation of the brain with advancing age), which is considered less 
common (Lockhart & DeCarli, 2014).  

Aging is a normal phenomenon in the human brain. In childhood, it can be seen 
as a maturation process of the developing brain (Gennatas et al., 2017), but in 
adulthood, it is converted into a structural and functional degeneration process 
continuing through the rest of the individual’s life (Lockhart & DeCarli, 2014). In 
older age, the influence of the aging process of the brain begins to be evident both 
subjectively and objectively in everyday living and it is possible to detect this 
phenomenon in structural, functional, cognitive and metabolic studies (Lockhart & 
DeCarli, 2014; Goyal et al., 2017). The aetiology of these changes is still poorly 
understood (Goyal et al., 2017), and a confounding factor is the possibility of 
underlying neurodegenerative processes, which may point to an increased risk of 
later neurodegeneration and cognitive decline (Lockhart & DeCarli, 2014). 

2.1.2 Macrostructural gray matter changes in the aging 
brain 

The regional structural volume variation and changes in cortical thickness belong to 
the normal maturation of the gray matter and begin already during early years (Toga 
et al., 2006; Mu et al., 2017). A pure grey matter volume loss begins after the age of 
20 (Terry & Katzman, 2001; Harada et al., 2013; Fleischman et al., 2014; Storsve et 
al., 2014) and whole-brain volume reductions are evident by age 30 (Lockhart & 
DeCarli, 2014). In the aging brain, the whole-brain volume reduction is about 0.45-
0.52 % per year (Lockhart & DeCarli, 2014; Castellano et al., 2019). The volume 
loss in the aging brain is more usual in the frontal lobes or prefrontal areas than in 
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the temporal or parietal lobes (Lockhart & DeCarli, 2014; Minkova et al., 2017; 
Toepper, 2017; Pergher et al., 2019), In addition, the degeneration patterns of the 
aging brain are different and the decline speed is slower than encountered in 
neurodegenerative diseases (Lockhart & DeCarli, 2014; Minkova et al., 2017). Brain 
regions like the parahippocampal gyrus, cingulate cortex, or occipital brain regions 
have been shown to be spared from age-related changes (Toepper, 2017). 

The degree of hippocampal volume loss has been demonstrated to be dependent 
on age (Raz et al., 2005; Du et al., 2006; Pfefferbaum et al., 2013; Lockhart & 
DeCarli, 2014; Toepper, 2017). In adulthood, the size of the hippocampus remains 
quite stable up to the age 60, but there is markedly accelerating degeneration after 
that time point (Long et al., 2012; Lockhart & DeCarli, 2014). In the meta-analysis 
conducted by Fraser et al. (2015), hippocampal atrophy rates for individuals aged 
under 55 years were 0.38 % per year, for age 55-70 years, 0.98 % per year and for 
those aged over 70 years, they were 1.12% per year. With aging, the degenerative 
volume changes have been observed to be clearer in the anterior part of the 
hippocampus (Gordon et al., 2013; Bettio et al., 2017).  The hippocampal grey matter 
volume appears to be an important predictor for memory performance in older adults 
(Toepper, 2017). 

There are some reports of normal aging from the basal ganglia and thalamic 
areas. A volume loss of the caudate nucleus has been shown to begin at puberty 
(Toga et al., 2006), a density loss of striatal area is already evident in young adults 
(Sowell et al., 1999) and a volume loss of caudate nucleus and putamen in older 
adults (Long et al., 2012; Castellano et al., 2019). Pfeffenbaum et al. (2013) 
conducted a longitudinal study and found that older age was associated with a 
thalamic volume loss, and furthermore the decline was faster after 60 years of age 
(Fama & Sullivan, 2015). There are also reports of an age-related thalamic volume 
loss e.g. Long et al. (2012) and Toepper (2017). 

2.1.3 Neurocognitive functions and age-related changes 
Cognition can be conceptualized as human information processing functions 
enabling the individual to adapt to changing circumstances, e.g. to learn, to focus 
one’s attention, plan ahead, communicate with others and solve intricate problems 
(Kolb & Whishaw, 2015). Cognitive functions have typically been divided into 
separate domains, many of which are associated with the neural activity in distinct 
brain areas or networks (Kolb & Whishaw, 2015).  

An atrophy of cortical gray matter is a common finding in older age without 
dementia (Sandeman et al., 2013). However, poorer cognitive performances together 
with age-related gray matter volume degeneration have been associated with a future 
cognitive decline (Lockhart & DeCarli, 2014; Dumurgier et al., 2017; Farokhian et 
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al., 2017) and even predicted the conversion of normal aging to incident AD (Pergher 
et al., 2019). On the other hand, higher volumes of the frontal and temporo-parietal 
cortices have been reported to confer lifelong protection of cognitive performances 
(Malpetti et al., 2017). 

The hippocampus is a critical structure for memory, especially for episodic 
memory, spatial learning (Flores et al., 2015; Bettio et al., 2017) and the regulation 
of emotional behavior (Bettio et al., 2017). It has been reported that cognitive 
deficiencies are more obvious in cases in which there is bilateral hippocampal 
atrophy (Bettio et al., 2017). In normal aging, the hippocampal atrophy has in some 
studies been associated with poorer episodic memory performance and a future 
cognitive decline (Lockhart & DeCarli, 2014; Bettio et al., 2017; Dumurgier et al., 
2017; Toepper, 2017), but on the other hand, the hippocampal atrophy is also a usual 
finding in normal cognitive aging (Cavallin et al., 2012). 

In the area of the DGM, the thalamus mediates information transfer between the 
hippocampus and cortical areas (Pini et al., 2016). Thalamus directs attention and is 
involved in emotional, motivational and cognitive abilities (Nie et al., 2017). 
Thalamic atrophy has been related to the age-related cognitive decline in executive 
functions including attention, information processing speed, and working memory 
(Fama & Sullivan, 2015; Pergher et al., 2019). The caudate nucleus participates in 
learning and memory processes and has a supporting role in planning demanding 
actions and execution strategies (Liu et al., 2010; Cho et al., 2014). Atrophy of the 
caudate nucleus has been associated with the age-related cognitive decline such as 
in learning, attention and executive function (Castellano et al., 2019). It is believed 
that the nucleus accumbens participates in behavior and memory functions in normal 
aging and AD (Pini et al., 2016). A reduced volume of the nucleus accumbens has 
been associated with poorer global cognitive performance (de Jong et al., 2008; Pini 
et al., 2016; Yi et al., 2016) and this volume reduction also predicted the cognitive 
decline in older subjects (Pini et al., 2016; Yi et al., 2016). 

The most vulnerable cognitive abilities in the aging process are the so-called 
fluid cognitive functions, including the domains of information processing speed and 
executive functions (Hedden & Gabrieli, 2004; Craik & Salthouse, 2008; Toepper, 
2017). The functions most resistant to the effects of aging are crystallized cognitive 
abilities in the verbal domain, including vocabulary and conceptual thinking (Harada 
et al., 2013; Hartshorne & Germine, 2015). 
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2.2 Mild cognitive impairment and Alzheimer’s 
disease 

2.2.1 Mild cognitive impairment (definition, criterion, 
epidemiology, progression, clinical diagnosis) 

MCI can be seen as a transition zone between normal cognitive aging and the 
cognitive decline of dementia. In MCI, an aged subject fulfills the criteria of a 
subjective or objective cognitive decline and impairment in one or more cognitive 
domains (learning and memory, social functioning, language, visuospatial function, 
complex attention, or executive functioning), but daily functioning is preserved and 
the criteria for dementia, delirium or other psychological disorders are not fulfilled 
(Sanford, 2017).  

Cognitively normal subjects over 70 years old have a 5-6 % conversion rate per 
year to MCI (Petersen, 2016). It has been estimated that an overall prevalence of 
MCI is 3-22 % in persons over the age of 60 years and 16 % in those aged 70 years 
(Alzheimer's Association, 2016; Petersen, 2016; Sanford, 2017; Morley, 2018). 
Within 5 years, approximately 50 % of MCI subjects progress to dementia, but 20-
50 % return to the cognitive performance associated with normal aging (Vega & 
Newhouse, 2014; Sanford, 2017; Morley, 2018). However, MCI subjects who have 
reverted to normal cognition still have a high risk to develop dementia, and a 
diagnosis of MCI can be considered as a prognostic value for later dementia 
(Knopman & Petersen, 2014; Vega & Newhouse, 2014; Sanford, 2017). AD is the 
most likely (40-60%) underlying pathology in MCI subjects (Petersen, 2016; Gillis 
et al., 2019). Most of the MCI subjects have an amnestic form of MCI (aMCI) 
(Petersen, 2016; Lo, 2017; Sanford, 2017). The typical aMCI subject has memory 
problems, which are a sign of an impairment in the ability to recall stored information 
(Knopman & Petersen, 2014; Sanford, 2017). If one considers all MCI subjects, then 
the aMCI subjects have the highest (nearly 10-15 % per year) possibility to progress 
to AD (Vega & Newhouse, 2014; Morley, 2018). 

2.2.2 Alzheimer’s disease (definition, criterion, 
epidemiology, progression, clinical diagnosis) 

AD is an irreversible (Knopman & Petersen, 2014), progressive amnestic 
neurodegenerative disease that over time causes other cognitive, behavioral and 
neuropsychiatric changes, leading to difficulties in social life and abilities, even in 
simple activities of daily living (Dubois et al., 2010). The clinical picture of AD 
develops from a long-lasting asymptomatic preclinical stage AD via prodromal AD, 
where the subject has cognitive symptoms but does not yet fulfil the criteria of AD, 
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to AD dementia, where severe symptoms fulfil the AD diagnostic criteria (Dubois et 
al., 2007; Sperling et al., 2011; Petersen, 2016). In this categorization, MCI is 
included in the prodromal AD (Dubois et al., 2007). 

In 2007, a proposed diagnostic criteria list for probable AD was published by 
Dubois et al. (2007):  

- The core criterion is an observed episodic memory impairment over a 
period of six months or more.  

In addition, at least one of the supportive features had to be positive:  

a. Atrophy of medial temporal structures on MRI. 

b. Abnormal cerebrospinal fluid biomarkers (amyloid-β42 peptide and total 
tau/phosphorylated tau).  

c. Typical metabolic finding in molecular neuroimaging method, for 
example, in fluorodeoxyglucose (18F-FDG) and Pittsburgh compound B 
(11C-PIB) positron emission tomography (PET). 

d. Familial genetic mutations (APO ɛ4).  

The exclusion criteria are the history, clinical symptoms and findings of other 
diseases. In cases of definitive AD, the clinical diagnostic criterion has to be fulfilled 
together with either histopathological or genetic evidence of the disease. 

AD is the most usual cause of dementia accounting for 50–75% of all dementias 
(Lane et al., 2018). The preclinical stage of AD may last for even 20 or more years 
(Alzheimer's Association, 2016), but the prevalence of symptomatic AD increases 
rapidly with age (Cornitiu, 2015). After 60 years of age, the prevalence doubles 
every 5 years, and in USA, 11–12% of subjects over 65 years old, 23% of subjects 
over 75 years old and 32–47% of subjects over 85 years old have AD (Cornitiu, 
2015; Alzheimer's Association, 2016; Lane et al., 2018). The Alzheimer Europe 
organization website (Alzheimer Europe organization, 2013) has collated statistics 
about the prevalence of dementia (not only Alzheimer’s disease) in different 
European countries in 2013: In Finland, the prevalence of dementia is somewhat 
lower than Alzheimer’s disease in USA (5–8% in the 65–74 age group, 13–22% of 
those aged 75–84 and 22% in the age group of 85–89). In Sweden, the prevalence of 
dementia is closer to the value in USA (9–15% in the 65–74 age group, 22–38% of 
those aged 75–84 and 43% in individuals aged 85–89). However, after the age of 90 
years, the prevalence of AD and dementia reaches a plateau (Alzheimer Europe 
organization, 2013; Bondi et al., 2017). The lifetime risk for AD at the age of 65 
years is 17% for women and 9% for men in USA (Alzheimer's Association, 2016). 
The reason for the higher prevalence and incidence of AD in women may be their 
longer lifespan or due to a higher genetic risk (Alzheimer's Association, 2016; Riedel 
et al., 2016; Malpetti et al., 2017). The survival of AD after diagnosis is on average 
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4–8 years in subjects over 65 years old in USA and AD is the fifth leading cause of 
death among these patients (Alzheimer's Association, 2016). 

2.2.3 Clinical examination and treatment of mild cognitive 
impairment and Alzheimer’s disease 

In the diagnostics of neurodegenerative diseases, a clinical examination is a keystone 
of neurologic work. European and Finnish website guidelines emphasize the 
importance of considering the etiology of neurodegenerative diseases in order to 
recognize typical dementing disorders (for example AD, Lewy body disease, and 
vascular and frontotemporal dementias) and to make differential diagnoses of other 
diseases causing memory symptoms (for example, psychiatric, metabolic and 
ischemic disorders, infections, and deficiency diseases) (Sorbi et al., 2012 in 
European academy of neurology; Suomalainen Lääkäriseura Duodecim et al., 2017). 
The clinical examination of memory complaining subject includes a subjective and 
objective evaluation of memory symptoms, cognition and the ability to cope with 
activities of daily living, an observation of cognition and function decline, and MRI 
or computer tomography (CT) study of the brain in order to examine the possible 
presence of atrophy and other structural changes (European academy of neurology; 
Suomalainen Lääkäriseura Duodecim et al., 2017). In addition, for the borderline 
subjects or to investigate the progression to AD, a larger neuropsychological test 
battery, a genetic test for APO ɛ4, AD biomarker (amyloid-β42 peptide and total 
tau/phosphorylated tau) assay of CSF, and PET studies (for example, 18F-FDG, 11C-
PIB and tau tracer 18F-flortaucipir) can be conducted (Vega & Newhouse, 2014; 
Counts et al., 2017).  

There is no curative pharmacologic treatment for neurodegenerative diseases. 
The cholinesterase inhibitors (donepezil, rivastigmine, galantamine) and the 
glutamate receptor modulator (memantine) provide symptomatic and short-term 
benefits for AD subjects (Vega & Newhouse, 2014; Cornitiu, 2015; Apostolova, 
2016). Cholinesterase inhibitors prevent the breakdown of acetylcholine whereas 
memantine is an N-methyl-D-aspartate receptor antagonist, but they do not impact 
on the underlying pathogenic mechanisms of AD (Vega & Newhouse, 2014; 
Cornitiu, 2015; Apostolova, 2016) and only delay the progression of 
neurodegenerative diseases (Knopman & Petersen, 2014). Memantine is only used 
together with cholinesterase inhibitors at the stage of AD (Apostolova, 2016). 
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2.2.4 Macrostructural gray matter brain changes in mild 
cognitive impairment and Alzheimer’s disease 
(pathology) 

In MCI and AD, the lack of specific structural brain changes is a major problem, 
since the progressive brain atrophy is a usual finding also in normal aging, as well 
as in the presymptomatic stages of neurodegenerative diseases and, in practice, all 
neurodegenerative diseases (Johnson et al., 2012; Tabatabaei-Jafari et al., 2015). In 
addition, the rate of atrophy varies widely depending on dementia risk factors, like a 
family history of AD and positive APO ε4 status (Flores et al., 2015; Tabatabaei-
Jafari et al., 2015; Sanford, 2017). Group studies of MCI and AD have identified a 
typical distribution and progress rate of brain atrophy (Johnson et al., 2012; Tondelli 
et al., 2012; Tabatabaei-Jafari et al., 2015), although at the individual level, these 
results are not transferable to everyday clinical practice.  

There are neuropathological hallmarks of AD i.e. extracellular amyloid deposits 
composed of insoluble amyloid-β42 peptide protein and intra-neuronal 
neurofibrillary tangles (NFTs) containing hyperphosphorylated tau protein (Flores 
et al., 2015). These molecular changes cannot be identified in MRI, but their 
presence is reflected as brain atrophy seen as decreased synaptic density, neuronal 
loss, and cell shrinkage (Tondelli et al., 2012). This type of atrophy is associated 
closely to cognitive symptoms of MCI and AD (Tondelli et al., 2012), spread of 
NTFs (Braak & Braak, 1991) and neuronal counts at autopsy (Bobinski et al., 2000; 
Jack Jr et al., 2002).  

Along with NTFs, the atrophic changes begin in the entorhinal cortex and 
proceed to the hippocampus and limbic areas (Johnson et al., 2012; Mufson et al., 
2012; Vega & Newhouse, 2014). Structurally, hippocampal atrophy is the earliest 
and most typical (clinical) finding in MCI and AD (Scheltens et al., 1992; Mufson 
et al., 2012). The hippocampal atrophy can be detected years before there is any 
cognitive decline and a diagnosis of neurodegenerative disease (Flores et al., 2015), 
as hippocampal volumes are reduced by 10–15% in aMCI subjects, by 15–30% in 
the early dementia stage and by 15–40% in AD subjects as compared to the healthy 
controls (Johnson et al., 2012; Pini et al., 2016). The hippocampal atrophy has also 
been seen in those cognitively healthy individuals that later developed MCI or AD 
(Flores et al., 2015). Based on these findings, the reduction in the hippocampal 
volume can be viewed as a strong predictor of dementia progression (sensitivity and 
specificity of 50–70%), and structural imaging with MRI as a biomarker tool for 
early AD detection (Johnson et al., 2012; Flores et al., 2015; Sanford, 2017).  

After affecting the MTL, the atrophy extends to other cortical areas along a 
temporal–parietal–frontal route (Thompson et al., 2003; Whitwell et al., 2007; 
Tondelli et al., 2012; Teipel et al., 2013; Trzepacz et al., 2014; Vega & Newhouse, 
2014; Pini et al., 2016). In general, the cortical atrophy spreading takes place at the 
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time of conversion MCI to AD, and cortical gray matter loss in the temporoparietal 
and frontal lobes has been estimated to be 14–19% at that time (Pini et al., 2016). 
However, in older MCI subjects or subjects in the progressive stage of MCI, the 
cortical atrophy has been detected earlier or it has been wider than in younger MCI 
subjects or subjects in the stable MCI stage (Tondelli et al., 2012). At the stage of 
late AD, the atrophy spreads to the sensorimotor and visual cortices, and more 
extensively to the frontal areas (Thompson & Apostolova, 2007; Tabatabaei-Jafari 
et al., 2015; Pini et al., 2016). However, even in the later affected areas of 
sensorimotor and visual cortices, the gray matter loss usually remains at 10% (Pini 
et al., 2016). 

Visually, brain atrophy appears as a shrinking of the parenchyma of the brain, 
and the shrinking parenchyma causes an expansion of the CSF spaces. A widening 
of the ventral ramus of the lateral fissure and anterior temporal pole has been detected 
in aMCI and mild AD as compared to the controls or non-amnestic MCI (naMCI) 
subjects (Mufson et al., 2012). In the MCI stage, the ventricular expansion rate has 
been counted to be double that of healthy controls and also nearly doubled in the 
superior frontal and superior temporal sulcal spaces (Liu et al., 2013; Tabatabaei-
Jafari et al., 2015). As a whole, 20%–25% of the whole brain shrinkage can be 
explained by ventricular expansion (Tabatabaei-Jafari et al., 2015). In the later AD 
stage, the widening of CSF spaces becomes more evident and extends to all cortical 
regions (Mufson et al., 2012). 

Brain atrophy extends also to the DGM area in MCI and AD subjects (de Jong 
et al., 2008; Liu et al., 2010; Cho et al., 2014; Fama & Sullivan, 2015; Pini et al., 
2016; Yi et al., 2016). The DGM can be defined to consist of the thalamus and basal 
ganglia. The definition of the basal ganglia is somewhat variable. According to 
Young and Sonne (2018), the bilateral basal ganglia are formed of corpus striatum, 
which contains the caudate and lenticular nuclei (the putamen, globus pallidus 
externus and internus), the subthalamic nucleus and the substantia nigra. Atrophy of 
the thalamus is a usual structural finding in MCI and AD subjects (Roh et al., 2011; 
Pini et al., 2016; Yi et al., 2016). The volume reduction is about 12% in AD subjects 
and even more in cases if the individual is an APO ɛ4 carrier or has positive tau 
levels in CSF (de Jong et al., 2008; Pini et al., 2016; Yi et al., 2016). The atrophy of 
thalamus is also connected to the severity of AD (Cho et al., 2014). The nucleus 
caudatus is also involved in AD, and at the baseline, reduced volumes in the right 
side are a predictor of the conversion from MCI to AD (Liu et al., 2010; Pini et al., 
2016). In the later stages of AD, the volume reduction spreads to the left side (Cho 
et al., 2014; Pini et al., 2016). The putamen has displayed about an 11% bilateral 
volume reduction already in MCI stage and especially in moderate stages of AD (de 
Jong et al., 2008; Roh et al., 2011; Pini et al., 2016). Atrophy of the putamen has 
also been related to a greater severity of AD (Cho et al., 2014). The volume reduction 
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of the nucleus accumbens can be as much as 20% in late onset AD subjects (Pievani 
et al., 2013; Pini et al., 2016), but smaller volumes have also been reported in MCI 
subjects (Liu et al., 2010; Pini et al., 2016; Yi et al., 2016). The reduced volumes of 
the nucleus accumbens have been connected with the increased risk of progression 
from MCI to AD as well as with the severity of AD, and the volume reduction at the 
baseline is a predictor for MCI progression to AD (de Jong et al., 2008; Pini et al., 
2016; Yi et al., 2016). The globus pallidus has not been considered to be involved in 
neurodegenerative diseases (de Jong et al., 2008; Pini et al., 2016; Yi et al., 2016). 

2.2.5 Neurocognitive changes in mild cognitive impairment 
and Alzheimer’s disease 

MCI is usually classified into four subtypes: amnestic MCI (aMCI), non-amnestic 
MCI (naMCI) and multiple domain-based aMCI or naMCI (Kirova et al., 2015; 
Petersen, 2016). Amnestic MCI is defined as impaired episodic memory functions 
(both subjective and objective, as measured by episodic memory tests) in the absence 
of an impairment in other cognitive domains (Kirova et al., 2015; Petersen, 2016; 
Morley, 2018). Non-amnestic MCI, on the other hand, is defined as cognitive 
impairment in some cognitive domain other than episodic memory (Kirova et al., 
2015; Petersen, 2016; Morley, 2018). Moreover, both aMCI and naMCI subjects can 
exhibit widespread impairments in more than one cognitive domain, even in the 
absence of a functional decline in everyday activities of living. In these cases, the 
labels of multiple domain aMCI or naMCI are applied (Kirova et al., 2015; Petersen, 
2016; Morley, 2018). Amnestic MCI and multiple domain aMCI are the MCI 
subtypes that more frequently represent early, preclinical stages of AD. In the naMCI 
subtypes other degenerative etiologies are more likely (e.g. frontotemporal dementia 
and Levy body disease) (Petersen, 2016).  

In aMCI and mild AD, the most impaired aspect of episodic memory function is 
the ability to encode and consolidate new episodic memory traces, and this 
impairment is most clearly seen in free recall tasks (Bennett et al., 2006; Koen & 
Yonelinas, 2014; Apostolova, 2016). In later stages of AD, the memory impairment 
becomes worse, encompassing the sense of familiarity (impaired performance in 
recognition tasks) as well the ability to recall old episodic memories from earlier life 
events (Lindeboom & Weinstein, 2004; Koen & Yonelinas, 2014; Apostolova, 
2016). The explicit memory impairment is closely related to atrophy of the MTL, 
especially in the hippocampal-amygdala area (Whitwell et al., 2007; Liu et al., 2010; 
Pini et al., 2016).  

In AD, the thalamic areas are atrophied and cognitive performances impaired in 
global cognition, attention, language, visuospatial, memory and executive functions 
(de Jong et al., 2008; Roh et al., 2011; Pini et al., 2016; Yi et al., 2016). The atrophy 
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in the caudate nucleus has been associated with memory performances and the 
cognitive decline in AD, and in late-onset AD in the visual memory and executive 
functions (Pievani et al., 2013; Pini et al., 2016; Yi et al., 2016). The putamen has 
been shown to have a role in language and executive function, e.g. this region is 
thought to be activated in learning and working memory tasks (Bellebaum et al., 
2008; Dahlin et al., 2008; Pini et al., 2016). In MCI and AD, putaminal atrophy has 
been linked to the cognitive decline (de Jong et al., 2008; Roh et al., 2011; Cho et 
al., 2014; Pini et al., 2016). Atrophy of the nucleus accumbens has also been 
associated with the global cognitive performance in subjects complaining of memory 
problems, as well as in MCI and AD (de Jong et al., 2008; Pini et al., 2016; Yi et al., 
2016). 

2.3 Magnetic resonance imaging analyses of the 
brain 

2.3.1 Magnetic resonance imaging 
MRI is a non-invasive and radiation-free technique for examining anatomy and 
pathology of the brain, describing both location and morphological characteristics of 
the brain changes in vivo (Symms et al., 2004; Oxtoby et al., 2017). MRI has a 
superior spatial resolution with a relatively low cost, and it is easy to perform and a 
relatively patient-friendly examination (Teipel et al., 2013; Braskie & Thompson, 
2014; Park & Moon, 2016; Femminella et al., 2018). In addition to good 
applicability, MRI has proved to be a reliable and validated technique in dementia 
diagnostics (Teipel et al., 2013; Matsuda, 2016), and it has become a popular 
scanning technique in dementia (Femminella et al., 2018). 

MRI has potentially benefit in clinical dementia diagnostics: The diagnosis 
should be set as early as possible with a differential diagnosis of dementia subtypes 
and a prognostication of progression risk (Vemuri & Jack, 2010; Park & Moon, 
2016). The information of other brain diseases is also important (Park & Moon, 
2016). In addition, an evaluation of dementia progression is desirable in the follow-
up stage (Vemuri & Jack, 2010). In research, MRI may be exploited in measuring 
the efficacy of therapeutics and as a screening method in clinical trials (Vemuri & 
Jack, 2010). MRI can also shed light on the disease mechanisms of dementia by 
helping to clarify relationships between cognition and neurodegeneration (Vemuri 
& Jack, 2010). 

In dementia, evidence of atrophy is a typical and usually progressive finding in 
MRI, displaying a good correlation with cognitive deficits (Jack et al., 2004; 
Femminella et al., 2018). On the other hand, the atrophy of specific brain regions 
becomes visible years before clinical memory symptoms (Martin et al., 2010; Teipel 
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et al., 2013). In addition to local abnormalities in structure, changes in 
microstructure, function and metabolism have been postulated as MRI markers of 
neurodegenerative disease (Dubois et al., 2007; Oxtoby et al., 2017; Femminella et 
al., 2018).  

The visual evaluation of MRI is still the usual diagnostic assessment method in 
dementia. However, digital technology has expanded from theory to clinical work as 
automated quantitative imaging has improved the diagnostics (Acharya et al., 2018; 
Femminella et al., 2018). When measuring the known pathological brain structures, 
region of interest (ROI)-based techniques or volumetry have been exploited (Vemuri 
& Jack, 2010). Several quantitative voxel-based methods have been developed for 
use in the analysis of whole brain atrophy (Vemuri & Jack, 2010): The most popular 
is voxel-based morphometry, which measures the concentration of gray matter 
(Ashburner & Friston, 2000; Veronese et al., 2013). Surface-based morphometry 
analyzes the surfaces of structural boundaries within the brain and measures not only 
the volume of gray matter, but also the cortical thickness (Veronese et al., 2013; 
Matsuda, 2016). TBM analyzes deformations in the brain by computing the 
determinant of the Jacobian matrix, and reveals the volume differences of the brain 
(Ashburner et al., 1998). 

2.3.2 Visual rating methods in dementia 
The basis of VRM lies in the observation that certain imaging findings can 
universally be connected to some underlying pathology, like the atrophy of MTL in 
AD (Harper et al., 2015; Pergher et al., 2019). Initially, the VRM for dementia was 
developed for research purposes to differentiate between dementia subjects in 
different stages from controls and to produce semi-quantitative data related to the 
degree of atrophy (Harper et al., 2015; Park & Moon, 2016). The possibility to 
exclude other brain illnesses was obtained as a by-product (Harper et al., 2015; Park 
& Moon, 2016). Later, the most reliable and practical methods have been adopted 
into the clinical dementia imaging work-up and even suggested to be used in 
diagnostics (Dubois et al., 2007; Harper et al., 2015; Park & Moon, 2016). The main 
emphasis of clinical dementia imaging is in the diagnostics of neurodegenerative 
diseases, in the exclusion of other illnesses, but also extends to the option to have 
preclinical or prognostic information about dementia (Harper et al., 2015; Park & 
Moon, 2016). 

Visual rating is mainly an evaluation of cortical grey matter atrophy. In 
dementia, visual rating scales have been published for the evaluation of diffuse 
cortical atrophy, MTL atrophy, posterior cortical atrophy and frontotemporal lobar 
atrophy (Park & Moon, 2016). Of these, MTL atrophy and posterior cortical atrophy 
scales have been developed for AD diagnostics, frontotemporal lobe atrophy scales 
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for frontotemporal dementia diagnostics and diffuse cortical atrophy scales for all 
neurodegenerative diseases (Park & Moon, 2016). In addition, Fazekas et al. (1996) 
and Victoroff et al. (1994) have developed a visual rating method to allow an 
evaluation of white matter hyperintensity, where periventricular and deep white 
matter lesions are presumed to be of vascular-origin and related to the risk of vascular 
dementia and possibly to AD (Park & Moon, 2016). Table 1 presents an overview 
of some of the more widely used visual rating methods.  

 



 

Table 1. An overview of published visual rating methods. Modified and expanded from the publications of Park et al (2016) and Harper et al (2015).  
 

Publisher Scale 
increments 

MRI 
sequence 

Reliability Study Subjects Sensitivity Specificity 
Inter-rater Intra-rater 

Diffuse cortical atrophy 
Global cortical atrophy 
scale 

Pasquier et al. 1996 4 T2 >0.6 (Cwκ) >0.7 (Cwκ) N.A. N.A. N.A. 

Ventricular enlargement 
scale 

O’Donovan et al. 
2013 

4 T1   0.9 (ICC) 0.92 (ICC) AD or DLB vs. 
controls 

94 % 40 % 

Victoroff (frontal, 
temporal, parietal 
atrophy) 

Victoroff et al. 1994 3 T1 frontal: 0.68–
0.92, 
temporal: N.A., 
parietal: 0.54–
0.80 (Wκ) 

frontal: 0.92, 
temporal: N.A., 
parietal: 0.87 
(Wκ) 

Dementia N.A. N.A. 

 
Medial temporal lobe atrophy  
Scheltens  Scheltens et al. 

1995 
5 T1   0.72–0.84 

(Cwκ) 
0.83–0.94 
(Cwκ) 

AD 81 % N.A. 

Urs /Duara  Urs et al. 2009,  
Duara et al. 2008 

5 T1 + 
software   

0.75–0.94 
(Uκ) 

0.84–0.93 
(Uκ) 

Probable AD vs. 
controls 

85 % 82 % 

Modified MTA rating on 
axial scan 

Kim et al. 2014 5 T1   0.64 (Uκ) 0.62/0.95 (Uκ) AD vs. controls 76 % 86 % 

DeLeon  DeLeon et al. 1989, 
1997 

4 T1  0.72 (Uκ) N.A. AD, MCI, 
controls 

N.A. N.A. 

Galton   Galton et al. 2001 4 T1 0.36–0.49 (Fκ) 0.8 (Cκ) AD, semantic 
dementia, FTD, 
controls 

N.A. N.A. 

Kaneko  Kaneko et al. 2012 4 STIR + 
software 

0.68 (Uκ) 0.79 (Uκ) AD vs non-
demended 

88 % 79 % 
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Publisher Scale 

increments 
MRI 
sequence 

Reliability Study Subjects Sensitivity Specificity 
Inter-rater Intra-rater 

Posterior cortical atrophy 
Koedam scale Koedam et al. 2011 4 T1, T2 

FLAIR 
0.65–0.84 
(Cwκ) 

0.93/0.95 
(Cwκ) 

AD vs. controls 58 % 95 % 

Combined Scheltens + 
Koedam scales 

Koedam et al. 2011 
    

AD vs. controls 73 % 87 % 

 
Frontotemporal lobar atrophy 
FTLA scale Davies et al. 2009 5 T1   0.71 (Cwκ) 0.75 (Cwκ) Semantic 

dementia 
100 % N.A. 

FTLA scale Davies et al. 2006, 
Kipps et al. 2007 

5 T1  >0.7/0.62–
0.71 (Cκ) 

0.8/0.79–0.83 
(Cκ) 

bvFTD 53 % N.A. 

Ambikairajah   Ambikairajah et al. 
2014 

5 T1  0.91 (Uκ) N.A. ALS, ALS-FTD, 
bvFTD, controls 

  

Chow  Chow et al. 2011 5 T1  0.06–0.07 for 
LAC and 0.2 
for LAT (KW) 

N.A. AD, FTD, 
controls 

N.A. N.A. 

 
White matter hyperintensities 
Fazekas  Fazekas et al. 1996 4 T2   N.A. N.A. AD, controls N.A. N.A. 
Victoroff  Victoroff et al. 1994 3 PD, T2 

and T1 
0.77–0.79 
(Wκ) 

0.86 (Wκ) Dementia N.A. N.A. 

FLAIR = fluid attenuated inversion recovery, STIR = short tau inversion recovery, PD = proton density, Cwκ = Cohen’s weighted kappa coefficient, 
ICC = interclass correlation coefficient, Uκ = unspecified kappa coefficient, Fκ = Fleiss’ kappa coefficient, Cwκ = Cohen’s weighted kappa coefficient, 
Cκ = Cohen’s kappa coefficient, LAC = left anterior cingulate, LAT= left anterior temporal, KW = Kendall's coefficient of concordance, DBL = dementia 
with Lewy bodies, FTD = frontotemporal dementia,  bvFTD =  behavioral variant of frontotemporal dementia, ALS = amyotrophic lateral sclerosis 
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In clinical work, the most popular visual rating scales are quick to learn, easy to 
use without special expertise in information technology, reliable and cost-effective, 
and produce an outcome of diagnostic value for clinical work (Harper et al., 2015). 
The most widely used MRI sequences are also suitable for routine scanning (Harper 
et al., 2015). The user-friendliness of the scales is inevitably a balance between a 
scale’s complexity and reliability (Harper et al., 2015). Harper et al. (2015) have 
listed the factors affecting and/or improving the scale reliability and accuracy:  

1. Rater-dependent: specific landmarks of the slices, training and training 
sets, reference images, detailed descriptions of the expected findings. 

2. Technique-dependent: MRI sequence selection [contrast, resolution, three 
dimensional (3D)], image quality, slice positioning, validation of the 
sequence. 

3. Scale-dependent: balance between number of scale steps (specificity, 
sensitivity, accuracy), age-specific cut-offs, combined scores from several 
rating scales, validation of the scales (correlation against other used 
measurement, validation against an established ‘gold standard’ 
measurement technique). 

Disturbing factors decreasing the reliability of the scales are missing results of intra-
rater and inter-rater differences, and understandable limitations in scale validation 
against a ‘golden standard’ measurement i.e. postmortem examination of brain tissue 
(Harper et al., 2015). 

In the MTL rating, the scale of Scheltens et al. (1992) is the oldest and has 
achieved the largest success on the basis of impact number (Harper et al., 2015; Park 
& Moon, 2016). In this case, the subjective evaluation of the MTA is based on a 
reference-based five-point scale from 0 to 4 (Table 2, and Figure 3 in chapter 4.2.4) 
(Scheltens et al., 1992; Scheltens et al., 1995). In the original publication of 
Scheltens et al. (1992), the scale results of the study groups were quantified and 
verified with the measurements of the choroid fissure width, the temporal horn width 
and the hippocampus formation height (Figure 4 in chapter 4.2.4), and the MTA 
scores correlated well with these measurements as well as with the 
neuropsychological results and volumetric measurements. In the clinic, the 
reference-based five-point scaling is in widespread use, although its interpretation 
tends to be transformed into a more dichotomous form i.e. the scores 0–1 indicate 
normal findings and scores 2-4 point to AD pathology (Harper et al., 2015). 
However, the score 2 indicates normal MTL in subjects above 75 years of age 
(Pereira et al., 2014). 
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Table 2. Visual rating of medial temporal lobe atrophy of Scheltens et al 1992. 

Score Width of choroid fissure Width of temporal horn Height of hippocampal 
formation 

0 normal normal normal 
1 ↑ normal normal 
2 ↑↑ ↑ ↓ 
3 ↑↑↑ ↑↑ ↓↓ 
4 ↑↑↑ ↑↑↑ ↓↓↓ 

↑ = increase, ↓ = decrease 

Since the 1980s, multiple studies with different measuring methods have 
demonstrated that an enlargement of the lateral ventricles and the third ventricle 
correlates with the severity of dementia and are indicators of generalized brain 
atrophy (Scheltens et al., 1992; Watson et al., 2010). O’Donovan et al. (2013) 
developed a visual rating scale for the evaluation of the ventricular enlargement in 
AD and DLB. However, despite the fact that the intra-rater and inter-rater results 
were very good or excellent with a sensitivity of 94%, the specificity was only 40%, 
suggesting that the scale was diagnostically “poor” (O'Donovan et al., 2013).  

Visual rating methods have also been developed to allow the evaluation of global 
cortical atrophy. One is for AD subjects (Victoroff et al., 1994) and another for brain 
stroke patients with post-stroke dementia (Pasquier et al., 1996). In the study of 
Victoroff et al. (1994), the authors themselves reported major difficulties in 
obtaining reliable visual readings and were pessimistic for any possibilities of 
identifying different dementia forms. Pasquier et al. (1996) were more optimistic 
about the prospects of using their visual scale for assessing cortical atrophy in stroke 
patients. However, Scheltens et al. (1997) assessed Pasquier’s rating scale as being 
difficult for AD evaluation with problems in reliability. Despite the faults 
encountered with Pasquier’s scale, it has been used in research work and even in 
trials and multicenter studies (Harper et al., 2015). The visual atrophy rating of 
frontotemporal areas has later been developed by Davies et al. (2006; 2009), and 
Harper et al. (2016) on the basis of Davies’ scale. However, Davies et al. (2006; 
2009) and Harper et al. (2016) did not analyze the whole frontal lobe, but 
concentrated only on some of its subareas. 

2.3.3 Artificial intelligence 
Artificial Intelligence (AI) (Figure 1) is a branch of computer science and a 
hypernym for the development of computer algorithms, which are able to perform 
complicated tasks or tasks that imitate human intelligence (Hosny et al., 2018; Jarrett 
et al., 2019; Mazurowski et al, 2019; Zhu et al., 2019). Machine learning (ML) is a 
subset of AI and its goal is to develop computer algorithms in order to solve problems 
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by learning from experience (Jarrett et al., 2019; Lundervold & Lundervold, 2019; 
Mazurowski et al., 2019). Classical machine learning (cML), and artificial neural 
networks (ANN), with subset of deep learning (DL), are subsets of machine learning 
(Lundervold & Lundervold, 2019; Mazurowski et al., 2019). 

 
Figure 1.  A schematic view of AI and its subsets.  

In cML (also called radiomics in medical imaging, feature-based ML, state-of-
the-art ML, handcrafted engineered feature learning or traditional ML), computers 
perform specific calculations supervised by human, learn from examples and 
replicate the programmed findings from unseen data (Suzuki, 2017; Acharya et al., 
2018; Hosny et al., 2018; Langs et al., 2018; Mazurowski et al., 2019). Before all of 
the ML processes, there may be a need for a pre-processing step, where the data is 
prepared so as to be suitable for the main analysis (Despotović et al., 2015), like re-
sampling the data (for example, standardization of MRI data to isotropic voxels), 
removal of non-brain tissue, and bias field correction to correct for intensity 
homogeneity (i.e. intensity normalization) (Koikkalainen et al., 2011; Min et al., 
2014; Koikkalainen et al., 2016). 

Depending of the characteristics of the original data and extracted features, 
registration or matching and segmentation steps may be needed. In registration or 
matching, the data from different sources (for example, image data from MRI, PET and 
CT), time points or scanning positions needs to be brought into one standard reference 
form i.e. to normalize data spatially to one stereotactic space (Wang & Summers, 2012; 
Veronese et al., 2013). In the segmentation, the regions of interest (ROI) or the whole 
study area are identified and segmented manually, semi- or fully-automatically to pinpoint 
the interested structures for further analyses (Suzuki, 2017; Acharya et al., 2018). 

The main process of cML includes a feature extraction and selection, and ROI-
analysis or classification. In the feature extraction and selection, the most relevant 
features are extracted from data for further characterization (Suzuki, 2017; Acharya et 
al., 2018), and then highly important features are selected from the extracted features in 
order to strengthen the performance of the feature classifier model (Acharya et al., 2018). 

Artificial intelligence (AI) 

Machine learning (ML) 

Classical machine learning 
(cML) 

Artificial neural networks 
(ANN) 

Deep learning (DL) 
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In the ROI-analysis or classification, the extracted and selected features are entered into 
the cML model with a feature classifier in order to classify new unknown data (Suzuki, 
2017; Leiner et al., 2019). The training and testing of the classifier are done using 
separate training and validation or testing sets. During training, the feature classifier 
model is trained with example data, i.e. to allow the model to be taught to correctly 
classify the feature data (Veronese et al., 2013; Suzuki, 2017; Leiner et al., 2019). After 
training, the feature classifier model is tested with a validation or testing set in order to 
evaluate the ability of the classifier of correctly categorizing a previously unseen set of 
cases (Veronese et al., 2013; Suzuki, 2017; Leiner et al., 2019). 

Artificial neural networks are based on the structural concept of the human 
brain’s neuronal network, where neurons are connected to each other (Choy et al., 
2018). ANN has one input (e.g. image data) layer of neurons or units, one or more 
“hidden layers”, and one output (e.g. result of analysis) layer (Choy et al., 2018). 
The hidden layer is a net of units connected to all units in the previous layer (Choy 
et al., 2018). DL models contain more than one hidden layer, which is the reason 
why these models are called “deep” (Choy et al., 2018; Mazurowski et al., 2019). 
ANN model algorithms learn automatically without human supervision (Hosny et 
al., 2018). However, in DL, a theoretical understanding of analyzing process is still 
incomplete and therefore non-transparent, which weakens the value of the analysis 
results in practical scientific and clinical work (Hosny et al., 2018).  

The main idea for using AI in medical imaging is to support diagnostics by 
recognizing findings invisible to human eyes and thus to make the clinical workflow more 
objective and cost-effective (Hosny et al., 2018; Langs et al., 2018). There are several 
potential clinical radiology applications of AI, in fact some are already implemented in a 
whole imaging process of modern digital imaging: scheduling and subject screening, 
examination protocoling, image acquisition and post-processing of data, diagnostic 
processing, image quality analytics, image management, display and archiving, and dose 
estimation (Choy et al., 2018; Mateos-Pérez et al., 2018; Zhu et al., 2019). AI has been 
extensively used in the MRI analysis of the brains of subjects with strokes, certain 
psychiatric disorders, epilepsy, neurodegenerative diseases, and demyelinating diseases 
(Zhu et al., 2019; Rauschecker et al., 2020). The ML algorithms are widely utilized in 
scientific and clinical MRI analyses, for example, in the analyses of cortical thickness, 
voxel-based morphometry, TBM, network analyses, functional MRI, diffusion-weighted 
imaging and positron emission tomography-magnetic resonance imaging (PET-MRI) 
(Mateos-Pérez et al., 2018; Lundervold & Lundervold, 2019). 

Traditionally, electron density (ED) information of computed tomography (CT) 
studies has been widely used, for example in the planning of radiotherapy treatment 
(Andreasen et al., 2015; Hsu et al., 2015; Ranta et al., 2020) and positron emission 
tomography – computed tomography (PET-CT) (Roy et al., 2014). In recent years, MRI-
only based studies have become more important in clinical workflow, and there has been 
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an evident need to solve the lack of CT-based ED information. In radiotherapy, it is now 
possible to transform specialized MRI sequences into pseudo-CT data (Figure 2) in 
order to produce ED information for planning radiotherapy treatment and dose 
calculation (Andreasen et al., 2015; Hsu et al., 2015). In PET, the attenuation correction 
of PET-data is critical if one wishes that the ED information can be utilized to obtain a 
reliable clinical analysis. In fact, several ML algorithms have been devised and are being 
used to calculate the density information from MRI-data (Roy et al., 2014). 
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Figure 2.  An example of post-processing of MRI data. T1 Dixon In-phase MRI image of the brain (left) 

and a pseudo-computed tomography calculated from the same MRI image (right). Picture: 
Courtesy of Turku University Hospital / Department of Oncology and Radiotherapy. 

2.3.4 Tensor-based morphometry 
TBM is a fully automated voxel-based MRI analyzing method that can identify and 
quantify regional structural differences in the brain (Ashburner et al., 1998). TBM is 
based on the deformation fields obtained when a template image is registered with 
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the study image. The deformation field defines for each voxel of the template image 
the displacements in x-, y- and z-directions needed to move the voxel to the 
corresponding anatomical location in the study image. The gradient of the 
deformation field (the Jacobian matrix) quantifies information about the non-rigid 
local stretching, shearing and rotation involved in the deformation (Ashburner & 
Friston, 2003; Lepore et al., 2008). One often-used measure in TBM is the 
determinant of the Jacobian matrix of the deformation field i.e. the Jacobian, which 
measures the local volume change on the basis of intensity differences (Ashburner 
& Friston, 2003; Koikkalainen et al., 2011). 

An atlas-based segmentation is a common data segmentation technique (Lepore 
et al., 2008; Lötjönen et al., 2010), where a manually segmented atlas image is 
registered with the study data. In the multi-atlas segmentation, several atlases are 
used to improve the segmentation accuracy (Lötjönen et al., 2010). In multi-template 
TBM, the multi-atlas segmentation is modified to a multi-template method where 
study images are registered through multiple template images (Koikkalainen et al., 
2011).  

For example, the features computed from the TBM results can be used for further 
statistical analyses of size and shape differences between known study groups, as 
well as for classifying unseen study images to the different study groups 
(Koikkalainen et al., 2011). The statistical analyses and classifying do not belong to 
the actual tensor-based morphometry analysis, but the statistical tests can be used to 
achieve a visualization of the significant differences within the brain (Hua et al., 
2008a). 

In scientific work, there are several TBM applications, which have been widely 
used both in cross-sectional and longitudinal dementia studies e.g. to detect the 
change to progressive MCI from stable MCI (Muñoz-Ruiz et al., 2012; Hua et al., 
2016), early AD to late AD (Migliaccio et al., 2015), and the progression of AD (Hua 
et al., 2008b; Tsao et al., 2017) and MCI (Hua et al., 2008b; Leow et al., 2009; Zhang 
et al., 2016 Apr). TBM applications have also been used to study other 
neurodegenerative diseases like Lewy body disease, frontotemporal disease and 
semantic dementia (Lepore et al., 2008; Muñoz-Ruiz et al., 2012; Sarro et al., 2016), 
and to differentiate individual neurodegenerative diseases from each other 
(Koikkalainen et al., 2011; Muñoz-Ruiz et al., 2012). TBM was also applied as a 
reference method in a post-mortem atrophy study (Josephs et al., 2017).  

The usual TBM finding in neurodegenerative diseases is a gray matter atrophy 
at the group level (Hua et al., 2008a; Leow et al., 2009). For example, it has been 
reported that AD subjects have more widespread atrophy than MCI subjects and also 
when compared to the controls (Hua et al., 2008a; Leow et al., 2009). In the early 
and late onset AD, the spreading of atrophy has been noted to be similar (Migliaccio 
et al., 2015). The atrophy has also been localized typically according to the nature of 
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neurodegenerative disease. In AD subjects, the atrophy is often detected in 
hippocampus and the temporal lobe (Hua et al., 2008a; Koikkalainen et al., 2016). 
In contrast, in FTD patients, the atrophy tends to be located to the frontal areas 
(Muñoz-Ruiz et al., 2012; Koikkalainen et al., 2016). Another usual TBM finding is 
a correlation between the degree of atrophy and the severity of the cognitive decline 
(Hua et al., 2008a). In longitudinal studies of AD, MCI and normal subjects, atrophy 
detected by TBM has been associated with a future cognitive decline (Hua et al., 
2008b; Leow et al., 2009; Zhang et al., 2016 Apr; Tsao et al., 2017). 

Other neurodegenerative diseases, like Parkinson’s disease (Tessa et al., 2014), 
multiple sclerosis (Datta et al., 2015; Preziosa et al., 2017), and human (Kipps et al., 
2005) and a mouse model (Rattray et al., 2017) of Huntington’s disease, have also 
been studied using TBM. Patients with migraine (Soheili-Nezhad et al., 2019), 
depressive disorder (Scheinost et al., 2018) and schizophrenia (Chiang et al., 2007; 
Lepore et al., 2008; Clifford et al., 2017; Nir et al., 2019) have also been examined 
with TBM applications, as have the brains of HIV/AIDS patients (Lepore et al., 
2008; Clifford et al., 2017), hereditary spastic paraplegia (Sadeghi et al., 2018), 
pediatric traumatic brain injury (Dennis et al., 2016), Fragile X syndrome (Lee et al., 
2007) and preterm neonates (Paquette et al., 2017). In addition, TBM applications 
have been utilized to examine healthy adults (Rocca et al., 2017), twins (Gutman et 
al., 2015 Apr) and to investigate human white matter pathology (Vangberg et al., 
2019). 
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3 Aims 

I. To compare the sensitivity of VRM and TBM in detecting atrophy of the 
medial temporal area and frontal lobe as well as assessing the enlargement of 
the ventricles in MCI and AD.  

 
II. To evaluate the sensitivity of VRM and TBM in detecting atrophy of the 

medial temporal area and frontal lobe and the enlargement of the ventricles in 
stable and progressive MCI during a 2-year follow-up period. 

 
III. To examine the possibilities of utilizing TBM in detecting the degenerative 

DGM changes in MCI and AD and to evaluate the relationships between DGM 
changes and neurocognitive function in three groups of individuals; controls, 
and subjects with MCI and AD. 
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4 Materials and Methods 

4.1 Subjects 
Altogether 229 participants were recruited in Turku University Hospital (PET Centre 
and Department of Neurology), where they underwent a standardized clinical 
examination and neuropsychological test battery. The participants were MCI and AD 
subjects, and healthy controls. In different studies (I, II and III) the number of 
participants was different depending on the nature of the study and available data. 

MCI was diagnosed according to the criteria suggested by Petersen et al. (2001). 
MCI subjects had memory impairment, clinical dementia ratings of 0.5, normal 
global cognition, but no impairment in the activities of daily living at the baseline. 
None of the MCI subjects were treated with acetylcholinesterase inhibitors or 
memantine during the studies.  

Subjects with AD fulfilled the DSM-IV criteria for dementia and the NINCS-
ADRDA (National Institute of Neurological and Communicative Disorders and 
Stroke/Alzheimer’s Disease and Related Disorders Association) criteria for probable 
AD (McKhann et al., 1984).  

The control subjects were healthy volunteers who had no history of neurological 
or psychiatric disease and had scores within the age-adjusted Finnish norms in 
neuropsychological testing. 

4.1.1 Cross-sectional study (study I) 
Study I (Table 3) consisted of 211 subjects (109 men and 102 women). Forty-seven 
subjects (27 men and 20 women) had a MCI diagnosis, 80 subjects (41 men and 39 
women) had AD diagnosis and 84 subjects (41 men and 43 women) were healthy 
controls.  

The mean age was 72.9 years (SD 6.3) in the MCI group, 74.6 (SD 5.5) in the 
AD group and 71.0 years (SD 6.7) in the control group. Both the youngest (51.8 
years) and the oldest (87.8 years) subjects were in the control group. 
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4.1.2 Longitudinal study (study II) 
Altogether 113 Subjects (58 men and 55 women) were included in study II (Table 
4). At baseline, there were 29 MCI subjects (17 men and 12 women), of which 11 
remained stable (5 men and 6 women) and 18 progressed to AD (12 men and 16 
women) during the 2-year follow-up time. The number of controls was 84 (41 men 
and 43 women).  

At the baseline, the mean age of all MCI subjects was 70.9 years (SD 6.3). Those 
subjects who remained stable during the follow-up time, had a mean age of 72.1 
years (SD 6.6) at the baseline. The subjects who progressed to AD were somewhat 
younger as their mean age was 70.1 years (SD 6.2) at the baseline.  

The mean follow-up times for stable MCI subjects were 24.2 months (SD 3.2), 
the same as for the progressing MCI subjects (24.2 months; SD 4.5). 

4.1.3 Association study between deep gray matter and 
neurocognitive function (study III) 

Study III (Table 5) consisted of 154 subjects (77 men and 77 women); there were 
38 MCI subjects (17 men and 21 women), 58 AD subjects (32 men and 26 women) 
and 58 controls (28 men and 30 women).  

The mean age was 73.7 years (SD 5.8) in MCI group, 74.0 (SD 4.9) in AD group 
and 71.8 (SD 5.5) in control group. The youngest subjects (57.7 years) were in the 
control and AD groups and the oldest (87.8 years) in the control group. 

4.2 Methods 

4.2.1 Statistical details of the demographic of the studies 

4.2.1.1 Cross-sectional study (study I) 

In study I (Table 3), the groups displayed significant differences in age and 
education. The AD group was older than the control group and had lower education 
than the control and MCI groups. As expected, the groups had also significant 
differences in Mini-Mental State Examination (MMSE) results. The control group 
had higher scores in MMSE than the MCI and AD groups and the MCI group had 
higher scores in MMSE than the AD group. There were no significant differences 
between the sexes. 
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Table 3. Demographic details of different study groups. Study I. 

Demography Controls MCI AD Stat.sign. * 
Number of subjects Total (211)  84 47 80   
Sex males (109) / females (102) 41/43 27/20 41/39 N.S. 
Age (y) mean (SD) 71.0 (6.7) 72.9 (6.3) 74.6 (5.5) AD > C 

median 71.4 72.6 73.7 
min / max 51.8/87.8 59.0/85.5 57.3/85.9 

Education (a) mean (SD) 1.9 (0.9) 2.0 (1.2) 1.6 (0.9) C,  
MCI > AD median 2 2 1 

min / max 1/4 1/4 1/4 
MMSE mean (SD) 27.8 (0.35) 26.5 (0.48) 22.3 (0.41) C>MCI, 

AD; C,  
MCI > AD 

median 28 26 23 
min / max 25/30 25/30 6/29 

* α < 0.05. Education (a) level was operationalized as follows: 1 = comprehensive school, 2 = 
vocational school, 3 = college degree and 4 = university degree. N.S. = not statistically significant 

4.2.1.2 Longitudinal study (study II) 

In study II (Table 4), there were no statistically significant group (controls, MCIall, 
MCIstable and MCIprogression) differences in age, education and sex at the baseline. 
Determination of stability or progression of MCI was assessed by repeated MMSE 
and neuropsychological tests (listed in Table 6). The MMSE results of MCIstable 
group had remained stable after the 2-year follow-up time, whereas the MMSE 
results of MCIprogression group worsened significantly as compared to control, MCIall, 
MCIstable, and also with its own baseline value. 
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Table 4. Demographic details of different study groups. Study II. 

Demography Controls MCIall MCIs MCIp 
Subjects (113) 

[male (58) / 
female (55)] 

84 (41/43) 29 (17/12) 11 (5/6) 18 (12/6) 

  
      year 0 year 2 year 0 year 2 

Age (y),  
mean (SD) 

71.0 (6.7) 70.9 (6.3) 72.1 (6.6) 73.4 (6.7) 70.1 (6.2) 72.5 (6.3) 

Median 71.4 71.8 72.8 75.2 70.8 73.6 
Min / max 51.8 / 87.8 58.5 / 80.4 58.5 / 80.4 61.1 / 82.3 59.0 / 79.0 61.2 / 81.8 

  
Education (a), 

mean (SD) 
1.9 (0.9) 2.3 (1.2) 2.4 (1.0) 2.7 (1.2) 2.2 (1.3) 2.3 (1.3) 

Median 2 2 2 2 2 2 
Min / max 1 / 4 1 / 4 1 / 4 1 / 4 1 /4 1 /4  

MMSE,  
mean (SD) 

27.7 (1.3) 27.6 (1.9) 28.1 (2.0) 26.2 (1.2) 27.3 (1.8) *22.3 (5.4) 

Median 28 28 29 26 27 23 
Min / max 25 / 30 25 / 30 25 / 30 25 / 29 25 / 30 14 / 30 

  
Months between 

MRI scans,  
mean (SD) 

    24.2 (3.2) 24.2 (4.5) 

Median     24.0 24.0 
Min / max     21 / 30 15 / 37 

* α < 0.05. MCIs = MCI stable group, MCIp = MCI progression group. y = year. Education (a) level 
was operationalized as follows: 1 = comprehensive school, 2 = vocational school, 3 = college 
degree, 4 = university degree. Year 0 = baseline, year 2 = after 2-year follow-up. 

4.2.1.3 Association study between deep gray matter and neurocognitive 
function (study III) 

In study III (Table 5), there were no significant group differences in age and sex, 
but the AD group had statistically significantly lower education than the control and 
MCI groups. As expected, the groups also exhibited significant differences in their 
MMSE results. The control group had higher scores in MMSE than the MCI and AD 
groups and the MCI group had higher MMSE results than the AD group. 
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Table 5. Demographic details of different study groups. Study III. 

Demography Controls MCI AD Stat.sign.* 
Number of subjects Total (154) 58 38 58 

 

Sex male (77) / female (77) 28/30 17/21 32/28 n.s. 
Age (y) mean (SD) 71.8 (5.5) 73.7 (5.8) 74.0 (4.9) n.s. 

median 71.3 73.5 72.6 
min / max 57.7/87.8 61.1/85.5 57.7/85.5 

Education (a) mean (SD) 1.8 (0.9) 2.0 (1.2) 1.4 (0.6) C, MCI > AD 
median 2 2 1 
min / max  1/4  1/4  1/4 

MMSE mean (SD) 27.6 (1.3) 26.4 (2.0) 21.5 (4.2) C > MCI, AD; 
C, MCI > AD median 28 26 22 

min / max 25/30 25/30 6/29 
* α < 0.05. y = year. Education (a) level was operationalized as follows: 1 = comprehensive school, 
2 = vocational school, 3 = college degree and 4 = university degree. 

4.2.2 Neuropsychological assessments 
In all studies (I–III), neuropsychological tests were used to ensure normal cognition 
in controls and the absence of a widespread cognitive impairment in MCI subjects. 
The neuropsychological tests were conducted at the same time with MRI scans (both 
at baseline and at follow-up). 

In addition, in study III, neuropsychological tests results were used to evaluate 
the relationships between the changes of deep gray matter TBM index values (IV) 
and neurocognitive function in control, MCI and AD groups. 

The neuropsychological tests included CERAD (The Consortium to Establish a 
Registry for Alzheimer's Disease) [(Morris et al., 1989), in Finnish (Hänninen et al., 
1999)], the Logical Memory test from the Revised Wechsler Memory Scale (WMR-
S) (Wechsler, 1987) and the Trail Making Test (TMT) (Reitan, 1959). These tests 
evaluated episodic memory and learning, language function, visuoconstructive 
function and visuo-motor scanning (Table 6). 
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Table 6. Cognitive functions and tests administered. 

Cognitive function Test used 
Episodic memory and 
learning 

 

- Free recall Revised WMS-R, Logical memory immediate free recall 
(Wenchler et al. 1987) 

- Memory consolidation Revised WMS-R, Logical memory delayed free recall 
(Wenchler et al. 1987) 

- Learning CERAD – Wordlist learning (Morris et al. 1989, in Finnish 
Hänninen et al. 1999) 

Language function  
- Naming CERAD – Naming (Morris et al. 1989, in Finnish Hänninen et 

al. 1999) 
- Semantic processing CERAD – Semantic fluency (Morris et al. 1989, in Finnish 

Hänninen et al. 1999) 
Visuoconstructive function  
 CERAD – Constructional praxis (Morris et al 1989, in Finnish 

Hänninen et al. 1999) 
Visuo-motor scanning  
 Trail making test – test A (Reitan 1959) 

WMS-R = Wechsler Memory Scale, CERAD = The Consortium to Establish a Registry for 
Alzheimer's Disease. 

4.2.3 Magnetic resonance imaging and reconstruction of the 
data 

The MRI scanning of all study (I–III) subjects was collected during 9 years (1999–
2008) and performed with either a 1.5T Philips Gyroscan Intera (Best, the 
Netherlands) or a 1.5 T MRI GE Signa Horizon LX EchoSpeed (General Electric 
Medical Systems, Milwaukee, Wisconsin, USA). The Philips scanner used a 
transaxial 3D T1/FFE (incoherent gradient echo) (voxel size 0.50 x 0.50 x 1.00 mm, 
FOV 256, matrix 512 x 512), a transaxial T2 and a coronal FLAIR (fluid attenuated 
inversion recovery) sequences in the analysis. The coil used was SENSE-head. The 
GE scanner used a transaxial 3D FSPGR (fast spoiled gradient echo) (voxel size 1.1 
x 1.1 x 1.5 mm) and a transaxial T1 or PD (proton density) sequence in the analysis.  

For the visual evaluation of the medial temporal lobe, the axial 3D T1 sequences 
were reconstructed manually on a GE workstation (ADW 4.4, General Electric 
Medical Systems, Milwaukee, Wisconsin, USA). During reconstruction, the slices 
were aligned with a brainstem axis (Scheltens et al., 1992). The interslice gap was 
1.0 mm, the slice thickness was 5.0 mm and the number of slices ranged from 25 to 
32. The reconstructed sequences were recorded on CDs (Centricity DICOM Viewer, 
Philips Medical Systems) and the visual evaluation itself was made on a personal 
computer with Windows XP as the operating system. 
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4.2.4 Visual magnetic resonance imaging analyses 
A visual evaluation of MTL and ventricular enlargement was performed by a 
radiologist (TT) and a neuroradiologist (RP), and an evaluation of the frontal cortical 
atrophy was performed by the neuroradiologist (RP). The evaluators were blinded to 
the subjects’ data, and the order of MRI scans was randomized. The radiologists 
analyzed the sequences independently. If the evaluation difference in a visual rating 
protocol was not more than one grade, the average of the values was calculated and 
rounded off to the nearest whole number (i.e. higher value was retained for the rating 
as there were only two evaluators in these studies). If the evaluation differences were 
more than one grade, the values of the scores were resolved by consensus. 

The MTL evaluation in VRM was performed as described by Scheltens et al. 
(1992). The VRM evaluation was performed from the manually reconstructed 
coronal 3D T1 sequences for both sides of the MTL. MTL atrophy was staged from 
value 0 to 4, where a value of 0 corresponded to no atrophy and a value of 4 
corresponded to severe atrophy (Figure 3, and Table 2 in chapter 2.3.2). Absolute 
measurements (millimeters) of the largest vertical height of hippocampal formation 
(defined as dentate gyrus, hippocampus proper, subiculum and parahippocampal 
gyrus), the largest horizontal width between the hippocampal formation and 
brainstem, the largest vertical width of the choroid fissure and the width of temporal 
horn were calculated (Figure 4). The absolute measurements of the largest width of 
the lateral ventricles and third ventricle and the diameter of the inner calvarium of 
the skull from the level of lateral ventricles measurements were also measured in 
millimeters and from the same coronal slice as the MTL measurements (Figure 5). 
To calculate the indices, the absolute measurements of the lateral ventricles and third 
ventricle were proportioned to an absolute diameter of an inner calvarium of the 
skull. The purpose of the indices was to create results that would be independent of 
the size of the subject’s skull. 
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Figure 3.  Visual atlas of medial temporal lobe atrophy from the study data. An adaptation from the 

atlas of Scheltens et al. 1995. 

Score 0, no atrophy Score 1, very mild atrophy     

Score 2, mild atrophy   Score 3, moderate atrophy      

Score 4, severe atrophy 
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Figure 4.  Linear measurements of the medial temporal lobe according to Scheltens et al. (1992). 

A is the largest vertical height of hippocampal formation defined as dentate gyrus, 
hippocampus proper, and subiculum together with parahippocampal gyrus.  
B is the largest horizontal width between hippocampal formation and brainstem.  
C is the largest vertical width of choroid fissure.  
D is a width of the temporal horn. 

 
Figure 5.  A schematic view of a level of the measurements of ventricles and the diameter of the      

inner calvarium of the skull. LV = diameter of the lateral ventricles, TV = diameter of the 
third ventricle, IC = inner calvarium diameter, TH = temporal horn, HC = hippocampus 

The evaluation of frontal cortical atrophy was a modified form of the work 
Victoroff et al. (1994). The evaluation was performed from the original 3D T1 and 
T2 or PD sequences. The structure of the subjects’ frontal lobes was visually 
compared to the original images of Victoroff et al. (1994) and scaled from 0–2, where 
0 corresponded to no atrophy and 2 corresponded to severe atrophy. The evaluation 
covered the anterior prefrontal cortex to the frontal operculum. The extents of 
cortical atrophy in the right and left frontal lobes were rated separately. Our evaluator 
for the frontal atrophy was a single neuroradiologist (RP), as reliability in the frontal 
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lobe evaluation seemed to be remarkably dependent on the rater’s experience 
(Victoroff et al., 1994). 

In addition, visual MRI evaluation was used for detecting any structural changes 
of the brain, which may require a clinical treatment (i.e. tumors, fresh bleedings or 
infarcts). If severe structural changes were detected, the subject was excluded from 
the study and directed to the national health care system for possible initiation of 
treatment. 

4.2.5 Tensor-based morphometry analysis 
The original T1 3D MRI sequences were used for the TBM analysis. A multi-
template method of TBM was chosen to improve the robustness of the analysis 
(Koikkalainen et al., 2011). The template images were a compilation of 10 AD 
subjects, 10 MCI subjects and 10 controls from the ADNI dataset (i.e. atlas) 
(Alzheimer’s Disease Neuroimaging Initiative, 2017). A mean anatomical template 
(MAT) was constructed from the 30 templates to establish a reference space for the 
analysis. 

For each study image, 30 separate registrations from MAT to the study image 
were computed. Each time, the registration was performed via a different template 
(MAT – template – study image registrations). From the resulting 30 deformations, 
the determinant of the Jacobian matrix (the Jacobian) was computed for each voxel 
to quantify the local volume change information. The 30 deformations were finally 
combined by computing the average Jacobian for each voxel. The resulting average 
Jacobian of the study image described the amount of local expansion or compression 
of the voxel compared to the corresponding voxel in the MAT. 

The average Jacobians were further combined within each structure of the 
Hammer’s brain atlas (Heckemann et al., 2006) to produce robust values for further 
analysis. As the structures may contain both dilating and shrinking voxels, a simple 
averaging within the structures may produce unsatisfactory results. Consequently, 
we utilized the MRI images of 100 control subjects and 100 AD subjects from the 
ADNI dataset to separate the voxels that typically dilate and shrink in AD. 
Additionally, the p-values were computed to evaluate the significance of each voxel 
to differentiate control subjects from AD subjects. The final TBM index was 
computed for each structure by measuring the similarity of the subject’s Jacobians 
with the typical AD-related pattern of Jacobians modelled from the ADNI dataset 
(Koikkalainen et al., 2011). When computing this index, the dilating and shrinking 
voxels were processed separately, and more weight was given to the voxels with high 
significance. By weighting the voxels, it is possible to sharpen the calculations by 
giving a voxel with smaller p-value, a larger weight, and no weight is given to the 
statistically non-significant voxels. The index values (IVs) (range from -1,272187 to 
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1,27897) were used as feature values and for further analyses (Koikkalainen et al., 
2011). The index values summarize all AD-type volume changes in anatomy. High 
index values indicate more AD-type shape changes from the shape of MAT while 
low IVs show similarity to the shape changes that are typical in control subjects. In 
the model used in this thesis, the index value zero does not mean no changes, but it 
does reveal about the similarity to the mean anatomical template (MAT) of the TBM 
analysis. 

It is possible to visualize the volume changes with TBM. An example in Figure 
6 demonstrates the differences between AD, MCI and control groups as shown by 
color differences. 

   

   
Figure 6.  The visualization of the TBM results for individual AD, MCI and control subjects (Study 

I). The visualization is based on the z-scores of the voxel-wise Jacobians. The z-scores 
were computed by comparing the individual data to the entire control dataset. The red 
color shows the regions with AD-type brain dilation and blue color shows the regions 
with AD-type brain atrophy. The AD-type brain changes (i.e., locations where 
dilation/atrophy occurs) were computed from the AD and controls datasets. Only the 
regions with statistically (p<0.05) significant differences between AD and control groups, 
z-scores larger than 1.0 or smaller than -1.0, are visualized in colors. 
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4.2.6 Statistical analyses 
In studies I and II, the statistical analyzes were performed using SAS 9.2 (SAS 
Institute Incorporation, Cary, North Carolina, USA). In study III, the statistical 
analyzing system was SPSS 23 (SPSS Incorporation, Chicago, Illinois, USA), except 
for the Cohen’s d results, which were analyzed using Social Science Statistics 
website (Social Science Statistics, 2018). 

Regardless of the analyzing system, the age differences of the groups were 
analyzed by one-way analysis of variance (ANOVA) with pairwise comparisons 
with Tukey’s corrections. Differences in MMSE scores were analyzed with the 
Kruskal-Wallis test, continued with the Mann-Whitney U test when significant. Sex 
and educational differences between groups were assessed with the χ2 test. The 
control, MCI and AD groups were examined in studies I and III, and the control 
group and three MCI groups (stable remained, progressed and all MCI subjects) in 
study II. In study I, the groups displayed a significant difference in both education 
and age, and these were used as fixed effects in further analyses. In studies II and 
III, there were no significant group differences in age. The groups differed from 
each other in education levels, but the difference only trended toward statistical 
significance in study II. However, as the differences in both education and age may 
affect the results, they were used as covariates in the analyses of studies II and III. 
The use of covariates impacted on all other result values of the analysis. That is why 
the IVs of TBM were termed as estimated index values (EIVs) and the means of 
VRM were called the estimated means (EMs) in the results. Further, values of 
“difference of estimated means (DEM)” are statistically calculated differences 
between EMs, not simple differences between two EM values.  

In studies I and II, analysis of covariance model (ANCOVA) was used for 
continuous responses. Only in the visual results of frontal atrophy was a cumulative 
logistic regression model (for ordinal categorical responses with more than two 
levels) used, because the variables had only a few values. RO was a coefficient ratio 
of the estimated means in the cumulative logistic regression model. In addition, ROC 
analysis was performed to separate the groups from each other in study I. The area 
under the ROC curve (AUC) indicated how well the test distinguished between the 
groups. The AUC values were classified as excellent (0.9–1.0) good (0.8–0.9) fair 
(0.7–0.8) poor (0.6–0.7) and failed (0.5–0.6). Furthermore, logistic regression 
models for categorical data, and a Spearman’s nonparametric correlation analysis for 
hippocampi were used only in study II. In studies I and II, a p-value of 0.05 was 
used as the border of a statistically significant result and all the results were reported 
as corrected for multiple comparisons by using Tukey’s p-values.  

In study III, the values of the TBM IVs and cognitive test results of the groups 
were analyzed with one-way ANOVAs with pairwise comparisons with Tukey’s 
corrections for multiple comparisons. A multiple linear regression model was used 
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to analyze the interactions between each neuropsychological test and TBM results. 
As the multiple linear regression model analyzes the results only in p-values, Pearson 
correlation coefficients without p-values were also calculated in order to gain an 
impression of the direction (negative or positive) of the correlation. Cohen’s d was 
analyzed to measure the effect size in the group comparisons of cognitive function 
results. As the linear regression model with multiple correlations poses a risk of 
introducing a type 1 error in the statistical analysis, a p-value of 0.01 was adopted as 
the border of a statistically significant result in study III. 
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5 Results 

5.1 Visual magnetic resonance imaging analyses 

5.1.1 Cross-sectional study (study I) 
The results of VRM analysis of study I are shown in Table 7.  

There were statistically significant differences between the controls and the AD 
group with respect to the MTL, CSF space of temporal horns, and ventricular width. 
The negative difference in the estimated means (DEM) indicated that the AD group 
had higher atrophy scores in the hippocampus, wider CSF spaces around the 
hippocampus and larger ventricles than the control group. In turn, the positive DEM 
showed that the AD group had a lower height of the hippocampus and 
parahippocampal gyrus, which was in line with the results of the hippocampal 
scoring. 

VRM also separated the MCI group from the AD group in most of the areas of 
the MTL, but not in the area of the ventricles. The positive DEM of the height of the 
left hippocampus and parahippocampal gyrus indicated that the control group had a 
higher left hippocampus value than the MCI group. A similar trend was observed on 
the right side.  

Statistical differentiation of the MCI group from controls was only evident in the 
greater width of the third ventricle in the MCI group. However, a trend towards more 
atrophy in the areas of medial temporal lobe and ventricles in the MCI group as 
compared with the control group (a negative DEM) was observed. 

In the frontal atrophy scores, there were no significant differences between the 
study subject groups in any of the comparisons. 

 



Table 7. Results of the VRM analysis. Study I. 

Visual rating analysis Controls MCI subjects AD subjects Controls vs. 
MCI subjects 

Controls vs. 
AD subjects 

MCI vs. AD 
subjects 

 EM (SD) EM (SD) EM DEM DEM DEM 
Medial temporal lobe        

- Score right 1.1 (0.12) 1.3 (0.16) 2.2 (0.14) -0.143 ****-1.056 ****-0.912 
 left 1.2 (0.13) 1.4 (0.18) 2.2 (0.15) -0.251 ****-1.038 ***-0.786 
- Indexes        

A. Height of hippocampus and   right 0.139 (0.0021) 0.139 (0.0028) 0.127 (0.0024) 0.000 ****0.012 *0.012 
parahippocampal gyrus left 0.138 (0.0020) 0.134 (0.0027) 0.128 (0.0023) 0.004 ***0.011 0.007 

 
Liquor space of temporal horns        

- Indexes        
B. Distance between hippocampus  right 0.031 (0.0012) 0.031 (0.0016) 0.034 (0.0013) -0.001 *-0.004 -0.003 

and brainstem left 0.029 (0.0011) 0.029 (0.0014) 0.034 (0.0012) 0.000 **-0.005 -0.004 
C. Width of choroid fissure right 0.021 (0.0012) 0.022 (0.0017) 0.029 (0.0014) -0.001 ****-0.009 ***-0.008 
 left 0.021 (0.0011) 0.021 (0.0015) 0.027 (0.0013) 0.000 ****-0.006 ***-0.006 
D. Width of temporal horn right 0.019 (0.0017) 0.019 (0.0022) 0.030 (0.0019) 0.000 ****-0.010 ***-0.010 
 left (d) -3.962 (0.0675) -3.829 (0.0900) -3.609 (0.0767) -0.132 ***-0.353 -0.221 
E. B.+C.+D. right 0.071 (0.0032) 0.072 (0.0043) 0.093 (0.0036) -0.001 ****-0.022 ****-0.021 
 left 0.072 (0.0033) 0.075 (0.0044) 0.094 (0.0037) -0.004 ****-0.022 ***-0.018 

 
Ventricles        

- Indexes        
Width of lateral ventricles  0.280 (0.0053) 0.294 (0.0071) 0.300 (0.0060) -0.013 *-0.020 -0.007 
Width of Third ventricle  0.055 (0.0022) 0.063 (0.0030) 0.067 (0.0026) *-0.008 ***-0.012 -0.004 

 
Frontal atrophy  Mean (SD) Mean (SD) Mean (SD) RO RO RO 

- Score right 0.52 (0.77) 0.83 (1.14) 0.64 (0.92) 0.827 1.138 0.941 
 left 0.51 (0.77) 0.83 (1.14) 0.64 (0.92) 0.538 1.208 0.651 

EM = estimate of the means, SD = standard deviation, DEM = difference of the estimated means, RO = ratio of coefficient. * α < 0.05.  ** α < 0.01. *** α 
< 0.001. **** α < 0.0001. Mark (d) means conversion of logarithm. 
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5.1.2 Longitudinal study (study II) 
The results of VRM analysis of study II are shown in Table 8.  

At baseline, the MCIall group showed significantly higher hippocampal atrophy 
scores and smaller heights of the hippocampus and parahippocampal gyrus than the 
controls in the bilateral medial temporal lobes (comparison A). The widths of the 
lateral ventricles and the right side of the combined CSF spaces were larger in the 
MCIall group than in the control group. When the MCIall group was divided into the 
MCIstable and MCIprogression groups, the only statistically significant difference at 
baseline was detected in the width of the third ventricle for the MCIprogression group as 
compared to controls (comparisons B and C). Although no statistically significant 
differences were seen, the EM values of MCIprogression group indicated more severe 
atrophy in MTL scores, right hippocampus and parahippocampal gyrus and all CSF 
spaces at the baseline. Only on the left side was the atrophy of hippocampus and 
parahippocampal gyrus stronger in the MCIstable group than in the MCIprogression group 
at the baseline, although the difference was statistically non-significant. 

During the 2-year follow-up, the MCIstable group remained stable as compared to 
the controls (comparison D). In contrast, the MCIprogression group had developed 
significantly higher atrophy scores of the hippocampus and had wider CSF spaces 
than the controls (comparison E).  

There were no significant differences between the MCIstable and MCIprogression 
groups at baseline or after follow-up (comparisons F and G). However, the positive 
DEM values indicated that the atrophy changes extended to include more brain areas 
in the MCIprogression group than in the MCIs group at baseline and after follow-up. 

When comparing the atrophy scores within the MCI groups at follow-up, the 
MCIstable group remained stable as compared to baseline (comparison H). Within the 
MCIprogression group, the positive DEM values (lines A. in Table 8) suggested some 
progression of atrophy, but this was not statistically significant (comparison J). 

In the frontal atrophy scores, there were no significant differences between the 
study groups in any of the comparisons at any time point. 
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Table 8. Statistical results of the VRM analysis. Study II. 

Group comparisons 
       

 
Visual rating analysis 

 
Controls MCIall  

0 yr 
  

MCIs  
0 yr  

MCIs  
2 yr  

MCIp  
0 yr  

MCIp  
2 yr  

 

  
EM EM EM EM EM EM  

Medial temporal lobe 
       

 
- Score right 0.9476 1.3596 1.2595 1.3094 1.4597 1.7034   

left 0.8967 1.3846 1.2424 1.5166 1.5267 1.8653  
- Indexes 

       
 

A.  Height of hippocampus and right 0.1410 0.1341 0.1368 0.1437 0.1314 0.1298  
 parahippocampal gyrus left 0.1407 0.1307 0.1301 0.1344 0.1313 0.1289          

 
Liquor space of temporal horns 

       
 

- Indexes 
       

 
B.  Distance between  right 0.0301 0.0334 0.0332 0.0316 0.0336 0.0348  
 hippocampus and brainstem left 0.0284 0.0300 0.0286 0.0289 0.0315 0.0316  
C.  Width of choroid fissure right 0.0203 0.0221 0.0210 0.0216 0.0232 0.0249   

left 0.0194 0.0213 0.0210 0.0248 0.0217 0.0233  
D.  Width of temporal horn right 0.0173 0.0213 0.0195 0.0175 0.0231 0.0230   

left 0.0190 0.0237 0.0224 0.0253 0.0250 0.0325  
E.  B.+ C.+ D right (c) 0.1667 0.1943 0.1870 0.1781 0.2016 0.2070   

left 0.0668 0.0751 0.0720 0.0789 0.0782 0.0874          
 

Ventricles 
       

 
- Indexes 

       
 

Width of lateral ventricles 
 

0.2735 0.2915 0.2822 0.2906 0.3008 0.3071  
Width of third ventricle 

 
0.0527 0.0607 0.0552 0.0592 0.0661 0.0718          

 
Frontal atrophy 

 
Controls MCIall  

0 yr 
  

MCIs  
0 yr 

MCIs  
2 yr 

MCIp  
0 yr 

MCIp  
2 yr 

 

  
Mean Mean Mean Mean Mean Mean  

- Score right 0.54 1.17 1.00 1.00 1.28 0.76   
left 0.52 1.17 1.00 1.00 1.28 0.76  

MCIs = MCI stable, MCIp = MCI progression, yr = year, 0 yr = baseline, 2 yr = after 2-year follow-
up, EM = estimated means, DEM = difference of the estimated means, and RO = ratio of coefficient. 
* α < 0.05, ** α < 0.01, *** α < 0.001, and **** α < 0.0001. Mark (c) indicates a square root conversion. 
 



Results 

 57 

 

         A B C D E F G H J 
         C  

vs  
MCIall 0 yr 

C  
vs  
MCIs 0 yr 

C  
vs  
MCIp 0 yr 

C  
vs  
MCIs 2 yr 

C  
vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIp 0 yr 

MCIs 2 yr 
vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIs 2 yr 

MCIp 0 yr 
vs  
MCIp 2 yr 

         DEM DEM DEM DEM DEM DEM DEM DEM DEM 
         

         

         *-0.4120 -0.3119 -0.5121 -0.3619 *-0.7558 -0.2002 -0.3939 -0.0500 -0.2437 
         *-0.4879 -0.3458 -0.6300 -0.6199 **-0.9686 -0.2842 -0.3487 -0.2741 -0.3386 
         

         

         *0.0069 0.0042 0.0096 -0.0027 0.0112 0.0054 0.0139 -0.0069 0.0016 
         **0.0101 0.0107 0.0095 0.0064 0.0118 -0.0012 0.0055 -0.0043 0.0024 
         

         

         
  

  
      

         
         

         -0.0033 -0.0032 -0.0035 -0.0016 -0.0048 -0.0004 -0.0032 0.0016 -0.0013 
         -0.0017 -0.0003 -0.0031 -0.0005 -0.0033 -0.0029 -0.0027 -0.0003 -0.0001 
         -0.0017 -0.0007 -0.0028 -0.0012 -0.0045 -0.0022 -0.0033 -0.0006 -0.0017 
         -0.0019 -0.0016 -0.0022 -0.0054 -0.0039 -0.0007 0.0015 -0.0038 -0.0017 
         -0.0040 -0.0023 -0.0058 -0.0002 -0.0058 -0.0036 -0.0055 0.0020 0.0001 
         -0.0047 -0.0033 -0.0060 -0.0062 **-0.0135 -0.0027 -0.0072 -0.0029 -0.0075 
         *-0.0275 -0.0202 -0.0349 -0.0114 -0.0403 -0.0146 -0.0289 0.0089 -0.0055 
         -0.0083 -0.0052 -0.0114 -0.0121 **-0.0206 -0.0062 -0.0085 -0.0070 -0.0092 
         

         

         
         

         
         

         *-0.0180 -0.0087 -0.0273 -0.0171 *-0.0336 -0.0186 -0.0165 -0.0084 -0.0063 
         -0.0080 -0.0025 *-0.0134 -0.0066 **-0.0191 -0.0109 -0.0125 -0.0040 -0.0057 

         
         

         C  
vs  
MCIall 0 yr 

C  
vs  
MCIs 0 yr 

C  
vs  
MCIp 0 yr 

C  
vs  
MCIs 2 yr 

C  
vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIp 0 yr 

MCIs 2 yr 
vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIs 2 yr 

MCIp 0 yr 
vs  
MCIp 2 yr 

         RO RO RO RO RO RO RO RO RO 
         0.485 1.033 0.265 0.859 0.890 3.905 0.965 1.203 0.297 
         0.456 0.956 0.250 0.787 0.842 3.822 0.934 1.214 0.297 
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5.2 Tensor-based morphometry analyses 

5.2.1 Cross-sectional study (study I) 
TBM analysis results of study I for the control, MCI and AD groups are shown in 
Table 9.  

TBM performed best at differentiating the control group from the AD group in 
the areas of the medial temporal lobe and ventricles, but the differentiation was also 
good in the frontal area. The higher estimated index values (EIVs) in the AD group 
compared with the control group [negative difference of the estimated index values 
(DEIV)] shows a better fit to the AD type volume changes on average. In the AD 
group, negative DEIVs were seen in all examined brain areas except for the third 
ventricle and superior frontal gyrus. 

When the MCI and AD groups were compared, only the hippocampus, the 
combined areas of MTL, temporal horns of the lateral ventricles and medial orbital 
gyri of the frontal area gave statistically significant results on both sides. The DEIVs 
were also negative. The results were also statistically significant on the left side of 
the parahippocampal gyrus and ambiens and in the middle frontal and straight gyri 
of the frontal area.  

When the controls and the MCI group were compared, negative DEIVs were 
seen in all examined MTL brain areas. Statistically significant differences in MTL 
were observed in the left side of hippocampus, parahippocampal gyrus and ambiens 
and the combined values of the MTL. In the area of the ventricles, the third ventricle 
had the only statistically significant p-value. In the frontal area, the only statistically 
significant area was found in the right side of the superior frontal gyri. When the 
DEIV was examined, the negative values in the areas of MTL, ventricles and the 
superior frontal gyri meant that, on average, the MCI group had more AD type 
volume changes than the control group. 
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Table 9. Results of the TBM analysis. Study I. 

Tensor-based morphometry analysis Controls MCI AD Controls 
vs. MCI 
subjects 

Controls 
vs. AD 

subjects 

MCI vs. 
AD 

subjects 
 EIV EIV EIV DEIV DEIV DEIV 
Medial temporal lobe 
A.  Hippocampus right 0.0249 0.0743 0.2149 -0.049 ****-0.190 **-0.141 

left (c) 0.4929 0.5747 0.6692 *-0.082 ****-0.176 **-0.095 
B.  Anterior temporal lobe, right 0.1267 0.1636 0.2287 -0.037 ***-0.102 -0.065 
  medial part left (d) -0.5079 -0.4635 -0.3728 -0.044 ***-0.135 -0.091 
C.  Parahippocampal gyrus right 0.1111 0.1510 0.1768 -0.040 ***-0.066 -0.026 
  and ambiens left 0.1307 0.1897 0.2552 *-0.059 ****-0.124 *-0.065 
D.  A.+B.+C. right 0.0607 0.1203 0.2755 -0.060 ****-0.215 **-0.155 

left (c) 0.5359 0.6132 0.7198 *-0.077 ****-0.184 **-0.107 
 

Ventricles 
A.  Lateral ventricle (frontal and right -0.0339 0.0834 0.1946 -0.1173 ***-0.2285 -0.1111 
  occipital horn and central part) left -0.1795 -0.0945 0.0546 -0.0850 ***-0.2342 -0.1492 
B.  Lateral ventricle (temporal right -0.0323 -0.0268 0.1096 -0.0055 ****-0.1420 **-0.1364 
  horn) left 0.0432 0.0958 0.2131 -0.0526 ****-0.1698 **-0.1172 
C.  Third ventricle  -0.0430 0.1050 0.0999 *-0.1480 **-0.1429 0.0050 
D.  A. + B. + C. right -0.0309 0.0839 0.1960 -0.1148 ***-0.2269 -0.1121 

left -0.1733 -0.0888 0.0623 -0.0845 ***-0.2356 -0.1512 
 

Frontal area (prefrontal) 
- Frontal lobe, (Middle frontal 

gyrus) 
right 0.1862 0.1884 0.2417 -0.0022 *-0.0555 -0.0533 
left 0.2152 0.2153 0.2837 -0.0001 *-0.0685 *-0.0684 

- Superior frontal gyrus right (c) 0.4828 0.5346 0.5162 *-0.0518 -0.0334 0.0185 
left 0.2217 0.2599 0.2505 -0.0382 -0.0288 0.0094 

- Straight gyrus right -0.0558 -0.0565 -0.0136 0.0007 *-0.0422 -0.0429 
left -0.0579 -0.0837 -0.0098 0.0258 *-0.0481 **-0.0740 

- Medial orbital gyrus right -0.0628 -0.0734 -0.0122 0.0107 **-0.0506 **-0.0613 
left 0.0134 -0.0244 0.0699 0.0378 *-0.0565 ***-0.0943 

- Posterior orbital gyrus right 0.0144 0.0292 0.0623 -0.0148 -0.0479 -0.0331 
left 0.1057 0.1204 0.1673 -0.0147 **-0.0616 -0.0469 

 
Global (the whole brain)  0.0080 0.1051 0.2459 -0.0971 ****-0.2379 *-0.1408 

EIV = estimated index values. DEIV = difference of the estimated index values. * α < 0,05. 
** α < 0,01. *** α < 0,001. **** α < 0,0001. Mark (c) means square root conversion and (d) 
conversion of logarithm. 

5.2.2 Longitudinal study (study II) 
The results of TBM analysis of study II (Table 10) show the EIVs and DEIVs for 
the study groups.  
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Table 10. Statistical results of the TBM analysis. Study II. 

Group comparisons 
      

 
Tensor-based morphometry analysis Controls 

  
MCIall  
0 yr 
   

MCIs  
0 yr 

MCIs  
2 yr 

MCIp  
0 yr 

MCIp  
2 yr  

 

EIV EIV EIV EIV EIV EIV  
Medial temporal lobe 

       
 

A. Hippocampus right -0.011 0.035 0.039 0.106 0.030 0.190   
left 0.102 0.157 0.138 0.202 0.175 0.250  

B.  Anterior temporal lobe, right 0.112 0.207 0.238 0.255 0.175 0.244  
 medial part left 0.042 0.061 0.041 0.119 0.081 0.139  
C.  Parahippocampal gyrus right 0.101 0.173 0.206 0.254 0.141 0.223  
 and ambiens left 0.118 0.163 0.139 0.225 0.187 0.245  
D.  A.+ B.+ C. right 0.020 0.092 0.099 0.198 0.084 0.250   

left 0.123 0.179 0.153 0.266 0.205 0.297  
         
Ventricles 
A.  Lateral ventricle (frontal and right -0.095 0.037 -0.059 0.074 0.134 0.282  
 occipital horn and central part) left -0.240 -0.154 -0.276 -0.136 -0.032 0.058  
B. Lateral ventricle (temporal right -0.062 -0.084 -0.093 -0.037 -0.076 0.019  
 horn) left 0.035 0.065 0.062 0.107 0.069 0.111  
C.  Third ventricle 

 
-0.082 0.097 0.031 0.075 0.163 0.174  

D.  A. + B. + C. right -0.091 0.039 -0.056 0.076 0.134 0.280   
left -0.233 -0.149 -0.270 -0.133 -0.027 0.060  

         
Frontal area (prefrontal) 

       
 

- Frontal lobe, (Middle frontal  right 0.170 0.162 0.106 0.164 0.217 0.270  
gyrus) left 0.198 0.187 0.137 0.180 0.237 0.270  

- Superior frontal gyrus right 0.128 0.183 0.156 0.184 0.210 0.251   
left 0.212 0.262 0.216 0.270 0.307 0.347  

- Inferior frontal gyrus right 0.086 0.109 0.111 0.087 0.108 0.120   
left 0.093 0.108 0.097 0.069 0.119 0.140  

- Anterior orbital gyrus right 0.113 0.153 0.168 0.169 0.138 0.143   
left 0.121 0.087 0.069 0.048 0.104 0.128  

         
Other temporal areas 

       
 

- Superior temporal gyrus,  right 0.100 0.173 0.140 0.181 0.206 0.276  
 posterior part left 0.047 0.133 0.093 0.154 0.173 0.230  
- Posterior temporal lobe right 0.039 0.135 0.060 0.138 0.210 0.304   

left 0.657 0.695 0.638 0.679 0.752 0.776  
- Lateral occipitotemporal  right 0.045 0.116 0.145 0.194 0.086 0.153  
 gyrus, gyrus fusiformis left 0.100 0.173 0.140 0.181 0.206 0.276  

         
Parietal lobe 

       
 

- Parietal right 0.180 0.275 0.220 0.277 0.330 0.410   
left 0.027 0.063 0.001 0.103 0.125 0.192  

         
Global (the whole brain) 

 
-0.046 0.056 -0.045 0.083 0.156 0.283  

MCIs = MCI stable, MCIp = MCI progression, yr = year, 0 yr = baseline, 2 yr = after 2-year follow-
up, EM = estimated means, DEM = difference of the estimated means, EIV = estimated means of 
index values, DEIV = difference of the estimated index values, yr = year. * α < 0.05. ** α < 0.01. *** 
α < 0.001. **** α < 0.0001. 
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 A B C D  E F G H J 
 C vs  

MCIall 0 
yr 

C vs  
MCIs 0 yr 

C vs  
MCIp 0 yr 

C vs  
MCIs 2 yr 

C vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIp 0 yr 

MCIs 2 yr 
vs  
MCIp 2 yr 

MCIs 0 yr 
vs  
MCIs 2 yr 

MCIp 0 yr 
vs  
MCIp 2 yr 

 DEIV DEIV DEIV DEIV DEIV DEIV DEIV DEIV DEIV 
 

         

 -0.0454 -0.0497 -0.0410 -0.1171 ***-0.2011 0.0087 -0.0840 -0.0673 -0.1600 
 -0.0542 -0.0355 -0.0728 -0.0995 *-0.1476 -0.0373 -0.0481 -0.0640 -0.0748 
 **-0.0945 -0.1260 -0.0630 -0.1430 *-0.1318 0.0630 0.0112 -0.0169 -0.0688 
 -0.0190 0.0006 -0.0386 -0.0774 -0.0974 -0.0392 -0.0200 -0.0780 -0.0588 
 *-0.0720 -0.1046 -0.0395 **-0.1529 **-0.1214 0.0651 0.0315 -0.0483 -0.0819 
 -0.0456 -0.0217 -0.0695 *-0.1071 **-0.1276 -0.0479 -0.0204 -0.0855 -0.0581 
 -0.0714 -0.0787 -0.0641 *-0.1780 ****-0.2298 0.0146 -0.0518 -0.0993 -0.1657 
 -0.0565 -0.0305 -0.0824 -0.1431 **-0.1745 -0.0519 -0.0315 -0.1126 -0.0921 
 

 

 
         

 -0.1321 -0.0356 -0.2286 -0.1684 **-0.3761 -0.1930 -0.2077 -0.1328 -0.1475 
 -0.0860 0.0360 -0.2079 -0.1036 *-0.2973 -0.2439 -0.1937 -0.1396 -0.0894 
 0.0225 0.0311 0.0139 -0.0254 -0.0808 -0.0172 -0.0554 -0.0565 -0.0947 
 -0.0303 -0.0268 -0.0338 -0.0721 -0.0764 -0.0070 -0.0043 -0.0453 -0.0426 
 **-0.1786 -0.1130 **-0.2441 -0.1562 **-0.2554 -0.1311 -0.0992 -0.0432 -0.0113 
 -0.1296 -0.0345 -0.2247 -0.1664 **-0.3709 -0.1902 -0.2044 -0.1319 -0.1462 
 -0.0840 0.0375 -0.2055 -0.1001 *-0.2931 -0.2431 -0.1930 -0.1376 -0.0876 
 

 

 
         

 0.0080 0.0636 -0.0475 0.0057 -0.1003 -0.1111 -0.1060 -0.0579 -0.0528 
 0.0107 0.0603 -0.0390 0.0181 -0.0725 -0.0993 -0.0906 -0.0422 -0.0335 
 *-0.0549 -0.0280 -0.0818 -0.0563 **-0.1232 -0.0538 -0.0669 -0.0283 -0.0414 
 *-0.0490 -0.0032 **-0.0949 -0.0574 ****-0.1343 -0.0916 -0.0769 -0.0542 -0.0394 
 -0.0235 -0.0248 -0.0222 -0.0009 -0.0343 0.0026 -0.0334 0.0239 -0.0121 
 -0.0153 -0.0043 -0.0263 0.0238 -0.0474 -0.0220 -0.0712 0.0281 -0.0212 
 *-0.0397 -0.0546 -0.0247 -0.0558 -0.0304 0.0300 0.0254 -0.0011 -0.0057 
 *0.0347 0.0520 0.0174 0.0731 -0.0071 -0.0346 *-0.0803 0.0211 -0.0245 
 

 

 
         

 *-0.0727 -0.0397 *-0.1056 -0.0812 ****-0.1756 -0.0659 -0.0944 -0.0415 -0.0700 
 **-0.0861 -0.0461 **-0.1261 -0.1070 ****-0.1829 -0.0800 -0.0758 -0.0609 -0.0568 
 -0.0960 -0.0212 *-0.1709 -0.0993 ***-0.265 -0.1497 -0.1657 -0.0781 -0.0942 
 -0.0377 0.0196 *-0.09487 -0.0215 **-0.1183 -0.1145 -0.0968 -0.0411 -0.0235 
 *-0.0701 -0.0993 -0.0409 *-0.1484 *-0.1077 0.0585 0.0407 -0.0491 -0.0668 
 -0.0484 -0.0259 -0.0710 -0.1023 *-0.1090 -0.0451 -0.0067 -0.0765 -0.0381 
 

 

 
         

 **-0.0946 -0.0394 **-0.1498 -0.0967 ****-0.2295 -0.1104 -0.1328 -0.0573 -0.0797 
 -0.0359 0.0264 -0.0981 -0.0763 -0.1644 -0.1245 -0.0881 -0.1026 -0.0662 
 

 

 -0.1019 **-0.0010 -0.2028 -0.1291 -0.3292 -0.2019 -0.2000 -0.1282 -0.1264 
 

At baseline, the MCIall group differed significantly from the controls 
(comparison A) in the right side of the MTL and in the third ventricle. When the 
MCIall group was divided into the MCIstable and MCIprogression groups, the differences 
compared to controls (comparisons B and C) were smaller, and the only statistically 
significant difference was in the third ventricle in the MCIprogression group. However, 
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the negative DEIVs indicated more AD type volume changes in both MCI groups 
when compared to the control group.  

At the 2-year follow-up, TBM indicated that the MCIstable group had developed 
significant changes bilaterally in the parahippocampal gyrus and ambiens, and on 
the right side of the combined MTL area in comparison to the controls (comparison 
D). At the same time, the MCIprogression group differed significantly from the controls 
(comparison E) in nearly all areas. 

At baseline, there were no significant differences between the MCI groups 
(comparison F). At follow-up, the only significant difference between MCI groups 
was evident in the left side of the anterior orbital gyrus (comparison G). Within the 
MCIstable or MCIprogression groups no significant differences were seen during follow-
up (comparisons H or J). However, all DEIVs within the MCIprogression and MCIstable 
groups showed evidence of a progression towards the AD type of volume changes. 

At baseline, the DEIV of MCI subjects showed a trend towards AD-type volume 
changes in the frontal areas, other temporal areas and the parietal lobes. Statistically 
significant differences were seen in the MCIall and MCIprogression groups in comparison 
to controls (comparisons A and C). At follow-up, the MCIprogression group developed 
more typical AD-type volume changes and clearly differed from controls 
(comparison E). In the MCIstable group, the only significant difference compared to 
controls (comparison D) was seen in the right lateral occipitotemporal area. In 
comparisons between or within the MCI groups, there were no statistically 
significant findings (comparisons E, G, H or J). However, most DEIVs showed signs 
of the progression towards AD-type volume changes in these comparisons. 

5.2.3 Association study between deep gray matter and 
neurocognitive function (study III) 

The descriptive TBM statistics of the groups and the p-values of the group 
comparisons of study III are shown in Table 11. 

In all brain areas, the highest mean and median IVs were identified in the AD 
group. The mean and median IVs were lower in the MCI group than in the control 
group in the left thalamus and both sides of the putamen, whereas they were higher 
in the right thalamus and both sides of the caudate nucleus. There was a statistically 
significant difference in IV values between the study groups. When individual 
groups were compared with each other, the difference between the control and MCI 
groups was significant only in the right side of the putamen. The difference between 
the control and AD groups was significant in all other brain areas, with the exception 
of the left thalamus and right putamen. The left thalamus and both sides of the 
putamen were the areas in which the MCI and AD groups significantly differed from 
each other. 



Results 

 63 

Table 11. Statistical results of the TBM differences between the groups. Study III. 

Brain 
areas 

Group TBM results 
(IVs) 

Test 
statistics 

F (df) 

Overall  
p-value 
between 

the groups 

Pairwise  
comparisons 

Mean Median SD Groups p-value 

Thalamus 
right 

control -0.208 -0.247 0.19 
4.61 (2) *0.011 

control vs. MCI 0.914 
MCI -0.190 -0.230 0.20 control vs. AD *0.013 
AD -0.094 -0.140 0.24 MCI vs. AD 0.082 

Thalamus 
left 

control -0.282 -0.316 0.20 
4.49 (2) *0.013 

control vs. MCI 0.659 
MCI -0.319 -0.354 0.21 control vs. AD 0.078 
AD -0.199 -0.245 0.21 MCI vs. AD *0.015 

Putamen 
right 

control -0.103 -0.106 0.17 
8.44 (2) ****<0.0001 

control vs. MCI *0.022 
MCI -0.195 -0.233 0.17 control vs. AD 0.251 
AD -0.054 -0.067 0.16 MCI vs. AD ****<0.0001 

Putamen 
left 

control -0.131 -0.111 0.15 
9.81 (2) ****<0.0001 

control vs. MCI 0.146 
MCI -0.195 -0.203 0.18 control vs. AD *0.018 
AD -0.049 -0.055 0.15 MCI vs. AD ****<0.0001 

Caudate 
nucleus 
right 

control 0.011 0.001 0.23 
4.75 (2) *0.010 

control vs. MCI 0.671 
MCI 0.057 0.091 0.27 control vs. AD ***0.008 
AD 0.158 0.155 0.29 MCI vs. AD 0.159 

Caudate 
nucleus 
left 

control -0.154 -0.154 0.24 
6.75 (2) **0.002 

control vs. MCI 0.380 
MCI -0.079 -0.058 0.23 control vs. AD ***0.001 
AD 0.030 0.024 0.32 MCI vs. AD 0.135 

* α < 0.05, ** α < 0.01, *** α < 0.001, and **** α < 0.0001. IVs = index values, SD = standard 
deviation, df = degree of freedom. 

5.3 Receiver operating characteristic analysis 

5.3.1 Cross-sectional study (study I) 
In ROC analysis of study I (Table 12 and Figure 7), the AUCs were performed to 
compare whether there was a sufficient difference in the hippocampal atrophy by 
VRM and TBM to differentiate the groups from each other. The AUCs were not 
significantly different between the groups with respect to any of the variables of 
interest, with the values of the AUCs varying between 0.564 and 0.768. In the left 
side, the AUC of TBM was larger than the VRM at a trend level (p = 0.09) when the 
controls were compared with the MCI subjects. In the right side, when the AUC 
values of the VRM was assessed, they were larger than TBM at a trend level 
(p = 0.07) when the MCI subjects were compared with the AD subjects. 
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Table 12. ROC analysis of study I. Comparison analysis of AUCs between the hippocampus of 
TMB and the hippocampus score of VRM. The hippocampus score of VRM was used 
as a reference. 

ROC TBM VRM Estimate p-value 
Controls vs. MCI subjects Right side 0.6417 0.5642 0.0775 0.15 

Left side 0.6796 0.5877 0.0919 0.09 
Controls vs. AD subjects Right side 0.7407 0.7680 -0.0273 0.40 

Left side 0.7774 0.7609 0.0165 0.63 
MCI subjects vs. AD subjects Right side 0.6367 0.7066 -0.0699 0.07 

Left side 0.6510 0.6782 -0.0272 0.51 
Estimate = difference of AUCs between TBM and VRM. 
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Figure 7.  ROC curves for comparisons of the control and MCI groups, controls and AD groups, 

and MCI and AD groups from right and left sides between the hippocampus of TBM (red 
line) and the hippocampus score of VRM (reference, blue line). 
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5.4 Neuropsychological test analyses 

5.4.1 Cross-sectional study (study I) 
Neuropsychological characteristics of the subjects of study I are presented in Table 13. 

In nearly all neuropsychological tests, the control group had better results than MCI 
and AD groups and MCI group had better results than the AD group. Only in the 
constructional praxis test had the controls somewhat worse results than the MCI group. 
However, the control group performed significantly better than the MCI group only in 
the episodic memory tests (both logical memory tests and delayed word recall test). The 
result demonstrates the absence of any widespread cognitive decline in the MCI subjects 
and indicates that the MCI subjects were of the amnestic subtype. The MCI group 
managed significantly better than the AD group in nearly all episodic memory and 
learning tests and in some language and executive tests. The AD group performed 
significantly worse than the control group in all tests except in constructional praxis test. 

Table 13. Statistical results of the neuropsychological tests. Study I. 

Analysis of 
neuropsychological tests  

Controls MCI 
subjects 

AD subjects Controls 
vs. MCI 
subjects 

Controls 
vs. AD 

subjects 

MCI vs. 
AD 

subjects 
 EM (SD) EM (SD) EM (SD) DEM DEM DEM 
MMSE 27.8 (0.35) 26.5 (0.48) 22.3 (0.41) *1.356 ****5.497 ****4.142 
Neuropsychological test       
Episodic memory       

- Logic memory 20.8 (1.37) 16.4 (1.61) 12.0 (1.55) **4.351 ****8.745 **4.394 
- Logic memory delayed 17.0 (1.43) 11.5 (1.68) 7.4 (1.62) **5.477 ****9.612 *4.135 
- Wordlist learning (sum) 20.2 (1.00) 19.1 (1.17) 15.2 (1.14) 1.104 ****5.054 ***3.951 
- Word delayed recall 7.3 (0.44) 6.1 (0.52) 4.4 (0.50) *1.288 ****2.933 **1.645 
- Wordlist savings (%) 91.8 (5.98) 82.8 (7.04) 63.3 (6.76) 9.033 ****28.549 **19.517 
- Wordlist recogn. (%) (b) 97.0 (2.04) 92.9 (2.40) 86.7 (2.31) 4.105 ****10.292 *6.187 
- Constr. praxis savings (c) 7645.0 (682.61) 7327.5 (801.66) 5608.5 (779.82) 317.540 **2036.520 1718.990 

Verbal functions       
- Semantic fluency 22.7 (1.29) 19.9 (1.51) 19.6 (1.46) 2.746 *3.052 0.305 
- Naming 13.3 (0.45) 12.6 (0.53) 10.9 (0.51) 0.673 ****2.370 **1.697 

Visuospatial function       
- Constructional praxis (b) 9.9 (0.37) 10.1 (0.43) 9.5 (0.42) -0.197 0.375 0.572 

Executive functions       
- Clock drawing 5.4 (0.31) 5.2 (0.36) 4.1 (0.35) 0.159 ****1.287 **1.128 
- Trail making A 71.5 (8.43) 81.4 (9.85) 97.4 (9.36) -9.850 **-25.854 -16.005 
- Trail making B 142.6 (22.21) 172.1 (27.73) 222.6 (26.38) -29.547 **-80.067 -50.520 

EM = estimate of the means, SD = standard deviation, DEM = difference of the estimated means. 
* α < 0.05. ** α < 0.01. *** α < 0.001. **** α < 0.0001. Distribution of Constructional praxis and 
Wordlist recognition (%) task values were highly skewed (b) and they were not able to be converted 
normal distribution. Mark (c) means a square root conversion. 
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5.4.2 Longitudinal study (study II) 
The neuropsychological characteristics of the subjects of study II are shown in 
Table 14.  

At baseline, the MCIall and MCIprogression groups had significant impairments 
when compared to controls in the logical memory scores and delayed recognition of 
wordlists (comparisons A and C), confirming the amnestic form of MCI and the 
absence of widespread cognitive decline. At baseline and after the 2-year follow-up, 
the MCIstable group did not differ from the controls (comparison B and D), but the 
MMSE results of the MCIstable group were significantly worse after the 2-year follow-
up as compared to the group’s own baseline scores (comparison H). At baseline, 
MCIstable and MCIprogression groups did not differ from each other (comparison F). After 
the 2-year follow-up, the MCIprogression group had highly significant impairments in 
almost all the cognitive domains in comparison to controls (comparison E), and the 
MCIprogression group performed significantly worse on the MMSE and some episodic 
and executive functions when compared to the MCIstable group (comparison G) or 
compared to the group’s own baseline scores (comparison J). 

These characteristics highlight the clear separation of our study population into 
the MCI subjects, AD (MCIp 2 yr) subjects and cognitively healthy controls. 
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Table 14. Statistical results of the analysis of neuropsychological tests. Study II. 

        
Analysis of neuropsychological 
tests 

Controls MCIall  
0 yr 

  

MCIs  
0 yr 

MCIs  
2 yr  

MCIp  
0 yr 

MCIp  
2 yr 

 

 
EM EM EM EM EM EM  

MMSE 28.0 27.8 27.9 26.6 27.7 22.4  
Neuropsychological test 

      
 

Episodic memory 
      

 
- Logic memory 22.0 19.1 19.3 15.4 18.9 13.7  
- Logic memory delayed 18.3 13.6 14.5 10.9 12.7 10.1  
- Wordlist learning (sum) 20.6 20.8 20.9 18.2 20.8 13.4  
- Word delayed recall 7.6 6.7 6.9 5.8 6.5 3.5  
- Wordlist savings (c) 8885.9 7283.8 7802.4 7810.0 6765.2 4291.1  
- Wordlist recogn. (%) (b) 97.9 94.5 95.2 87.7 93.7 86.5  
- Constr. praxis savings (c) 7301.3 6737.9 6593.2 7169.0 6882.5 3000.7         

 
Verbal functions 

      
 

- Semantic fluency 23.7 21.1 21.3 20.8 20.9 15.6  
- Naming 13.2 13.4 13.2 12.6 13.6 12.0         

 
Visuospatial function 

      
 

- Constructional praxis (b) 10.0 10.5 10.8 10.5 10.2 9.2         
 

Executive functions 
      

 
- Clock drawing 5.5 5.8 5.9 5.5 5.6 3.5  
- Trail making A (d) 3.5 3.7 3.7 3.3 3.8 4.5  
- Trail making B 138.9 151.1 130.6 143.6 171.7 279.2  

MCIs = MCI stable, MCIp = MCI progression, yr = year, 0 yr = baseline, 2 yr = after 2-year follow-
up, EM = estimated means, DEM = difference of the estimated means, yr = year. * α < 0.05. ** α < 
0.01. *** α < 0.001. **** α < 0.0001. Distribution of wordlist recognition (%) (b) and constructional 
praxis (b) task values were highly skew and they were not able to change towards normal. The 
reliability of these marked results is not guaranteed. Mark (c) means a square root conversion and 
(d) means conversion of logarithm. 
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 A B C D E F G H J 
 C  

vs  
MCIall 0 yr 

C 
vs  

MCIs 0 yr 

C  
vs  

MCIp 0 yr 

C  
vs  

MCIs 2 yr 

C  
vs 

MCIp 2 yr 

MCIs 0 yr  
vs 

MCIp 0 yr 

MCIs 2 yr  
vs 

MCIp 2 yr 

MCIs 0 yr  
vs 

MCIs 2 yr 

MCIp 0 yr  
vs 

MCIp 2 yr 
 DEM DEM DEM DEM DEM DEM DEM DEM DEM 

 0.2 0.2 1.5 0.3 ****5.6 0.1 ***4.2 ****5.3 ****5.3 
 

         

 
         

 2.8 2.6 6.6 3.0 **8.3 0.4 1.7 4.0 5.2 
 *4.7 3.8 7.4 5.6 **8.2 1.9 0.8 3.6 2.6 
 -0.2 -0.3 2.4 -0.1 ****7.2 0.1 4.8 2.7 **7.3 
 0.9 0.7 1.8 1.1 ****4.1 0.4 2.2 1.1 **3.0 
 1602.1 1083.5 1075.9 2120.7 ****4594.8 1037.3 3519.0 -7.6 2474.1 
 3.4 2.6 **10.2 4.2 ****11.4 1.5 1.1 7.6 7.2 
 563.5 708.1 132.3 418.8 ***4300.7 -289.3 *4168.3 -575.8 *3881.9 

 
         

 
         

 2.6 2.4 2.9 2.8 ****8.1 0.4 5.2 0.5 5.3 
 -0.2 0.0 0.6 -0.4 1.2 -0.4 0.6 0.6 0.6 

 
         

 
         

 -0.5 -0.8 -0.6 -0.2 0.8 0.7 1.3 0.3 1.0 
 

         

 
         

 -0.3 -0.4 0.0 -0.2 ****1.9 0.3 *2.0 0.4 **2.1 
 -0.2 -0.2 0.1 -0.3 ***-1.0 -0.1 **-1.2 0.3 -0.7 
 -12.2 8.4 -4.6 -32.7 **-140.3 -41.1 -135.7 -13.0 -107.6 

 
 

5.4.3 Association study between deep gray matter and 
neurocognitive function (study III) 

The neuropsychological characteristics of the subjects examined in study III are 
shown in Table 15.  

There were statistically significant differences between the controls and the AD 
group on all cognitive tests, and the effect sizes ranged from small in 
visuoconstructive function to very large in free recall, memory consolidation and 
naming. The MCI group performed significantly worse than the controls on 
measures of memory, as well as in semantic and visuo-motor processing. Effect sizes 
ranged from small for the latter functions (d = 0.40, 0.44) to medium/large for both 
memory measures (d = 0.66, 0.81). The MCI group performed significantly better 
than the AD group in all tests of memory and learning, as well as in the naming task. 
The effect sizes ranged from medium to large. 
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Table 15. Statistical results of cognitive function analysis. Study III. 

Cognitive function (test) Group Neuropsychological 
results 

Group 
compares 

p-value Cohen’s 
d 

Mean Median SD 
Free recall  
(WMS-R Logical memory 
immediate recall) 

control 20,6 20,0 7,0 control vs. MCI **0.001 0.66 
MCI 16,2 15,0 6,3 control vs. AD ****<.0.0001 1,43 
AD 11,0 11,0 6,4 MCI vs. AD ****<.0.0001 0,82 

Memory consolidation 
(WMS-R Logical memory 
delayed recall) 

control 16,8 17,0 6,5 control vs. MCI **0.001 0,81 
MCI 11,1 8,0 7,6 control vs. AD ****<.0.0001 1,57 
AD 6,3 3,0 6,9 MCI vs. AD **0.005 0,66 

Learning  
(CERAD wordlist learning) 

control 19,8 20,0 4,4 control vs. MCI 0.340 0,21 
MCI 18,9 20,0 4,2 control vs. AD ****<.0.0001 1,11 
AD 14,2 14,0 5,6 MCI vs. AD ****<.0.0001 0,95 

Naming  
(CERAD naming) 

control 13,0 13,0 1,7 control vs. MCI 0.098 0,37 
MCI 12,3 13,0 2,1 control vs. AD ****<.0.0001 1,24 
AD 9,9 10,0 3,1 MCI vs. AD **0.003 0,91 

Semantic processing 
(CERAD animal fluency) 

control 21,8 21,5 5,3 control vs. MCI *0.035 0,44 
MCI 19,6 19,0 4,6 control vs. AD **0.002 0,58 
AD 17,8 17,5 8,1 MCI vs. AD 0.240 0,27 

Visuoconstructive function 
(CERAD Constructional 
praxis) 

control 9,6 10,0 1,9 control vs. MCI 0.824 0,06 
MCI 9,7 10,0 1,6 control vs. AD *0.010 0,41 
AD 8,8 9,0 2,0 MCI vs. AD 0.209 0,50 

Visuo-motor function 
(TMT-A) 

control 71,1 64,0 36,1 control vs. MCI *0.042 0,40 
MCI 86,8 83,5 41,9 control vs. AD **0.003 0,82 
AD 108,9 95,0 54,3 MCI vs. AD 0.362 0,46 

* α < 0.05, ** α < 0.01, *** α < 0.001, and **** α < 0.0001 

5.5 Correlation and association analyses 

5.5.1 Correlation analysis of hippocampal visual rating 
method scores and tensor-based morphometry index 
values (study II) 

As the group comparisons in study II were calculated separately for VRM and TBM, 
the aim of Spearman’s nonparametric correlation analysis was to evaluate the 
strength of an association between hippocampal VRM scores and TBM index values. 
Table 16 reveals the presence of a significant correlation between the hippocampal 
VRM scores and the hippocampal EIVs of TBM in the controls (right: ρ = 0.32, 
p = 0.003; left: ρ = 0.32, p = 0004). In the separate MCI groups, a significant positive 
correlation was seen in the MCIprogression group both at baseline (right: ρ = 0.67, 
p = 0.002; left: ρ = 0.60, p = 0.007) and after the 2-year follow-up (right: ρ = 0.78, 
p = 0.000; left: ρ = 0.81, p = 0.000). In the MCIstable group, there was a significant 
positive correlation between the hippocampal VRM score and EIVs of TBM only at 
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follow-up in the left hippocampus (ρ = 0.81, p = 0.005), and in addition, to a trend 
level correlation in the right hippocampus (ρ = 0.61, p = 0.062), but not at baseline. 

Table 16. Correlations between the hippocampal VRM scores and the hippocampal EIVs of TBM 
in the controls at the baseline and in the MCIall, MCIstable and MCIprogression groups at 
baseline and after the 2-year follow-up. Study II. 

Correlation analysis VRM hippocampal score 
Controls MCIall 0 yr 

Right Left Right Left 
TBM hippocampal 
EIV 

Right ρ = 0,32;  
p = 0,003 

 
ρ = 0,62;  
p = 0,000 

 

Left 
 

ρ = 0,32;  
p = 0,004 

 
ρ = 0,56;  
p = 0,001  

Correlation analysis VRM hippocampal score 
MCIs 0 yr MCIp 0 yr 

Right Left Right Left 
TBM hippocampal 
EIV 

Right ρ = 0,42;  
p = 0,172 

 
ρ=0,67; 
p=0,002 

 

Left 
 

ρ = 0,51;  
p = 0,091 

 
ρ = 0,60;  
p = 0,007  

Correlation analysis VRM hippocampal score 
MCIs 2 yr MCIp 2 yr 

Right Left Right Left 
TBM hippocampal 
EIV 

Right ρ = 0,61;  
p = 0,062 

 
ρ = 0,78;  
p = 0,000 

 

Left 
 

ρ = 0,81;  
p = 0,005 

 
ρ = 0,81;  
p = 0,000 

yr = year, MCIs = MCI stable group, MCIp = MCI progression group, ρ = value of Spearman’s 
nonparametric correlation analysis, p = p-value. 

5.5.2 The association analyses between neurocognitive 
function and tensor-based morphometry (study III) 

The association analyses between the TBM IVs and cognitive test results of study 
III (Table 17) were conducted separately for the control, MCI and AD groups. The 
univariate regression model revealed multiple associations, which causes an 
increased risk of a type 1 error. To minimize that risk, the p < 0.01 α level for 
statistical significance was chosen. The results were focused in the AD group, as 
very few significant associations were identified in the control and the MCI groups, 
and no clear clusters emerged. 



Table 17. Association results of univariate regression model (p-value), and Pearson correlations. Study III. 

Associations Controls  
Right thalamus Left thalamus Right putamen Left putamen Right caudate 

nucleus 
Left caudate 

nucleus  
p value Pearson p value Pearson p value Pearson p value Pearson p value Pearson p value Pearson 

Free recall 0,192 0,23 0,109 -0,129 *0,013 -0,306 0,191 -0,162 0,822 0,047 0,406 0,171 
Memory consolidation 0,265 0,206 0,172 -0,111 **0,007 -0,339 0,277 -0,144 0,95 0,007 0,459 0,16 
Semantic processing 0,712 0.035 0,763 0,025 0,875 -0,144 0,492 0,017 0,594 -0,132 0,837 0,033 
Naming (b) 0,245 0,134 0,781 0,041 0,923 -0,069 0,962 -0,046 0,702 -0,014 0,309 0,116 
Learning (c) 0,591 0,156 0,144 -0,036 0,402 -0,119 0,708 -0,042 0,938 0,047 0,915 0,108 
Visuoconstructive function (b) 0,385 -0,063 0,071 -0,177 0,137 -0,174 0,775 -0,021 *0,037 -0,257 0,249 -0,098 
Visuo-motor scanning (d) 0,274 0,213 **0,005 0,302 *0,038 0,238 0,098 0,206 0,21 0,24 0,323 0,22  

MCI 
Free recall 0,116 -0,196 *0,033 -0,36 0,818 -0,069 0,306 -0,173 *0,049 -0,328 0,452 -0,162 
Memory consolidation 0,21 -0,196 *0,040 -0,319 0,999 0,027 0,595 -0,065 0,064 -0,287 0,755 -0,074 
Semantic processing 0,92 0,051 0,979 -0,001 0,456 0,056 0,648 -0,085 0,86 0,073 0,663 0,012 
Naming (b) 0,222 -0,292 0,114 -0,34 0,283 -0,348 0,062 -0,376 0,397 -0,249 0,843 -0,173 
Learning (c) 0,617 -0,029 0,384 -0,144 0,143 0,135 0,907 -0,017 0,538 0,106 0,775 0,014 
Visuoconstructive function (b) 0,073 -0,249 0,36 -0,121 0,074 -0,328 0,061 -0,295 0,165 -0,192 0,363 -0,155 
Visuo-motor scanning (d) *0,033 0,388 *0,028 0,348 0,197 0,275 0,085 0,288 ***0,003 0,513 0,167 0,354  

AD 
Free recall ***0,001 -0,383 0,128 -0,193 0,112 -0,201 *0,032 -0,289 ***0,004 -0,343 *0,011 -0,301 
Memory consolidation ***0,001 -0,375 0,105 -0,204 0,213 -0,15 0,138 -0,201 *0,026 -0,266 0,065 -0,229 
Semantic processing ***0,004 -0,313 0,3 -0,134 0,273 -0,15 0,077 -0,245 **0,007 -0,301 ***0,001 -0,35 
Naming (b) 0,653 -0,093 0,303 0,115 0,351 0,101 0,57 -0,092 0,401 -0,133 0,502 -0,124 
Learning (c) **0,005 -0,353 0,434 -0,21 0,167 -0,211 *0,014 -0,359 *0,024 0,023 *0,025 -0,286 
Visuoconstructive function (b) 0,522 -0,038 0,395 -0,046 0,614 0,035 0,256 -0,085 0,371 -0,044 0,248 -0,111 
Visuo-motor scanning (d) *0,013 0,345 *0,015 0,323 0,214 0,179 0,263 0,172 *0,012 0,347 ***0,001 0,42 

 Mark (b) indicates cube of x (x3), mark (c) square of x (x2), and mark (d) natural logarithmic conversion (Ln). * α < 0.05, ** α < 0.01, and *** α < 0.005. 
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In the AD group, the strongest association cluster was identified between the 
measures of episodic memory (both free recall and memory consolidation), learning 
and verbal function and the right thalamic TBM IV. Significant associations were 
also identified between semantic processing and the bilateral caudate nucleus TBM 
IVs. The unilateral right caudate nucleus TBM IV was associated with free recall (a 
trend level association was also identified in the MCI group), whereas the left 
caudate nucleus TBM IV was associated with visuomotor scanning. A trend level 
association between visuomotor scanning was also identified in the right caudate 
nucleus in the AD group, and this association reached statistical significance (p = 
0.003) in the MCI group. The association between both sides of the caudate nucleus 
and cognitive function in AD was supported by the finding that trend level 
associations were identified bilaterally for learning and unilaterally for memory 
consolidation (left) and free recall (right). In the control group, only limited 
significant associations were identified: the left thalamus and visuomotor scanning 
(p = 0.005) and the right putamen and memory consolidation (p = 0.007). 
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6 Discussion 

The development of dementia takes years or possibly decades; thus, an accurate 
diagnosis is especially important in the early stages of neurodegenerative disease 
when, for example, the medical treatment for AD is most beneficial. In addition, the 
detection of early brain changes of AD can help to develop novel diagnostic methods 
and treatments.  

The structural diagnostic imaging of neurodegenerative diseases has centered on 
the MTL and especially hippocampus, the region in which the atrophy is mainly 
encountered in subjects with MCI and AD (Vemuri & Jack, 2010; Pini et al., 2016). 
However, the atrophy of MTL is not an obligatory (Kemp et al., 2003) or a specific 
finding for MCI or AD as it can also be observed in other neurodegenerative diseases 
such as the dementia of Parkinson’s disease (Junqué et al., 2005; Chen et al., 2016), 
dementia with Lewy bodies (Chow et al., 2012; Elder et al., 2017), frontotemporal 
(Barnes et al., 2006; Muñoz-Ruiz et al., 2012), semantic (Chan et al., 2001) and 
vascular dementias (Van De Pol et al., 2006; Kim et al., 2015), and to some extent 
also in normal aging (Anderton, 1997; Galton et al., 2001; Apostolova et al., 2012; 
Cavallin et al., 2012). The major problem in clinical imaging of dementia is the need 
to detect MCI patients earlier than it is possible with current visual image analyzing 
methods. Several computer-based analyzing methods (Thompson & Apostolova, 
2007; Vemuri & Jack, 2010; Rathore et al., 2017) have been developed to identify 
the structural neurodegenerative changes in research work and diagnostics, but in 
many cases, they have not displaced the visual analysis methods in daily radiology 
routine. In comparisons between visual rating and computer-based analyzing method 
in AD and FTD, the computer-based method used was volumetric-based 
morphometry (VBM). In MTL or hippocampus atrophy comparisons, the visual 
rating method was equivalent with VBM (Boutet et al., 2012; Cavallin et al., 2012; 
Chow et al., 2012), and correlated better to neuropsychologic test results and had 
better discriminatory power than VBM (Shen et al., 2011). Chow et al. (2012) also 
highlighted the difficulties in the translation of VBM into routine clinical work.  

In scientific research, the computer-based analyzing methods make it possible to 
evaluate also other brain areas than MTL and hippocampus. In multiple studies, the 
dementia-connected atrophy has been shown to spread to other brain areas (Vemuri 
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& Jack, 2010; Whitwell 2010), but in the DGM, the significance for diagnostics and 
contribution to cognitive symptoms has remained largely unclear. 

6.1 Visual magnetic resonance imaging analyses 
in Alzheimer’s disease and mild cognitive 
impairment (studies I and II) 

In studies I and II, TBM was compared to the visual methods of Scheltens et al. 
(1992) and Victoroff et al. (1994). Scheltens’ scale is a structural-based MRI 
evaluation method to assess atrophy of the MTLs, especially the hippocampus 
(Scheltens et al., 1992; Scheltens et al., 1995), and is a widely used VRM in clinical 
work. A VRM for frontal atrophy evaluation has been developed by Victoroff et al. 
(1994), but it is rarely used in clinical work.  

In the cross-sectional study I, when comparing the controls with the MCI group, 
the hippocampal atrophy values in VRM were greater in the MCI group than in the 
controls. The differences were not statistically significant, but the finding is in line 
with earlier studies which have revealed that patients with MCI or amnestic MCI 
have greater hippocampal atrophy scores in the VRM than controls (Duara et al., 
2008; Urs et al., 2009; Shen et al., 2011). As controls and the MCI group were 
compared with the AD group, it was evident that the atrophy of the MTL and 
ventricular enlargement had progressed in the AD group, and VRM distinguished 
the groups from each other. As expected, controls differed from the AD group more 
clearly than the MCI group. Our finding of MTL atrophy is in agreement with the 
previous VRM results (Scheltens et al., 1995; Wahlund et al., 1999; Wahlund et al., 
2000; Duara et al., 2008; Urs et al., 2009; Shen et al., 2011; Boutet et al., 2012; Duara 
et al., 2013). In VRM studies of ventricular enlargement, previous investigators did 
not detect any significant difference between AD and control groups (Scheltens et 
al., 1992). The ventricular evaluation method has not achieved popularity; the reason 
for this probably lies in the need of metric measurements of the width of the lateral 
and third ventricles, and to relate the results to the measurement of the inner 
calvarium. These calculations are time consuming, not very user-friendly and 
complicate distinguishing control, MCI and AD groups from each other. 

  In the longitudinal study II, VRM detected more and statistically significant 
hippocampal atrophy in the MCIall group as compared to the control group at 
baseline. VRM also showed significantly higher atrophy scores in the MCIprogression 
group than in the controls, but did not differentiate the MCIstable group from controls 
at the baseline. At the 2-year follow-up, the MCIprogression group had progressed to 
AD and the DEM values of VRM revealed the more progressed atrophy of the 
MCIprogression group as compared to the controls, and the difference was significant. 
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The non-significant difference between the control and MCIstable group remained 
unchanged.  

The explanation for VRM separating the MCIall group at the baseline and 
MCIprogression group at both time points from the control group was most likely 
attributable to the large enough group sizes and large structural changes in these 
groups. In fact, the ability of VRM to separate heterogeneous MCIall group and 
MCIprogression (at baseline and after follow-up) groups from the controls was an 
expected result based on previous studies (Scheltens et al., 1992; Wahlund et al., 
2000; Flak et al., 2018). It was disappointing that VRM did not manage to distinguish 
in a statistically significant manner the MCIstable group from the control or 
MCIprogression groups at any time points. However, as a trend of atrophy progression, 
MCIstable group had higher scores and index values as compared to the controls, and 
lower scores and index values than MCIprogression group in both time points. From this 
point of view, our finding is in line with earlier VRM studies, in which the MCI 
stable/nonconverter group differed from the MCI progressive/converter group 
(Bouwman et al., 2006; Persson et al., 2017). Duara et al. (2008) used a computer 
aided visual rating system, but they also separated controls, non-amnestic MCI, 
amnestic MCI and probable AD from each other. The reason for the non-significant 
results in MCIstable group may be attributable to the small group size and an early 
stage of MCI disorder. 

In study II, VRM was found to be insensitive in its ability to significantly detect 
structural changes in MCIstable group between baseline and follow-up (comparison H 
in table 8) and in MCIprogression group between baseline and follow-up (comparison J 
in table 8). In these comparisons, a trend towards a progressive atrophy was seen in 
score values of the groups, but not so clearly in the index values. There do not appear 
to be any other published studies which would have compared MCIstable and 
MCIprogression groups as conducted in comparisons H and J.  

In both studies I and II, VRM did not detect any statistically significant 
differences in the frontal areas. Although there was a trend of higher atrophy scores 
in MCI and AD groups than in controls, we concluded that VRM was an insensitive 
method for frontal atrophy analysis. No previous studies of the frontal lobe atrophy 
evaluation by using visual rating scale of Victoroff et al. (1994) were found, and this 
may be result of a history of the verbal description of visual frontal atrophy 
evaluation rather than the application of numerical scoring. 

In conclusion, both studies showed that VRM was not a reliable diagnostic 
method for revealing the early atrophy changes occurring in MCI. However, VRM 
can differentiate patients with progressive MCI from the controls and seems to be 
feasible application in the clinical evaluation of the progress of MCI patients to AD. 
In both studies, VRM was found to be an insensitive method for the analysis of 
frontal atrophy. 
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6.2 Tensor-based morphometry analysis in 
Alzheimer’s disease and mild cognitive 
impairment (studies I and II) 

In studies I and II, TBM was compared with the visual rating methods. TBM is a 
fully-automatic analyzing method for the whole or specific brain structures or CSF 
spaces. The method searches for local expansion or shrinking structures of the 
subject’s brain and compares the changes in a large dataset. The dataset provides 
established diagnoses and a quantitative and visual estimate of the changes in the 
subject’s AD type in the brain. In scientific work, there are several applications of 
TBM, which have been exploited both in cross-sectional and longitudinal dementia 
studies. 

In cross-sectional study I, TBM revealed significant differences between 
controls and the MCI groups in the left hippocampus, and as a trend, the right 
hippocampus index values were also greater in the MCI group than in controls. When 
comparing the controls and the MCI group with the AD group, TBM distinguished 
the groups from each other as both the atrophy of the MTL and ventricular 
enlargement were more widespread in the AD group than in MCI group. In addition, 
controls differed from the AD group more clearly than the MCI group differed from 
the AD group. Our findings of the hippocampi, MTLs and lateral ventricles are in 
line with earlier studies (Hua et al., 2008a; Hua et al., 2008b; Muñoz-Ruiz et al., 
2012). In the cross-sectional accuracy study, Muñoz-Ruiz et al. (2012) utilized the 
same TBM method as used here, but they did not analyze the left and right brain 
areas separately. They found a high TBM accuracy of the hippocampus and 
amygdala volumes and a good accuracy of the ventricular enlargement in the 
differentiation between the control and the AD groups (Muñoz-Ruiz et al., 2012). In 
the comparison of the control and MCIprogression groups, the TBM accuracy for 
hippocampus and amygdala and ventricular enlargement was even better than in the 
comparison between the controls and the AD group (Muñoz-Ruiz et al., 2012). In 
comparison of the control and MCIstable groups, the TBM accuracy was low for 
hippocampus and amygdala and ventricular enlargement (Muñoz-Ruiz et al., 2012). 
The modest TBM accuracy of MCIstable group in the areas of hippocampus and 
amygdala and lateral ventriculi may be seen in our results too, as there were only a 
few significant findings between the control and MCI groups. A different TBM 
method was used in the study of Hua et al. (2008a), but they reported a significant 
difference between the control and AD groups in the left hippocampus, but not in the 
right side. In another study by Hua et al. (2008b), a significant difference of the 
hippocampi and MTL between the control, MCI and AD groups was found, but they 
did not analyze the left and right sides separately in that study. 

In study I, the ROC analyses were performed to investigate which of the 
methods might be better at distinguishing the groups from each other. The ROC 
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analyses showed only a trend that TBM of the left hippocampus could differentiate 
MCI subjects from controls better than VRM. In the clinical evaluation of AD 
subjects, TBM displayed equal utility with VRM. On this basis, TBM and VRM 
seemed to be equally good at differentiating the groups from each other. 

At baseline of the longitudinal study II, in the areas of MTL and lateral 
ventricles, TBM differentiated between the MCIall and MCIprogression groups and 
controls, but it did not separate the MCIstable group from the controls. However, after 
the follow-up time, TBM identified some MTL differences between the MCIstable and 
control groups, while at the same time, the MCIstable group remained stable in their 
performance of the neuropsychological tests. This finding suggests that TBM is 
preconditioned to detect subtle volume changes that are not yet reflected in the 
cognitive status of the subjects. However, minor findings can also be variable in 
small study groups. It was a disappointment that TBM did not detect statistically 
significant results within the MCIprogression group at follow-up, although atrophy was 
suggested by the index values. The small group sizes may partially explain the non-
significant results in this analysis. In the previous TBM studies, temporal lobe 
atrophy was seen to progress significantly in the MCI group with follow-up times as 
short as 12 months (Hua et al., 2010), and the atrophy rate was significantly faster in 
MCIprogression subjects than in MCIstable subjects (Leow et al., 2009). In addition, Zhang 
et al. (2016 Apr) showed a significant atrophy progression of the hippocampi and 
lateral ventricles even in a group of basically healthy subjects who converted to MCI 
during a 2-years’ follow-up time. Differences in the MCI populations, for instance 
in the severity of memory impairment, might explain the partially discrepant results 
between various studies. 

In both studies I and II, statistically significant results of the frontal areas were 
detected only by TBM. In study I, the only significant difference in frontal areas was 
observed in the superior frontal gyrus between controls and the MCI group. In 
comparisons between MCI and AD groups and control and AD groups, the 
significant frontal atrophy was more apparent, but the findings were more modest as 
compared to the MTL and ventricular areas. Only Muñoz-Ruiz et al. (2012) have 
studied the accuracy of TBM in superior frontal gyrus of both sides in distinguishing 
between the control and AD groups; they found the accuracy to be low. The accuracy 
for the superior frontal gyrus in the differentiation of the control and MCIstable or 
MCIprogression groups was also low or good, respectively (Muñoz-Ruiz et al., 2012). 
The modest accuracy of TBM for the superior frontal gyrus may also explain the 
modest frontal results in our study.  

In study II, the signs of atrophy in frontal, other temporal areas and right parietal 
findings of TBM were mainly evident in the MCIall and MCIprogression groups (in the 
baseline and after the follow-up time) as compared to the controls. Our results from 
these areas are modest, but partly in line with earlier studies as Leow et al. (2009) 
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found only a nearly significant atrophy of frontal lobes for the MCI group at the 
baseline, but after the 12 months’ follow-up time, no signs of significant atrophy in 
the frontal lobes were found. Their results from parietal lobes were also statistically 
non-significant (Leow et al., 2009). The modest results of frontal and parietal lobes 
at the time of MCI are not unexpected as the atrophy spreads to these areas generally 
during the late stage of dementia (Thompson et al., 2003; Whitwell et al., 2007; 
Tondelli et al., 2012; Teipel et al., 2013; Trzepacz et al., 2014; Vega & Newhouse, 
2014; Pini et al., 2016). 

As a conclusion to studies I and II, TBM was found to be slightly more sensitive 
than VRM in MCI diagnostics, but the capability of TBM to detect the very early 
structural changes of MCIstable group or progression of MCI groups was modest. In 
the frontal areas examined in studies I and II, the early differences were seen only 
by using TBM, but even in these cases, TBM was not found to be a very robust 
method. 

6.3 Cognitive functions and tensor-based 
morphometry of deep gray matter structures in 
Alzheimer’s disease and mild cognitive 
impairment (study III) 

In dementia research there has been a growing interest in investigating the DGM 
areas as MRI analyzing methods have developed. Examining associations between 
neuropsychological test results and TBM results have made it possible to evaluate 
how volume changes in the DGM are related to cognitive impairment in dementia 
disorders. 

In study III, TBM indicated group differences in both sides of the thalamus, 
putamen and caudate nucleus by showing that the AD group had more AD type 
changes than the control and MCI groups, although all comparisons were not 
statistically significant. On the right side of the thalamus and on both sides of the 
caudate nucleus, the MCI group had more AD type changes than the control group, 
even though the differences were not statistically significant. These group 
differences were expected on the basis of earlier DGM studies of AD and MCI 
subjects and healthy elderly subjects (de Jong et al., 2008; Liu et al., 2010; Roh et 
al., 2011; Cho et al., 2014; Hilal et al., 2015; Pini et al., 2016). In previous studies, 
thalamic atrophy has been shown to originate and progress bilaterally during the 
progression of dementia (de Jong et al., 2008; Pini et al., 2016; Yi et al., 2016). In 
our results, the AD type changes were slightly but insignificantly more positive on 
the right side than on the left side of the thalamus, and the influence of this difference 
was also seen in our association results as more significant neuropsychological 
associations were observed on the right side as compared to the left side in AD group. 
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Atrophy of the putamen is generally bilateral, but typically more prominent on the 
left lateral side of putamen during dementia progression (Cho et al., 2014; Pini et al., 
2016). In our results, the AD type changes of putamen were similar on both sides. It 
was not possible to conduct a subregional lateralization since we analyzed only the 
whole putamen. Atrophy of the caudate nuclei, especially on the right side (Cho et 
al., 2014), has been found in the MCI and AD (Pini et al., 2016). In addition, Cho et 
al. (2014) found that the atrophy spreads to the left side in AD subjects. The trend 
was also seen in the results of the present study as AD type changes in the right 
caudate nucleus had higher values than on left side, although the differences between 
the groups were small and only partly significant.  

In the AD group, right-sided thalamic and bilateral caudate nucleus brain-
cognition clusters were identified, with partially overlapping cognitive associations. 
The right thalamic TBM index values were significantly associated with measures 
of learning, episodic memory and semantic processing. The reason for the finding 
may be that the reduced TBM index values were seen only in the right thalamus of 
the AD subjects. Another explanation may be in a less robust functional asymmetry 
at the thalamic level than at the cortical level or in the supporting role of the thalamus 
in the processing of episodic and semantic memory. Unfortunately, the 
neuropsychological test battery did not include visual memory or visuospatial tasks, 
thus it remains unclear whether these measures would have also been associated with 
thalamic changes. Our result is in contrast to a previous study (Cho et al., 2014), 
where no associations were found between right or left thalamic volume changes and 
the cognitive decline in AD. The explanation may be in the different sizes of the 
subject populations [36 AD subjects in Cho et al. (2014) study and 58 in our study] 
and in the longitudinal setting as compared to our cross-sectional study. Another 
explanation may also be differences in the evaluation of atrophy and statistical 
analyses applied. Cho et al. (2014) used a surface-based shape analysis and did not 
provide a detailed description of their statistical methods. Thus, it is impossible to 
determine whether these issues could explain the different findings.  

In the AD group, the results for the caudate nucleus were relatively similar on 
both sides. Significant or trend level associations were identified between bilateral 
caudate TBM index value and measures of learning, free recall, semantic processing 
and visuomotor scanning, which is in line with a previous study (Cho et al., 2014). 
The finding that left caudate volume was also associated with visuomotor speed 
could support the concept that the caudate nucleus is involved in the speed aspect of 
the semantic fluency task. In contrast to our results, a previous study (Cho et al., 
2014) did not identify associations between a decline in verbal learning and DGM 
structures. 

In study III, no systematic clusters of significant brain-cognition associations 
appeared in the healthy controls or the MCI subjects, which is in line with previous 
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studies with healthy subjects (de Jong et al., 2008; Hilal et al., 2015). This is probably 
at least partly due to the fact that the variation in both TBM index values as well as 
in cognitive test results is narrower in controls and MCI subjects, thus making it less 
likely to find significant correlations. The only brain-cognition association that was 
statistically significant or showed a trend level association in all three groups was 
the measure of visuomotor scanning and the TBM index values of the left thalamus 
(significant in the controls, trend in MCI and AD). One potential explanation for this 
finding may be related to basic motor coordination, as most subjects were right-
handed. 

In conclusion, study III showed that TBM is a feasible tool for evaluating 
structural changes of the thalamus, caudate nucleus and putamen at the group level. 
As expected, the AD group displayed severe structural DGM changes, but 
differences between the control and MCI groups were mostly insignificant. In the 
association analyses, degenerative changes of the right thalamus and bilateral 
caudate nucleus were associated with the cognitive impairment in the AD subjects. 
The results indicate that the atrophy of DGM structures is related to the cognitive 
impairment evident in AD. However, no systematic clusters of significant brain-
cognition associations appeared in the healthy controls or the MCI subjects. 

6.4 Limitations of the studies I, II and III 
In all three studies, the relatively low number of MCI subjects can be viewed as a 
limitation. This might have influenced the failure to detect changes particularly after 
dividing the MCIall group into the MCIstable and MCIprogression groups in study II.  In 
addition, the early stage of neurodegenerative disease may also be one reason why 
the MCI group did not differ from the control group in most of the analyses. Had 
there been larger group cohorts, then it might have been possible to reveal 
differences more clearly, also in the case of early-stage MCI. Furthermore, in study 
II, the 2-year follow-up period was relatively short. A longer follow-up time might 
have revealed differences between the MCIstable and MCIprogression groups and may 
have also identified those MCIstable subjects who would progress later. Further, the 
possibility to utilize of values of dementia biomarkers from the subjects (tau, 
phospho-tau and beta-amyloid 42 of CSF and APO ε4) would have helped to assess 
the MRI results from a wider frame of reference. 

Both VRMs used in studies I and II have limitations in objectivity and level of 
quality as they are dependent on the reader’s experience. The methods have also 
limitations in how well they can detect very small anatomical changes, based on 
limited resolution of the human eye. In addition, the quantification ability of the 
methods is relatively crude and suggestive. Moreover, they lack any criteria to 
evaluate structures deep inside the brain. However, the VRM of Scheltens et al. 
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(1995) was demonstrated to have a fair-to-good inter-rater reliability. In studies I 
and II, the hippocampus scores of our raters were close to each other, but better 
objectivity was achieved and quality biases of evaluations were avoided by using 
example images and guidelines (Scheltens et al., 1992; Scheltens et al., 1995) and 
by co-evaluation of those MR scans in which there were clear differences in the 
independent evaluations.  

In all three studies, the methodological limitations of TBM included additional 
time for computation work, the possible inexactness in the atlas segmentation of the 
structures, the inaccurate precision of the registration algorithm and the Jacobian 
measurement of the volume changes alone.  

TBM analysis can also suffer from the quality differences in MR scanning. In all 
our studies, the voxel sizes of the T1 sequences were not similar between the 
scanners, which may reduce contrast in the relatively small structures and introduce 
difficulties in their allocation in the TBM analysis. In addition, the use of specific 
hippocampus or DGM sequences instead of whole brain imaging would have 
improved the quality of the registration accuracy of the TBM analysis. 

The same MMSE and neuropsychological test battery was used in all three 
studies. However, in study III, the test battery was not optimal for the association 
results as it measured an overall cognitive impairment, not a specific DGM 
dysfunction. 

6.5 General discussion 
It is recognized that the earliest possible diagnostics of different dementia forms is 
becoming more and more important to prevent the disadvantages of the diseases for 
the subjects, their relatives and society. For this reason, there is a growing demand 
to develop more exact radiological diagnostics methods. Recently, the previous 
visual analyzing method has been increasingly replaced with new semi-automatic or 
automatic computer-based methods, especially in research work. However, the easy-
to-learn and quick-to-use visual rating method of assessing the hippocampus is still 
widely used in clinical radiology work.  

To answer these diagnostic demands, the purpose of this thesis was to estimate 
the suitability of applying TBM in the clinical radiological diagnostics of dementia 
by comparing TBM and visual raging methods in the medial temporal and frontal 
lobes. In addition, the possibilities of TBM differentiation were evaluated in both 
structural group comparisons and in an association study in the area of deep gray 
matter; an approach not currently included in the clinical dementia diagnostics. 

On the basis of our study, we conclude that TBM is a more sensitive method than 
VRM in detecting structural MTL changes in very early MCI. The additional benefit 
of TBM over VRM is its independence of subjective interpretations and the 
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possibility to evaluate different areas other than MTL. This result sends a message 
to both neurologists and radiologists that the new technology will soon achieve a 
feasible level to allow it to become a part of clinical radiology work. In the future, 
the possible commercial analysis software for TBM will lower the threshold for 
clinical implementation of the technique. On the other hand, VRM still has a well-
argued place in the diagnostics as TBM and VRM were equally good in the clinical 
evaluation of the progress of MCI subjects and diagnostics of AD. There are other 
advantages associated with VRM; it is easy to learn and fast to use, does not need 
special equipment and finally it is inexpensive.  

The brain areas outside the MTL and hippocampus, like frontal lobes and DGM, 
will likely remain the focus of research work in the near future, and the relevance of 
these results for clinical work will hopefully emerge later. However, TBM has 
proven to be a feasible research tool for these brain areas as the structural changes 
of DGM were shown to be related to cognitive performances, especially in the AD 
group. In this respect, the visual rating method is unlikely to have a future in the 
evaluation of DGM atrophy. 

Despite the benefits of TBM, our studies left some questions unanswered. Our 
cross-sectional and longitudinal studies operated at the group level, which does not 
reveal much about the diagnostic ability of TBM at the level of the individual subject. 
In the future, this kind of subject-based information analyzed by TBM will need to 
be assessed from the clinical diagnostic point of view. Scheltens’ VRM is a simple 
5 step grading system and every score quickly gives an indication of the severity of 
the brain atrophy. In the TBM used in this study, the situation is more complex as 
the quantitative volume changes are extremely small and negative or positive index 
values do not provide information about the direction of the volume changes. 
Furthermore, a single visual presentation of TBM volume changes does not provide 
details about the degree of the changes as compared to other MCI or AD subjects. 
Thus, we will need to gather more experience about the application of TBM software 
in clinical work. It may well be possible to adapt TBM software to make it more 
suitable for clinical use, for example, by creating a simple and comparable rating 
scale for visual/index values for AD changes from an individual patient. 
Subsequently, it would also be possible to evaluate whether TBM is a cost-effective 
technique as compared to VRM. 
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7 Conclusions 

I. Scheltens’ visual rating method is still useful for the clinical evaluation of 
MTL atrophy in AD and MCI patients. However, a multi-template tensor-
based morphometry is more sensitive than visual evaluation at revealing 
early atrophic changes. 

II. Scheltens’ visual rating method and multi-template tensor-based 
morphometry are equally good in the evaluation of longitudinal structural 
brain changes in large MCI groups progressing to AD. Only TBM revealed 
minor volume changes in the stable MCI group as compared to controls at 
follow-up.  Neither visual rating method nor multi-template tensor-based 
morphometry had the capability to separate the groups of stable and progress 
MCI from each other. 

III. Scheltens’ visual rating method was found to be an insensitive method for 
the analysis of frontal atrophy. The multi-template tensor-based 
morphometry was capable of revealing more atrophy in frontal areas in MCI 
and AD subjects as compared to controls and during the progression of MCI 
to AD. However, these changes were not as robust as in medial temporal 
lobe areas. 

IV. The multi-template tensor-based morphometry was capable of detecting 
Alzheimer-type changes of the deep gray matter structures in MCI and AD 
subjects. 

V. Atrophy of the deep gray matter structures, especially the thalamus and 
caudate nucleus, was related to cognitive impairment in AD. The deep gray 
matter atrophy was associated with the performance of the subjects in tests 
reflecting both subcortical and cortical cognitive functions.
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