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Abbreviations used in the Thesis 
 

MR Magnetic resonance imaging. 

CT Computed Tomography. 

FLAIR Fluid attenuation inversion recovery. 

mm3 Cubic millimetres. 

MoCA The Montreal Cognitive Assessment. 

DWM Deep white matter. 

PVWM Periventricular white matter. 

MPRAGE Magnetization-prepared rapid acquisition gradient-echo. 

SD Standard deviation. 

SE Standard error. 

ERICA Entorhinal atrophy scale. 

ADNI The Alzheimer's Disease Neuroimaging Initiative. 

FA Fractional anisotropy. 

DTI Diffusion tensor imaging. 

CF Cognitive function. 

CI Cognitive impairment. 

PVS Perivascular spaces. 

MTA Medial temporal atrophy 

DKT Desikan-Killiany-Tourville cortical parcellation atlas. 

sMRI Structural MRI. 

fMRI Functional MRI. 

PCA Principal Component Analysis. 

GCA Global Cortical Atrophy Scale. 

BOMBS Brain Observer MicroBleed scale. 

ASL Arterial Spin Labelling. 

GRE Gradient Echo. 
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Introduction 
 

Neuroradiological evaluation in cognitive impairment was initially used 

to exclude pathologies associated with cognitive impairment, for example, to 

exclude such pathologies as brain tumors (both intra-axial and extra-axial), 

ischemic or haemorrhagic stroke and other pathologies such as hydrocephalus. 

Nowadays, thanks to the development of MRI machines and new brain 

evaluation sequences, MRI scans provide much more information. Different 

processing software can detect changes that are not visible by visual assessment, 

and these neuroradiological findings can help to refine the diagnosis and, in 

certain cases, confirm the diagnosis. 

A specific neuroradiological examination could also assess disease 

progression and identify patients at higher risk of cognitive impairment 

progressing to dementia.  

In summary, brain MRI, in combination with specific sequences and 

appropriate software, provides a wide range of radiological biomarkers. The 

biggest challenge in neuroradiological assessment is to identify which of these 

biomarkers are most relevant and which biomarkers might indicate an early stage 

or preclinical state of the disease. 

 

Aim of the Thesis 

To determine the relationship of qualitative and quantitative biomarkers 

of the brain with cognitive function in patients with cognitive impairment and 

dementia. 
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Tasks of the Thesis 

To achieve the goal of the doctoral thesis, the following tasks 

have been set: 

1. Determine the qualitative and quantitative brain biomarkers of the 

control group.  

2. Determine the qualitative and quantitative brain biomarkers of the 

study group.  

3. Compare the obtained qualitative and quantitative biomarkers in the 

control group and the study group.  

4. Analyse the relationship of cognitive test results with quantitative 

brain biomarkers. 

5. Analyse the correlation of the data obtained.  

 

Hypotheses of the Thesis 

• In case of cognitive impairment and dementia there are structural 

changes which can be detected by quantitative analysis of brain 

structures. 

• Cognitive impairment is associated with specific changes in the 

quantitative brain biomarkers. 

 

Novelty of the Thesis 

Currently, one of the most important research areas in neurodegenerative 

diseases is the use of magnetic resonance imaging (MRI) biomarkers to identify 

patients with cognitive impairment at preclinical and early stage, to start 

interventions much earlier. The study used both – well-known methods for the 

analysis of brain MR images and methods that have not yet entered routine 

clinical practice (e.g. the use of quantitative measurements) and which role and 

application are under investigation (e.g. the analysis of DTI images and 



 

8 

 

interpretation of the data). Overall, the results of the work contribute to the 

existing knowledge on the diagnosis of cognitive impairment and provide new 

knowledge on both DTI analysis and MRI biomarker analysis using 

multiparametric data analysis.  
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1 Literature review 
 

Cognitive impairment, including mild cognitive impairment and 

dementia, is a growing public health problem worldwide. Although the 

neuropathological mechanism of cognitive impairment is complex and involves 

many factors, imaging has become an important diagnostic method to analyse 

structural and functional changes in the brain. Magnetic resonance imaging 

(MRI) of the brain is nowadays widely used in the diagnosis of 

cognitive disorders. 

However, routine MRI evaluation and imaging methods are largely based 

on qualitative assessment of brain structure or function, which often does not 

provide sufficient sensitivity and specificity to detect early changes (Custodio 

et al., 2022; Harper et al., 2016; Yuan et al., 2019). The use of quantitative MRI 

biomarkers has entered clinical practice and provides more detailed and objective 

measurements of brain structures (Pemberton et al., 2021). 

The aim of this thesis is to investigate the use of quantitative brain MRI 

biomarkers in the diagnosis of cognitive impairment. Overall, the use of 

quantitative brain MRI biomarkers has the potential to improve our 

understanding of the neuropathological mechanisms of cognitive impairment, 

improve diagnostic options, and evaluate intervention outcomes. 

 

1.1 Cognitive impairment and dementia 
 

Cognitive impairment is defined as a disruption in cognitive functions, 

such as memory, attention, language, problem-solving, and executive 

functioning. If cognitive impairment limits the person's performance in everyday 

life and the person is no longer able to participate in everyday social life, the 

cognitive impairment may have progressed to dementia. Dementia is defined as 
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a cognitive impairment severe enough that person is no longer able to participate 

in social and/or work life.  

Cognitive tests, such as the Montreal Cognitive Assessment Scale 

(MoCA), are used to assess the presence of cognitive impairment. The MoCA 

assesses visual-spatial function/control, memory, attention, language, orientation 

in time and space. The maximum score that can be obtained on the MoCA is 30. 

According to the original normative data, the MoCA value for normal cognitive 

function was defined as a score equal to or higher than 26 (control group patients 

had a mean score of 27.4, mild cognitive impairment patients had a mean score 

of 22.1 and Alzheimer's dementia patients had a mean score of 16.2) (Nasreddine 

et al., 2005).  

Cognitive tests provide a way to detect the presence of cognitive 

impairment, as well as to determine its severity, which is essential for selecting 

an appropriate follow-up intervention strategy and evaluating the effectiveness 

of the intervention. However, individual differences and interactions between 

different factors can complicate this process, thus highlighting the need for 

accurate and objective diagnostic tools, such as the use of quantitative 

biomarkers for brain MRI. 

 

1.2 Brain structure and cortical parcellation. 
 

The brain consists of two hemispheres connected by the corpus callosum, 

with four lobes in each hemisphere (frontal, parietal, occipital and parietal lobes). 

In addition to the four lobes, some authors also distinguish the insular lobe and 

the limbic lobe (Kortz and Lillehei, 2023; Pessoa and Hof, 2015; Purves et al., 

2001; Torrico and Abdijadid, 2023). Each of these lobes has a different function 

and together they perform different cognitive functions. 
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In each lobe gyri and sulci can be distinguished. The structure of the gyri 

and sulci varies from person to person, i.e. while it is possible to distinguish most 

of the anatomically defined gyri and sulci in all people, there is variability in the 

thickness, surface area, volume, folding, etc. (Heidekum et al., 2020; Lin et al., 

2021). Various structural anatomy models have been developed, dividing the 

brain into smaller units based on the structural structure of the gyri and sulci. 

The DKT (Desikan-Killiany-Tourville) cortical parcellation atlas is 

a widely used brain atlas that provides a detailed delineation of the cerebral 

cortex into different regions or parcels. It was developed based on high-

resolution structural magnetic resonance imaging (MRI) data from a large group 

of individuals. The DKT atlas divides the cerebral cortex into 34 distinct regions 

per hemisphere, resulting in a total of 68 parcels. The DKT atlas is widely used 

in neuroimaging research and clinical practice to identify and analyse specific 

cortical regions. It serves as a valuable tool for studying brain structure and 

function, investigating the effects of neurological disorders on different brain 

regions, and guiding surgical planning and interventions (Desikan et al., 2006). 

The DKT cortical parcellation atlas was used for the analysis of the 

participants in the thesis study. 

 

1.3 MRI scan in patients with cognitive impairment 
 

In the context of cognitive impairment, MRI can be used in several ways 

to study structural and functional changes in the brain.  

Structural magnetic resonance imaging (sMRI) provides detailed images 

of the brain anatomy, including grey matter, white matter and cerebrospinal fluid. 

sMRI can be used to detect changes in brain volume, such as atrophy, and to 

identify specific brain regions that may be affected in cognitive impairment. 
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Cognitive impairment studies typically use multiple sMRI sequences. T1-

weighted (T1) images provide high-resolution images of the brain with the ability 

to distinguish between white and grey matter and are useful for detecting changes 

in brain volume and cortical thickness. of T2-weighted images is sensitive to 

changes in myelination and can be used, for example, to detect changes in white 

matter integrity. FLAIR images are sensitive to changes in tissue water content 

and are used to assess white matter damage commonly seen in cognitive 

impairment. In addition, Magnetization Prepared RApid Gradient Echo 

(MPRAGE) sequences and 3D T1-weighted gradient echo sequences (3D-T1 

GRE) are commonly used to obtain high-resolution brain images (Brant-

Zawadzki et al., 1992). 

Functional magnetic resonance imaging (fMRI) measures changes in 

blood flow to the brain (BOLD, or blood-oxygen-level-dependent), which is an 

indirect indicator of brain activity. fMRI can be used at rest (resting-state fMRI) 

and to identify areas of the brain that are activated during specific tasks, such as 

memory or language tasks. 

The Alzheimer's Disease Neuroimaging Initiative (ADNI)) is a research 

project aimed at identifying biomarkers for the early diagnosis of Alzheimer's 

disease (AD). The ADNI MRI protocol consists of a standardized set of MRI 

sequences including 3D T1, 3D FLAIR, T2* GRE, high-resolution hippocampal 

structure assessment sequence, arterial spin labelling sequence, diffusion tensor 

imaging (DTI) and fMRI sequence (Jack et al., 2008; Weiner et al., 2017). 

Quantitative MRI biomarkers can provide accurate and unbiased 

measurements. These measurements are more sensitive to small changes in the 

brain compared to qualitative MRI evaluations, making them a valuable tool in 

the diagnosis of cognitive impairment. Analyzing MRI data from multiple 

sequences can provide information about the structural and functional changes 

in the brain that occur in cognitive impairment.  
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1.4 Qualitative visual assessment scales MR 
 

Different rating scales were used to analyse the brain. Visual rating scales 

in MRI scans allow the qualitative finding of the brain to be translated into 

quantified values based on defined scales.  

The advantages of using visual assessment scales are interpretable and 

reproducible data that allow comparison between patients and assessment of the 

progression of pathological changes. However, the disadvantages of using such 

scales include inter-rater variability and reliability. Visual rating scales also fail 

to show small changes in volume or cortical thickness, which may be clinically 

relevant when assessing patients with cognitive impairment (Vernooij 

et al., 2019).  

In the context of cognitive impairment, brain assessment using rating 

scales is recommended in several studies and guidelines (Festari et al., 2022; 

Harper et al., 2016, 2015; Vernooij et al., 2019; Yuan et al., 2019). 

The most used visual rating scales for brain assessment are: 

• Global Cortical Atrophy Scale (GCA),  

• Medial temporal lobe atrophy scale (MTA),  

• Parietal Lobe Atrophy Scale,  

• Entorhinal Cortex Atrophy Scale (ERICA),  

• White Matter Hyperintensity Scale (or Fazekas Scale),  

• Perivascular space dilation assessment,  

• Microhaemorrhage assessment.  

As part of the thesis, all participant MRI scans were analysed with above 

mentioned qualitative visual assessment scales. 
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1.4.1 Global cortical atrophy scale 
 

The Global Cortical Atrophy Scale was one of the first atrophy scales 

used to assess the brain. It was originally described and introduced by Pasquier 

et al. (Pasquier et al., 1996a; Scheltens et al., 1997), to assess the degree of brain 

atrophy in patients after ischemic stroke. The brain is assessed in 13 regions. 

Each brain region is scored from 0 to 3 (0 – no atrophy, 1 – dilatation of sulci, 

2 – reduction of gyral volume, 3 – severe atrophy with “knife blade” type 

atrophy) and the enlargement of the cerebral ventricles in each region is assessed 

(0 – no enlargement, 1 – slight ventricular enlargement, 2 – moderate ventricular 

enlargement, 3 – marked ventricular enlargement). The regions included are: 

1. Right frontal lobe,  

2. Left frontal lobe,  

3. Right lateral ventricle frontal horns,  

4. Left lateral ventricle frontal horns,  

5. Right parietal lobe, 

6. Left parietal lobe,  

7. Right lateral ventricle temporal horns,  

8. Left lateral ventricle temporal horns,  

9. Right parietal-occipital lobe,  

10. Left parietal-occipital lobe,  

11. Right lateral ventricle occipital horns,  

12. Left lateral ventricle occipital horns,  

13. III ventricle.  

Accordingly, the number of points varies from 0 to 39 (see Figures 1.1 

and 1.2). 
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Figure 1.1 Participant with Global Cortical Atrophy Scale score 27 – 

cortical sulci widening, volume loss and marked enlargement  

of the ventricular system (author's image) 

 

 

Figure 1.2 Participant with Global Cortical Atrophy Scale score 2 – 

slight enlargement of the lateral ventricle occipital horns  

in both lobes (author's image) 

 

Nowadays, some authors also use a simplified global cortical atrophy 

scale, or GCA, defined as an approximate average value assessing widening of 

sulci, volume loss and the presence of “knife blade” atrophy.  
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The analysis of the brain using the global cortical atrophy scale requires 

the use of T1 sequence in different planes (at least 2). Nowadays, 3D thin-slice 

T1 sequences are commonly used for evaluation, which allow examination and 

evaluation of the brain in all planes, including oblique planes. 

 

1.4.2 Parietal atrophy scale 
 

The parietal lobe atrophy scale or Koedam atrophy scale assesses the 

width, height of cortical gyri and volume loss of the parietal lobe. To assess 

parietal lobe atrophy, the sagittal, axial and coronal planes must be assessed. In 

these planes, the posterior cingulum, the parietal-occipital gyri, including the 

praecuneus, are assessed (see Figure 1.3). 

The scale of atrophy of the parietal lobe is divided into 3 grades: 

• Grade 0 – no cortical atrophy, no widening of the sulci, 

• Grade 1 – slight atrophy of the parietal lobe, slight enlargement of 

the sulci in the posterior cingulum and the parieto-occipital lobes, 

• Grade 2 – marked atrophy of the parietal lobe, widening of sulci in 

the posterior cingulum and parieto-occipital lobes, 

• Grade 3 – marked atrophy with a 'knife-blade' atrophy pattern, 

marked widening of the sulci in the posterior cingulum and parieto-

occipital lobes. 
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Figure 1.3 Grades 0 to 3 on the scale of parietal lobe atrophy 

 

Assessment of the parietal lobe is important because in early Alzheimer's 

disease initial atrophy may develop in the parietal lobe and such patients may 

have normal hippocampal volume values and normal values on the medial 

temporal lobe atrophy scale (Karas et al., 2007).  

 

1.4.3 Medial temporal atrophy scale 
 

The medial temporal lobe includes the hippocampus, the nucleus 

accumbens and the parahippocampal part of the brain. These regions are 

important for episodic and spatial memory, as well as for memory encoding, 

consolidation and recall (Baars and Gage, 2013; Cutsuridis and Yoshida, 2017; 

LaRocque and Wagner, 2015). All these processes play an important role in the 

development of cognitive impairment, making the assessment of medial 

temporal lobe atrophy one of the most important assessment scales. The medial 

temporal lobe atrophy scale assesses both hemispheres of the brain 

(see Figure 1.4):  

• Grade 1 – widening of the choroidal fissure,  

• Grade 2 – enlargement of the lateral ventricle temporal horn,  
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• Grade 3 – loss of hippocampal volume (or reduction in height),  

• Grade 4 – marked loss of hippocampal volume. 

 

 

Figure 1.4 Grades 0 to 4 on the medial temporal lobe atrophy scale 

 

On the medial temporal lobe atrophy scale, an abnormal value is 

considered to be grade 2 or higher if the patient is younger than 75 years and 

grade 3 or higher if the patient is older than 75 years (Claus et al., 2017; Scheltens 

et al., 1997, 1995, 1992; Velickaite et al., 2018). It should be noted that these 

thresholds are being revised in some studies and MTA scale values are proposed 

for several age groups (Claus et al., 2017). 

 

1.4.4 Entorhinal cortical atrophy scale 
 

The Entorhinal Cortical Atrophy Scale (ERICA) was developed to 

measure the degree of atrophy in the entorhinal cortex, a part of the cortex that 

is localised in the medial temporal lobe, is an important link between the 

hippocampus and the neocortex, and plays an important role in memory and 

spatial navigation (Enkirch et al., 2018). The scale ranges from 0 (no atrophy) 

to 3 (severe atrophy): 

• Grade 0 – no atrophy, normal entorhinal cortex,  

• Grade 1 – slight atrophy and enlargement of the collateral fissure, 



 

19 

 

• Grade 2 – moderate atrophy with separation of the entorhinal cortex 

from the tentorium cerebelli,  

• Grade 3 – severe atrophy with atrophy of the parahippocampal 

cortex, wide gap between the tentorium cerebelli and the entorhinal 

cortex (see Figure 1.5). 

The ERICA scale has been validated in studies of Alzheimer's disease and 

other neurodegenerative conditions. Its diagnostic accuracy in Alzheimer's 

disease is 91 %, sensitivity 83 %, specificity 98 %. The scale may also be useful 

in other neurodegenerative diseases, such as Parkinson's disease (Enkirch 

et al., 2018). 

 

 

Figure 1.5 Grades 0 to 3 on the scale of entorhinal cortical atrophy 
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1.4.5 White matter hyperintensities or Fazekas scale 
 

The Fazkas scale is used to assess the severity of changes in the white 

matter of the brain. The T2 FLAIR sequence is used to assess white matter. This 

sequence reduces the signal intensity from the cerebrospinal fluid, thus providing 

better resolution of brain lesions compared to the T2 sequence (Kates 

et al., 1996). 

The Fazekas scale was described by Fazekas et al. separately distinguishing 

between deep white matter (DWM) and periventricular white matter (PVWM). In 

describing PVWM, 3 grades are distinguished (see Figure 1.6): 

• Grade 0 – no white matter hyperintensity periventricularly, 

• Grade 1 – small “caps” or thin lines periventricularly,  

• Grade 2 – 'halo' periventricularly,  

• Grade 3 – periventricular hyperintensity extending to the deep white 

matter. 

 

 

Figure 1.6 Fazekas scale grades for assessing PVWM –  

from left to right grade 1, grade 2, grade 3 
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There are 3 stages in describing DWM (see Figure 1.7): 

• Grade 0 – no white matter hyperintensities, 

• Grade 1 – punctuate hyperintensities,  

• Grade 2 – part of the punctate hyperintensities converge,  

• Grade 3 – extensive hyperintensities converging into each other. 

 

 

Figure 1.7 Fazekas scale grades for assessing DWM –  

from left to right grade 1, grade 2, grade 3 

 

1.4.6 Microhaemorrhage evaluation 
 

Microhaemorrhages are small haemorrhages in the brain that can form 

during lifetime without a severe clinical symptom. Microhaemorrhages can be 

detected by MRI examinations and are associated with various 

neurodegenerative diseases, including Alzheimer's disease and cognitive 

impairment (Juyoun Lee et al., 2018). 

On MRI, microhaemorrhages are evaluated on SWI, SWAN or T2* GRE 

sequences. These sequences are the most sensitive for microhaemorrhage 

detection.  
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Microhaemorrhages can contribute to cognitive impairment in several 

ways - by directly damaging the white and grey matter of the brain, by damaging 

the white matter tracts of the brain, and by causing inflammation and oxidative 

stress. In patients with mild cognitive impairment, the presence of 

microhaemorrhages is also associated with an increased risk of developing 

dementia in the future (Akoudad et al., 2016; Donaghy et al., 2020; Liu 

et al., 2020). 

Currently, there is no common approach to the assessment of 

microhaemorrhages in clinical practice. It should be noted that not all patients 

with microhaemorrhages develop cognitive impairment, so it is important to 

assess the presence of microhaemorrhages in the context of the clinical signs and 

other radiological assessment scales.  

 

1.4.7 Perivascular space dilatation evaluation 
 

The perivascular spaces of the brain (PVS or Robin-Wirch spaces) are 

part of the microvascular structure of the brain, surrounded by vascular adventitia 

and astrocytic processes as they move from the subarachnoid space through the 

brain parenchyma (Kwee and Kwee, 2007; Ramirez et al., 2016). The presence 

of PVS in the brain is associated with increased amyloid-β (Aβ) deposition in 

leptomeningeal arteries (Bakker et al., 2016; Hampel et al., 2021; Murphy and 

LeVine, 2010; Weller et al., 2009) 

Perivascular spaces are divided into four subtypes (Lim et al., 2015; Potter 

et al., 2015; Rawal et al., 2014; Rudie et al., 2018) :  

• Type 1 – located in the basal ganglia along the perforating 

lenticulostriate arteries.  

• Type 2 – located in the centrum semiovale along the perforating 

medullary arterial pathway in white matter.  
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• Type 3 – located in the midbrain at the pontomesencephalic junction.  

• Type 4 – PVS dilatation in the anterior part of the temporal lobe. 

At present, the clinical relevance of perivascular dilatation in the 

development of cognitive impairment is not fully understood and some studies 

have found an association between PVS enlargement and cognitive impairment, 

but some studies have not found such  association (Arba et al., 2018; Hurford 

et al., 2014; Paradise et al., 2021; Smeijer et al., 2019; Zanon Zotin et al., 2021).  

To assess PVS, three regions are evaluated: the midbrain, centrum 

semiovale, and basal ganglia. In the midbrain, the presence or absence of 

perivascular space extension is determined without further subdivision. In the 

basal ganglia (see Figure 1.8) and centrum semiovale (see Figure 1.9), PVS 

dilatation is divided into four grades: 

• Grade 0 – no PVS dilatation,  

• Grade 1 – 1 to 10 PVS dilated,  

• Grade 2 – 11 to 20 PVS dilated,  

• Grade 3 – 21 to 40 PVS dilated,  

• Grade 4 – more than 40 PVS dilated. 

 

Figure 1.8 Perivascular space dilatation in the basal ganglia  

and division into grades from 1 to 4 
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Figure 1.9 Perivascular space dilatation in centrum semiovale  

and subdivision into grades 

 

1.5 Quantitative brain measurements 
 

Quantitative brain measurements are a numerical measure derived from 

MRI scan and provide objective and quantitative information for the analysis. 

Although quantitative measurements have been around for a long time, 

automatic, standardized and clinically validated quantitative brain measurements 

are a recent development in the field.  

Quantitative brain measurements can be divided into several subtypes. 

We used structural quantitative measurements from various brain structures and 

diffusion tensor imaging quantitative measurements. 

Structural quantitative measurements – are detected in anatomical 

sequences such as T1, T2 or FLAIR. (Chalavi et al., 2012; McEvoy and Brewer, 

2010). Structural quantitative measurements of the brain include the thickness, 

volume, curvature and other quantitative parameters of certain brain structures 

or lesions. In the context of cognitive impairment, several brain structures have 

been analysed that can be used as early biomarkers in the diagnosis of cognitive 

impairment and dementia (Frisoni et al., 2010; Lombardi et al., 2020; Vemuri 

and Jack, 2010).  
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Structural quantitative measures were the first biomarkers to evolve after 

the use of qualitative rating scales, and now clinically validated tools have been 

developed that allow these quantitative measures to be used with greater 

confidence in clinical practice (Pemberton et al., 2021), therefore it is important 

to identify which of all structural MRI biomarkers are most relevant for the early 

diagnosis of cognitive impairment. 

Diffusion tensor and tractography measurements. Diffusion tensor 

imaging (DTI) is a type of diffusion MRI that provides information about the 

direction and anisotropy of water diffusion in the brain. DTI is commonly used 

to define brain tracts, to assess their structure qualitatively and could be used for 

quantitative measurements. From the DTI data, quantitative parameters can be 

extracted for the specific tract evaluation. The quantitative parameters that could 

be extracted are fractional anisotropy (FA), mean diffusivity (MD), axial 

diffusivity (AD), radial diffusivity (RD) (Oishi et al., 2011; Zhang et al., 2022). 

The analysis and application of DTI in cognitive impairment is currently 

under investigation and there is no consensus on its usefulness. Some of the 

limitations would be the lack of standardization (there are wide technical 

variations that also influence the acquisition time), the lack of standardization in 

the post-processing (post-processing involves several steps such as noise 

reduction and signal optimization), the variations in interpretation (depending on 

the post-processing software chosen, different results may be obtained). Also, in 

the case of DTI, white matter is primarily analysed, but changes in grey matter 

cannot be judged from a DTI examination. 
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2 Materials and methods 
 

2.1 Patient selection and demographics 
 

A total of 90 participants (68 women, 22 men) were included in the study. 

Of the initially enrolled patients, 5 were unable to undergo an MRI scan. To 

equate the mean age of the control group and the cognitive impairment group, 

4 patients (aged 30, 35, 36 and 43 years) were excluded from the control group. 

Further analysis and correlation of cognitive function with MRI findings was 

performed in 81 participants: 64 women (mean age 73,0 years, standard deviation 

7,659, youngest participant 51 years, oldest participant 96 years), 17 men (mean 

age 70 years, standard deviation 9,129, youngest participant 48 years, oldest 

participant 86 years). 

All patients underwent cognitive testing using the Montreal Cognitive 

Assessment (MoCA). Based on the cognitive test results, patients were divided 

into 2 different ways: 

1. Patients were divided into 2 groups: patients without cognitive 

impairment (MoCA score 26 and above) and patients with cognitive 

impairment (MoCA score 25 and below), see Table 2.1. (Nasreddine 

et al., 2012) 

2. Patients were divided into 4 groups (see Table 2.2): 

● patients without cognitive impairment (MoCA score 26 or 

higher),  

● mild cognitive impairment (MoCA score between 19 and 25), 

● moderate cognitive impairment (MoCA score between 10 

and 18), 

● severe cognitive impairment (MoCA score below 9). 
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Table 2.1 

Participant demographics and MoCA results by group  

(patients divided into 2 groups) 

 

Participants  

with normal 

cognition 

Participants  

with cognitive 

impairment 

Number of participants 24 57 

Average age and standard deviation 70.3 ± 8.2 73.4 ± 7.8 

Mean MoCA score and standard 

deviation 
27.3 ± 1.2 18.6 ± 6.6 

Women: Men 22: 2 42: 15 

 

A Mann-Whitney U test was performed to assess differences between 

groups and no statistically significant differences by age were observed 

(p = 0.298) and statistically significant differences between MoCA results were 

observed (p < 0.001). When patients were divided into 2 groups (with and 

without cognitive impairment) and a Chi-square test was performed and sex 

differences were assessed, no statistically significant differences were found 

between groups (X2 (1, N = 81) = 3.29, p = 0.0696). Accordingly, when 

evaluating the patients in the 2 groups, sex differences were not significant. 

 

Table 2.2 

Participant demographics and MoCA results by group  

(patients divided into 4 groups) 

 
Normal 

cognition 

Mild 

cognitive 

impairment 

Moderate 

cognitive 

impairment 

Severe 

cognitive 

impairment 

Number of participants 24 38 10 9 

Average age and standard 

deviation 
70.3 ± 8.2 72.7 ± 6.7 73 ± 5.6 77.1 ± 12.8 

Mean MoCA score and 

standard deviation 
27.3 ± 1.2 22.7 ± 2.1 14.3 ± 2.4 6.1 ± 1.8 

Women: Men 22: 2 31:7 4:6 7:2 
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When patients were divided into 4 groups (Normal cognition, Mild 

cognitive impairment, Moderate cognitive impairment, Severe cognitive 

impairment) and Chi-square test was performed to assess sex differences 

between groups, statistically significant differences were found 

(X2 (4, N = 81) = 11.65, p = 0.0087). Accordingly, when evaluating the patients 

in the 4 groups, it should be noted that the sex differences are statistically 

significant, and this should be considered when interpreting the results. 

A Kruskal-Wallis H test was performed to assess differences between groups and 

no statistically significant differences by age were observed (H(3) = 1.482, 

p = 0.686) and statistically significant differences between MoCA results were 

observed (H(3) = 69.377 , p < 0.001). In the post-hoc Dunn analysis, statistically 

significant differences were found between all groups except in the moderate 

CI – severe CI group (see Table 2.3).  

 

Table 2.3 

Dunn Post Hoc analysis of MoCA scores between patient groups 

 z Wi Wj p pbonf 

Normal CF – 

Mild CI 
5.028 69.354 38.592 < 0.001 < 0.001 

Normal CF – 

Moderate CI 
6.211 69.354 14.500 < 0.001 < 0.001 

Normal CF – 

Severe CI 
7.016 69.354 5.000 < 0.001 < 0.001 

Mild CI – 

Moderate CI 
2.889 38.592 14.500 0.004 0.023 

Mild CI – 

Severe CI 
3.862 38.592 5.000 < 0.001 < 0.001 

Moderate CI – 

Severe CI 
0.881 14.500 5.000 0.378 1.000 

 

Exclusion criteria for participants were clinically significant neurological 

diseases (tumors, severe strokes, vascular malformations, etc.), drug use and 

alcohol abuse. All patients in the study had no other significant abnormalities on 

MRI. Based on available clinical information, none of the participants had 



 

29 

 

uncontrolled hypertension, diabetes mellitus or clinically proven depression. All 

participants were university graduates with at least 16 years of education.  

 

2.2 Magnetic resonance imaging protocol 
 

All patients underwent an MRI scan based on the Alzheimer's Disease 

Neuroradiology Initiative. The Alzheimer's Disease Neuroimaging Initiative 

(ADNI) recommended sequences, which include: 

• 3D T1 SPGR (technical parameters – Flip Angle 11, TE Min Full, 

TI 400, FOV 25.6, layer thickness 1 mm), 

• 3D FLAIR (technical parameters – TE 119, TR 4800, TI 1473, Echo 

182, FOV 25.6, layer thickness 1.2 mm), 

• High-resolution hippocampal structure assessment sequence 

(technical parameters - Flip angle 122, TE 50, Echo 1, TR 8020, 

FOV 17.5, layer thickness 2, coronal direction perpendicular to the 

hippocampus),  

• DTI (technical parameters – 32 directions, diffusion direction – 

tensor, FOV 23.2, layer thickness 2 mm, TE 100) 

• SWI, 

• DWI, 

In our research work ASL and fMRI sequences were not performed. 
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2.3 Cortical and subcortical quantitative measurement 

acquisition 
 

Quantitative values for cortical and subcortical regions were  

obtained by 3D T1 sequence analysis with Freesurfer 7.2 software 

(http://surfer.nmr.mgh.harvard.edu/). To obtain quantitative measurements 

following steps were conducted:  

• Conversion of DICOM files to NIFTI format.  

• Start of the recon-all command in Freesurfer 7.2 software, which 

performs several actions, including motion correction, intensity 

normalization, Talairach transformation, cranial subtraction, 

cervical subtraction, white matter segmentation, automatic topology 

correction, cortical analysis, cortical quantitative data output, etc. 

Technical details, accuracy and repeatability data are described in 

previous publications (Dale et al., 1999; Fischl et al., 2004, 2002, 

2001; Fischl and Dale, 2000; Han et al., 2006; Jovicich et al., 2006; 

Reuter et al., 2012, 2010; Segonne et al., 2004).  

• After the analysis, the quantitative values obtained are reviewed, the 

cortical and subcortical images obtained are evaluated and quality 

controlled. Where necessary, the images were corrected and refined.  

Accurate quantitative data extraction and image processing are described 

in previous studies using FreeSurfer 7.2 (Fischl et al., 2004, 2004; Han et al., 

2006; Jovicich et al., 2006; Reuter et al., 2012, 2010). 

 

2.4 Diffusion tensor imaging (DTI) sequence analysis 
 

DTI sequences were analysed by using Icometrix pipeline which 

standardizes, homogenizes and provides quantitative measurements for 

structural analysis of DTI. DTI data processing included tract segmentation with 

TractSeg to create a binary tract mask and calculate a mean fractional anisotropy 
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(FA) value (Collier et al., 2015; Wasserthal et al., 2018). As a result, fractional 

anisotropy quantitative measurements were obtained (including age normative 

percentiles) for the: 

• Whole brain,  

• Corpus callosum,  

• tractus corticospinalis (both hemispheres with additional 

asymmetry index), 

• fasciulus longitudinalis superior (both hemispheres with additional 

asymmetry index), 

• fasciculus frontooccipitalis inferior (both hemispheres with an 

additional asymmetry index),  

• cingulum (both hemispheres with an additional asymmetry index).  

The FA quantitative results and the normative percentiles were compared 

between the groups.  

 

2.5 Statistical analysis of data 
 

For the statistical analysis Microsoft Excel 2023, JASP 0.18.1, and 

Orange Data Mining 3.34 were used.  

Due to the small number of participants in the study cohort, non-

parametric tests were used to assess the association of radiological findings with 

cognitive impairment using the Mann Whitney U test (assessing 2 groups), 

Kruskal-Wallis H test (assessing 4 groups) with post-hoc tests including 

adjustment for multiple comparisons (Bonferoni). In addition, the correlation of 

MoCA with biomarkers was assessed and principal component analysis (PCA) 

was performed. 

  



 

32 

 

3 Results 
 

3.1 Visual rating scales 
 

3.1.1 Global Cortical Atrophy Scale 
 

The global cortical atrophy scale was evaluated in all patients according 

to the method described in the literature review section, where 13 brain regions 

are evaluated and scored according to changes.  

When the patients were divided into 2 groups and the results were 

evaluated using the Mann-Whitney U test, statistically significant differences 

were found between participants with cognitive impairment and participants 

without cognitive impairment (p = 0.006). The mean Global Cortical Atrophy 

Scale score was 11.7 (n = 24, standard deviation 3.345, standard error 0.683) for 

patients without cognitive impairment and 15,4 (n = 57, standard deviation 

5.707, standard error 0.756) for patients with cognitive impairment. 

When the patients were divided into 4 groups and the results were 

evaluated by Kruskal-Wallis test, statistically significant differences were found 

(H(3) = 29.008, p < 0.001). Distribution of mean GCA scale values by group: 

• 11.7 (standard deviation 3.3) in the normal CF group, 

• 12.8 (standard deviation 3.4) in the mild CI group, 

• 18.1 (standard deviation 4.4) in the moderate CI group,  

• 23.3 (standard deviation 5.2) in the severe CI group. 

See Figure 3.1 for the distribution of GCA scale scores across 

participant groups. 
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Figure 3.1 Distribution of Global Cortical Atrophy Scale scores  

between groups of participants with normal cognitive function,  

mild cognitive impairment, moderate cognitive impairment,  

and severe cognitive impairment 

 

In Dunn post-hoc analysis, statistically significant differences were 

observed between normal CF-moderate CI (p < 0.001), normal CF-severe CI 

(p < 0.001), mild CF-moderate CI (p = 0.003) and mild CF-severe CI 

(p < 0.001).  

 

3.1.2 Medial temporal lobe atrophy (MTA) scale 
 

The medial temporal lobe atrophy scale was assessed in all patients in 

a 3D T1 sequence according to the method described in the literature review 

section, where MTA score was given for each lobe and score from 0 to 4 

was given.  

By dividing the patients into 2 groups and evaluating the results with the 

Mann-Whitney U test, statistically significant differences were found between 

participants with cognitive impairment and participants without cognitive 

impairment in the right side, left side and total MTA scale value (p = 0.032, 
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p = 0.010 and p = 0.017). Mean MTA scale score in patients without cognitive 

impairment on right side was 0.917 (SD 0.654, SE 0.683), left side 0.875 (SD 

0.797, SE 0.163), total score 0.896 (SD 0.675, SE 0.138), patients with cognitive 

impairment right side 1.632 (SD 1.318, SE 0.175), left side 1.684 (SD 1.284, SE 

0.170), total score 1.658 (SD 1.279, SE 0.169). 

By dividing the patients into 4 groups and evaluating the results by 

performing the Kruskal-Wallis test, statistically significant differences were 

found between the participants in right hemisphere MTA scale (H(3) = 25.335), 

p < 0.001), on the left side (H(3) = 33.782, p < 0.001 ) and total MTA scale value 

(H(3) = 30,442, p < 0,001). By performing Dunn's post-hoc analysis for the right, 

left side and evaluating the total MTA values, statistically significant differences 

were observed between: 

• normal CF – moderate CI (right side p = 0.002, left side p = 0.003, 

total value p < 0.001),  

• normal CF – severe CI (right side p < 0.001, left side p < 0.001, total 

value p < 0.001),  

• mild CI – moderate CI (right side p = 0.003, left side p < 0.001, total 

value p < 0.001)  

• mild CI – severe CI (right side p < 0.001, left side p < 0.001, total 

value p < 0.001).  

The obtained results by groups with indication of the average value and 

standard deviation can be seen in Figure 3.2. 
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Figure 3.2 Distribution of the mean value of the medial temporal lobe 

atrophy scale (MTA) in both lobes and total score between groups  

of participants with normal CF, mild CI, moderate CI and severe CI 

 

3.1.3 White Matter Hyperintensity Scale (Fazekas Scale) 
 

White matter hyperintensities were assessed by T2 FLAIR sequence and 

white matter was assessed periventricularly and subcortically as well as by total 

Fazekas score. A detailed evaluation is described in the literature review section.  

When the patients were divided into 2 groups and the results were 

evaluated with the Mann-Whitney U test, no statistically significant differences 

in white matter hyperintensities were found between participants with cognitive 

impairment and participants without cognitive impairment in PVWM, DWM and 

total Fazekas score (p = 0.711, p = 0.209 and p = 0.885, respectively). 
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When the patients were divided into 4 groups and the results were 

evaluated by Kruskal-Wallis test, statistically significant differences were found 

in PVWM (H(3) = 11.588, p = 0.009) and total Fazekas scale (H(3) = 9.415, 

p = 0.024), while no statistically significant differences were observed in DWM 

(H(3) = 5.221, p = 0.156). 

In Dunn's post-hoc analysis of the PVWM and the overall Fazekas scale, 

statistically significant differences were observed (see Figure 3.3): 

• PVWM between normal CF – severe CI (p = 0.010), mild CI – 

severe CI (p = 0.002), no significant differences were found in 

other group comparisons,   

• No significant differences were found in the overall Fazekas score 

between normal CF-severe CI (p = 0.011), mild CI – severe CI 

(p = 0.010) and other group comparisons,  
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Figure 3.3 Distribution of the mean of the Fazekas score  

in deep white matter (DWM), periventricular white matter (PVWM)  

and total score between groups of participants with normal CF,  

mild CI, moderate CI and severe CI 

 

3.1.4 Parietal atrophy scale or Koedam scale 
 

The parietal lobe atrophy scale was evaluated in all patients in 3D T1 

sequence according to the method described in the literature review section. The 

temporal lobe was assessed in axial, coronal and sagittal planes and values from 

0 to 4 were assigned to each hemisphere according to the degree of atrophy. 

When the patients were divided into 2 groups and the results were 

evaluated using the Mann-Whitney U test, statistically significant differences 

were found between participants with cognitive impairment and participants 

without cognitive impairment in the right and left hemispheres (p < 0.001 and 
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p = 0.003, respectively). The mean score on the Parietal Lobe Atrophy Scale was 

1.083 (SD 0.584, SE 0.119) in patients without cognitive impairment on the right, 

1.125 (SD 0.612, SE 0.125) on the left and 1.596 (SD 0.563, SE 0.075) in patients 

with cognitive impairment on the right and 0.596 (SD 0.563, SE 0.075) 

on the left. 

When the patients were divided into 4 groups and the results were 

evaluated by Kruskal-Wallis test, statistically significant differences were found 

between participants on the right (H(3) = 18.782, p < 0.001) and left 

(H(3) = 16.796, p < 0.001) side of the parietal lobe. 

In Dunn's post-hoc analysis of the right and left sides of the parietal lobe 

atrophy scale, statistically significant differences were observed (see Figure 3.4): 

• in the right parietal lobe between normal CF – mild CI (p = 0.030), 

normal CF – moderate CI (p = 0.006), normal CF – severe CI 

(p < 0.001) and mild CI – severe CI (p = 0.007), 

• in the left parietal lobe between normal CF – moderate CI 

(p = 0.012), normal CF – severe CI (p < 0.001) and mild CI – severe 

CI (p = 0.007). 

 

 

Figure 3.4 Mean values of the parietal lobe atrophy scale in the right  

and left hemispheres between groups of participants with normal CF,  

mild CI, moderate CI and severe CI 
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3.1.5 Entorhinal cortical atrophy scale 
 

The entorhinal cortical atrophy scale was evaluated in all patients in a 3D 

T1 sequence according to the method described in the literature review section. 

The entorhinal cortex was assessed in the coronal plane and values from 0 to 4 

were assigned to each hemisphere according to the degree of atrophy. 

Dividing the patients into 2 groups and evaluating the results with the 

Mann-Whitney U test revealed statistically significant differences between 

participants with cognitive impairment and participants without cognitive 

impairment in the right and left hemispheres (p = 0.013 and p = 0.001, 

respectively). Mean entorhinal cortex atrophy scale score in patients without 

cognitive impairment on right side was 0.583 (SD 0.584, SE 0.119), left side 

0.542 (SD 0.588, SE 0.120), patients with cognitive impairment right side 1.140 

(SD 0.934, SE 0.124), left side 1.228 (SD 0.887, SE 0.117). 

By dividing the patients into 4 groups and evaluating the results by 

performing the Kruskal-Wallis test, statistically significant differences were 

obtained between the participants in the right side of the entorhinal cortex 

(H(3) = 27.825), p < 0.001) and the left side (H(3) = 28.014, p < 0.001 ). 

When performing Dunn's post-hoc analysis, statistically significant 

differences were observed for the entorhinal cortex atrophy scale in 

(see Figure 3.5): 

• in the right entorhinal cortex between normal CF – moderate CI 

(p = 0.003), normal CF – severe CI (p < 0.001), mild CI – moderate 

CI (p = 0.008) and mild CI – severe CI (p < 0.001),  

• in the left entorhinal cortex between normal CF – moderate CI 

(p < 0.001), normal CF – severe CI (p < 0.001), mild CI – moderate 

CI (p = 0.003) and mild CI – severe CI (p < 0.001). 
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Figure 3.5 Entorhinal cortical atrophy scale values in the right  

and left hemispheres between groups of participants with normal CF,  

mild CI, moderate CI and severe CI. 

 

3.1.6 Microhaemorrhage evaluation 
 

All study participants were screened for the presence of 

microhaemorrhages based on the SWI sequence. No participants had more than 

2 microhaemorrhages and no clinically significant lobar haemorrhages. 

When the results were analysed in 2 groups (patients with cognitive 

impairment and patients without cognitive impairment), there were no 

statistically significant differences between the groups (p = 0.725). In the group 

without cognitive impairment, microhaemorrhages were found in 5 people 

(20.8 %) and were not found in 19 people (79.2 %). In the group with cognitive 

impairment, microhaemorrhages were found in 14 people (24.6 %) and were 

absent in 43 people (75.4 %). 

When the results were evaluated in the 4 groups (patients with normal CF, 

mild CI, moderate CI and severe CI), no statistically significant differences were 

observed (p = 0.953, see figure 3.6). 
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Figure 3.6 Incidence of microhaemorrhages  

in participant groups 

 

3.1.7 Perivascular space evaluation 
 

Perivascular spaces were evaluated in the midbrain, basal nuclei, and 

centrum semiovale. The evaluation was performed in T2 and T2 FLAIR 

sequences, and in the basal nuclei, the dilatation of the perivascular spaces was 

determined without grading (it was stated whether it is dilated or not), in the basal 

nuclei and centrum semiovale, the expansion of the perivascular spaces was 

graded from grades 0 to 4. 

When evaluating the dilatation of perivascular spaces in 2 groups (with 

cognitive impairment and without cognitive impairment), no statistically 

significant differences were found in the midbrain (p = 0.348), centrum 

semiovale (p = 0.699) and basal nuclei (p = 0.497). A detailed breakdown by 

grades, locations and groups is given in Table 3.1.  
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Table 3.1 

Assessment of perivascular space dilatation  

by dividing patients into 2 groups 

 Grade 

Participants  

with normal 

cognition 

Participants  

with cognitive 

impairment 

Perivascular space dilatation 

in centrum semiovale 

Grade 0 2 4 

Grade 1 8 22 

Grade 2 13 21 

Grade 3 1 6 

Grade 4 0 4 

Perivascular space dilatation 

in basal nuclei 

Grade 0 2 0 

Grade 1 9 27 

Grade 2 11 18 

Grade 3 1 9 

Grade 4 1 3 

Perivascular space dilatation 

in midbrain 

No dilatation 12 22 

Dilatation present 12 35 

 

When perivascular space dilatation was assessed in the 4 groups (Normal 

CF, Mild CI, Moderate CI, Severe CI) by Kruskal-Wallis test, no statistically 

significant differences were observed in the midbrain (p = 0.456), centrum 

semiovale (p = 0.083) and basal nuclei (p = 0.091). The detailed breakdown by 

grade, localization and group is shown in Table 3.2. 

 

Table 3.2 

Assessment of perivascular space dilation  

by dividing patients into 4 groups 

 Grade 
Normal 

CF 

Mild 

CI 

Moderate 

CI 

Severe 

CI 

Perivascular space 

dilatation in centrum 

semiovale 

Grade 0 2 4 0 0 

Grade 1 8 16 4 2 

Grade 2 13 15 3 3 

Grade 3 1 1 2 3 

Grade 4 0 2 1 1 
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Table 3.2 continued 

 Grade 
Normal 

CF 
Mild 

CI 
Moderate 

CI 
Severe 

CI 

Perivascular space 

dilatation in basal nuclei  

Grade 0 2 0 0 0 

Grade 1 9 21 4 2 

Grade 2 11 11 5 2 

Grade 3 1 5 1 3 

Grade 4 1 1 0 2 

Perivascular space 

dilatation in midbrain 

No dilatation 12 16 2 4 

Dilatation present 12 22 8 5 

 

3.1.8 Correlation of MoCA scores with visual rating scales 
 

The relationship of the qualitative assessment scales with the MoCA 

results was analysed by Spearman correlation, where the correlation coefficient, 

p-value, upper and lower 95 % confidence level effect sizes (Fisher's z) and 

standard error effect sizes were determined (see Table 3.3). 

A moderately strong statistically significant correlation (correlation 

coefficient below 0.4) was observed when correlating MoCA scores with the 

medial temporal lobe atrophy scale, the temporal lobe atrophy scale, the 

entorhinal cortical atrophy scale and the global cortical atrophy scale score. 

A weak statistically significant correlation (correlation coefficient below 

0.2) was observed when correlating the MoCA results with the total value of the 

Fazekas scale and the PVT extension in the centrum semiovale localization.  
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Table 3.3 

Correlation of MoCA with qualitative rating scales 

 Spearman's 

correlation 

coefficient 

P value 
Lower 

95% CI 

Upper 

95% CI 

Effect 

size 

(Fisher z) 

SD 

MoCA – MTA 

scale on the right 
−0.489 < 0.001 −0.639 −0.303 −0.535 0.117 

MoCA – MTA 

scale on the left 
−0.570 < 0.001 −0.701 −0.402 −0.648 0.118 

MoCA – MTA total 

value 
−0.538 < 0.001 −0.677 −0.362 −0.601 0.118 

MoCA – Parietal 

Lobe Atrophy 

Scale on the right 

−0.507 < 0.001 −0.653 −0.324 −0.558 0.117 

MoCA – Parietal 

lobe atrophy scale 

on the left 

−0.456 < 0.001 −0.613 −0.264 −0.492 0.117 

MoCA – ERICA 

scale on the right 
−0.542 < 0.001 −0.680 −0.368 −0.608 0.118 

MoCA – ERICA 

scale on the left 
−0.594 < 0.001 −0.719 −0.431 −0.683 0.118 

MoCA – GCA −0.577 < 0.001 −0.706 −0.410 −0.658 0.118 

MoCA – PVWM −0.321 0.399 −0.307 0.126 −0.095 0.113 

MoCA – DWM −0.095 0.067 −0.405 0.015 −0.207 0.114 

MoCA – Total 

value of the 

Fazekas scale 

−0.204 < 0.001 0.625 0.827 0.956 0.121 

MoCA – PVS BG −0.187 0.095 −0.389 0.033 −0.189 0.114 

MoCA – PVS CS −0.227 0.042 −0.424 −0.009 −0.231 0.115 

 

3.2 Quantitative brain evaluation 
 

Quantitative brain data were evaluated in 80 participants (one participant 

did not have the required sequence quality due to movement artefacts). The 

evaluation of the quantitative data was divided into 3 sections: 

1. General quantitative brain characteristics (corpus callosum volume, 

white and grey matter volume of both cerebellar hemispheres, 

thalamus, lobus caudatus, putamen, pallidum, hippocampus, 
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nucleus accumbens, cortical volume, white matter volume, 

subcortical grey matter volume and total grey matter volume). 

2. Quantitative measurements of cortical areas based on the DKT 

cortical parcellation atlas, which divides the cerebral cortex into 

31 regions in each hemisphere. 

3. Quantitative evaluation of diffusion tensor imaging by determining 

fractional anisotropy (FA) characteristics of the whole brain, corpus 

callosum, tractus corticospinalis (both hemispheres), fasciculus 

longitudinalis superior (both hemispheres), fasciculus 

frontooccipitalis inferior (both hemispheres), cingulum (both 

hemispheres). 

 

3.2.1 Volumetric characteristics of brain structures 
 

To evaluate the quantitative volume of the brain structures, a comparison 

of quantitative values was made in 2 groups and 4 groups. 

When quantitative values were compared between the 2 groups using the 

Mann-Whitney U test, statistically significant differences were observed in the 

left hippocampus, the left amygdala and the right amygdala (see Table 3.4).  

  



 

46 

 

Table 3.4 

Differences in general quantitative measures between the groups  

with and without cognitive impairment 

Anatomical structure 
Left hemisphere Right hemisphere 

W p value W p value 

Hippocampus 888.000 0.024 820.000 0.121 

Amygdala 962.000 0.002 880.000 0.029 

Cerebellar white matter 755.000 0.386 741.000 0.472 

Cortical part of cerebellum 668.000 0.971 666.000 0.954 

Thalamus 661.000 0.912 671.000 0.996 

Nucleus Caudatus 603.000 0.472 649.000 0.813 

Putamen 828.000 0.103 725.500 0.578 

Pallidum 654.000 0.854 722.000 0.603 

Nucleus accumbens 837.000 0.084 719.000 0.533 

Cortical volume of the hemisphere  812.000 0.143 781.000 0.255 

White matter volume 771.000 0.301 774.000 0.287 

Overall differences in both hemispheres 

Anatomical structure W p value 

Total cortical volume 805.000 0.164 

Total white matter volume 767.000 0.321 

Posterior part of the corpus callosum 682.000 0.921 

Posterior part of middle part of 

corpus callosum 
795.500 0.197 

The central part of the corpus 

callosum 
841.000 0.077 

Anterior part of the middle part of 

the corpus callosum 
817.500 0.128 

The anterior part of the corpus 

callosum 
690.000 0.854 

 

The mean left hippocampal volume for participants without cognitive 

impairment was 3597.117 mm3, for participants with cognitive impairment 

3340.770 mm3; the mean left amygdala volume for participants without 

cognitive impairment was 1495.558 mm3, for participants with cognitive 

impairment 1274.145 mm3; the mean right amygdala volume for participants 

without cognitive impairment was 1663.125 mm3, for participants with cognitive 

impairment 1499.213 mm3. See Table 3.5 for the mean, SD and SE of the results. 
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Table 3.5 

Quantitative results of statistically significant structures  

comparing group means, standard deviation and standard error 
 

Group N Mean SD SE 

Left hippocampal 

volume, mm3  

No cognitive impairment 24 3597.117 406.570 82.991 

With cognitive impairment 56 3340.770 598.105 79.925 

Left amygdala 

volume, mm3 

No cognitive impairment 24 1495.558 251.821 51.403 

With cognitive impairment 56 1274.145 297.404 39.742 

Right amygdala 

volume, mm3 

No cognitive impairment 24 1663.125 228.110 46.563 

With cognitive impairment 56 1499.213 307.881 41.142 

 

General quantitative brain characteristics were compared between 

4 groups (Normal CF, Mild CI, Moderate CI, Severe CI) using the Kruskal-

Wallis test. Statistically significant differences between groups were observed:  

• Left hippocampus (H(3) = 18.318, p < 0.001),  

• Left amygdala (H(3) =24.800 , p < 0.001),  

• Left nucleus accumbens (H(3) = 10.861, p = 0.012),  

• Right cerebellar cortical volume (H(3) = 8.188, p = 0.042),  

• Right hippocampus (H(3) = 18.318, p = 0.003),  

• Right amygdala (H(3) = 21.719, p < 0.001),  

No statistically significant differences were observed between groups in 

other quantitative volume parameters. 

Dunn's post hoc analysis of hippocampal volumes showed statistically 

significant differences between groups: 

• Left side: Normal CF – Moderate CI (p = 0.009), Normal CF – 

Severe CI (p < 0.001), Mild CI – Moderate CI (p = 0.032) and Mild 

CI – Severe CI (p < 0.001).  

• Right side: Normal CF – Severe CI (p < 0.001) and Mild CI – Severe 

CI (p < 0.001). 

The hippocampal volume values by group are given in Table 3.6. 
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Table 3.6 

Hippocampal volume mean values on both sides with standard deviation 

and standard error values 
 

N Mean (cm3) SD SE 

Left hippocampus 

Normal CF 24 3597.117 406.570 82.991 

Mild CI 37 3548.668 536.484 88.197 

Moderate CI 10 3149.950 294.341 93.079 

Severe CI 9 2698.100 597.232 199.077 

Right hippocampus 

Normal CF 24 3751.200 439.016 89.614 

Mild CI 38 3760.157 565.380 92.948 

Moderate CI 10 3413.210 413.630 130.801 

Severe CI 9 2764.489 744.916 248.305 

 

Dunn's post hoc analysis of amygdala volumes showed statistically 

significant differences between groups: 

• Left side: Normal CF – Moderate CI (p < 0.001), Normal CF – 

Severe CI (p < 0.001), Mild CI – Moderate CI (p = 0.003) and Mild 

CI – Severe CI (p = 0.002).  

• Right side: Normal CF – Moderate CI (p = 0.004), Normal CF – 

Severe CI (p < 0.001), Mild CI – Moderate CI (p = 0.009) and Mild 

CI – Severe CI (p < 0.001).  

The values of the amygdala volume per group are given in Table 3.7. 

 

Table 3.7 

Mean values of the amygdala on both sides  

with standard deviation and standard error values 
 

Group N Mean (cm3) SD SE 

Left amygdala volume 

Normal CF 24 1495.558 199.051 62.946 

Mild CI 37 1389.857 259.931 42.732 

Moderate CI 10 1065.580 199.051 62.946 

Severe CI 9 1030.178 276.075 92.025 

Right amygdala volume 

Normal CF 24 1663.125 226.464 71.614 

Mild CI 38 1623.078 239.308 39.342 

Moderate CI 10 1358.870 226.464 71.614 

Severe CI 9 1145.922 316.680 105.560 
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Dunn post hoc analysis of left nucleus accumbens volume showed 

statistically significant differences between the groups Normal CF – Moderate 

CI (p = 0.044), Normal CF – Severe CI (p = 0.004) and Mild CI – Severe CI 

(p = 0.011). Nucleus accumbens volume values per group are shown in 

Table 3.8. 

 

Table 3.8 

Nucleus accumbens mean values with standard deviation  

and standard error values 
 

Group N Mean (cm3) SD SE 

Nucleus 

accumbens 

volume 

Normal CF 24 441.879 120.984 0.274 

Mild CI 37 429.270 115.897 19.053 

Moderate CI 10 357.350 73.470 23.233 

Severe CI 9 303.433 116.742 38.914 

 

Dunn's post hoc analysis of the cortical part of the right cerebellum 

showed statistically significant differences between groups – Normal CF – 

Moderate CI (p = 0.035), Mild CI – Moderate CI (p = 0.013) and Moderate CI – 

Severe CI (p = 0.008).  

 

3.2.2 Cortical thickness measurements 
 

Cortical thickness was determined using the Desikan-Killiany-Tourville 

DKT cortical parcellation atlas. In this atlas, each hemisphere is divided into 

32 regions. Cortical thicknesses were compared between 2 groups (without and 

with cognitive impairment) using the Mann-Whitney U test and statistically 

significant differences were observed in the left entorhinal cortex.  
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Cortical thickness was compared in 4 groups (Normal CF, Mild CI, 

Moderate CI, Severe CI) using the Kruskal-Wallis test. Statistically significant 

differences between groups were observed: 

• Temporal lobe: 

o Entorhinal cortex on the left side (H(3) = 25.224, p < 0.001) 

and right side (H(3) = 13.127, p = 0.004), 

o Parahippocampal cortex on the left side (H(3) = 20.459, 

p < 0.001) and right side (H(3) = 18.229, p < 0.001), 

o Middle temporal gyrus cortex on the left side (H(3) = 12.508, 

p = 0.006) and right side (H(3) = 9.909, p = 0.019),  

o Fusiform cortex on the left side (H(3) = 14.176, p = 0.003) and 

right side (H(3) = 7.812, p = 0.050), 

o Superior temporal gyrus cortex on the left side (H(3) = 14.274, 

p = 0.003) and right side (H(3) = 14.286, p = 0.003), 

o Transverse temporal gyrus cortex on the right side 

(H(3) = 9.155, p = 0.027). 

• Parietal lobe: 

o Supramarginal cortex on the left side (H(3) = 12.693, 

p = 0.005) and right side (H(3) = 9.466, p = 0.024), 

o Cingulum isthmic part on the right side (H(3) = 8.336, 

p = 0.04),  

o Left inferior parietal gyrus cortex (H(3) = 9.078, p = 0.028),  

• Occipital lobe: 

o Pericalcarine gyrus on the right side (H(3) = 11.351, 

p < 0.010), 
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Dunn's post-hoc analysis of the entorhinal cortex showed statistically 

significant differences between the groups: 

• on the left side Normal CF – Moderate CI (p < 0.001), Normal CF – 

Severe CI (p < 0.001), Mild CI – Moderate CI (p < 0.001) and Mild 

CI – Severe CI (p = 0.004),  

• on the right-side Normal CF – Severe CI (p = 0.005), Mild CI – 

Moderate CI (p = 0.036) and Mild CI – Severe CI (p = 0.002) 

Dunn's post-hoc analysis in the parahippocampal cortex showed 

statistically significant differences between groups: 

• on the left side Normal CF – Moderate CI (p = 0.038), Normal CF – 

Severe CI (p = 0.005), Mild CI – Moderate CI (p = 0.002) and Mild 

CI – Severe CI (p < 0.001). 

• on the right-side Normal CF – Moderate CI (p = 0.007), Normal 

CF – Severe CI (p = 0.002), Mild CI – Moderate CI (p = 0.004) and 

Mild CI – Severe CI (p < 0.001).  

Dunn's post-hoc analysis in the middle temporal gyrus cortex showed 

statistically significant differences between groups: 

• on the left side Normal CF – Moderate CI (p = 0.010), Normal CF – 

Severe CI (p = 0.029), Mild CI – Moderate CI (p = 0.006) and Mild 

CI – Severe CI (p = 0.018).  

• on the right-side Normal CF – Moderate CI (p = 0.022) and Mild 

CI – Moderate CI (p = 0.004). 

Dunn's post-hoc analysis in the fusiform cortex showed statistically 

significant differences between the groups: 

• on the left side Normal CF – Moderate CI (p = 0.031), Normal CF – 

Severe CI (p = 0.009), Mild CI – Moderate CI (p = 0,010) and Mild 

CI – Severe CI (p = 0.002).  

• on the right-side Mild CI – Severe CI (p = 0.011). 
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Dunn's post-hoc analysis of the upper cortex of the temporal lobe showed 

statistically significant differences between groups: 

• on the left side Normal CF – Moderate CI (p = 0.022), Normal CF – 

Severe CI (p = 0.012), Mild CI – Moderate CI (p = 0.007) and Mild 

CI – Severe CI (p = 0.003).  

• on the right-side Mild CI – Moderate CI (p = 0.003) and Mild CI – 

Severe CI (p = 0.003). 

Dunn's post-hoc analysis of the transverse cortex of the right temporal 

lobe showed statistically significant differences between groups Mild CI – 

Moderate CI (p = 0.034) and Mild CI – Severe CI (p = 0.011). 

Dunn's post-hoc analysis of the cortical parts of the temporal lobe showed 

statistically significant differences in several groups. Statistically significant 

differences between groups were observed in the supramarginal cortex of 

the left lobe: 

• on the left side Normal CF – Moderate CI (p = 0.030), Normal CF – 

Severe CI (p = 0.003), Mild CI – Moderate CI (p = 0,044) and Mild 

CI – Severe CI (p = 0.005).  

• on the right-side Mild CI – Moderate CI (p = 0.021) and Mild CI – 

Severe CI (p = 0.029). 

Statistically significant were observed on the right side of cingulum 

isthmic part between groups Normal CF – Severe CI (p = 0.021), Mild CI – 

Severe CI (p = 0.010). 

Statistically significant differences between groups were found in the 

inferior cortex of the left temporal lobe – Normal CF – Severe CI (p = 0.024), 

Mild CI – Moderate CI (p = 0.049), Mild CI – Severe CI (p = 0.020). 

Dunn's post-hoc analysis showed statistically significant differences 

between groups in the right pericalcarine cortex in Normal CF – Mild CI 

(p = 0.005) and Mild CI – Severe CI (p = 0.009). 
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Overall, the quantitative brain data showed statistically significant 

differences between several groups, but the small cohort and the Bonferroni 

correction results should be noted, indicating the need to validate the results with 

a larger number of participants. Statistically significant quantitative data for 

cerebral cortex measurements are available in Annex 1. 

 

3.2.3 Correlation of volumetric data and cortical thickness data 

with MoCA results 
 

The aim of the study was to determine the relationship of quantitative 

measurements with cognitive function, as a result correlation analysis was 

performed between the volumetric data, cortical thickness and MoCA results 

(statistically significant correlations are indicated in Annex No. 8 and 

Annex No. 9). 

When assessing the correlation of brain structure volume with MoCA 

results, a strong, positive correlation was observed: 

• Left hippocampus (Spearman’s rho coefficient 0.473, p < 0.001), 

• Left amygdala (Spearman’s rho coefficient 0.532, p < 0.001),  

• Right hippocampus (Spearman’s rho coefficient 0.372, p < 0.001),  

• Right amygdala (Spearman’s rho coefficient 0.467, p < 0.001),  

A moderate positive correlation was observed: 

• Left putamen (Spearman’s rho coefficient 0.310, p = 0.005) 

• Left nucleus accumbens (Spearman’s rho coefficient 0.302, 

p = 0.006),  

Other structures showed weaker correlations and higher p-values. 

  



 

54 

 

When assessing the correlation of cortical thickness with MoCA results, 

a strong, positive correlation was observed: 

• Left entorhinal cortex (Spearman’s rho coefficient 0.515, p < 0.001) 

A moderate positive correlation was observed for the following 

structures: 

• Right entorhinal cortex thickness (Spearman’s rho coefficient 0.345, 

p = 0.002),  

• Right parahippocampal cortex thickness (Spearman’s rho 

coefficient 0.382, p < 0.001),  

• Left fusiform cortex thickness (Spearman’s rho coefficient 0.323, 

p = 0.003),  

• Left inferior parietal gyrus cortex thickness (Spearman’s rho 

coefficient 0.326, p = 0.003),  

• Left middle temporal gyrus cortex thickness (Spearman’s rho 

coefficient 0.328, p = 0.003),  

• Left superior temporal gyrus cortex thickness (Spearman’s rho 

coefficient 0.364, p < 0.001),  

• Left supramarginal cortex thickness (Spearman’s rho coefficient 

0.348, p = 0.002),  

• Right praecuneus cortex thickness (Spearman’s rho coefficient 

0.310, p = 0.005).  

For other structures, cortical thicknesses showed weaker correlations and 

higher p-values.  
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3.3 Quantitative assessment of brain DTI  
 

Participants underwent DTI examinations on two 3T machines. Due to 

technical differences in the equipment, movement artefacts and failed sequences, 

DTI data were evaluated in 44 patients (see Tables 3.9 and 3.10 for group 

distribution and demographic data). 

The evaluation was performed using the Icometrix DTI software package, 

which detects changes in fractional anisotropy in specific brain tracts. The 

examinations were performed on a single MRI machine, images were 

preprocessed, and DTI data was processed to acquire FA values for whole brain 

and specific tracts. These steps were performed by using validated methods 

combined with machine learning techniques (Timmermans et al., 2019). After all 

steps have been completed, the resulting FA data are standardized and compared 

to age- and gender-normative data obtained from 900 participants without 

cognitive impairment aged 16 to 86 years, and a normative percentile for age is 

obtained. 

 

Table 3.9 

Demographic characteristics of DTI quantitative assessment participants 

and MoCA results by group (dividing patients into 2 groups) 

 Normal cognition Cognitive impairment 

Number of participants 12 32 

Mean age and standard 

deviation 
70.3 ± 17.5 72.8 ± 9.5 

Mean MoCA score and 

standard deviation 
28.7 ± 1.2 17.0 ± 7.3 

Female : Male 9:3 20:12 

 

A Mann-Whitney U test was performed to assess differences between 

groups and statistically significant differences were observed by age (p = 0.01), 

which should be considered when evaluating the absolute values obtained by FA, 
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and statistically significant differences were observed after MoCA results 

(p < 0.001). 

 

Table 3.10 

Demographic characteristics of DTI quantitative evaluation participants 

and MoCA results by group (patients in 4 groups) 

 
Normal 

cognition 

Mild cognitive 

impairment 

Moderate 

cognitive 

impairment 

Severe 

cognitive 

impairment 

Number of participants 12 16 9 7 

Mean age and standard 

deviation 
57,0 ± 17,5 69,6 ± 7,3 73,1 ± 7,3 79,6 ± 13,3 

Mean MoCA score and 

standard deviation 
28,7 ± 1,2 23,3 ± 1,6 14,6 ± 2,4 5,9 ± 1,9 

Female : Male 9:3 10:6 4:5 6:1 

 

A Kruskal Wallis H test was performed to assess differences between 

groups and statistically significant differences were observed by age 

(H(3) = 10.124, p = 0.018) and statistically significant differences were observed 

between MoCA results (H(3) = 39.735, p < 0.001). In the post-hoc Dunn 

analysis, statistically significant differences were found between all groups 

except Moderate CI – Severe CI. 

Analysed tracts include – the whole brain , corpus callosum (report 

example is shown in Annex 3), Corticospinal tract in both hemispheres, Superior 

longitudinal fasciculus (SLF) – arcuate fasciculus in both hemispheres, inferior 

fronto-occipital (IFO) tract in both hemispheres un cingulum in both hemispheres 

(report example is shown in Annex 4). For tractography of the whole brain and 

corpus callosum, fractional anisotropy data, normalized amplitude and percentile 

of the result are obtained. 

For other tracts analysed in both hemispheres, in addition to the fractional 

anisotropy data, the normalized amplitude and the percentile of the result, an 

asymmetry index is also obtained (a negative asymmetry index value indicates 

a higher FA value in the left hemisphere, a positive value of the asymmetry index 
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indicates a higher FA value in the right hemisphere), the normal amplitude of the 

asymmetry index and the normalized percentile, and the deviation of the 

normalized percentile from 50 was calculated to assess the bias of the asymmetry 

on both sides. 

 

3.3.1 DTI quantitative data assessing participants in 2 groups 
 

Quantitative DTI data were compared in patients with and without 

cognitive impairment. Comparisons between groups were performed using the 

Mann-Whitney U test and the results are shown in Annex 7. 

Statistically significant differences between groups were observed in the 

normative percentage of whole brain FA, the normative percentage of right-sided 

corticospinal tract and the normative percentage of left-sided corticospinal tract. 

The differences between groups, mean, standard deviation and standard error are 

shown in Table 3.11. 

 

Table 3.11 

Statistically significant differences in fractional anisotropy (FA) between 

groups comparing group means, standard deviation and standard error 
 

Group N Mean value SD SE 

Normative percentile  

for whole brain FA 

Without cognitive 

impairment 
12 58.2 21.5 6.2 

With cognitive 

impairment 
32 76.9 20.4 3.6 

Normative percentile  

of the left-sided 

corticospinal tract 

Without cognitive 

impairment 
12 62.3 26.7 7.7 

With cognitive 

impairment 
32 83.8 16.6 2.9 

Normative percentile  

of the right-sided 

corticospinal tract 

Without cognitive 

impairment 
12 62.4 27.7 7.9 

With cognitive 

impairment 
32 83.2 15.9 2.8 
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In this case, lower values of the normative FA percentile were observed 

in the group without cognitive impairment. The reason for these results and an 

explanation are discussed in the Discussion section.  

 

3.3.2 DTI quantitative data assessing participants in 4 groups 
 

Quantitative DTI data were compared for patients with no cognitive 

impairment, mild cognitive impairment, moderate cognitive impairment, and 

severe cognitive impairment. Comparisons between groups were performed 

using the Kruskal-Wallis test and statistically significant differences between 

groups were found: 

• Changes in whole brain FA (H(3) = 8.342, p = 0.039) and normative 

percentile for whole brain FA (H(3) = 13.866, p = 0.003). In the 

Dunn post-hoc analysis, statistically significant differences were 

observed in whole-brain FA scores between mild CI – Severe CI 

(p = 0.007), and statistically significant differences were also 

maintained after Bonferroni correction (p = 0.044); when assessing 

the normative percentile of whole brain FA, statistically significant 

differences were observed between the groups normal CF – mild CI 

(p < 0.001) and mild CI – Severe CI (p = 0.016, after Bonferoni 

correction p = 0.098).  

• Left SLF – arcuate fasciculus FA (H(3) = 14.580, p = 0.002) and FA 

normative percentile (H(3) = 14.734, p = 0.002). In Dunn's post-hoc 

analysis, statistically significant differences were observed in FA 

scores between normal CF – severe CI (p = 0.05), mild CI – 

moderate CI (p = 0.005), and mild CI – severe CI (p < 0.001); when 

assessing the normative FA percentile, statistically significant 

differences were observed between normal CF - mild CI (p < 0.011), 
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mild CI – moderate CI (p = 0.005) and mild CI and severe CI 

(p = 0.001). 

• Right SLF – arcuate fasciculus FA (H(3) = 11.881, p = 0.008) and 

FA in the normative percentile (H(3) = 13.796, p = 0.003). In the 

Dunn post-hoc analysis, statistically significant differences were 

observed in FA scores between the normal CF-severe CF groups 

(p = 0.038), mild CF – moderate CF (p = 0.023) and mild CF – 

severe CF (p = 0.002) in both cases; when assessing the normative 

FA percentile, statistically significant differences were observed 

between the normal CF – mild CI (p < 0.006), mild CI – moderate 

CI (p = 0.013) and mild CI and severe CI (p = 0.002) groups. 

• SLF – arcuate fasciculus asymmetry normative percentile 

(H(3) = 8.898, p = 0.031). n Dunn's post-hoc analysis, statistically 

significant differences were observed between the Mild CI – 

Moderate CI (p = 0.031) and Mild CI – Severe CI (p = 0.008) 

groups. 

• Left inferior fronto-occipital fasciculus FA (H(3) = 16.119, 

p = 0.001) and normative percentile (H(3) = 15,928, p = 0,001). In 

the Dunn post-hoc analysis, statistically significant differences were 

observed in FA scores between mild CI-moderate CI (p < 0.001), 

mild CI – severe CI (p = 0.002) in both cases; when FA normative 

percentile was assessed, statistically significant differences were 

observed between mild CI – moderate CI (p = 0.001), mild CI – 

severe CI (p = 0.001) and normal CF – mild CI (p = 0.024) groups. 

• Right inferior fronto-occipital (IFO) fasciculus FA (H(3) = 15.349, 

p = 0.002) and normative percentile (H(3) = 15.854, p = 0.001). In 

Dunn's post-hoc analysis, statistically significant differences were 

observed in FA scores between normal CF – severe CI (p = 0.050), 
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mild CI – moderate CI (p = 0.002), mild CI – severe CI (p = 0.001) 

in both cases; when assessing the normative FA percentile, 

statistically significant differences were observed between the 

groups Normal CF – mild CI (p = 0.020), mild CI – moderate CI 

(p = 0.002) and mild CI – severe CI (p < 0.001). 

• Left cingulum FA (H(3) = 8.256, p = 0.041) and normative 

percentile (H(3) = 10.430, p = 0.015). In the Dunn post-hoc 

analysis, statistically significant differences were observed in FA 

scores between mild CI – moderate CI (p = 0.013), mild CI – severe 

CI (p = 0.032) in both cases; when FA normative percentile was 

assessed, statistically significant differences were observed between 

normal CF – mild CI (p = 0.004), mild CT – moderate CI (p = 0.017) 

groups. 

• Right cingulum FA normative percentile (H(3) = 8.857, p = 0.031). 

In Dunn's post-hoc analysis, statistically significant differences were 

observed between normal CF – mild CI (p = 0.016) and mild CI – 

severe CI (p = 0.013). 

 

3.4 Principal Component Analysis (PCA) for visual 

assessment scales and quantitative data 
 

Given the multidimensionality and multicollinearity of the data (see 

Annex 2), as well as the relatively small number of participants in the groups, the 

data were analysed using principal components analysis. Orange Data Mining 

software was used for the PCA (Demšar et al., 2013). 
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This analysis was conducted on visual rating scales and quantitative data 

including brain volume and cortical thickness values. Several limitations of 

principal component analysis must be considered when applying PCA, 

which include: 

• Data linearity assumption – The PCA analysis assumes that the 

structure of the data to be analysed is linear. Brain atrophy, brain 

volume and cortical thickness measures are assumed to be linearly 

related to age and cognitive impairment in many studies and 

clinically validated software (Cavedo et al., 2022; Pemberton 

et al., 2021).  

• Data interpretation – Although PCT helps to reduce the number of 

variables, the principal components obtained are not always 

clinically useful as they are a linear combination of the original 

variables relative to the target outcome. 

• Effects of outliers – Principal components obtained with a small 

number of participants may be sensitive to variables that do not 

follow a linear relationship. Such atypical data are possible in the 

analysis of brain structures.  

• Loss of important data – single variables that play a significant role 

in diagnostics of cognitive impairment may be lost in the principal 

component analysis. 

• Independence of components – The principal components from the 

PCA analysis are independent, i.e., they are unrelated to each other.  

Therefore, the data obtained in the principal components analysis are 

treated with caution to assess possible correlations between variables.  
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3.4.1 Principal component analysis for visual rating scales 
 

Ordinal scales of the visual rating scales were subjected to PCA to reduce 

the dimensionality of the data and to identify factors that might affect cognitive 

function. The software automatically processes the data and applies a weighted 

mean of 0 with a standard deviation of 1. The PCA was performed using singular 

value decomposition (SVD) to identify principal components. The MoCA score 

was set as the target value for the PCA. Using a value scree plot, 3 principal 

components were identified, explaining 71 % of the variance (see Figure 3.7). 

 

 

Figure 3.7 Scree plot with explained variance  

and principal component quantities 
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The value of principal component 1 (PC1) explained 42.2 % of the 

variance and was characterized mainly by the GCA scale, the MTA scale, and 

the ERICA scale, with a smaller measure of PVWM hyperintensities, which 

could be relevant for participants with mainly non-vascular cognitive impairment 

(see figure 3.8, left). The results were also compared between groups and 

statistically significant differences were observed (see Figure 3.8, right). The 

largest differences between groups were observed when comparing the normal 

CF and mild CI groups with the moderate CI and severe CI groups.  
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Figure 3.8 On the left MoCA score association with PC1;  

On the right PC1 differences between groups  

1 – patients without cognitive impairment in blue, 2 – patients with mild cognitive 

impairment in red, 3 – patients with moderate cognitive impairment in green and  

4 – patients with severe cognitive impairment in orange; X – males, O – females. 
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The value of principal component 2 explained 16.9 % of the variance and 

was mainly characterized by the PVWM hyperintensity scale and the DWM 

hyperintensity scale, which could be relevant mainly for patients with vascular 

cognitive impairment (see Figure 3.9, left). The results were also compared 

between groups and statistically significant differences were observed 

(p = 0.044), see Figure 3.9 on the right. The largest differences between groups 

were observed when comparing the normal CF and mild CI groups with the 

moderate CI and severe CI groups. 
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Figure 3.9 On the left MoCA score association with principal component 2 

(PC2); On the right PC2 differences between groups  

1 – patients without cognitive impairment in blue, 2 – patients with mild cognitive 

impairment in red, 3 – patients with moderate cognitive impairment in green and  

4 – patients with severe cognitive impairment in orange; X – males, O – females. 
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The value of principal component 3 (PC3) explained 11.9 % of the 

variance and was characterized mainly by microhaemorrhages, which could be 

relevant mainly in patients with cerebral amyloid angiopathy or mainly 

microvascular lesions leading to cognitive impairment (see Figure 3.10, on the 

left). In contrast, no statistically significant differences were observed when 

comparing component 3 between groups (p = 0.710). 
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Figure 3.10 On the left MoCA score association with principal component 3 

(PC3); on the right PC3 differences between groups  

1 – patients without cognitive impairment in blue, 2 – patients with mild cognitive 

impairment in red, 3 – patients with moderate cognitive impairment in green and 

4 – patients with severe cognitive impairment in orange; X – males, O – females. 
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3.4.2 Principal component analysis for volume measurements  

and cortical thickness measurements 
 

Brain volume and cortical thickness were assessed using Principal 

Component Analysis (PCA) to perform a general exploratory analysis of the 

quantitative data. 95 variables were used for the analysis and the MoCA score 

was set as the target value for principal components. Using a scree plot, 

9 principal components were identified, explaining 71 % of the variance (see 

Figure 3.11). 

 

 

Figure 3.11 Scree plot explained variance and number  

of principal components for PCA 

  



 

70 

 

After identifying the principal components, the ability of each principal 

component to explain the variance in the data was assessed – PC1: Explains 

26.66 % of the total variance in the data, PC2: Explains 16.51 % of the total 

variance in the data, PC3: Explains 7.73 % of the total variance in the data, PC4: 

Explains 5. 22 % of the total data variance, PC5: Explains 4.63 % of the total 

data variance, PC6: Explains 3.29 % of the total data variance, PC7: Explains 

2.53 % of the total data variance, PC8: Explains 2.40 % of the total data variance, 

PC9: Explains 2.31 % of the total data variance. 

The relationship of the principal components to the MoCA score and the 

participant group is shown in Figure 3.12. 
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Figure 3.12 Relationship of MoCA score to principal components from 

PC1  

to PC9 – first row left to right from PC1 to PC3, second row left to right 

from PC4 to PC6, third row left to right from PC7 to PC9  

Blue – patients without cognitive impairment, red - patients with mild cognitive 

impairment, green – patients with moderate cognitive impairment and orange –  

patients with severe cognitive impairment; X – males, O – females.  
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Given the relatively large number of principal components and given that 

some of the principal components explain only a small proportion of the variance 

in the data, FreeViz data visualization was used to identify possible relationships 

between the PK and MoCA test results (Demšar et al., 2007). The result of the 

FreeViz data visualization is shown in Figure 3.13. 

 

 

Figure 3.13. FreeViz data visualization shows the distribution of data  

based on the PCA analysis 

Blue – participants with no cognitive impairment, red – participants with mild cognitive 

impairment, green – participants with moderate cognitive impairment and orange – 

participants with severe cognitive impairment; X – men, O – women;  

the value at the dot is the MoCA test score. 
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When visualizing the FreeViz data, it can be observed that higher MoCA 

values are centrally localized, indicating an association between PC and MoCA 

results. Possible explanation for this distribution: 

• Central concentration of higher MoCA scores – Participants with 

higher MoCA scores have similar values for brain structures covered 

by PK. This may indicate a cluster of brain structures that is 

associated with better cognitive function. 

• Lower MoCA scores further from the central part – lower MoCA 

scores further from the central part indicate higher variability. This 

may indicate the involvement of several clusters of brain structures 

in the development of cognitive impairment. 

In addition to the above-mentioned relationships, it can be observed that 

lower MoCA values in the moderate CI and severe CI groups are observed in the 

PC1 and PC9 directions, indicating a stronger association of these PC. On the 

other hand, when assessing the localization between normal CF and mild CI, it 

can be observed that there is a slightly stronger shift towards PC4, PC5 and PC7 

for mild CI, so if it is necessary to differentiate normal CF from mild CI, the 

combinations of these PC might be more relevant.  

Overall, the Principal Components Analysis in combination with the 

FreeViz data visualization outlines several possible future research directions 

where quantitative data could be combined to build predictive models. 
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Discussion 
 

Cognitive impairment and dementia diagnostics are a complex process 

involving a variety of diagnostic tools and techniques, including brain MRI. In 

general, brain MRI plays a vital role in the diagnosis of cognitive impairment, 

but the use of quantitative biomarkers has the potential to increase its role and 

improve early diagnosis of cognitive impairment and dementia. By providing 

objective measurements of brain structures, biomarkers can help in early 

diagnosis and assessment of progression, as well as in the development of 

personalized interventions (Cummings et al., n.d.; Silva-Spínola et al., 2022). 

Qualitative visual rating scales were introduced to assess brain structures 

more objectively and to standardize findings on brain MR images. After their 

introduction, reference values were developed and their association with 

cognitive impairment and dementia was assessed (Ferreira et al., 2015). 

Qualitative rating scales have the advantage of being relatively quick and easy to 

use, no specific software requirements and low costs. Although in some studies 

visual assessment scales show good reliability, reproducible scores between 

radiologists and satisfactory correlation with quantitative measurements, it 

should be noted that there may be differences between radiologists' assessments, 

which may be due to inexperience, inaccurate projection selection, incorrect 

sequence selection and also due to differences in image quality between different 

MRI machines. (Pasquier et al., 1996b; Scheltens et al., 1997; Wahlund et al., 

2016). It should be noted that visual rating scales are ordinal and do not reflect 

small changes in the brain, which may be clinically significant in certain cases. 

Despite all the limitations, visual assessment scales are now more widely used in 

clinical practice than quantitative brain measurements. In this thesis, participants' 

brain MRI scans were evaluated using the global cortical atrophy scale, medial 

temporal lobe atrophy scale, white matter hyperintensity scale or Fazekas scale, 
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temporal lobe atrophy or Koedam scale, entorhinal cortical atrophy scale and 

perivascular space dilation assessment scale.  

The Global Cortical Atrophy (GCA) scale showed statistically 

significant differences when participants were divided into 2 groups (normal 

cognition and cognitive impairment groups) and statistically significant 

differences when participants were divided into 4 groups (between groups 

normal CF – moderate CI, normal CF – severe CI, mild CF – moderate CI and 

mild CI – severe CI). Overall, the results show an association of the GCA scale 

with cognitive impairment, but problems in differentiating cognitive impairment 

arise when comparing scores between normal CF and mild CI – differentiation 

between these groups is difficult not only radiologically, but also with cognitive 

tests and clinical assessment (Thomann et al., 2020).  

The results observed in this thesis are consistent with the literature – 

higher scores on the GCA scale may indicate existing cognitive impairment or 

a risk of developing cognitive impairment in the future (Al-Janabi et al., 2018; 

Chan et al., 2001; Harper et al., 2015; Yew et al., 2017). It should be noted that 

the original GCA scale with analysis of each region and ventricle dilatation was 

used in the thesis (with a maximum score of 37), but nowadays a simplified 

approach with the GCA scale score (1 – opening of sulci or mild ventricular 

enlargement; 2 – volume loss of gyri or moderate ventricular enlargement, 3 – 

marked volume loss or “knife blade” atrophy) is often used (Harper et al., 2015; 

Muzio, n.d.). 

Given the non-specific nature of the GCA scale and the fact that specific 

brain regions are known to be more specific in terms of cognitive impairment 

diagnostics, region-specific visual rating (qualitative) scales have also been 

developed, i.e. the medial temporal lobe atrophy scale (MTA), the parietal lobe 

atrophy scale and the entorhinal cortex atrophy scale (ERICA). 
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The medial temporal lobe atrophy scale mainly assesses the 

hippocampus, the lateral ventricle width (fissura chorioidea) and the 

parahippocampal cortex. In our study, statistically significant differences were 

observed when participants were divided into 2 groups (with and without 

cognitive impairment), with a mean value of 0.896 for patients without cognitive 

impairment and 1.658 for patients with cognitive impairment. Statistically 

significant differences were observed between normal CF-moderate CI, normal 

CF-severe CI, mild CF-moderate CI and mild CI-severe CI when participants 

were divided into 4 groups. With overall mean values of normal CF - 0.896, mild 

CI - 1.066, moderate CI 2.450 and severe CI 3.278. In the literature, the cut-off 

value for an abnormal finding on the MTA scale varies, with sources citing 

a score of 2 (up to 75 years of age) as an abnormal finding, other authors 

suggesting a cut-off value of 1.5, but most studies now recommend the use of 

age-appropriate values, i.e. a value ≥ 1.0 is considered abnormal in the < 65 age 

group, ≥ 1.5 in the 65–74 age group, ≥ 2.0 in the 75–84 age group and ≥ 2.0 in 

the > 85 age group (Barkhof and van Buchem, 2016; Claus et al., 2017; 

Ferreira et al., 2015).  

Closely related to the MTA scale is the entorhinal cortical atrophy scale 

(ERICA). The entorhinal cortical atrophy scale is a relatively newer scale and is 

less commonly used in clinical practice. The entorhinal cortex provides signal 

transmission from the hippocampus to the neocortex, is involved in memory 

consolidation processes and visuospatial navigation, and entorhinal atrophy has 

been observed to precede hippocampal atrophy in AD (Braak and Braak, 1991; 

Du et al., 2004; Enkirch et al., 2018; Khan et al., 2014; van Strien et al., 2009). 

Studies using the ERICA scale were able to distinguish Alzheimer's disease from 

subjective cognitive impairment with a sensitivity of 83 % and a specificity of 

98 % (Enkirch et al., 2018). The ERICA scale showed statistically significant 

differences in both hemispheres when participants were divided into 2 groups: 
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those without cognitive impairment had a mean score of 0.583 on the right and 

0.542 on the left, those with cognitive impairment had a mean score of 1.140 on 

the right and 1.228 on the left. Thus, our finding is different from that reported 

in the studies and patients with ERICA scale values below 2 were found to have 

cognitive impairment. When the ERICA scale was assessed in the 4 groups, 

statistically significant differences were observed between normal CF-moderate 

CI, normal CF-severe CI, mild CF-moderate CI and mild CI-severe CI. When 

considering the mean values per group, participants in the moderate CI and 

severe CI groups were closer to grade 2 of the ERICA scale. In contrast, no 

statistically significant differences were observed between normal CF and mild 

CI. In summary, the ERICA scale can be used as an additional tool to assess the 

brain in patients with subjective cognitive impairment, but findings in other 

assessment scales should also be considered.  

The assessment of the parietal lobe atrophy scale is important because 

in early Alzheimer's disease, parietal lobe atrophy can be one of the first signs of 

cognitive impairment (Jacobs et al., 2011; Lehmann et al., 2012; Silhan et al., 

2020). In our study group, statistically significant differences were observed 

between the cognitive impairment group and the no cognitive impairment group 

with mean values of 1.596 and 1.115, respectively. Statistically significant 

differences were also observed between the 4 patient groups, with statistically 

significant differences in the values of the parietal lobe. Atrophy Scale between 

the patient groups on both the right and left side. In contrast to previous visual 

assessment scales, statistically significant differences were also observed 

between normal CF and mild CI in the right parietal lobe, and no statistically 

significant differences were observed between mild CI and moderate CI. These 

differences point to the possible importance of parietal lobe atrophy in cognitive 

impairment and dementia, as suggested by several authors, especially in early 

dementia (Jacobs et al., 2011; Lehmann et al., 2012; Silhan et al., 2020).  
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The microvascular structure of the brain plays an important role in the 

pathogenesis of cognitive impairment. On structural MRI, the microvascular 

status can be assessed by detecting perivascular space enlargement, the presence 

of microhaemorrhages and white matter hyperintensities (Wardlaw et al., 2013).  

Some authors suggest that perivascular space enlargement plays an 

important role in the functioning of the glymphatic system of the brain and could 

serve as a structural biomarker to identify individuals at increased risk of 

developing cognitive impairment (Jie et al., 2020; Maclullich et al., 2004; 

Wardlaw et al., 2013). However, as with other MRI biomarkers, perivascular 

space enlargement may be observed in patients with arterial hypertension, 

diabetes mellitus, and normal ageing (Choi et al., 2021; Gutierrez et al., 2017; 

Wardlaw et al., 2013).  

Perivascular space enlargement was assessed in centrum semiovale, 

basal nuclei and midbrain using the scoring system proposed by Potter et al. 

(Potter et al., 2015). No statistically significant differences were observed in the 

perivascular space enlargement in the participant groups. Given that perivascular 

enlargement can also occur in normal ageing, it should be assessed together with 

other structural biomarkers, thus providing more insight into brain changes in 

cognitive impairment. 

Although microhaemorrhages in the brain can affect cognitive function 

(Akoudad et al., 2016; Martinez-Ramirez et al., 2014) no statistically significant 

differences were observed when assessing microhaemorrhages in the participants 

of our study. This could be due to the exclusion criteria, as the patients with 

a history of haemorrhagic stroke were not included in the study.  

The White Matter Hyperintensity Rating Scale is one of the oldest 

scales in use. When white matter hyperintensities were assessed in 

periventricular and deep white matter and participants were divided into 2 groups 

(with and without cognitive impairment), no statistically significant differences 
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between groups were observed. When patients were divided into 4 groups, 

statistically significant differences in PVWM and total Fazekas scale score were 

observed between normal CF-severe CI, mild CI-severe CI. Overall, white matter 

hyperintensities are a known risk factor for the development of cerebrovascular 

and neurodegenerative diseases (Brickman et al., 2012; Chen et al., 2021; 

Veldsman et al., 2020). PVWM and DWM hyperintensities are associated with 

cognitive impairment in domains such as information processing speed, 

executive function and attention (Prins and Scheltens, 2015). In some 

longitudinal studies, increases in white matter hyperintensities are associated 

with progression of cognitive impairment and reduction in cortical thickness 

(Boyle et al., 2016; Jiang et al., 2022; Kim et al., 2020; J. Lee et al., 2018). 

Despite several studies indicating an association of white matter hyperintensities 

with cognitive impairment, there are studies that attribute such an association to 

other conditions or observe only a small association when adjusting for 

confounding factors (Mortamais et al., 2013). In general, white matter 

hyperintensities could be one of the biomarkers for cognitive impairment, 

especially vascular cognitive impairment. In our study group, vascular cognitive 

impairment was an exclusion criterion and this could partly explain why no 

statistically significant differences were observed between our groups. 

Overall, the results of the visual assessment scales suggest that the scales 

used are complementary and are representative of a particular brain region or 

observation that may affect cognitive function. The limiting factors of visual 

rating scales must be considered, i.e., the subjectivity of the rater, the experience 

of the rater in using the scales, the relatively lower sensitivity in the evaluation 

of small structures and the amount of time required for the evaluation. Therefore, 

the use of visual assessment scales in combination with quantitative brain data 

such as subcortical structure volume measurements, cortical thickness 

measurements and white matter tract analysis should be considered. Using 
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quantitative brain measurements it is possible to assess changes in the brain more 

objectively, and it is possible to assess changes in cortical thickness or volume 

that are not possible in qualitative assessment (Sangha et al., 2021; Schwarz 

et al., 2016). 

When subcortical brain structure volumes were measured and 

participants were divided into 2 groups, statistically significant differences were 

observed in left hippocampal volume and bilaterally in the nucleus accumbens. 

In contrast, when the participants were divided into 4 groups, statistically 

significant differences were observed in the volumes of the hippocampus 

bilaterally, amygdala bilaterally, the left nucleus accumbens and the right 

cerebellar cortex. Similar results have been observed in other studies where 

significant differences in cognitive impairment are observed in the hippocampus 

and the amygdala (Dawe et al., 2020; Nobis et al., 2019; Sangha et al., 2021; 

Schwarz et al., 2016). The role of the hippocampus and amygdala in the 

development of cognitive impairment has been widely studied and to some extent 

explained, i.e. the hippocampus plays an important role in memory formation, 

memory consolidation, visuospatial processing (Braak and Braak, 1991; Dawe 

et al., 2020; Devanand et al., 2007; Lee et al., 2012; van Strien et al., 2009) and 

amygdala is responsible for emotion processing and emotion regulation - atrophy 

or damage to the amygdala can lead to emotional and behavioural changes that 

are common in people with dementia, such as apathy, anxiety and aggression 

(Belkhiria et al., 2020; Braak and Braak, 1991; Poulin et al., 2011; Prieto 

del Val et al., 2016). 

Nucleus accumbens atrophy is less frequently reported in studies, but 

there are a number of studies showing similar changes with nucleus accumbens 

atrophy in patients with cognitive impairment and dementia (Kawakami et al., 

2014; Nie et al., 2017), its atrophy is associated with clinical manifestations such 

as limbic dysfunction, depression, apathy, anxiety and nucleus accumbens 
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atrophy is also associated with symptoms of Parkinson's disease, which include 

hypokinesia and akinesia (Mavridis et al., 2011; Mavridis, 2015; Nie 

et al., 2017). 

While historically cerebellar function was mainly associated with motor 

functions, coordination and balance, it has now become clear that the cerebellum 

is the associative centre for higher cognitive functions, and, thanks to fMRI 

scans, the association between cognition and specific regions of the cerebellum 

has been found (Allen and Courchesne, 1998; Koziol et al., 2014; Leiner et al., 

1993), but it should be noted that several studies found no statistically significant 

differences with cognitive impairment (Bernard et al., 2014; Hoogendam et al., 

2014; Paradiso et al., 1997; Zdanovskis et al., 2021). In contrast, the papers by 

Mitoma et al. and Bordignon et al. view the cerebellum as a structure that 

provides cognitive reserve, i.e., the cerebellar cognitive reserve is defined as the 

cerebellum's ability to compensate and restore some function in response to 

damage or atrophy in other parts of the brain. In the context of cognitive 

impairment, there may be no structural differences in the cerebellum between 

study groups, but there is a reorganization of compensatory signal transduction, 

which may result in improved cognitive function  (Bordignon et al., 2021; 

Mitoma et al., 2020).  

In addition to volumetric measures, cortical thickness in different brain 

regions was also analysed to identify possible differences between groups. 

Statistically significant differences in left entorhinal cortical thickness were 

observed when participants were divided into 2 groups. In contrast, when the 

participants were divided into 4 groups, statistically significant differences in 

cortical thickness were observed in the temporal lobe (bilateral entorhinal 

cortex, bilateral parahippocampal cortex, bilateral medial temporal lobe cortex, 

bilateral fusiform cortex, bilaterally in the superior cortex of the temporal lobe, 

in the right transverse cortex of the temporal lobe), the parietal lobe (bilaterally 
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in the supramarginal cortex, right cingulum isthmic part and left inferior cortex 

of the parietal lobe) and the right pericalcarine cortex of the occipital lobe. 

The involvement of the entorhinal cortex in the development of cognitive 

impairment and the relationship of entorhinal cortex thickness measurements to 

it are well established  (Holbrook et al., 2020; Velayudhan et al., 2013). Similar 

observations are also found in the parahippocampal cortex and other parts of the 

temporal lobe, which in combination with loss of cortical thickness in the 

temporal lobe may indicate a higher risk of developing dementia (Du et al., 2007; 

Machulda et al., 2020; Verfaillie et al., 2016; Zarei et al., 2013).  

Our cortical measurements are partly consistent with other studies looking 

for “Alzheimer's disease signature cortex” (Bakkour et al., 2009; Dickerson 

et al., 2009; Schwarz et al., 2016). For example, the Schwarz et al study 

recommended 6 cortical regions to be evaluated in Alzheimer's disease – 

entorhinal cortex, fusiform cortex, parahippocampal cortex, medial temporal 

lobe, inferior temporal cortex and angular cortex – compared with our data, we 

have similar results, with 5 of  6 cortical regions showing the largest differences 

between groups. In general, other studies have also cited the entorhinal cortex, 

parahippocampal cortex and temporal lobe cortex as the main cortical areas to be 

assessed in cognitive impairment (Bakkour et al., 2009; Dickerson et al., 2009; 

Machulda et al., 2020; Schwarz et al., 2016).  

In our study, a DTI sequence was used to evaluate quantitative 

tractography data, in this case fractional anisotropy (FA) data. DTI is a relatively 

newer technique used to assess white matter in the brain, i.e., to assess not only 

the presence of lesions (as in the case of white matter hyperintensities), but to 

determine to what extent these lesions may affect the integrity of the brain tracts. 

In the context of cognitive impairment, quantitative FA measurements are 

associated with changes in the nerve fibres of the tract, which also result in 

changes in the direction of diffusion of water molecules. Several studies have 
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observed changes in FA in specific brain regions that have been linked to the 

development of cognitive impairment, for example in the whole brain (Xing 

et al., 2021) and corpus callosum (Raghavan et al., 2020).  

Fractional Anisotropy (FA) measurements were performed, and 

participants were divided into 2 groups and statistically significant differences 

were observed between the normative percentiles of the whole brain, right-sided 

and left-sided corticospinal tracts, with lower normative percentile values in the 

group without cognitive impairment. Limitations in the interpretation of these 

results should be mentioned. The normative percentile value is calculated as the 

value from the standardized control group, which assumes a linear relationship 

between FA and age change, some studies confirm this, but an examination of 

longitudinal data on FA and DTI assessment has concluded that there is a very 

wide variability in FA across the life course and also at the individual level 

(Sexton et al., 2014). In addition to individual variation, FA outcomes may be 

influenced by the development of the crossed tracts and changes in the 

microstructural organization of the tracts. Another important factor is the high 

heterogeneity in the group of patients with cognitive impairment, which makes 

comparison of FA difficult if milder and more severe cognitive impairment are 

not separated. Therefore, FA data were also compared by dividing patients into 

4 groups.  

When patients were divided into 4 groups, statistically significant 

differences were observed in whole-brain FA, whole-brain FA normative 

percentile score, bilaterally in SLF-arcuate FA and FA normative percentile, in 

the asymmetry of SLF-arcuate FA, bilaterally in inferior frontal-occipital 

fasciculus FA and normative percentile, left cingulum FA and normative 

percentile, and right cingulum FA normative percentile. 
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Comparing the results with studies by other authors, Xing et al. concluded 

that whole-brain FA changes are a better predictor of cognitive impairment than 

tract-specific FA measurements and brain volume measurements (Xing et al., 

2021). The SLF-arcuate fasciculus connect different lobes of the brain, thus 

affecting several cognitive domains that also provide visuospatial function and 

speech perception and memory, but the relationship with cognitive function is 

not straightforward across studies, i.e., Hoeft et al. found that increased FA was 

associated with poorer visuospatial function performance (Hoeft et al., 2007; 

Koshiyama et al., 2020; Koyama and Domen, 2017). In contrast, a decrease in 

cingulum FA in cognitive impairment has been observed in several studies 

(Dalboni da Rocha et al., 2020; Hall et al., 2021; Xiao et al., 2022).As before, 

FA results should be interpreted with caution. DTI provides additional 

information on the structure of the white matter of the brain, but there are several 

limitations in the evaluation and reproducibility of these results, i.e., the 

quantitative value of FA is a general measure of the localization of a specific 

region/tract and the analysis does not take into account fibre crossing or damage 

in another tract; the DTI sequence has a relatively higher signal-to-noise ratio 

(SNR) compared to other sequences, which can be partially corrected by 

choosing appropriate scan parameters (increasing scan time) and performing 

appropriate image post-processing; The DTI sequence is sensitive to motion and 

other artefacts that can lead to inaccurate diffusion measurements resulting in 

inaccurate fractional anisotropy results; differences in equipment, post-

processing algorithms and data acquisition methods make DTI results difficult to 

reproduce (Tax et al., 2022).  

Despite its limitations, the use of DTI sequences in the diagnosis of 

cognitive impairment provides additional information that potentially could be 

used in future.  
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Limitations and constraints in the evaluation of quantitative brain 

MRI data in cognitive impairment 

In general, the assessment and diagnosis of cognitive impairment, both 

clinically and radiologically, is a complex process and requires multidisciplinary 

collaboration and active patient follow-up to differentiate at-risk patients early. 

Several limitations of cognitive impairment studies, including the one performed, 

can have a significant impact on the interpretation of results: 

1. Participant selection and heterogeneity. Patient selection and 

patient heterogeneity may affect the results of a study. Most 

participants in the control group presented to a neurologist with 

complaints unrelated to cognitive impairment or with subjective 

cognitive impairment. In certain cases, this cohort of control 

participants may not be representative of the general population and 

the values from controls may be inaccurate, leading to inaccurate 

interpretation of results and erroneous conclusions. 

2. Insufficient number of participants. A limited number of 

participants affects the statistical power of the results. Within the 

framework of the thesis, appropriate statistical analysis methods 

were used to confirm or reject the hypotheses. Based on the 

statistical power calculations and the effect sizes of the existing 

variables, the required number of patients to achieve 80 % statistical 

power when dividing patients into 2 groups (with and without 

cognitive impairment) and assessing them by visual rating scales 

requires between 70 and 145 participants per group, whereas when 

assessing patients quantitative measures the required number of 

participants per group (depending on the variable chosen) is between 

100 and 1000. Further research on cognitive impairment should 

consider the number of participants needed to achieve greater 

statistical power. 
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3. Software and software development. All MR images of the study 

participants were analysed with the latest version of Freesurfer 

software and the latest Icometrix software package. The data 

generated by this software are applicable to the current version of 

the software and are not applicable to older versions and are unlikely 

to be applicable to newer versions of the software. Note that the 

brain data obtained are only comparable to the results analysed in 

the specific software. If other software is used - using other 

segmentation algorithms or machine learning algorithms - the results 

may differ. With software development - new results may be 

discovered related to changes in cognitive function and dementia. 

4. Technological differences in MR equipment. The magnetic field 

strength of the MR equipment, the MR equipment from different 

manufacturers, the chosen MR sequences and sequence parameters 

can all affect the quantitative MR results and make the data difficult 

to compare, reproduce and interpret. 

5. Subjective assessment of cognitive function. Although cognitive 

tests are designed to reduce subjectivity, the communication 

between the test-taker and the performer and possible 

communication problems that may lead to inaccurate cognitive 

assessment must be considered. 

6. Control group and study participant differences. Without 

a properly matched control group that is as similar as possible to the 

study participants, it may be difficult to identify which radiological 

changes are associated with cognitive changes and dementia. 

7. Lack of longitudinal data. Quantitative changes in brain structure 

over time are influenced by a variety of factors with wide individual 

variability, so it should be noted that longitudinal data may be more 
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useful in certain cases than a cross-sectional measure of age-

matched normalized values or a control group. 

8. Impact of biological and environmental factors. Several 

biological and environmental factors, such as heredity, education, 

medication use, diet, and lifestyle, can influence both changes in 

brain biomarkers and the development of cognitive function and 

dementia. It can be difficult to exclude or control the influence of all 

these factors in a study. 

9. Co-morbidities of participants. Other medical conditions and 

diseases that may be associated with cognitive changes and dementia 

may cause problems in the interpretation of the study results, such 

as depression, diabetes, hypertension, other undiagnosed psychiatric 

conditions, etc. 

Despite several limitations, thanks to the software developments, 

improvements in standardization and the introduction of new clinically validated 

tools into clinical practice, quantitative MRI biomarkers offer the opportunity to 

assess the brain objectively and comprehensively, including cortical thicknesses, 

subcortical volumes and assessment of white matter structure. 

Overall, the use of quantitative MRI biomarkers in cognitive impairment 

and dementia is a relatively new and evolving area of research that could in the 

near future improve the accuracy of diagnostics.  
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Conclusions 
 

The aim of this thesis was to determine the association of qualitative and 

quantitative changes in radiological biomarkers in the brain with changes in 

cognitive function and dementia. The aims of the thesis were achieved, and the 

hypotheses were confirmed: 

• In cognitive impairment and dementia there are structural changes 

that can be assessed by both visual rating scales and quantitative 

brain analysis.  

• In cognitive impairment, changes in quantitative values are observed 

in specific brain regions. 

Based on the analysis of the visual assessment scales, an association with 

cognitive impairment was observed by assessing Global Cortical Atrophy Scale, 

Medial Lobe Atrophy Scale, Entorhinal Cortical Atrophy Scale, Parietal Lobe 

Atrophy Scale scores. 

Based on the quantitative measurements identified, the following 

conclusions were drawn for quantitative biomarkers of MR: 

• By performing volumetric measurements association with 

cognitive impairment was observed in hippocampal volume, 

amygdala volume and nucleus accumbens volume. 

• By performing cortical thickness measurements association with 

cognitive impairment was observed in entorhinal cortex bilaterally, 

parahippocampal cortex bilaterally, middle temporal lobe cortex 

bilaterally, fusiform cortex bilaterally, superior temporal lobe cortex 

bilaterally, transversal temporal lobe cortex on the right side, 

supramarginal cortex bilaterally, isthmus cinguli cortex on the right 

side, lower parietal lobe cortex on the left side and pericalcarine 

cortex on the right side.  
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Principal Component Analysis (PCA) was used to identify relationships 

between multiple quantitative variables and to derive several principal 

components that could be used in further research to explain differences between 

cognitive impairment groups. 

Based on the DTI FA quantitative measures the association with cognitive 

impairment was observed in whole-brain FA results, SLF-arcuate fasciculus FA 

results bilaterally, inferior frontal-occipital fasciculus FA results bilaterally and 

cingulum FA results bilaterally.  
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Recommendations 
 

1. In patients with cognitive impairment, MRI scans should include sequences 

that allow image post-processing and quantitative assessment of structures, 

i.e., 3D T1, 3D FLAIR. Additional sequences for further studies should also 

be considered including diffusion imaging (with multiple b-values and 

multiple directions), arterial spin labelling (ASL) and functional magnetic 

resonance imaging (fMRI). 

2. Based on our findings, MRI reports for patients with suspected cognitive 

impairment should include: 

• Fazekas scale, 

• Medial temporal atrophy scale, 

• Parietal atrophy scale, 

• Global cortical atrophy scale, 

• Entorhinal cortical atrophy scale, 

3. In patients with suspected cognitive impairments, using clinically validated 

quantification software (depending on the software's capabilities), assess: 

• Hippocampal volume,  

• Amygdala volume, 

• Entorhinal cortex thickness, 

• Parahippocampal cortex, 

• Temporal and parietal cortex thickness and volumetric data 

(depending on software capabilities). 

4. If applicable, give possible etiological cause of cognitive impairment based 

on MRI findings, i.e., vascular cognitive impairment, neurodegenerative 

disease, mixed cognitive impairment.  
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5. The observed relationships based on the analysis of the principal 

components could be used in future studies to create predictive models and 

analyse the relationship of principal components with diagnosis of 

cognitive disorders.  
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Annex 1 

Quantitative data of cerebral cortex in both hemispheres 

 

  

Valid Median Mean
Std. Error 

of Mean
Upper Lower

Std. 

Deviation
Range

Maximu

m

Normāla KF 24 2,888 2,845 0,049 2,941 2,75 0,239 0,824 3,124

Viegli KT 37 2,825 2,761 0,057 2,873 2,649 0,347 1,472 3,323

Mēreni KT 10 2,186 2,202 0,097 2,392 2,012 0,307 0,944 2,711

Smagi KT 9 2,298 2,097 0,291 2,667 1,526 0,873 2,801 2,801

Normāla KF 24 2,905 2,904 0,069 3,04 2,768 0,339 1,646 3,797

Viegli KT 37 2,875 2,914 0,059 3,029 2,798 0,359 1,516 3,53

Mēreni KT 10 2,516 2,53 0,173 2,868 2,191 0,547 1,534 3,268

Smagi KT 9 2,436 2,167 0,305 2,766 1,569 0,916 3,112 3,112

Normāla KF 24 2,633 2,665 0,055 2,773 2,557 0,27 0,927 3,205

Viegli KT 37 2,776 2,775 0,05 2,873 2,676 0,305 1,259 3,459

Mēreni KT 10 2,383 2,375 0,102 2,575 2,175 0,323 0,933 2,803

Smagi KT 9 2,339 2,098 0,271 2,63 1,567 0,813 2,747 2,747

Normāla KF 24 2,607 2,625 0,028 2,68 2,57 0,137 0,534 2,95

Viegli KT 37 2,616 2,651 0,038 2,725 2,576 0,231 0,906 3,117

Mēreni KT 10 2,405 2,363 0,091 2,541 2,185 0,287 0,927 2,871

Smagi KT 9 2,222 2,046 0,269 2,573 1,52 0,806 2,69 2,69

Normāla KF 24 2,512 2,515 0,025 2,564 2,466 0,123 0,474 2,762

Viegli KT 37 2,518 2,517 0,018 2,552 2,482 0,108 0,377 2,703

Mēreni KT 10 2,321 2,323 0,062 2,446 2,201 0,197 0,626 2,586

Smagi KT 9 2,273 2,409 0,116 2,635 2,182 0,347 1,094 3,2

Normāla KF 24 2,572 2,56 0,019 2,598 2,522 0,095 0,329 2,709

Viegli KT 37 2,58 2,587 0,024 2,633 2,54 0,145 0,536 2,849

Mēreni KT 10 2,436 2,415 0,047 2,506 2,323 0,147 0,408 2,631

Smagi KT 9 2,451 2,488 0,087 2,658 2,318 0,26 0,809 3

Normāla KF 24 2,5 2,492 0,023 2,537 2,447 0,112 0,466 2,692

Viegli KT 37 2,512 2,502 0,022 2,546 2,458 0,137 0,605 2,768

Mēreni KT 10 2,356 2,379 0,055 2,486 2,272 0,172 0,583 2,766

Smagi KT 9 2,308 2,329 0,049 2,425 2,232 0,147 0,457 2,566

Normāla KF 24 2,548 2,534 0,02 2,572 2,495 0,097 0,363 2,71

Viegli KT 37 2,574 2,565 0,027 2,619 2,511 0,167 0,654 2,914

Mēreni KT 10 2,485 2,465 0,055 2,573 2,357 0,175 0,584 2,755

Smagi KT 9 2,449 2,398 0,056 2,508 2,289 0,168 0,47 2,64

Normāla KF 24 2,527 2,518 0,022 2,561 2,475 0,107 0,505 2,753

Viegli KT 37 2,525 2,534 0,022 2,576 2,491 0,132 0,496 2,76

Mēreni KT 10 2,397 2,333 0,07 2,471 2,195 0,222 0,619 2,558

Smagi KT 9 2,266 2,319 0,063 2,443 2,195 0,19 0,519 2,552

Normāla KF 24 2,542 2,573 0,029 2,63 2,517 0,141 0,56 2,91

Viegli KT 37 2,64 2,627 0,027 2,68 2,575 0,164 0,684 2,897

Mēreni KT 10 2,485 2,394 0,072 2,535 2,254 0,227 0,722 2,683

Smagi KT 9 2,505 2,379 0,077 2,53 2,229 0,23 0,586 2,628

Normāla KF 24 2,378 2,314 0,042 2,396 2,232 0,205 0,782 2,656

Viegli KT 37 2,37 2,41 0,034 2,476 2,344 0,204 0,828 2,784

Mēreni KT 10 2,279 2,222 0,068 2,354 2,089 0,213 0,627 2,495

Smagi KT 9 2,298 2,126 0,092 2,307 1,945 0,277 0,769 2,45

Normāla KF 24 2,317 2,328 0,022 2,372 2,284 0,109 0,414 2,586

Viegli KT 37 2,292 2,308 0,019 2,344 2,272 0,113 0,469 2,502

Mēreni KT 10 2,224 2,201 0,048 2,296 2,107 0,153 0,508 2,466

Smagi KT 9 2,004 2,095 0,068 2,229 1,962 0,204 0,577 2,403

Normāla KF 24 2,302 2,319 0,017 2,352 2,287 0,082 0,351 2,538

Viegli KT 37 2,388 2,347 0,019 2,385 2,309 0,118 0,474 2,584

Mēreni KT 10 2,204 2,242 0,039 2,318 2,166 0,123 0,316 2,406

Smagi KT 9 2,133 2,188 0,075 2,336 2,04 0,226 0,683 2,561

Normāla KF 24 2,204 2,234 0,03 2,293 2,175 0,147 0,533 2,512

Viegli KT 37 2,249 2,23 0,025 2,279 2,182 0,151 0,645 2,525

Mēreni KT 10 2,109 2,153 0,068 2,285 2,02 0,214 0,74 2,585

Smagi KT 9 2,106 2,082 0,045 2,17 1,995 0,134 0,371 2,252

Normāla KF 24 2,269 2,272 0,021 2,312 2,231 0,101 0,409 2,464

Viegli KT 37 2,261 2,273 0,018 2,308 2,239 0,107 0,366 2,446

Mēreni KT 10 2,195 2,179 0,033 2,245 2,114 0,106 0,329 2,348

Smagi KT 9 2,101 2,092 0,084 2,256 1,927 0,251 0,741 2,526

Normāla KF 24 1,656 1,644 0,023 1,69 1,598 0,114 0,438 1,834

Viegli KT 37 1,738 1,752 0,026 1,803 1,701 0,158 0,681 2,067

Mēreni KT 10 1,648 1,704 0,048 1,798 1,61 0,152 0,463 1,96

Smagi KT 9 1,557 1,685 0,12 1,921 1,45 0,36 1,156 2,602
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Annex 2 

Spearman correlations between visual rating scales 

 

  

Variable

MDA 

labajā 

pusē

MDA 

kreisajā 

pusē

Fazekas 

skala 

PVBV

Fazekas 

skala 

DzBV

Fazekas 

kopējā  

Paura 

daivas 

atrofija 

labajā 

pusē

Paura 

daivas 

atrofijas 

skala 

kreisajā 

pusē

ERICA 

labajā 

pusē

ERICA 

kreisajā 

pusē

Microble

eds
PVS BG PVS CS

PVS 

MidB
GCA

1. MDA labajā pusē
Spearma

n's rho
—

p-value —

2. MDA kreisajā pusē
Spearma

n's rho
0.912 —

p-value < .001 —

3. Fazekas skala PVBV
Spearma

n's rho
0.423 0.378 —

p-value < .001 < .001 —

4. Fazekas skala DzBV
Spearma

n's rho
0.285 0.221 0.742 —

p-value 0.010 0.048 < .001 —

5. Fazekas kopējā  
Spearma

n's rho
0.397 0.321 0.908 0.857 —

p-value < .001 0.003 < .001 < .001 —

6. Paura daivas atrofija 

labajā pusē

Spearma

n's rho
0.263 0.301 0.233 0.131 0.110 —

p-value 0.018 0.006 0.036 0.245 0.326 —

7. Paura daivas 

atrofijas skala kreisajā 

pusē

Spearma

n's rho
0.257 0.294 0.152 0.087 0.057 0.938 —

p-value 0.020 0.008 0.174 0.440 0.614 < .001 —

8. ERICA labajā pusē
Spearma

n's rho
0.668 0.731 0.340 0.185 0.295 0.403 0.432 —

p-value < .001 < .001 0.002 0.098 0.008 < .001 < .001 —

9. ERICA kreisajā pusē
Spearma

n's rho
0.717 0.729 0.301 0.168 0.272 0.405 0.432 0.917 —

p-value < .001 < .001 0.006 0.133 0.014 < .001 < .001 < .001 —

10. Microbleeds
Spearma

n's rho
0.234 0.183 -0.066 0.020 0.057 -0.271 -0.176 0.107 0.147 —

p-value 0.035 0.101 0.556 0.857 0.615 0.015 0.115 0.342 0.192 —

11. PVS BG
Spearma

n's rho
0.101 0.099 0.397 0.329 0.381 0.065 0.043 0.033 0.071 -0.032 —

p-value 0.369 0.380 < .001 0.003 < .001 0.567 0.705 0.767 0.530 0.776 —

12. PVS CS
Spearma

n's rho
0.250 0.211 0.359 0.329 0.402 0.079 0.091 0.078 0.123 0.041 0.515 —

p-value 0.025 0.059 < .001 0.003 < .001 0.483 0.417 0.490 0.273 0.719 < .001 —

13. PVS MidB
Spearma

n's rho
-0.050 0.002 -0.011 -0.072 -0.027 -0.025 -0.007 -0.095 0.005 -0.060 0.396 0.323 —

p-value 0.659 0.984 0.924 0.522 0.809 0.827 0.953 0.398 0.964 0.592 < .001 0.003 —

14. GCA
Spearma

n's rho
0.692 0.713 0.674 0.543 0.641 0.510 0.503 0.687 0.707 0.156 0.467 0.540 0.179 —

p-value < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 0.164 < .001 < .001 0.110 —

Spīrmena korelācijas
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Annex 3 

Icometrix output data for study participants for the total brain fractional 

anisotropy and corpus callosum fractional anisotropy values 
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Annex 4 

Icometrix output data for study participants  

for corticospinal tract FA, superior long ligament - arcuate ligament FA, 

inferior fronto-occipital FA, and cingulum FA 
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Annex 5 

Permission of the scientific department to conduct academic research 
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Annex 6 

Approval of the medical and biomedical research ethics committee 
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Annex 7 

Evaluation of fractional anisotropy (FA) values  

of diffusion tensor examination by dividing patients into 2 groups 

Structure W p value 

Whole brain FA 175,000 0,660 

Normative percentile of the entire brain 89,000 0,007 

Corpus Callosum FA 199,500 0,853 

Corpus Callosum normative percentile 173,500 0,635 

Left-sided corticospinal tract FA 133,500 0,125 

Left cortico-spinal tract normative percentile 103,000 0,020 

Right cortico-spinal tract FA 146,500 0,233 

Normative percentile of the right-sided corticospinal tract 112,000 0,036 

Asymmetry of the cortical tract 203,500 0,772 

Corticospinal tract asymmetry normative percentile 183,000 0,823 

Deviation of asymmetry of the corticospinal tract from the 50 

normative percentile 
190,000 0,968 

Left SLF-Arcuate FA 199,500 0,853 

Left SLF-Arcuate normative percentile 156,500 0,356 

Right SLF-Arcuate FA 206,500 0,710 

Right SLF-Arcuate normative percentile 142,500 0,197 

Asymmetry of the SLF-Arcuate bundle 189,000 0,947 

Asymmetries of the SLF-Arcuate bundle normative percentile 192,000 1,000 

Asymmetry deviation of the upper long bundle – arcuate bundle 

from the 50 normative percentile 
194,500 0,957 

Left-sided lower fronto-occipital tract FA 203,000 0,781 

Left-sided lower fronto-occipital tract normative percentile 173,500 0,634 

Right-sided lower fronto-occipital tract FA 210,500 0,633 

Right-sided lower fronto-occipital tract normative percentile 169,500 0,562 

 Asymmetry of the lower fronto-occipital tract 217,000 0,516 

Inferior fronto-occipital tract asymmetry normative percentile 205,500 0,727 

Deviation of asymmetry of the lower fronto-occipital tract from 

50 percentile 
210,500 0,628 

Left cingulum FA 181,000 0,780 

Left cingulum normative percentile 123,000 0,071 

Right cingulum FA 197,000 0,905 

Right cingulum normative percentile 134,500 0,133 

Cingulum asymmetry 213,000 0,586 

Cingulum asymmetry deviation from 50 percentile 188,000 0,926 

Cingulum asymmetry normative percentile 200,000 0,842 
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Annex 8 

Statistically significant correlation between volume  

and MoCA results with correlation coefficients and p-values 

Structure 
Spearman rho 

and p-value 

Correlation  

with MoCA 

Left putamen 
Spearman rho 0,310** 

p-value 0,005 

Left hippocampus 
Spearman rho 0,473*** 

p-value < 0,001 

Left amygdala 
Spearman rho 0,532*** 

p-value < 0,001 

Left accumbens 
Spearman rho 0,302** 

p-value 0,006 

Right hippocampus 
Spearman rho 0,372*** 

p-value < 0,001 

Right amygdala 
Spearman rho 0,467*** 

p-value < 0,001 

Corpus callosum middle part 
Spearman rho 0,264* 

p-value 0,018 

Left cortical volume 
Spearman rho 0,267* 

p-value 0,016 

Right cortical volume 
Spearman rho 0,241* 

p-value 0,031 

Total cortical volume 
Spearman rho 0,263* 

p-value 0,019 

Subcortical gray matter 
Spearman rho 0,262* 

p-value 0,019 

Total gray matter volume 
Spearman rho 0,240* 

p-value 0,032 

* p < 0,05; ** p < 0,01; *** p < 0,001. 
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Annex 9 

Statistically significant correlation between volume  

and MoCA scores with correlation coefficients and p-values 

Structure 
Spearman rho and p-

value 

Correlation  

with MoCA 

Left entorhinal 
Spearman rho 0,515*** 

p-value < 0,001 

Left fusiform cortex  
Spearman rho 0,323** 

p-value 0,003 

Left inferior parietal cortex 
Spearman rho 0,326** 

p-value 0,003 

Left inferior temporal cortex 
Spearman rho 0,245* 

p-value 0,029 

Left middle temporal cortex  
Spearman rho 0,328** 

p-value 0,003 

Left parahippocampal cortex  
Spearman rho 0,291** 

p-value 0,009 

Left praecuneus cortex 
Spearman rho 0,235* 

p-value 0,036 

Left superior parietal cortex  
Spearman rho 0,222* 

p-value 0,048 

Left superior temporal cortex  
Spearman rho 0,364*** 

p-value < 0,001 

Left supramarginal cortex  
Spearman rho 0,348** 

p-value 0,002 

Right entorhinal 
Spearman rho 0,345** 

p-value 0,002 

Right fusiform cortex  
Spearman rho 0,252* 

p-value 0,024 

Right inferior parietal cortex 
Spearman rho 0,230* 

p-value 0,040 

Right middle temporal cortex  
Spearman rho 0,240* 

p-value 0,032 

Right parahippocampal cortex  
Spearman rho 0,382*** 

p-value < 0,001 

Right praecuneus cortex 
Spearman rho 0,310** 

p-value 0,005 

Right superior temporal cortex  
Spearman rho 0,261* 

p-value 0,020 

* p < 0,05, ** p < 0,01, *** p < 0,001. 


