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I. Introduction 

I.1. Prevalence of Alzheimer’s disease 

As the world’s population is aging, the prevalence of major neurocognitive disorders (NCD) 

is rapidly increasing. Currently, approximately 55 million people have dementia worldwide, 

and the number of patients is expected to triple by 2050. Alzheimer's disease (AD) is the 

most common type of major neurocognitive disorders in the elderly, accounting for two-

thirds of dementia cases in this age group worldwide (1). It is estimated that by 2050 there 

will be 106.8 million people with Alzheimer's Disease globally, and NCDs will be the leading 

cause of morbidity (2, 3). Together with the growing prevalence, the financial burden of the 

disease is also rapidly increasing. However, the available treatment options are limited and, 

as of now, not curative. It is apparent that immediate effort must be made to decrease the 

socioeconomic burden of the disease (1). A model by Brookmeyer at al. estimated, that 

delaying the disease onset by a year would result in a 11.8 million decrease in patients 

worldwide, while a 2-year delay in disease onset would lead to almost the double of that, at 

22.8 million cases less (2). Furthermore, previous studies have proposed that the first 

apparent cognitive symptoms are preceded by the structural and functional alterations in the 

nervous system that had started decades earlier (4). Additionally, when the first symptoms 

arise, the brain has suffered permanent damage from the pathology that started several years 

before (5). These factors resulted in a shift in aging research to identifying cases as early as 

possible, preferably in prodromal phases that might represent a critical window for 

interventions (6). 

I.2. History of Alzheimer’s disease 

The first documented case of an Alzheimer’s patient goes back to 1901, when Alois 

Alzheimer, a German psychiatrist and neuropathologist, first met Auguste D his 51-year-old 

future patient at the Hospital for the Mentally Ill and Epileptics, in Frankfurt am Main. The 

patient’s cardinal symptoms included impaired memory and comprehension, disorientation, 

unstable behaviour, and impaired psychosocial functioning. Upon following the disease 

course of the patient, he made a precise description of the symptoms, examinations, and 



7 

interactions with the patient. Among others, his observations included disorientation, 

memory impairment, difficulty in speech during evening hours, difficulty in naming objects 

and reading. He followed Auguste D’s case until the patient died on the 8th of April 1906 (7). 

Alzheimer performed a post-mortem study of the patient’s brain and submitted his findings 

for the 37th Conference of South-West German Psychiatrists in Tübingen in 1906. Later, he 

also published his findings describing plaques and neurofibrillary tangles (8). In 1910, Emil 

Kraepelin was the first to use the term Alzheimer’s disease in the chapter of “Senile and 

Presenile Dementias” of the 8th edition of Handbook of Psychiatry (9). 

I.3. Pathogenesis of Alzheimer’s disease 

While numerous factors contribute to the pathogenesis of Alzheimer's disease, the two 

principal ones are amyloid-beta (Aβ) and phosphorylated Tau (pTau). Aβ has a leading role 

in amyloid plaque formation, while pTau constitutes neurofibrillary tangles. Aβ is produced 

through the cleavage of amyloid precursor protein (APP), a transmembrane protein whose 

definite physiological function is still uncertain. It has been proposed to have a role in cell-

to-cell adhesion and neuronal signalling. APP is processed by three proteolytic enzymes: α-, 

β-, and γ-secretases. Regarding the cleavage products, we distinguish the amyloidogenic and 

non-amyloidogenic pathways of APP processing. The non-amyloidogenic pathway includes 

the α- and γ-secretases and results in the production of sAPPα, the soluble APPα. The sAPPα 

has a well-described function: it has an essential role in neuronal survival and plasticity and 

has been found protective against neural toxicity caused by Aβ. On the other hand, the 

amyloidogenic pathway is composed of the β- and γ-secretases. First, as a result of the β-

secretase’s action, sAPPβ, the soluble APPβ is released. Consequently, the proteolytic 

cleavage of the APP’s carboxy-terminal fragment by the γ-secretase results in peptides with 

various chain lengths, including Aβ40 and Aβ42 in the brain. Of the two, Aβ42 has a greater 

tendency to aggregate. It has a role in synaptic dysfunction, neurotoxicity, and is the central 

component of amyloid plaques in AD. The process of Aβ aggregation starts with Aβ 

monomers accumulating and forming oligomers, which then aggregate to form protofibrils, 

protofibrils then form fibrils which ultimately form Aβ plaques by aggregating. 
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The other key protein in AD pathology is tau, a microtubule binding protein, which has a role 

in axonal transport and in maintaining the stability of microtubules. Tau function is regulated 

by different kinds of post-translational modifications of which phosphorylation is the most 

important in AD. A characteristic hallmark of AD is the presence of hyperphosphorylated 

tau. Hyperphosphorylation results in the protein’s detachment from the microtubule and 

augments its aggregation and potential to form neurofibrillary tangles. Similarly to Aβ, the 

stages of tau aggregation include monomers, oligomers, fibrils, filaments, and finally 

neurofibrillary tangles (10). However, the localization and propagation of Aβ and tau 

aggregation is different. As described by Braak and Braak, six stages are distinguished: first, 

the prodromal phase is associated with the transentorhinal stages (I-II), early to moderate 

disease phase is linked to the limbic stages (III-IV), while moderate to late AD is associated 

with the isocortical stages (V-VI) (Figure 1.) (11). 

 

Figure 1. Progression of neurofibrillary tangles and amyloid plaques through the AD 

continuum. Modified figure based on Braak and Braak (11). 

I.4. Causes and risk factors of Alzheimer's disease 

Although a clear and exact cause of AD is still unknown, there are many factors that 

contribute to its pathogenesis. It is also important to distinguish between early and late onset 

AD. Clinically, the symptoms are the same, however, the aetiology is different. Late Onset 
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Alzheimer's Disease (LOAD) accounts for more than 95 percent of AD cases. Symptoms 

appear in people over the age of 65 and numerous factors are thought to contribute to its 

pathogenesis. On the other hand, Early Onset Alzheimer's Disease (EOAD) accounts for 1-5 

percent of AD cases and starts earlier, usually in the fourth–fifth decades of life. The disease 

course for EOAD is generally shorter as this form is more severe and progresses more rapidly 

(12). 

Regarding the genetic risk factors of the early onset type, mutations of the APP and presenilin 

genes PSEN1 and PSEN2 have been identified as a key factors in the pathophysiology of the 

disease. While APP has been described in chapter 1.3, presenilin is a component of the γ-

secretase complex, responsible for APP cleavage. The inheritance of these mutations is 

principally autosomal dominant with high penetrance, over 85 percent. The presence of these 

mutations is regarded as diagnostic for EOAD (12). 

As for the late onset AD, the genetic risk does not follow the Mendelian inheritance. 

However, individuals whose first-degree relative had LOAD are twice as likely to develop 

the disease themselves in their lifetime. The most well-known genetic risk factor is linked to 

APOE, a lipid-binding protein. Of the different isoforms, APOE ε4 poses the risk: one allele 

results in a 2–3-fold increase in AD risk, while homozygous APOE ε4 carriers have a 5-fold 

increase in the risk of developing Alzheimer's. Being an APOE ε4 carrier is also linked to 

memory problems, developing mild cognitive impairment (MCI), and the progression of 

MCI to AD. Moreover, it has been proposed that 20–30% of AD risk is attributable to APOE 

ε4 (12). 

Considering dementia risk, 35 percent of that risk is attributable to potentially modifiable risk 

factors. These potentially modifiable risk factors are categorized according to life stages, 

such as early, mid, and late life risk factors. The early life modifiable risk factor for dementia 

is less education, referring to lack of secondary school education. Midlife risk factors include 

hearing loss, hypertension, and obesity. Finally, late life risk factors include smoking, 

depression, lack of physical activity, social isolation, and diabetes (13). The importance of 

these modifiable risk factors lies in the possibility of dementia prevention. Within the 

framework of the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and 
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Disability (FINGER), researchers examined the effect of multidomain intervention on 

cognitive functioning of elderly people at risk of cognitive impairment in a randomized 

controlled trial. The domains of the intervention included the five “fingers” of dementia 

prevention allocated to four components during the intervention: 1) dietary advice, 2) 

physical activity, 3) cognitive training and social activity, and 4) management of vascular 

risk factors (14). They found that the improvement of the intervention group’s overall 

performance on the neuropsychological test battery was 25% higher than the control group’s 

performance (15). In another study, Barnes et al. investigated the impact of reducing the 

effect of seven risk factors: midlife hypertension, diabetes, midlife obesity, depression, 

physical inactivity, smoking, and cognitive inactivity. They found that reducing the 

prevalence of these seven risk factors by 10% would result in a 1.1 million decline in the 

number of AD patients, while a 25% risk reduction would lead to 3.0 million fewer AD cases 

worldwide (16). These findings also emphasize the importance of early recognition of 

individuals at risk of dementia or those in the preclinical or prodromal phases. 

I.5. Alzheimer’s disease continuum 

Nowadays Alzheimer's disease is considered a spectrum called the Alzheimer’s disease 

continuum. The AD continuum is both a biological and clinical spectrum, ranging from the 

preclinical stage comprising individuals with confirmed AD pathology who do not have any 

cognitive symptoms, to patients with severe AD dementia (17). 

The importance of the preclinical stages lies within the phenomenon that pathological 

processes responsible for AD start several years prior to the appearance of the first symptoms, 

providing a critical window for intervention. Two variants of the preclinical states have been 

defined by the international working group. One is the presymptomatic phase referring to 

cognitively intact individuals carrying monogenic mutations with autosomal dominant 

inheritance. For them, it is essentially unavoidable to develop AD in their lifetime. The other 

variant is the asymptomatic at-risk state. These individuals have at least one AD biomarker 

positivity, however, they lack clinical AD symptoms (18). The next phase of the continuum 

is the prodromal phase, called mild cognitive impairment. Mild cognitive impairment has 
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several subtypes according to the affected cognitive domains. The two major subtypes are 

amnestic MCI (a-MCI) and non-amnestic MCI (na-MCI). Both a-MCI and na-MCI can 

further be specified as single or multi domain subtypes based on the number of cognitive 

domains affected (19). Of special importance is amnestic MCI, as this subtype has the highest 

conversion rate to AD (18). The prodromal phase is also accompanied by diverse non-

cognitive symptoms, such as changes in personality and behaviour, depression, impaired 

motor function, and sleep disorders. Recognizing patients in this phase of the continuum is 

also highly important for early intervention (20). In a study, Wilson et al. found that cognitive 

decline accelerated moderately around 4–6 years prior to MCI diagnosis and showed a more 

marked increase 5–6 years before dementia diagnosis (5). Alzheimer’s disease has three 

different clinical stages, namely mild, moderate, and severe AD. In mild AD, patients are 

disoriented in place and time, have memory impairment, and have difficulties with the duties 

of everyday life. In moderate AD, patients have difficulty in identifying friends and family 

members, and have altered speaking, reading, and writing abilities. In severe AD, cognitive 

and functional impairment is so extensive that patients are confined to a bed, unable to 

recognize family and may also lose their ability to eat and swallow (21). The rate of 

progression varies between individuals, however, for most patients, life expectancy after AD 

diagnosis is 4-8 years (1). 

I.6. Diagnosis of Alzheimer’s disease 

Despite the expanding availability of diagnostic methods, post-mortem histopathological 

examination remains the sole method for a definite diagnosis of AD. With the available 

clinical and biological methods, the most precise diagnosis one might reach is probable AD. 

Regarding the diagnostic protocol for AD, multiple changes have been implemented during 

the past decades. The first diagnostic criteria were established by McKhann et al. in 1984 and 

focused on clinical findings: progressive impairment of cognition, including memory and 

other cognitive domains. Laboratory tests were advised as supplementary methods to exclude 

other conditions that might cause progressive cognitive impairment (22). These criteria were 

revised in 2011 by The National Institute on Aging and the Alzheimer's Association (NIA-

AA). Core criteria include impaired functioning of at least two of the following areas: 
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memory, language, visuospatial abilities, poor judgement, and changes in behaviour and 

personality, accompanied by disruption of the usual level of functioning in tasks of everyday 

life. However, a new paradigm emerged suggesting the use of magnetic resonance imaging 

and proving the presence of AD pathophysiological processes via positron emission 

tomography (PET) or cerebrospinal fluid (CSF) analysis (23). Both amyloid and tau tracers 

are available for PET, with around a 96% sensitivity (24). CSF analysis includes measuring 

the quantity of Aβ42, total tau and phosphorylated tau, and the ratio of Aβ42/ Aβ40 (25). 

According to current recommendations, the diagnosis of Alzheimer's disease should be based 

on clinical and biological proof simultaneously. This includes the presence of specific clinical 

AD phenotype and biomarker positivity. Biomarker positivity can either be established via 

cerebrospinal fluid analysis showing concurrent elevated pTau levels with decreased Aβ42 

levels, and Aβ42/Aβ40 ratio or via increased amyloid and tau tracer retention in PET (26). 

Clinical examination includes structural magnetic resonance imaging (MRI) and 

neuropsychological evaluation. As for MRI, bilateral entorhinal and hippocampal atrophy 

are principal MRI findings in AD (27). Regarding neuropsychological evaluation, there are 

several tests in use, including Mini Mental State Examination (MMSE), Addenbrooke’s 

Cognitive Examination (ACE), Montreal Cognitive Assessment (MoCA) and Alzheimer’s 

Disease Assessment Scale-Cog (ADAS-Cog) (28). Despite the serious efforts aimed at timely 

diagnosis, 50% of dementia patients remain undiagnosed (29). One of the possible causes of 

difficulty with diagnosis is the limited availability of screening: only 16 percent of adults 

aged 65 years or older receive routine cognitive evaluation (30). Furthermore, 

neuropsychological tests fail to identify early-stage cognitive impairment due to lack of 

sensitivity (31). Additional hindering factors of early diagnosis include the limited 

availability of trained medical personnel and the geographical constraint of these 

examinations since the patient must be physically present at the examination. A possible 

solution to tackle these problems could be telemedicine, making dementia screening more 

readily available to a greater number of patients, including those living at more remote 

locations (32). There is an increasing number of electronic cognitive appliances available, 

such as CogState and E-MoCA, for both domestic and clinical use (33, 34). However, these 

appliances carry the risk of nonadherence due to unfamiliarity with digital tools, vision 
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problems and cognitive tests being too difficult and tiring, among others (35, 36). These 

issues point to the possible benefit of an automated, electronic, self-administered screening 

tool that uses plain tasks aimed at evaluating few cognitive domains. 

I.7. Treatment of Alzheimer’s disease 

Unfortunately, curative treatment is not available for AD. Thus, therapeutic interventions aim 

at slowing the progression of the disease to decelerate the cognitive decline. The two groups 

of drugs approved for AD treatment are acetylcholinesterase inhibitors (AchEIs)—donepezil, 

galantamine and rivastigmine—and memantine, a noncompetitive N-methyl-d-aspartate 

(NMDA) receptor antagonist. The shared aim of the two groups is to counteract the disturbed 

equipoise of neurotransmitters. AchEIs do so by raising the level of acetylcholine in 

synapses. Their use comes from the cholinergic hypothesis of AD. According to this 

hypothesis, limbic and neocortical structures, crucial for numerous higher brain functions, 

such as learning and memory, lose their cholinergic innervation. In addition, neuronal loss in 

the basal forebrain also contributes to the disruption of cholinergic innervation. As for 

memantine, as an antagonist of NMDA receptors, it acts against glutamate toxicity caused 

by abnormally high glutamate levels. Both groups are approved for both monotherapy and 

combination therapy. It is important to not only treat cognitive symptoms but also address 

concomitant factors such as behavioural and psychological symptoms of dementia (BPSD). 

For the treatment of anxiety and depression, selective serotonin reuptake inhibitors (SSRIs) 

are the favoured. Antipsychotics might also be used in the treatment of BPSD, for instance, 

to address aggressive behaviour (37). 

Disease modifying treatments targeting Aβ are emerging: aducanumab and lecanemab have 

been approved by the Food and Drug Administration (FDA) in the United States, while the 

approval process is currently ongoing for donanemab. These drugs are aimed at slowing the 

cognitive decline via the reduction of Aβ in the brain. It is important to note that the two 

FDA-approved drugs are authorized not only in mild AD but also in MCI due to AD. 

Although reduction in Aβ levels has been confirmed, further studies are needed to investigate 

their effect on cognitive decline (38, 39). Their approval for MCI also points to the 
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importance of accurate early diagnosis. Furthermore, previous studies have suggested that 

complementing drug therapies with lifestyle interventions in MCI could lessen the risk of 

advancement of cognitive decline (14). 

I.8. Visuospatial abilities and Alzheimer’s disease 

Visuospatial abilities include visual perception, construction, and visual memory (40). These 

are important skills in everyday life, for instance, for route learning (41). Recognition of a 

stimulus along with its location are key components of visuospatial function. Several cortical 

areas are activated while recognizing and localizing an object: premotor areas, superior 

parietal cortex, posterior parietal cortex and parieto-occipital junction (42). Two substantial 

pathways are distinguished in visuospatial processing, the ventral “What” pathway and the 

dorsal “How” pathway. Primate and human studies show that the dorsal pathway includes 

three different pathways, namely a parieto-prefrontal, a parieto-premotor and a parieto-

medial temporal pathway. The parieto-prefrontal pathway connects the ventral intraparietal, 

the lateral intraparietal, the medial superior temporal, and the middle temporal areas to the 

caudal part of the banks of the principal sulcus and the prearcuate region. In humans, this 

pathway is associated with spatial working memory. Two parallel projections constitute the 

parieto-premotor pathway: one connects a part of the parieto-occipital area and the medial 

intraparietal area to the dorsal premotor cortex, while the other connects the ventral 

intraparietal area and the ventral premotor cortex. In humans, the parieto-premotor pathway 

is associated with reaching for and grabbing objects. The parieto-medial temporal pathway 

connects the rostral and caudal parts of the inferior parietal lobule to the medial temporal 

lobe. Its function is associated with navigation (43). Literature also suggests that the ventral 

and dorsal pathways are interconnected via inferior temporal and lateral intraparietal areas 

(44). 

Studying the alteration of visuospatial abilities in MCI and AD is an area of increasing 

interest in AD research. Quental et al. found that visuospatial impairment is present already 

in the early phase of AD (42). Furthermore, Beretta et al. reported temporoparietal 

hypometabolism on F-18 fluorodeoxyglucose (FDG) PET recordings in AD patients (45). 
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Similarly, compared to healthy controls, AD patients showed reduced activation in premotor 

areas, parieto-occipital junction, and superior parietal lobule on visuospatial task-based 

functional MRI (fMRI) recordings. On the contrary, AD patients had increased activity in the 

inferior parietal lobule (46). Even though visuospatial impairment is less frequently noted 

among the symptoms in AD, Salimi et al. suggest that the assessment of visuospatial abilities 

could have diagnostic potential in the diagnosis of AD (40). 

I.9. Visuomotor abilities and Alzheimer’s disease 

Visuomotor abilities include visual and motor processes as well as the conversion between 

the two (47). Prefrontal, premotor, and parietal cortical areas and cerebellar and striatal 

networks have been found to participate in visuomotor transformation (48). Reciprocal 

interactions are required between brain areas associated with motor and visual processing to 

expedite the coordination between movement and vision. The impact of visual information 

on movement processing and the impact of movement information on visual processing is 

called visuomotor integration (47). 

There are numerous studies investigating the impairment of visuomotor function along the 

AD continuum. Previous research suggests that visuomotor impairment is advancing 

simultaneously with the cognitive decline in early AD (49). Furthermore, expanding 

literature points to the alteration of visuomotor functions already in MCI (50). Moreover, 

severely impaired visuomotor function was observed in older adults at high risk of AD, 

compared to younger adults and older adults with low AD risk. This study points to the 

possible benefit of using visuomotor ability-based tasks for identifying individuals at risk of 

AD prior to the onset of apparent cognitive decline, as well as for monitoring the conversion 

of preclinical AD to MCI (51). A previous study of Mollica et al. proposed that a 

computerized task based on evaluating visuomotor functions could find a faint alteration in 

visuomotor coordination that otherwise would remain unnoticed (52). These findings point 

to the possible benefits of a visuomotor ability-based screening tool for the AD continuum. 
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II. Objectives 

With a series of studies, we aimed to explore the alteration of the visuospatial and visuomotor 

functions in Alzheimer’s disease patients and in mild cognitive impairment compared to age-

matched, cognitively healthy control elderly participants, to better understand their 

association with disease stages and progression. These objectives served as the basis of our 

work towards establishing visuomotor ability-based screening methods for MCI and 

Alzheimer’s disease. 

Specific objectives: 

 To assess the involvement of different cognitive domains—orientation, attention, 

memory, verbal fluency, language, and visuospatial skills—in the cognitive 

impairment of AD patients with different disease duration. 

 To evaluate the possible role of the above cognitive domains in the early recognition 

of AD. 

 To evaluate the possible benefit of assessing these cognitive domains in monitoring 

the progression of cognitive impairment. 

 To analyse the structural integrity of the visuospatial network in amnestic MCI 

patients on structural MRI recordings. 

 To characterize the functional connectivity of the visuospatial network in amnestic 

MCI via functional MRI recordings. 

 To ascertain the discriminatory potential of small amplitude hand movements, 

recorded via a visuomotor ability-based paradigm, in distinguishing between 

cognitively healthy individuals and MCI patients in a clinical environment. 
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III. Methods 

III.1. Participants 

For the three studies that serve as the base of this thesis, we recruited participants from the 

AlzEpi Cohort Observational Library (ACOL database) of the National Institute of Mental 

Health, Neurology and Neurosurgery, Budapest, Hungary. This database is incorporated in 

the Euro-Fingers international database (http://www.eufingers.com). The cohort is composed 

of cognitively healthy elderly individuals, patients with MCI or dementia. The diagnosis of 

MCI and AD patients was determined by a multidisciplinary team based on a comprehensive 

dementia protocol described in detail below. For the neuroimaging study, participants from 

another database of a collaborating research laboratory were also included. This database is 

introduced in Chapter III.4. Every participant from both databases gave their informed 

written consent for the examinations and the use of data for research purposes, among others. 

Every study event was conducted consonantly with the relevant regulations and guidelines. 

Our experimental protocols were authorized by The Hungarian Medical Research Council 

(reference number of ethical approval: 024505/2015). 

Every study participant underwent the very same comprehensive dementia protocol. The 

protocol included the collection of medical history from the participants themselves and from 

the relatives and caregivers of the patients affected by MCI or AD. Moreover, the protocol 

included detailed neuropsychological and neurological evaluation conducted by neurologists, 

neuropsychologists, and trained neuroscientists. Structural and resting-state functional MRI 

acquisition and blood tests were also included. Additionally, some but not all participants 

completed the visuomotor ability-based Precognize paradigm, that will be described in detail 

in Chapter III.5.1. Every study participant was native Hungarian. 

Every healthy control participant involved in our studies had no cognitive complaints and 

upon the completion of the dementia protocol, no alterations were found in their neurological 

status, neuropsychological test results, brain MRI scans, and blood tests.  
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III.1.1. Exclusion criteria 

None of the studies included participants with known risk factors of cognitive decline. These 

risk factors are as follows: vitamin B12 deficiency without treatment, hypothyroidism, liver 

disorder, renal insufficiency, significant systemic medical conditions, considerable brain 

injury such as white matter disease, significant white matter damage affecting the 

periventricular areas, and cortical stroke. Patients with a history of hydrocephalus, 

demyelinating conditions, and previous head injury accompanied by loss of consciousness 

were also excluded. Further exclusion criteria included previous central nervous system 

infection, HIV and syphilis infection, major depression, electroconvulsive therapy, 

schizophrenia, psychoactive drugs that alter cognitive functioning, and substance or alcohol 

abuse. Specifically, for the Precognize study, we established further exclusion criteria for 

conditions that could disturb the motor control of the upper extremity. Such conditions 

include Parkinson’s disease and parkinsonism, tremor disorders, cortical lesions in motor 

areas, motoneuron and neuromuscular disorders, conditions affecting the peripheral nerves 

of the upper limb and the cervical region of the spinal cord.  

III.2. Neuropsychological evaluation 

Every participant underwent comprehensive neuropsychological evaluation administered by 

neurologists, neuropsychologists, or trained neuroscientists. Our test battery consisted of 

diverse tests assessing cognition, mood, and anxiety as well. We chose the validated 

Hungarian version of the Addenbrooke’s Cognitive Examination (53) as a tool to assess 

global cognitive functioning. It is considered a highly specific and sensitive test in 

neurocognitive disorders (54). The evaluation of the following six cognitive domains is 

possible with this test: orientation (10 points), attention (8 points), memory (35 points), 

verbal fluency (14 points), language (28 points), and visuospatial abilities (5 points) resulting 

in a total score of 100. The orientation domain contains questions assessing both the spatial 

and temporal orientation of the participant. The attention part contains tasks for listening to 

and remembering three words as well as counting backwards by 7, starting at 100. The 

memory tasks assess both anterograde and retrograde memory as well as delayed recall. The 
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verbal fluency domain assesses phonemic (words with the letter M) and categoric (animals) 

fluency. The language part contains tasks for evaluating reading, writing, naming object, and 

following commands, among others. And finally, the visuospatial domain consists of three 

tasks: copying overlapping pentagons, copying a cube, and drawing a clock face with 

numbers, followed by setting the clock hands at a specific time. It also includes the Mini 

Mental State Examination with a possible maximum score of 30, for which we chose the age 

and educational background adjusted cut-off scores represented in Table 1. (55). However, 

contrary to MMSE, ACE is thought to indicate cognitive impairment at the prodromal, MCI, 

stage (56). For the ACE, we set 83 as our cut-off score, which was shown to have a sensitivity 

of 82% at the age of 65 years and over (57). Furthermore, the VLOM ratio—calculated by 

dividing the sum of the verbal fluency and language subscores by the sum of the orientation 

and delayed recall tasks ((V+L)/(O+M))—signals frontotemporal (VLOM<2.2) or AD type 

(VLOM>3.2) dementia. The normal value of the VLOM ratio is, therefore, between 2.2 and 

3.2. 

For the precise differentiation of MCI patients from cognitively healthy control individuals, 

we selected the Hungarian version of the Ray Auditory Verbal Learning Test (RAVLT) (58). 

Its sensitivity in detecting a-MCI has been formerly established with readily available cut-

off scores (Table 1.) (59-62). The RAVLT test has two parts: the immediate recall and the 

delayed recall tasks. In the first part, participants are asked to listen to 15 words (list A) read 

out loud by the examiner and memorize as many as possible. When the examiner finishes 

reading, the participant is asked to list every word they remember. The examiner marks the 

correctly repeated words on the test sheet, with each word worth one point in the test result. 

This process is repeated four times. The scores of these five trials are then summarized, 

resulting in a maximum of 75 points called the RAVLT sum-5 score. Afterwards, the 

examiner reads list B, a list of 15 different words. The participant’s task is the same as before: 

memorize and recall as many words as possible. Instantly after that, the participant is asked 

to call to mind the words from list A. The second part of the RAVLT, the delayed recall, is 

recorded after a 30-minute waiting period. In this part of the test, the participant is aksed to 

enumerate every word they remember from list A without the examiner reading them out 
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loud. The correctly recalled words are then counted, resulting in a maximum of 15 points 

called the RAVLT7 score. 

We selected the Trail-making test (TMT) to assess attention (part A) and cognitive flexibility 

(part B) (63). In part A (TMT-A) participants are asked to connect numbers in circles from 1 

to 25 in an ascending order. In part B (TMT-B) letters in circles are also present. For this 

task, the participants are asked to connect the numbers in ascending order, the letters in 

alphabetic order while alternating the two: 1-A-2-B-3-C, etc. The time required to complete 

the task is registered in seconds. The less time needed to complete the task, the better. 

In order to control for mental states known to affect cognitive function such as depression or 

anxiety (64, 65), our neuropsychological test battery included the Hungarian version of the 

Beck Depression Inventory II (BDI) and the Hungarian version of the Spielberger State-Trait 

Anxiety Inventory (STAI) (66, 67). For the BDI test, a cut-off score of 13 was used for 

minimal depression. Mild depression was marked by scores of 14–19, scores of 20–28 

indicate moderate depression, while a score of 29 or above indicates severe depression. We 

excluded participants whose BDI scores were 13 or higher. We applied the Trait version of 

the STAI (STAI-T) to estimate the participants everyday level of anxiety, while the State 

version of the Inventory (STAI-S) served to measure the participants’ anxiety level right 

before the start of the visuomotor experimental protocol. A cut-off score of 45 points was 

used to mark low-level anxiety, therefore, we did not include participants with a STAI-T or 

STAI-S score of 45 or higher. 

We selected the Clinical Dementia Rating Scale (CDR) Sum of Boxes to assess the 

independence and everyday functioning of the participants (68). For the CDR Sum of Boxes, 

the examiner evaluates six domains: personal care, home and hobbies, community affairs, 

judgement and problem solving, orientation and memory. These areas are rated on a scale of 

five: 0 signals no impairment, 0.5 means questionable impairment, 1 equals mild impairment, 

moderate impairment is marked as 2, while 3 indicates severe impairment. 
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III.3. Evaluating the potential role of visuospatial abilities in diagnosing Alzheimer’s disease 

110 individuals with clinically defined AD (69 male and 49 female, with a mean age of 

73.1±6.6 years) were recruited for this study together with 45 cognitively healthy control 

participants (16 male and 29 female, with a mean age of 68.6 ±7.40 years) from the 

Department of Neurology at the National Institute of Mental Health, Neurology and 

Neurosurgery in Budapest, Hungary. Patients with Alzheimer’s Disease were diagnosed 

based on the guidelines of the National Institute on Aging and the Alzheimer’s Association 

(23). Every participant underwent detailed neurological and neuropsychological evaluation, 

including the MMSE and ACE tests. We created three groups based on disease duration and 

assigned the participants accordingly. We calculated the disease duration from the day the 

clinical diagnosis of AD was established. However, based on heteroanamnestic data provided 

by caregivers, we excluded participants who had prolonged cognitive complaints for at least 

two years preceding the diagnosis. Group 1 included 36 individuals with a disease duration 

of up to two years, Group 2 was composed of 44 participants with a disease duration of 2 to 

4 years, while patients with a disease duration of at least four years (n=30) belonged to Group 

3. Furthermore, we created a fourth group, Group 0 containing 45 cognitively healthy control 

individuals. Altogether, we included 155 subjects in this study. Previously, de Boer et al. 

found significant differences in total MMSE scores as well as MMSE subscores, assessing 

various cognitive domains, between three groups of AD patients (n=125) with different 

disease duration (69). We conducted power calculations to determine the appropriate sample 

size for achieving at least 80% probability of finding between-group differences (α=0.05) in 

ACE total score and subscores. On the basis of our calculations and the results of de Boer et 

al., a sample size of 150 was determined sufficient. 

Regarding statistical analysis, we applied the Shapiro-Wilk test to assess the distribution of 

data. Based on the distribution of the data, we used one-way ANOVA for parametric and 

Kruskal-Wallis test for non-parametric data to perform intergroup comparisons in 

demographic variables such as school years and age. We applied Bonferroni correction with 

the statistical significance of p<0.01 to counteract multiple comparisons. We tested the 

association between global cognition represented by ACE total score and disease duration 
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(in years) with Spearman’s rho, as the data distribution was non-parametric. We assessed the 

intergroup differences in ACE subscores with ANCOVA and Kruskal-Wallis test with age, 

sex, and disease onset as covariates, followed by Tukey’s post-hoc test. We applied 

Spearman’s rho to test the association between the subscores of the ACE test and disease 

duration. We normalized the ACE subscores after which within-group analysis was 

completed with Wilcoxon signed-rank test. The normalization was done by dividing the 

achieved scores for each subscore by the total score of the given subscore (e.g., 5/10 in 

orientation subscore gives a normalized score of 0.5). For the statistical analysis, we used the 

IBM SPSS 20 software (https://www.ibm.com/support/pages/ibm-spss-statistics-20-

documentation). 

III.4. Neuroimaging study of the visuospatial system in mild cognitive impairment 

In total, 78 individuals were involved in our study: 32 patients with multidomain a-MCI and 

46 cognitively healthy control (HC) participants. We obtained the data by the collaboration 

of two independent research centres through the Euro-Fingers Consortium 

(www.eufingers.com). The two centres used an established, identical protocol for medical 

imaging examination for clinical and research purposes. We included data of 19 MCI patients 

and 26 healthy control individuals from the aforementioned AlzEpi Cohort Observational 

Library (ACOL), the database of the National Institute of Mental Health, Neurology and 

Neurosurgery. In addition, data of 33 individuals (13 MCI patients and 20 healthy controls) 

was selected from the Semmelweis MCI Neuroimaging Cohort (SMNC) database of the 

Department of Psychiatry and Psychotherapy, Semmelweis University. The diagnosis of 

MCI patients was determined by a multidisciplinary team based on the Petersen criteria: 

presence of subjective cognitive complaints—fortified by objective neuropsychological 

evaluation—that do not interfere with activities of independent daily living (19). Patients at 

the dementia stage of the disease continuum were excluded from this study. 
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Table 1. Thresholds for determining amnestic MCI patients and patients already at dementia 

stage for exclusion. Scores are adjusted for school years and age. 

MMSE: Mini Mental State Examination, a-MCI: amnestic mild cognitive impairment, 

RAVLT: Rey Auditory Verbal Learning Test, a: the total number of words learnt in the first 

5 tries (out of the maximum 75), b: the number of words the participant remembered after 30 

minutes of delay (out of a maximum 15) (70). 

MMSE cutoff scores for the exclusion of dementia 
Education\Age 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85+ 
5-8 years 23 23 23 23 23 21 21 17 
9-12 years 25 25 25 25 24 24 21 21 
>12 years 27 27 27 27 25 25 25 24 

RAVLT sum-5 cutoff scores for a-MCIa 
Age Score 
50-59 
60-69 
70+ 

39 
35 
29 

RAVLT7 cutoff scores for a-MCIb 
Age Score 
50-59 
60-69 
70+ 

6 
5 
4 

III.4.1. Structural and functional magnetic resonance imaging 

Every participant in this study underwent high resolution structural and functional MRI 

acquisition. Two different MRI scanners were used at the two participating research centres. 

A 3T Siemens Magnetom Verio scanner (Siemens Healthcare, Erlangen, Germany) was used 

at the National Institute of Mental Health, Neurology and Neurosurgery with the standard 12 

channels head coil. The imaging protocol included a T1-weighted 3D magnetization prepared 

rapid gradient echo (MPRAGE) anatomical imaging (TR (time resolution)=2.300ms; TE 

(time echo)=3.4ms; TI (inversion time)=100ms; flip angle: 12◦; voxel size: 1.0 × 1.0 × 

1.0mm) and a 10-minute eyes-closed resting-state functional MRI recording with echo planar 

imaging (EPI) (TR=2.000ms; TE=30ms; flip angle=79◦; voxel size = 3 × 3 × 3mm). The 

other research centre, the MR Research Center at Semmelweis University, used a Philips 

Achieva 3.0 T MRI scanner (Philips Medical Systems, Best, The Netherlands). The head coil 
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used was a SENSE coil with 8 channels. The imaging protocol included a 3-dimensional T1 

weighted Turbo Field Echo sequence for anatomical imaging (TR=9.7ms; TE=4.6ms; flip 

angle=8◦; FOV (field-of-view) of 240 × 240mm; voxel size of 1.0 × 1.0 × 1.0mm). The T2*-

weighted EPI-based resting-state MRI recordings (TR=2.0 s; TE=30ms; flip angle=70◦, FOV 

of 240 ×240mm; voxel size of 3.0 × 3.0 × 4.0mm; number of slices = 36) took approximately 

8.5 minutes, with the subjects fixating on a cross in the middle of the screen. Foam padding 

was applied to minimize head motion during the recording. After the recordings, the 

participants were asked whether they had fallen asleep during the recording, all of them 

negated doing so. Furthermore, in order to recognize any potential pathological alterations, 

both research centres applied FLAIR, T2-weighted and DTI sequences as well. 

III.4.2. Neuroimaging analysis 

The open source Freesurfer 6.0 software package (http://surfer.nmr.mgh.harvard.edu/) was 

used for volumetric segmentation and cortical reconstruction of T1-weighted anatomical 

images. Cortical surface models were created with the default settings of the processing 

stream called “recon-all”. We applied the CONN MATLAB toolbox for the analysis of 

resting-state functional MRI data (71). Detailed description of our complete imaging analysis 

protocol has been published previously (62). 

We determined the regions-of-interest (ROI) of the visuospatial network using previous 

literature. Visuospatial processing consists of spatial perception, followed by recognition and 

visual input analysis (72). Frontal, temporal, and parietal brain regions have been identified 

as parts of the visuospatial network based on activation during visuospatial task-based fMRI 

acquisition (73-78). More precisely, the involvement of the caudal part of the superior frontal 

and middle frontal gyri, insula, precentral gyrus, inferior temporal gyrus, temporal pole, 

occipitotemporal gyri, posterior part of the superior parietal lobule, angular gyrus, 

supramarginal gyrus, and calcarine cortex was described (72-83) (Figure 2.). Furthermore, 

literature points to the predominance of the subdominant hemisphere in the coordination of 

visuospatial functions (84, 85). We applied seed-based connectivity (SBC) (86) to investigate 

functional connectivity of the aforementioned regions of interest at the group level and at the 
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subject level as well. Fischer-transformed bivariate correlation coefficients between an ROI 

BOLD time series and each voxel BOLD time series gives the SBC maps. We included age 

and sex as covariates in the analysis. We used a paired t-test for intergroup comparison of 

functional connectivity. For parametric statistics, we applied the following parameters: 

cluster threshold: p < 0.05, cluster-size: p-FDR corrected, voxel threshold: p < 0.001 

uncorrected (87). 

 

Figure 2. Region-of-interest (ROI) areas of the visuospatial network. Regions included: 

caudal part of the superior frontal and middle frontal gyri, insula, precentral gyrus, inferior 

temporal gyrus, temporal pole, occipitotemporal gyri, posterior part of the superior parietal 

lobule, angular gyrus, supramarginal gyrus, and calcarine cortex. 

We applied intergroup comparisons for demographic data, such as sex, age, and years of 

education in the HC and MCI group. We used independent samples t-test for continuous 

variables with parametric distribution, whereas we used Mann-Whitney U test for non-

parametrically distributed data. We applied the Chi-square test for categorical variables. We 

analysed the intergroup differences in structural MRI recordings and neuropsychological test 

results with ANCOVA test (covariates: age, sex). Subsequently, Benjamini-Hochberg 

correction was applied to counteract multiple comparisons. We reported the effect sizes with 

Cohen’s d with values 0.2–0.5 indicating small effect, values of 0.5–0.8 indication medium 

effect while values over 0.8 signal large effect. We used the IBM SPSS 20 software 

(https://www.ibm.com/support/pages/ibm-spss-statistics-20-documentation) for statistical 

analysis excluding the analysis of functional MRI results. 
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III.5. Investigating the differentiating potential of a visuomotor paradigm in distinguishing 

MCI patients from healthy controls 

In this study, we solely recruited right-handed participants who reported themselves as 

regular computer and internet users with active email addresses and use. Handedness in this 

study was established based on the participants’ own admission. Altogether, 68 individuals 

participated in this study: 29 male and 39 female. We assigned the participants to two groups: 

the first group included 46 healthy controls without cognitive complaints, while the second 

group was composed of 22 patients with MCI. The diagnosis of MCI was given based on the 

revised Petersen criteria: subjective cognitive complaints should be confirmed by objective 

neuropsychological tests, however, the objectively confirmed impairments should not 

interfere with the patient’s ability to live an independent everyday life (19). MRI acquisition 

of patients also showed reduced cortical thickness in hallmark regions, such as the entorhinal 

cortex, together with a reduced volume of total grey matter. Patients already at the dementia 

stage were not included in this study. 

We selected the Kolmogorov-Smirnov test to analyse the distribution of the data. We applied 

the Mann-Whitney U test or independent samples t-test to assess continuous variables of 

demographic and cognitive data. We used the Chi-square test for categoric variables. 

ANCOVA test was applied to assess group effect on motor data with gender, age, and anxiety 

level as covariates. We used the Benjamini-Hochberg correction to counteract the effect of 

multiple comparisons on the results. We determined the effect sizes in Cohen’s d with values 

0.2–0.5 indicating small effect, values of 0.5–0.8 indication medium effect while values over 

0.8 signal large effect. We used Pearson correlation to analyse the relation between 

neuropsychological test results and visuomotor characteristics that were significantly 

different between the two groups based on p-values, as these characteristics might have 

discriminative potential. 
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III.5.1. Precognize paradigm 

In close collaboration with researchers and medical professionals from the National Institute 

of Mental Health, Neurology and Neurosurgery, Precognize Ltd. developed a visuomotor 

paradigm called Precognize in the framework of the National Brain Research Program II 

(2017-2021). The paradigm was developed based on part A of the Trail-Making Test. In this 

case, instead of connecting the numbers in ascending order, the participants are asked to click 

on each number on the screen with a computer mouse in ascending order as speedily as they 

can. The numbers (1–9) are presented in circles in fixed positions on the screen (Figure 3.). 

Solely correct clicks are accepted, that are the next in order and are on the margin of or within 

the circle surrounding the number. The program will not let the participant advance until any 

of the above two are violated. 

 
Figure 3. Screenshot images of the Precognize paradigm. The paradigm starts with a mock 

part (A) to confirm that participants understand the task, followed by the live test (B). 

In order to limit the influence of factors other than the underlying disease, we used the same 

laptop, computer mouse, chair, table and time of examination (4–6 PM) during the 

completion of the Precognize paradigm. Once the participant took their seat comfortably and 

confirmed that they were ready for the paradigm to begin, we entered research codes into the 

program for both the participant and the examiner. This ensured that the data was 

anonymized, so no personal information could be associated with the data. After the examiner 

had saved the research codes, the recording of the mouse actions started, thus, from that 

moment, only the participant was allowed to touch the computer mouse. The tasks were 

preceded by a thorough description followed by a simplified trial version of the task to 

confirm that the participant knew what to do. The participants were asked to complete the 

A B 
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task with both dominant and subdominant hands, one after the other. The primary mouse 

button was adjusted so that the participants could control it with the index finger of each 

hand. 

During the task solving, the program recorded every mouse action made by the participants. 

Since the task description instructed the participants to complete the paradigm as quickly as 

they can, their focus was shifted from operating the computer mouse. The recorded computer 

mouse movement parameters were stored in log files named after the above-mentioned 

research codes. For data analysis, we extracted the computer mouse movement parameters 

for the two hands separately. We divided the task completion into 9 sections: each section 

represented the interval between two numbers, e.g. section 0 contained all the mouse 

movement parameters from the beginning of the task until the participants clicked on the first 

number. Section 1 represented the information between the numbers 1 and 2, etc. This adds 

up to 18 sections altogether, considering both the dominant and subdominant hands. We 

extracted the following parameters: entropy, distance, time, number of tries, velocity and 

speed described in detail in Table 2. We then averaged the values of these parameters from 

the 9 sections for both hands separately. Overall, we had one average value for each of the 

parameters for each hand separately. 
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Table 2. Description of mouse movement parameters. While y and x indicate the y and x 

coordinates of the screen, t signals time, and n refers to the given section between two 

numbers (88). 

Motor 
parameter Description Formula 

Distance The overall distance from the mouse 
movements ෍ ඥ(𝑥௡ − 𝑥௡ିଵ)ଶ + (𝑦௡ − 𝑦௡ିଵ)ଶ

௡

௜ୀଵ

 

Entropy 

The Shannon entropy of the mouse 
movements, where the underlying 

distribution (random variable) is the 
two-dimensional coordinate of the 
location of the mouse on the screen 

− ෍ 𝑓(𝑥; 𝑦)௜ × 𝑙𝑔 𝑓(𝑥; 𝑦)௜

௡

௜ୀଵ

 

Number of 
tries The sum of all mouse clicks ෍ 𝑎𝑙𝑙 𝑐𝑙𝑖𝑐𝑘𝑠 

Time The time required to complete the 
task 𝑡௡ − 𝑡଴ 

Speed The speed of the mouse movements 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑡𝑖𝑚𝑒

 

Velocity The velocity of the mouse 
movements ෍

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒௡ − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒௡ିଵ

𝑡𝑖𝑚𝑒௡ − 𝑡𝑖𝑚𝑒௡ିଵ

௡

௜ୀ଴

 

III.6. Summary of methods 

Table 3. Summary of methods. 

HC: healthy control, AD: Alzheimer’s Disease, ACE: Addenbrooke’s Cognitive 

Examination, RAVLT: Rey Auditory Verbal Learning Test, TMT: Trail-making Test, STAI: 

Spielberger’s State-Trait Anxiety Inventory, BDI: Beck Depression Inventory, CDR: 

Clinical Dementia Rating scale, MCI: Mild Cognitive Impairment, sMRI: structural 

Magnetic Resonance Imaging, fMRI: functional Magnetic Resonance Imaging 

Number 

of study 

Number of 

participants 
Applied methods 

I 45 HC, 110 AD ACE, RAVLT, TMT, STAI, BDI, CDR 

II 46 HC, 32 MCI ACE, RAVLT, TMT, STAI, BDI, CDR, sMRI, fMRI 

III 46 HC, 22 MCI ACE, RAVLT, TMT, STAI, BDI, CDR, Precognize 
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IV. Results 

IV.1. Evaluating the potential role of visuospatial abilities in diagnosing Alzheimer’s disease 

IV.1.1. Demographics and neuropsychological test results 

Overall, 155 participants were involved in this study, 77 males (49.7%) and 78 females 

(50.3%). The participants’ mean age was 71.8±7.1 years. The median time frame of their 

education was 12 (12.0–17.0) years. Out of the 155 individuals, 45 were cognitively intact 

control participants while 110 were diagnosed with clinically defined AD. Cortical atrophy 

affecting the bilateral frontal and temporal cortices and hippocampi was a distinctive feature 

observed in AD patients on MRI scans of the brain. All patients had an MTA score of at least 

3. Group 1 was composed of 36 individuals whose disease duration was no longer than two 

years. The mean age of these participants was 70.7±7.4 years, 23 of whom were male 

(63.89%) and 13 were female (36.11%). Group 2 included 44 individuals with a disease 

duration of 2–4 years. 25 (56.8%) of these participants were male and 19 female (43.2%) 

with a mean age of 74.1±6.2 years. In group 3, the disease duration of the participants was 

longer than 4 years. 30 individuals belonged to this group, 13 (43.3%) of whom were male 

and 17 (56.7%) were female. Their mean age was 74.6±5.4 years. Group 0 was composed of 

45 control individuals with no cognitive impairment. The mean age of participants in Group 

0 was 68.6±7.4 years, 16 of whom were male (35.6%) and 29 were female (64.4%). Between-

group differences were tested for age, sex, disease duration, age at the beginning of their AD, 

school years, VLOM ratio, ACE subscores, and ACE total score (Table 4). We found 

significant differences (p<0.001) in all parameters, excluding sex and age at disease onset. 
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Table 4. Demographics and neuropsychological test results. 

a: mean ± standard deviation; b: median followed by interquartile range (IQ1–IQ3); c: Chi-

square test, d: ANCOVA, e: Kruskal-Wallis test, ACE: Addenbrooke’s Cognitive 

Examination, VLOM: (verbal fluency + language subscores of ACE) / (orientation + memory 

subscores of ACE), MMSE: Mini Mental State Examination (89). 

Parameter Total Group 0 Group 1 Group 2 Group 3 p-
value 

Participants (n) 155 45 36 44 30 - 

Female, n (%) c 78 (50.3%)  29 
(64.4%) 

13 
(36.11%) 

19 
(43.2%)  

17 
(56.7%)  0.936 

Age (years) a 71.8±7.1  68.6±7.4 70.7±7.4 74.1±6.2  74.6±5.4  <0.001 
Age at disease 
onset (years) a 70.2±6.4 – 69.2±7.3 71.1±6.2  70.0±5.6  0.43 

Education (years) b 12.0 (12.0–
17.0)  

17.0 
(12.0–
17.0)  

12.0 
(12.0–
16.5)  

12.0 
(12.0–
17.0)  

12.0 
(10.0–
15.0)  

<0.001 

Disease duration 
(years) b 

3.0 (2.0–
4.0)  – 1.0 (1.0–

2.0)  
3.0 (3.0–

3.0) 
5.0 (4.0–

5.0)  <0.001 

ACE total score b 72.0 (59.0–
88.0)  

94.0 
(91.0–
96.0) 

72.0 
(67.3–
78.0)  

66.5 
(55.0–
74.3)  

50.0 
(45.8–
57.3)  

<0.001 

VLOM b 3.3 (2.9–
4.0)  

2.6 (2.4–
2.9)  

3.5 (3.3–
4.1)  

3.5 (3.2–
4.6)  

3.6 (3.3–
4.7)  <0.001 

MMSE b 22.0 (17.0–
28.0)  

29.0 
(28.0–
29.0) 

24.0 
(21.3–
25.0)  

19.0 
(16.0–
21.0)  

15.5 
(12.8–
18.0)  

<0.001 

Orientation b, e 8.0 (7.0–
10.0)  

10.0 
(10.0–
10.0) 

8.5 (8.0–
10.0)  

7.0 (6.0–
8.0)  

7.0 (5.0–
8.0)  <0.001 

Attention b, e 7.0 (5.0–
8.0) 

8.0 (8.0–
8.0) 

6.0 (5.0–
7.0)  

6.0 (5.0–
7.0)  

5.0 (4.0–
6.0)  <0.001 

Memory a, d 21.0±4.9 25.1±1.8 21.9±3.1 20.5±4.4 14.2±3.0 <0.001 

Verbal fluency b, e 9.0 (7.0–
12.0) 

13.0 
(11.0–
14.0) 

9.0 (8.0–
10.8) 

8.5 (6.3–
10.0) 

7.0 (6.0–
8.0) <0.001 

Language b, e 23.0 (19.0–
28.0) 

28.0 
(28.0–
28.0) 

24.0 
(22.0–
25.0) 

20.0 
(17.0–
22.8) 

17.5 
(15.0–
20.3) 

<0.001 

Visuospatial 
abilities b, e 

4.0 (4.0–
5.0) 

5.0 (5.0–
5.0) 

4.0 (3.3–
5.0) 

3.0 (2.0–
3.0) 

1.0 
(0.75–
2.0) 

<0.001 
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IV.1.2. Interrelation between disease duration and the total score of the Addenbrooke’s 

Cognitive Examination  

We used Spearman’s rho to explore the relationship between the total score of the ACE test 

and disease duration. Significant negative correlation presented between ACE total score and 

disease duration (p<0.001; r= -0.643). To reinforce our finding, we applied a one-way 

Kruskal–Wallis test, which supported that groups significantly influenced the total score of 

the ACE test. (χ2=115.81; p<0.001). 

IV.1.3. Intergroup differences in the subscores of the Addenbrooke’s Cognitive Examination 

We applied a one-way ANCOVA test to study between-group differences in the memory 

subscores (Table 4.). This analysis resulted in significant differences (F=69.11; p<0.001). 

We then applied the Kruskal–Wallis test to investigate the between-group differences in the 

subscores of attention, orientation, language, verbal fluency, and visuospatial abilities (Table 

4.). Between-group differences proved to be significant for visuospatial abilities (χ2=113.96; 

p<0.001), language (χ2=100.38; p<0.001), orientation (χ2=96.27; p<0.001), attention 

(χ2=87.11; p<0.001), and verbal fluency (χ2=61.12; p<0.001). No significant modifying 

effect of sex, age, and disease duration was found on between-group differences (all p-values 

>0.01). With Tukey’s post-hoc test, we found the following group differences: regarding 

orientation skills, Group 1 is significantly different from Group 0, Group 2, and Group 3 (all 

p-values <0.001). There is a significant difference between Group 0 and Group 2 and Group 

3 (all p-values <0.001). On the contrary, no significant difference was found between Group 

2 and Group 3 (p=0.779). As for the attention subscore, Group 0, Group 1, and Group 2 are 

all significantly different from one another (all p-values <0.001). There were further 

significant differences between Group 2, Group 0, and Group 3 (p<0.001). On the contrary, 

no significant difference was found between Group 2 and Group 1 in the attention subscore 

(p=0.984). Regarding the memory subscore, we found that Group 0, Group 2, and Group 3 

all differed significantly. Furthermore, Group 1 is significantly different from Group 0 and 

Group 3 (all p-values <0.001). However, we did not find a significant difference between 

Group 1 and Group 2 (p=0.254). As for the verbal fluency, we found that Group 0 differs 
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significantly from all three groups (p-values <0.001). On the contrary, we found no 

significant difference between Group 1 and Group 2 and Group 3 (p=0.629 and p=0.017, 

respectively), nor between Group 2 and Group 3 (p=0.198). Regarding the subscore of 

language, we found that Group 0, Group 1, and Group 3 all differed significantly from one 

and other (all p-values <0.001). Additionally, Group 2 significantly differs from Group 0 and 

Group 1 (all p-values <0.001). However, we found no significant difference between Group 

2 and Group 3 (p=0.142). Concerning the visuospatial subscore, we found that all four groups 

differed significantly (all p-values <0.001). Compared to healthy controls (Group 0) the 

difference was highest in Group 1, the earliest disease stage. (Figure 4.) 
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Figure 4. Intergroup differences in orientation, attention, memory, verbal fluency, language, 

and visuospatial abilities cognitive domains based on the subscores of the Addenbrooke’s 

test. (A) Orientation was already impaired after less than two years of disease duration (DD) 



35 

(Group 0 vs Group 1) and demonstrated a steep decline after 4 years of DD. (B) Attention 

showed a biphasic decline: first, early on (Group 0 vs Group 1) and the second after 4 years 

of DD (Group 3 vs Group 2). (C) Similarly to attention, memory also showed a two-step 

decline: first early on (Group 0 vs Group 1) and then after 4 years of DD (Group 3 vs Group 

2). (D) Verbal fluency was the most affected domain in the early phase; however, its 

subsequent decline was not significant. (E) Language subscore was affected in the early 

phase and declined gradually, nonetheless, the decline was not significant after 4 years of 

DD. (F) Visuospatial abilities were already impaired early on and followed a linear pattern 

of decline (every group was significantly different). Note: the points represent means while 

the vertical lines represent standard errors. *Signals significant differences (p<0.01). 

IV.1.4. Interrelation between disease duration and the subscores of the Addenbrooke’s 

Cognitive Examination 

We used Spearman’s rho to assess the interrelation between the six subscores of the ACE 

and disease duration. Figure 5. shows scatter plots illustrating the interrelation between ACE 

subscores and disease duration (Figure 5.). 
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Figure 5. Results of Spearman’s correlation analysis investigating the association between 

disease duration and ACE subscores. Every subscore of the ACE ((A) orientation, (B) 

attention, (C) memory, (D) verbal fluency, (E) language, and (F) visuospatial subscore) 

correlated significantly negatively with disease duration (p-values <0.05). The most 
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prominent association presented between disease duration and visuospatial abilities (r= -

0.85). 

IV.1.5. Intragroup Differences in the subscores of the Addenbrooke’s Cognitive Examination 

We used the Wilcoxon signed rank test to analyse within-group differences in ACE 

subscores. Within-group differences in normalized subscores are detailed in Table 5 and 

illustrated in Figure 6. 

In group 0, the normalized subscore of verbal fluency (0.87) was the lowest from the six 

subscores of the ACE, followed by memory (0.9) but the two did not differ significantly. 

However, the normalized subscore of verbal fluency was significantly lower than that of 

orientation (Z= -3.95; p<0.001), attention (Z= -4.60; p<0.001), language (Z= -4.68; p<0.001), 

and visuospatial abilities (Z= -3.75; p<0.001). Regarding memory, its normalized subscore 

was significantly lower than that of orientation (Z= -4.083; p<0.001), attention (Z= -5.40; 

p<0.001), language (Z= -5.52; p<0.001), and visuospatial abilities (Z= -3.61; p<0.001). The 

normalized subscore of visuospatial abilities was the third lowest (0.96), it was significantly 

lower than the normalized subscore of orientation (Z= -2.10; p=0.036), attention (Z= -2.94; 

p=0.003), and language (Z= -2.82; p=0.005). 

Similarly to group 0, the lowest normalized subscore of the ACE in Group 1 was verbal 

fluency (0.64), followed by attention (0.77) and memory (0.78). The normalized subscore of 

verbal fluency was significantly lower than that of orientation (Z= -4.79; p<0.001), attention 

(Z= -4.14; p<0.001), memory (Z= -4.41; p<0.001), language (Z= -5.23; p<0.001), and 

visuospatial abilities (Z= -4.69; p<0.001). Regarding attention, its normalized subscore was 

significantly lower than orientation (Z= -2.34; p=0.019) and language (Z=-5.23; p<0.001), 

while it was not significantly different from memory and visuospatial abilities. As for 

memory, its normalized subscore was significantly lower than that of orientation (Z= -2.27; 

p=0.023) and language (Z= -5.23; p<0.001) but it did not differ significantly from 

visuospatial abilities. 

Contrary to Group 0 and Group 1, the lowest normalized subscore of the ACE in Group 2 

was visuospatial abilities (0.5). Verbal fluency (0.6) was the second, while orientation (0.68) 
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was the third lowest subscore. The normalized subscore of visuospatial abilities was 

significantly lower than orientation (Z= -4.38; p<0.001), attention (Z= -5.24; p<0.001), 

memory (Z= -5.25; p<0.001), verbal fluency (Z= -3.31; p=0.001), and language (Z= -4.07; 

p<0.001). As for verbal fluency, its normalized subscore was significantly lower than that of 

orientation (Z= -3.62; p<0.001), attention (Z= -5.47; p<0.001), memory (Z= -4.87; p<0.001), 

and language (Z= -3.55; p<0.001). Regarding orientation, it had a significantly lower 

normalized score than attention (Z= -3.23; p=0.001) and memory (Z= -2.19; p=0.029). 

Similarly to Group 2, the lowest normalized subscore of the ACE in Group 3 was visuospatial 

abilities (0.25). The second lowest was memory (0.51) followed by verbal fluency (0.52). 

The normalized subscore of visuospatial abilities was significantly lower than that of any 

other cognitive domain: orientation (Z= -4.73; p<0.001), attention (Z= -4.74; p<0.001), 

memory (Z= -4.46; p<0.001), verbal fluency (Z= -4.47; p<0.001), and language (Z= -4.64; 

p<0.001). Memory had a significantly lower normalized score than orientation (Z= -3.86; 

p<0.001), attention (Z= -3.10; p=0.002), and language (Z= -4.32; p<0.001). The normalized 

subscore of verbal fluency was significantly lower than that of orientation (Z= -3.75; 

p<0.001), attention (Z= -2.42; p=0.016), and language (Z= -2.76; p=0.006). 
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Figure 6. Intragroup differences in normalized subscores of Addenbrooke’s Cognitive 

Examination (ACE). Verbal fluency is the most impaired subscore in Group 1 pointing to 

marked involvement of this cognitive domain the early phase of AD. In addition, visuospatial 

abilities presented a steep linear trajectory of decline with longer disease duration. 
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Table 5. Normalized attention, orientation, verbal fluency, memory, visuospatial abilities, 

and language subscores of the ACE per group. 

Note: Normalization was carried out by dividing each subscore by the maximum score of the 

given subscore (e.g., 6/8 in attention subscore gives a normalized score of 0.75). Wilcoxon-

signed ranked test was applied for the analysis of normalized scores. Nonsignificant 

differences are marked by =, whereas >, < signals significance (p<0.05) and the relation of 

the given subscores. A: attention, O: orientation, VF: verbal fluency, M: memory, VS: 

visuospatial abilities, L: language, SD: standard deviation (89). 

Cognitive 
domains 

Descriptive 
statistics Group 0 Group 1 Group 2 Group 3 

Orientation 

Mean 0.98 0.84 0.68 0.65 
SD 0.05 0.13 0.15 0.13 

Differences 
O=A, O>M, 
O>VF, O<L, 

O>VS 

O>A, O>M, 
O>VF, O=L, 

O=VS 

O<A, O<M, 
O>VF, 
O=L, 
O>VS  

O=A, O>M, 
O>VF, O=L, 

O>VS 

Attention 

Mean 0.99 0.77 0.76 0.61 
SD 0.03 0.15 0.19 0.17 

Differences A>M, A>VF, 
A=L, A>VS 

A=M, 
A>VF, A<L, 

A=VS 

A=M 
A>VF, 
A>L, 
A>VS  

A>M, A>VF, 
A=L, A>VS 

Memory 

Mean 0.90 0.78 0.73 0.51 
SD 0.06 0.11 0.16 0.11 

Differences M=VF, M<L, 
M<VS 

M>VF, 
M<L, 
M=VS 

M>VF, 
M=L, 
M>VS 

M=VF, 
M<L, M>VS 

Verbal 
fluency 

Mean 0.87 0.64 0.60 0.52 
SD 0.17 0.15 0.17 0.15 

Differences VF<L, 
VF<VS 

VF<L, 
VF<VS 

VF<L, 
VF>VS 

VF<L, 
VF>VS 

Language 
Mean 1.00 0.84 0.70 0.64 
SD 0.995 0.08 0.16 0.14 
Differences L>VS L=VS L>VS L>VS 

Visuospatial 
abilities 

Mean 0.96 0.81 0.50 0.25 
SD 0.08 0.15 0.23 0.19 
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IV.2. Neuroimaging study of the visuospatial system in mild cognitive impairment 

IV.2.1. Demographics and neuropsychological test results 

The two study groups differed significantly in age and sex: the HC group had a higher ratio 

of female participants detected by Chi-square test (χ2=5.128, p=0.024); while the a-MCI 

group was significantly older (F=6.18, p=0.015). However, age and sex had no significant 

modifying effect (p>0.05). No significant difference was found between the two groups in 

years of education (p=0.142). The two groups also significantly differed in 

neuropsychological test results, out of which many remained significant after Benjamini-

Hochberg correction for multiple comparisons (Table 6.). Compared to the HC group, the a-

MCI group had lower score on the MMSE test (F=9.098, p<0.001) decreased total ACE score 

(F=11.065, p<0.001), reduced RAVLT sum-5 and RAVLT7 scores (F=13.53, p<0.001 and 

F=11.9, p<0.001, respectively). The a-MCI group needed significantly longer time to 

complete the TMT-A and B tests (F=4.69, p=0.048 and F=5.51, p=0.021, respectively) 

signalling impaired cognitive function. Regarding the cognitive domains, the visuospatial 

subscore of the a-MCI group was significantly lower (F=8.32, p<0.001), while the other 

domains were not significantly different between the two groups after correction for multiple 

comparisons (corrected p>0.05). 
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Table 6. Demographics and neuropsychological test results. 

Note: HC: healthy control, a-MCI: amnestic mild cognitive impairment; ACE: 

Addenbrooke’s Cognitive Examination, RAVLT: Rey Auditory Verbal Learning Test, 

MMSE: Mini Mental State Examination, TMT: Trail-Making Test, ACOL: AlzEpi Cohort 

Observational Library, SMNC: Semmelweis MCI Neuroimaging Cohort, a: independent 

sample t-test, b: chi-square test, c: Mann–Whitney U-test, d: ANCOVA analysis with age 

and sex as covariates, e: given in the form mean ± standard deviation, f: reported as 

percentage of female subjects in each group, g: presented in Cohen’s d, * signals significant 

intergroup differences after Benjamini-Hochberg correction (p<0.05) (70). 

 HC (n:46) a-MCI (n:32) p-value Effect 
sizeg 

Demographics  
Age (years)a,e 67.63±7.15 70.68±9.94 0.015* 0.352 
Sex (% of 
females)b,f 69.6 53.1 0.024* – 

Education (years) 

c,e 15±2.53 14.43±3.13 0.142 0.200 

Neuropsychology   
MMSE d,e 28.52±1.13 26.87±1.62 p<0.001* 1.181 
ACE Total d.e 93.24±3.29 82.31±7.26 p<0.001* 1.939 
ACE Orientation d,e 9.88±0.31 9.43±0.8 0.029 0.742 
ACE Attention d,e 7.91±0.28 7.65±0.86 0.134 0.407 
ACE Memory d,e 30.97±2.11 24.68±5.47 0.03 1.517 
ACE Verbal 
fluency d,e 11.95±2.24 9.62±2.87 0.021 0.905 

ACE Language d,e 27.71±0.54 27.125±1.58 0.378 0.495 
ACE Visuo-spatial 

d,e 4.71±0.5 3.78±1.12 <0.001* 1.072 

RAVLT sum-5 d,e 48.43±8.69 31.15±9.4 <0.001* 1.909 
RAVLT7 d,e 9.89±2.75 4.03±2.83 <0.001* 2.100 
TMT-A d,e 39.62±10.58 90.41±66.98 0.008* 1.059 
TMT-B d,e 83.13±32.67 209.33±147.31 0.003* 1.183 
Demographics separately for the two centres 

 ACOL 
(n:29) 

SMNC 
(n:17) 

ACOL 
(n:18) 

SMNC 
(n:14)   

Age (years)e 67.83±7
.55 

67.29±6.6
4 

71.00±7.1
9 

70.43±
13.12 – – 

Sex (% of 
females)f 68.97 70.59 44.44 64.29 – – 
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IV.2.2. Results of structural MRI acquisition 

Compared to the HC groups, we found reduced cortical thickness in the a-MCI group in 

several cortical areas (Appendix). The cortical thickness of the right superior temporal gyrus 

and the left temporal pole showed the greatest F values (F=8.04 and F=5.26, respectively). 

These are the only areas where intergroup differences of cortical thickness remained 

significant after Benjamini-Hochberg correction (p<0.001 and p=0.034, respectively) (Figure 

7.). We found that age had a significant modifying effect on cortical thickness of several 

regions: right frontal region (orbital and opercular parts of the inferior frontal gyrus p=0.005 

and p=0.033, respectively, and precentral gyrus p=0.04), left frontal region (orbital, 

opercular, and triangular part of the inferior frontal gyrus p=0.024, p=0.027, and p=0.006, 

respectively, medial and lateral orbitofrontal gyrus p=0.004 and p=0.008, respectively, 

caudal middle frontal gyrus p=0.049 and precentral gyrus p=0.04), right temporal region 

(superior temporal gyrus p=0.0015 and temporal pole p=0.002), and left temporal regions 

(entorhinal cortex p=0.009, superior temporal gyrus p=0.003, temporal pole p=0.022, and 

parahippocampal gyrus p=0.006). We found that age had the largest effect on the right 

superior temporal gyrus (F=21.81) and the opercular part of the left inferior frontal gyrus 

(F=9.39). However, this effect could not be seen once Benjamini-Hochberg correction was 

applied (p>0.05). Sex did not modify the results significantly (p>0.05). 

 

Figure 7. Intergroup comparison of cortical thickness between healthy controls and amnestic 

MCI patients. Cortical thickness of the left temporal pole and right superior temporal gyrus 
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was significantly decreased in a-MCI patients. HC: healthy control, a-MCI: amnestic mild 

cognitive impairment. Note: the intersection of vertical and horizontal lines represent means 

while the vertical lines represent standard errors. 

IV.2.3. Intergroup differences in functional connectivity 

Compared to the HC group, two cortical regions of the VS network showed reduced 

functional connectivity with seed-to-ROI analysis. We found that the right middle frontal 

gyrus had decreased functional connectivity to the left superior frontal gyrus, the left middle 

frontal gyrus, and left precentral gyrus (Figure 8A). Moreover, the right superior frontal gyrus 

had impaired functional connectivity to the left temporal pole, the left inferior temporal 

gyrus, and the left precentral gyrus (Figure 8B). However, the a-MCI group had stronger 

functional connectivity between the left inferior temporal gyrus and the triangular part of the 

left inferior frontal gyrus and the left middle frontal gyrus compared with the HC group 

(Figure 9.). 

 
Figure 8. Weaker functional connectivity in amnestic MCI patients compared to healthy 

controls. Significantly reduced functional connectivity presented between the seed region 

called the right middle frontal gyrus and the left middle frontal gyrus, the left superior frontal 

gyrus, and the left precentral gyrus (part A). It also presented between the seed region called 
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the right superior frontal gyrus and the left frontal operculum, the left inferior temporal gyrus, 

the left temporal pole, and the left precentral gyrus (part B). The uncorrected threshold at the 

voxel-level was p<0.001, while the FDR corrected threshold at the cluster-level was p<0.05. 

Contrast: amnestic MCI > healthy controls. Colour bar depicts the Fischer-transformed 

correlation value. 

 

Figure 9. Stronger functional connectivity in amnestic MCI patients compared to healthy 

controls. Significantly increased functional connectivity presented between the seed region 

called the left inferior temporal gyrus (part A) and the left inferior frontal gyrus and the left 

middle frontal gyrus (part B). The uncorrected threshold at the voxel-level was p<0.001, 

while the FDR corrected threshold at the cluster-level was p<0.05. Contrast: amnestic MCI 

> healthy controls. Colour bar depicts the Fischer-transformed correlation values. 

IV.3. Investigating the differentiating potential of a visuomotor paradigm in distinguishing 

MCI patients from healthy controls 

IV.3.1. Demographics, neuroimaging, and neuropsychological test results.  

We selected 80 individuals (49 healthy controls and 31 MCI patients) from the ACOL 

database who were eligible for the study based on the selection criteria. Three healthy 
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controls and 9 MCI patients, altogether 12 individuals denied participation. 68 individuals 

agreed to participate in the study: 46 healthy controls and 22 MCI patients. The MCI group 

was composed of 12 females (54.55%) while the HC group included 27 female participants 

(58.70%). We did not find significant differences in years of education (p=0.128) or ratio of 

sex (p=0.225). However, we found significant differences between the two groups in age 

(F=0.638; p=0.019) and numerous neuropsychological test results, such as the RAVLT sum-

5 (F=110; p=0.015) and RAVLT7 (F=69.84; p=0.008) scores, the ACE total score 

(F=60.086; p<0.001) as well as its subscores: category and letter fluency (F=31.48; p<0.001 

and F=5.07; p=0.028, respectively). The two groups also differed in the CDR score (Z= -

4.284; p<0.001). We did not find significant intergroup differences in the results of other 

neuropsychological tests (p>0.05). However, we detected significant differences between the 

two groups in cortical thickness: compared to the HC group, MCI patients had decreased 

grey matter volume (F=4.21, p=0.012) and reduced thickness of the entorhinal cortex 

(F=3.86, p=0.017) (Table 7.). 

Table 7. Demographics, neuroimaging, and neuropsychological test results 

Note: ACE: Addenbrooke’s Cognitive Examination, MMSE: Mini-Mental State 

Examination, RAVLT: Rey Auditory Verbal Learning Test, CDR: Clinical Dementia Rating 

scale, TMT: Trail-Making Test, STAI-T: Spielberger State-Trait Anxiety Inventory Trait 

Score, STAI-S: Spielberger State-Trait Anxiety Inventory State Score, BDI: Beck 

Depression Inventory, MCI: mild cognitive impairment, HC: healthy control, * signals 

significant differences (p<0.05), a: independent samples t-test was applied, b: Chi-square test 

was applied, c: Mann-Whitney U-test was applied, d: mean ± standard deviation, e: median 

followed by interquartile range (IQ1–IQ3), f: higher score indicates worse cognitive 

functioning (88). 

 HC (n=46) MCI (n=22) p-value Effect size 
(Cohen’s d) 

 Demographics 
Age (years) a 66.76±7.63 71.18±5.82 0.019* 0.65 
Sex (% of females) b 58.70 54.55 0.225 – 
Education (years) a, d 15.54±1.93 14.63±2.38 0.128 0.42 
 Neuroimaging 
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Average entorhinal 
thickness (mm2) a, d 3.43±0.25 3.11±0.23 0.017* 1.31 

Total grey matter volume 
(mm3) a, d 576828±57471 573914±57471 0.012* 0.05 
 Neuropsychology 
MMSE a, d 28.76±1.08 26.5±1.79 0.088 1.55 
ACE Total a, d 93.93±3.85 80.22±9.7 <0.001* 1.88 
ACE Orientation a, d 9.77±0.53 9.19±0.16 0.434 0.59 
ACE Attention c, e 8.00 (8.00–8.00) 8.00 (8.00–8.00) 0.307 0.45 
ACE Memory a, d 29.93±0.25 23.7±6.07 0.089 1.17 
ACE Letter fluency a, d 5.98±1.39 4.29±2.07 0.028* 0.97 
ACE Category fluency a, d 6.67±0.04 4.91±1.76 <0.001* 1.36 
ACE Language a, d 27.93±0.26 26.7±1.88 0.388 0.96 
ACE Visuospatial a, d 4.8±0.1 4.1±0.73 0.135 1.2 
RAVLT sum-5 a, d 49.24±6.36 29.2±7.51 0.015* 2.93 
RAVLT7 a, d 10.17±2.73 3.82±2.21 0.008* 2.59 
TMT-A (in sec) a, d, f 39.98±11.76 85.6±55.1 0.288 1.19 
TMT-B (in sec) a, d, f 87.83±46.17 186±117.7 0.078 1.12 
CDR c, e, f 0 (0–0.2) 0.88 (0.4–1) <0.001* 1.19 
BDI a, d, f 4.3±4.02 5.61±3.15 0.32 0.28 
STAI-S a, d, f 36.5±9.23 43.25±8.38 0.32 0.77 
STAI-T a, d, f 41.95±9.51 42.38±7.85 0.118 0.04 

IV.3.2 Between-group differences in computer mouse‑movement characteristics 

We found significant intergroup differences in computer mouse movement characteristics for 

both the right and left hand. Regarding the left hand, we detected the most significant 

difference in movement entropy (F=5.24; p=0.001, Cohen’s d=0.94) while the time required 

for task completion and the distance of the hand movements were also significantly different 

(F=4.32; p=0.005 and F=1.16, p=0.0134, respectively) (Figure 10.). In regard to the right 

hand, we found that the entropy of the computer mouse movements proved to be the most 

significantly different characteristic between the groups (F=8.46; p<0.001, Cohen’s d=0.9), 

while the time of task completion and the distance of the movements also proved to be 

significantly different (F=4.626; p=0.003 and F=1.03, p=0.019, respectively) (Figure 10.). 

Out of the six measures only four remained significant after the Benjamini Hochberg 

correction (p<0.05), the significance was lost for distance of computer mouse movements for 

both the left and right hand (p>0.05). Although not significant, we identified a shift in 

computer mouse movement characteristics of the MCI group: their speed of movement was 
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slower, and they needed more tries to successfully hit the targets; however, the velocity of 

their movements was also higher (Table 8.). No significant modifying effect of age, sex, and 

state anxiety was detected (p>0.05). 

 

Figure 10. Intergroup comparisons of MCI patients’ and healthy controls’ computer mouse 

movement characteristics. MCI patients required longer time for task completion (part A and 

B) and had significantly higher levels of movement entropy (part C and D). Intergroup 

differences are more prominent in case of the left hand (part A and C). Every plot shows 

significant difference (p<0.05). 

Note: the points represent means while the vertical lines represent standard errors. MCI: mild 

cognitive impairment, HC: healthy control, ms: millisecond 
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Table 8. Differences in computer mouse movement parameters between MCI and HC 

participants. The MCI group had significantly increased movement entropy and required time 

for task completion.  

Note: MCI: mild cognitive impairment, HC: healthy control, *signals significant differences 

after Benjamini-Hochberg correction was applied to counteract multiple comparisons, ms: 

millisecond (88). 

 HC (n=46) MCI (n=22) Nominal 
p-value 

Effect size 
(Cohen’s d) 

 Left hand 
Average distance of 
9 routes (pixel) 1611.94±1044 2319.31±1368.18 0.0134 0.58 

Average entropy of 
9 routes 4.26±0.32 4.64±0.47 0.001* 0.94 

Average number of 
tries of 9 routes 2.88±0.31 3.17±0.69 0.329 0.54 

Average speed of 9 
routes (pixel/ms) 0.53±0.14 0.45±0.2 0.124 0.46 

Average time of 9 
routes (ms) 

2932.41± 
1601.92 4672.21±2648.63 <0.005* 0.79 

Average velocity of 
9 routes (pixel/ms) 

4911765± 
9621912 7765693±7971712 0.389 0.32 

 Right hand 
Average distance of 
9 routes (pixel) 1181.41±275.2 1714.32±591.35 0.0119 0.22 

Average entropy of 
9 routes 3.9±0.35 4.28±0.48 <0.001* 0.9 

Average number of 
tries of 9 routes 3.2±0.62 3.66±1.76 0.97 0.34 

Average speed of 9 
routes (pixel/ms) 

0.57±0.17 
 0.47±0.19 0.069 0.55 

Average time of 9 
routes (ms) 

1830.25±901.9
3 3545.95±3064 0.003* 0.75 

Average velocity of 
9 routes (pixel/ms) 

2462435± 
8318595 2923976±5945440 0.5 0.06 
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IV.3.3 Interrelation between neuropsychological test results and computer mouse movement 

characteristics 

Based on the results of the intergroup comparisons, entropy, time, and speed of computer 

mouse movements appeared to be the most promising measures for further analysis. We 

applied Pearson correlation between these measures and the neuropsychological test results 

(Table 9. for p-values and Figure 11. for r values). We found significant correlations between 

movement parameters and the scores of RAVLT, ACE, MMSE, CDR and TMT tests, while 

results for tests such as BDI and STAI—measuring mood and anxiety—were not significant. 

The correlation was positive for the tests where higher scores indicate worse performance, 

e.g., TMT-A and B and CDR scale with r values of 0.1 to 0.65. We detected the most 

significant correlation between the CDR scale and movement parameters (average r=0.36, 

all p’s<0.001). With respect to the measure with the leading predictive value, we found left 

hand movement features to be superior: time of left-hand movements proved to be the first 

with an average r value of +0.62 (p<0.001), followed by entropy of the left-hand movement 

with an average r value of +0.49 (p<0.001). Apart from the leading measures, we found 

higher average r values for the left hand (0.46) in every measure compared to the right hand 

(0.21) (Figure 11.). Regarding the tests where higher scores indicate better cognitive 

performance, such as the ACE, MMSE, and RAVLT, we found a negative correlation with 

the computer mouse movement features, with r values of -0.14 to -0.5. We detected the most 

significant correlation between the ACE total score and the movement parameters (average 

r= -0.37, all p’s <0.05). In regard to the predictive value of the movement features, time of 

the left-hand movements proved to be the leading measure with an average r of -0.38 (p-

values <0.05) (Figure 12.) closely followed by entropy of left hand with and average r of -

0.34 and the right hand where average r was -0.31 (all p-values <0.05). Considering the 

average r values of all movement parameters per hand, we did not find a significant difference 

between the two hands with the average r values of -0.29 for both hands. Results of the 

Pearson correlation analysis were log-transformed before averaging, followed by back-

transformation after averaging was conducted. 
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Table 9. Pearson correlation analysis between computer mouse movement parameters and 

neuropsychological test results (p-values). The analysis resulted in several significant 

correlations between mouse movement characteristics and neuropsychological test results 

assessing cognitive functioning. However, no significant association was found between 

movement parameters and mood and anxiety measurements. 

Note: ACE: Addenbrooke’s Cognitive Examination, MMSE: Mini-Mental State 

Examination, TMT: Trail-Making Test, RAVLT: Rey Auditory Verbal Learning Test; CDR: 

Clinical Dementia Rating scale; STAI-T: Spielberger State-Trait Anxiety Inventory Trait 

Score, STAI-S: Spielberger State-Trait Anxiety Inventory State Score, BDI: Beck 

Depression Inventory, a: Lower score signals better cognitive performance, *Signals 

significant correlation (p<0.05) (88). 

 

Left 
hand: 

Distance 
(pixel) 

Left 
hand: 

Entropy 

Left 
hand: 
Time  

(in ms) 

Right 
hand: 

Distance 
(pixel) 

Right 
hand: 

Entropy 

Right 
hand: 
Time 

 (in ms) 
MMSE  0.064 0.006* 0.006* 0.002* 0.003* 0.013* 
ACE total  0.026* <0.001* <0.001* <0.001* <0.001* 0.003* 
RAVLT 
sum-5  0.037* 0.001* 0.002* 0.007* 0.004* 0.121 

RAVLT7  0.097 0.002* 0.025* 0.002* 0.002* 0.037* 
TMT-A 
(in sec) a 0.009* <0.001* <0.001* 0.129 0.009* 0.203 

TMT-B 
(in sec) a 0.022* <0.001* <0.001* 0.225 0.046* 0.139 

CDR a <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
BDI a 0.074 0.784 0.984 0.319 0.081 0.544 
STAI-S a 0.321 0.373 0.047 0.217 0.370 0.227 
STAI-T a 0.280 0.241 0.356 0.719 0.437 0.842 
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Figure 11. Correlation matrix displaying correlations (r values) between neuropsychological 

test results and computer mouse movement parameters. The colour green signifies negative 

correlations, while the colour burgundy signals positive correlations. Participants with worse 

cognitive performance indicated by lower scores in ACE, MMSE, RAVLT tests had higher 

values of movement parameter values, resulting in negative r values. In addition, the tests 

where higher scores indicate worse cognitive performance, such as CDR and TMT, 

correlated positively with computer mouse movements. To conclude, higher values of 

movement parameters signal impaired cognitive functioning.  

Note: ACE: Addenbrooke’s Cognitive Examination, MMSE: Mini-Mental State 

Examination, RAVLT: Rey Auditory Verbal Learning Test, CDR: Clinical Dementia Rating 

scale, TMT: Trail-Making Test, STAI-T: Spielberger State-Trait Anxiety Inventory Trait 

Score, STAI-S: Spielberger State-Trait Anxiety Inventory State Score, BDI: Beck 

Depression Inventory. 
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Figure 12. Pearson correlation analysis between neuropsychological test scores and average 

time of left-handed computer mouse movements (in ms). Negative correlation was found 

between required time for task completion and neuropsychological test scores in which lower 

scores indicate worse cognitive functioning such as ACE: Addenbrooke’s Cognitive 

Examination and RAVLT sum-5: Rey Auditory Verbal Learning Test summary of first 5 

trials (part A and C). On the contrary, positive correlation was present between time required 

for task completion and neuropsychological test scores where higher scores indicate worse 

cognitive functioning such as CDR: Clinical Dementia Rating Scale and TMT-B: Trail-

Making Test part B (part B and D). 

Note: ms: millisecond; s: second. 
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V. Discussion 

Around 50% of dementia patients remain undiagnosed notwithstanding the major efforts 

aimed at a timely diagnosis (29). There are a number of possible causes contributing to 

difficulty with diagnosis: first, the limited availability of screening: only 16 percent of older 

adults aged 65 years and over receive routine cognitive evaluation (30). Furthermore, there 

is a limit in the availability of trained medical personnel and the geographical constraint of 

these examinations also has a role since the patient must be physically present at the 

examination. Additionally, neuropsychological tests struggle to identify early-stage cognitive 

impairment due to a lack of sensitivity (31). 

Most neuropsychological evaluations of dementia patients are heavily focused on memory 

tasks and less so on other cognitive domains (the proportion of memory scores from the total 

scores are 35/70 in ADAS-Cog, 35/100 in ACE, 5/30 in MoCA, while that of visuospatial 

abilities are 0/70 in ADAS-Cog, 5/100 in ACE, and 4/30 in MoCA). However, visuospatial 

abilities have been found to carry significant diagnostic and prognostic capabilities (40). A 

recent study by Wasserman et al. proposed that the assessment of visuospatial abilities could 

be an accurate method to detect multiple domain MCI (90). In the first phase of our research, 

we aimed to investigate the impairment of different cognitive domains and their contribution 

to the global cognitive deficit of AD patients by using and analysing a comprehensive 

neuropsychological test battery. 

In our study of 110 clinically defined AD patients (Group 1-3) and 45 cognitively healthy 

individuals (Group 0), we found that visuospatial abilities demonstrated the most precipitous 

deterioration with increased disease duration, thus, it could be a promising candidate for 

observing the advancement of the disease stages. 

Regarding the most affected cognitive domain early on the disease continuum, we found 

verbal fluency to be the most defective in the beginning of the disease course, similar to the 

level of memory deficiency in early AD. Regarding global cognition, we found that ACE 

total score decreases with increased disease duration supported by correlation analysis and 

intergroup comparisons. This finding is in accordance with previous literature stating that the 
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impairment of global cognition in AD follows a linear trajectory (91, 92), and literature 

supporting the capacity of ACE in indicating the patient’s stage on the disease continuum 

(93). When breaking down ACE total score to subscores according to cognitive domains, 

orientation, attention, memory, verbal fluency, language, and visuospatial skills, all show 

decreased subscores with later disease stages. However, outstanding differences in the level 

of impairment of the cognitive domains appear at different disease stages, which is in line 

with previous literature discussing the relevance of assessing a set of cognitive domains in 

identifying diverse disease courses (92). While memory impairment is a distinct feature of 

AD, especially involving the episodic memory, the associated disease stage is debated. 

Literature is present supporting the concept that decline in episodic memory is more 

pronounced later in the disease continuum (69, 94). On the contrary, other studies point to 

the presence of episodic memory impairment in the early disease stages (95, 96). Our results 

may provide more insight into the above-mentioned discrepancy in the literature: we found 

that memory is already heavily impaired in the early stage of the disease because its 

normalized score (0.78) was the third most affected subscore after verbal fluency (0.64) and 

attention (0.77). However, the ensuing decline in the 2-3 years following the diagnosis was 

inconspicuous, as the memory subscores are not significantly different between Group1 and 

Group 2. These results question the rasion d’être of the consecutive use of memory tests for 

monitoring disease progression and cognitive impairment. Nevertheless, 4 years after the 

disease onset, memory functions deteriorate severely again. This reinforces the findings of 

de Boer et al. that the deterioration of memory is also apparent further on in the AD 

continuum (69). This finding draws attention to the variable contribution of different 

cognitive domains to the constant deterioration of global cognition: the significance of loss 

of episodic memory function decreases whereas the contribution of the other cognitive 

domains enlarges. These results point to the importance of assessing various cognitive 

domains for disease monitoring and evaluating the effectiveness of disease modifying 

interventions as opposed to the sole assessment of memory. 

Our results showed that verbal fluency was the most severely affected cognitive domain in 

the early phase of the disease, even more so than memory (normalized score of 0.64 vs 0.78, 

respectively). Literature suggests that the impairment of verbal fluency appears as early as 
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the preclinical phase of the disease (97) and is also noticeable in the subsequent phase in 

MCI, even in its amnestic type (98). However, there is a debate in the literature concerning 

which category of verbal fluency is affected more. Some studies emphasize the pre-eminence 

of testing letter/phonemic fluency (98), while other studies accentuate the assessment of 

semantic/category fluency (99-101). Further studies are needed to clarify this question so that 

the most appropriate types of verbal fluency tests may be used in dementia screening. Our 

results underline the relevance of verbal fluency tests in the evaluation of early-stage 

cognitive impairment and might contribute to the advancement of innovative diagnostic 

methods. Not only memory and verbal fluency, but all six subscores of the ACE test 

demonstrated a significant negative correlation with disease duration. Of special note is the 

correlation between disease duration and the visuospatial subscore, which demonstrated a 

notably robust negative value, the highest among the six subscores (r= -0.85). The 

visuospatial subscore of the ACE test is composed of three tasks: 1) copying two overlapping 

pentagons, 2) copying a cube, 3) drawing a clock face with the 12 numbers indicated and the 

placement of the hands indicating a given time. Our results point to the possible advantage 

of visuospatial function assessment in the follow-up of patients to appraise whether the 

cognitive deficit is progressing, and if so, at what rate it is advancing. 

The importance of the impairment of visuospatial function was reinforced by our study of 78 

individuals, 32 patients with multiple domain a-MCI and 46 healthy control participants. The 

characterization of the a-MCI group is described in our study in detail (70). In this study, we 

completed a thorough statistical analysis of different neuropsychological test results, 

including ACE. We calculated intergroup comparisons for ACE subscores which showed 

interesting results: even though the MCI patients belonged to the multiple domain amnestic 

subtype reinforced by tests such as MMSE and TMT, the visuospatial subscore was the only 

subscore that was significantly different between the two groups (F-value=8.32, corrected 

p<0.001). Even though the MCI group was significantly older, significant modifying effect 

of age and sex was ruled out by ANCOVA analysis (p>0.05). It is important to emphasize 

that, contrary to our previous study involving AD patients, this study was composed of MCI 

patients, an earlier phase on the disease continuum, yet the impairment of visuospatial 

function was already present in this patient group. While the literature is more extensive on 
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the evaluation of visuospatial function in AD, the studies focusing on visuospatial skills in 

MCI imply interesting findings: a study by Mapstone et al. found defective visual motion 

perception in one-third of MCI patients. The extent of deficit was linked to impairment in 

spatial navigation assessed by the Money Road Map test. However, no association was found 

between the deficit in visual motion perception and memory, neither visual nor verbal.(102) 

Furthermore, it was found that impaired visuospatial function could signal the initial 

manifestation of neurodegeneration (103). 

The limitations of the study are 1) the lack of cerebrospinal fluid analysis, PET acquisition 

and genetic testing. 2) Exact disease duration may differ among participants, as cognitive 

impairment could start years before AD diagnosis is established. Based on the description of 

relatives and caregivers, we only included AD patients with a brief history of cognitive 

impairment preceding the patients’ AD diagnosis. Nonetheless, family members’ and 

caregivers’ reports might not be precise due to various reasons. On the contrary, we applied 

a comprehensive diagnostic approach combined with meticulous participant selection, which 

give the strength of this study. 

In this study of 78 participants, we also assiduously analysed the structural integration and 

functional connectivity of the visuospatial network using structural and functional MRI data.  

Regarding structural MRI data, we found slightly reduced cortical thickness in numerous 

cortical areas in the a-MCI group. We corrected for multiple comparisons, and this way, only 

two cortical regions remained significantly different: the right superior temporal gyrus and 

the left temporal pole (p<0.05). We also analysed the modifying effect of age and sex, as 

even healthy aging is associated with reduced cortical thickness. Sex did not have a 

significant modifying effect (p>0.05). However, decreased cortical thickness of the frontal 

and temporal cortices in both the left and right hemispheres was linked to older age (p<0.05). 

Howbeit, we found no significant modifying effect of age once Benjamini-Hochberg 

correction was applied (p>0.05). Our findings regarding the two significantly different 

cortical regions are in accordance with the literature: a study by Choi et al. analysed the 

Alzheimer's Disease Neuroimaging Initiative (ADNI) database and found that impaired 

visuospatial function not only signals a-MCI appropriately but also its conversion to 
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Alzheimer’s disease (104). They also found that it’s primarily the reduced cortical thickness 

of the temporal lobe that marks a-MCI patients. Other studies likewise identified the 

distinguished role of the lateral and medial temporal cortices in the identification of a-MCI 

(62, 105, 106). Furthermore, the pre-eminence of the lateral temporal lobe has been proposed 

in the literature (107). Even though the temporal pole and the superior temporal gyrus are 

key components of the visuospatial network, there are several more regions that are essential 

(e.g., caudal part of the middle frontal gyrus, insula, precentral gyrus, angular gyrus, 

supramarginal gyrus, posterior part of the superior parietal lobule, calcarine cortex, inferior 

temporal gyrus and occipitotemporal gyrus) (72), yet their cortical thickness was not 

significantly reduced in the a-MCI group in our study. These findings hardly explain the 

outstanding differences in visuospatial function between healthy controls and a-MCI 

patients, and they point to the importance of functional analysis. Notably, when analysing 

the ADNI 2 database, the most extensive neuroimaging repository, Choi et al. found that 

impaired visuospatial functioning was primarily linked to decreased cortical thickness of the 

superior temporal gyrus (104). This result fortifies our findings and also signifies the 

relevance of the analysis of functional MRI data. 

All 78 participants in this study had resting-state functional MRI recordings available. In this 

study, we specifically analysed the resting state functional connectivity of the visuospatial 

network, which shed light on increased functional connectivity of the left frontotemporal 

network in the a-MCI group. Simultaneously, functional connectivity was decreased between 

the right temporal regions and the left frontal and temporal regions. Therefore, increased 

connectivity and decreased connectivity are present concurrently, but involve different 

regions of the brain. This contrasts with the results of Bonanni et al., who propose that these 

two phenomena are consecutive (108). However, our study solely analysed the visuospatial 

network, so whole brain connectivity cannot be judged based on our results. Differences in 

connectivity in the a-MCI group could indicate the altered functioning of the visuospatial 

network: the lengthy commissural connections of the visuospatial network’s organizers in 

the subdominant/right hemisphere are lost, and associative short connections of the left 

hemisphere become preeminent as a compensatory mechanism for functional impairment. 

Our findings are in accordance with the literature pointing to the decreased commissural 
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connections in early MCI detected by diffusion tensor imaging (109, 110). The uniqueness 

of our study lies in the combination of the a-MCI patient population and the resting-state 

functional MRI method. At the time of our study, plenty of studies identified disturbed 

visuospatial function in AD (111-113), but there were merely 3 studies evaluating the 

visuospatial network in MCI (114-116). Furthermore, these studies used task-based 

paradigms, and no study analysed the functional connectivity of the visuospatial network on 

resting-state functional MRI data. The three studies using task-based fMRI protocols found 

that activation heightened in the left frontal regions in the group of MCI patients. Due to the 

proposed preeminent role of the right hemisphere in visuospatial function (84, 85), these 

three studies suggested a compensatory mechanism for the functional deficit in MCI behind 

the decreased right hemispheric activity and increased engagement of the left hemisphere at 

the time of the visuospatial paradigm (114-116). In accordance with the conclusion of these 

studies, our proposal also lies within a compensatory mechanism. Our study added novelty 

to the literature by introducing distinct changes of the visuospatial network in MCI with 

resting-state MRI, which might serve as a possible new biomarker for the early detection of 

cognitive impairment. However, more studies are needed to verify our results and to assess 

whether they can be used for the detection of the earliest phases of cognitive decline: people 

with subjective memory complaints or those at high risk of dementia. 

It is important to emphasize that this study was directed at multiple domain a-MCI patients 

that form a high dementia risk but heterogeneous patient group. This subtype of MCI has the 

highest conversion rate to dementia of any kind (117). Furthermore, AD cases are not fully 

homogenous either: 25% of the cases present as atypical. In these cases, the cognitive 

symptoms as well as the location of neurodegeneration are dissimilar to typical AD. The 

corticobasal variant, the behavioural variant, the logopenic primary progressive aphasia, and 

the posterior cortical atrophy constitute the atypical types of AD (118). It might be argued 

that the atypical forms of AD could influence our results due to the lack of a final outcome 

for the patients. However, posterior cortical atrophy is of special interest, as the visuospatial 

functions are greatly affected early in the disease continuum. Therefore, the association 

between visuospatial impairment in the prodromal phase and the risk of conversion to 

dementia needs to be studied further with regular follow-ups. 
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The limitations of our study are 1) MCI patients’ cognitive impairment belongs to the 

multiple domain type, which might be relatively heterogenous. Nevertheless, multiple 

domain MCI patients have the highest risk of conversion to dementia. 2) The site was not 

included as a confounding factor in the statistical analysis, thus, site-specific factors could 

influence our results. 3) Within-group sample sizes are not large, which could affect the 

reliability of between-group differences in neuroimaging data. 4) The MCI and healthy 

control groups significantly differed in age and sex. Although we used corrections and 

analysed the effect of sex and age separately as well, our understanding of the results might 

still be altered by the differences. In addition, age and sex are correlated with the group factor, 

thus, separating their effect in the model might not be fully possible. Though the two study 

groups differed significantly in the visuospatial subscore of ACE, we do not have a more 

detailed characterisation of visuospatial functions of the study groups. On the contrary, the 

strengths of our study include the rigorous patient selection, the involvement of two centres, 

and the meticulous statistical analysis inclusive of reporting effect sizes and multiple 

comparisons corrections. 

In the study of 68 participants composed of 46 healthy controls and 22 patients with multiple 

domain a-MCI, we introduced the pilot phase of the Precognize paradigm, a custom-made 

digital diagnostic system. In this study, we focused on the applicability of this system in 

distinguishing MCI patients from cognitively healthy elderly people. The Precognize system 

assesses visuospatial and visuomotor functions based on a fine movement task and is 

automated; thus, it is designed for independent use. It is important to emphasize that the MCI 

patients in our study belonged to the multiple domain amnestic subtype based on the results 

of the neuropsychological evaluation. Furthermore, neuroimaging also confirmed the 

neurodegenerative background of our MCI patients: the patients’ total grey matter volume 

and thickness of the entorhinal cortex were significantly reduced. Due to our extensive 

exclusion criteria, cognitive impairment due to reversible causes has been discarded in this 

study. To control for the impact of selection bias, further studies are needed on a 

representative sample of the whole MCI patient group, not only those with likely 

neurodegenerative aetiology. 
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In this study, we asked right-handed daily internet user elderly individuals to complete the 

paradigm, clicking on Arabic numerals from 1 to 9 in ascending order using a regular 

computer mouse, with both their right and left hands. We obtained six different movement 

parameters: distance, duration, velocity, speed, and entropy of computer mouse movements 

and the number of clicks or tries. The intergroup comparisons of these parameters between 

the a-MCI and healthy control group showed interesting results: the duration of task solving 

was significantly longer in the MCI group coupled with higher levels of movement entropy. 

Of the two hands, the subdominant left hand seemed superior in distinguishing the two groups 

based on greater effect size. The effect sizes were rather large for movement parameters in 

general (>0.8), which point to the powerful discriminative capacity of the movement 

characteristics. Anxiety level, sex, and age did not have a significant modifying effect on 

movement parameters. 

To assess the interrelation between cognition and movement characteristics, we applied 

correlation analysis between movement parameters and neuropsychological test results. 

Reduced movement entropy and shorter task execution time were associated with better 

memory performance (RAVLT scores) as well as better global cognitive functioning (MMSE 

and ACE scores). On the basis of the r values, these interrelations were mild or moderate. Of 

particular attention is the ACE total score, which resulted in moderate r values throughout. 

The importance of the latter is that the ACE test is commonly used in the diagnostic workup 

of cognitive impairment; thus, its steady association with the movement parameters 

reinforces the possible diagnostic potential of our digital tool. Furthermore, we found higher 

levels of movement entropy and task completion time in participants who had decreased 

flexibility and speed of cognitive processing (larger scores on the TMT test) as well as poorer 

daily functioning indicated by a higher score on the CDR scale. These interrelations were 

moderate. The correlation analysis also pointed to the supremacy of the left-hand data with 

greater r values. Importantly, mood and anxiety measures (BDI and STAI tests, respectively) 

did not show significant correlations with movement parameters. In consonance with our 

findings concerning longer task completion time, psychomotor slowing and reduced speed 

of motor function are described in the literature (119). 
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In this study, movement entropy appeared to have the greatest potential in distinguishing 

between healthy individuals and those with cognitive impairment based on the intergroup 

comparisons’ effect sizes. MCI patients had increased levels of entropy in their computer 

mouse movements, which means their movements were more unruly, diverting from the 

anticipated path (120). Despite that, in the field of neurocognitive research, Shannon’s 

entropy of movements is scarcely studied (121). On the other hand, different fields of 

research have focused on the application of entropy analysis in eye movements, rapid aimed 

movements, and polyrhythmic hand movements (122-124). Their results propose that 

increased entropy levels signal disrupted movement coordination. Furthermore, other reports 

suggested that patients with Parkinson’s disease and essential tremor could be distinguished 

from healthy individuals based on entropy measurements of pentagon copying and 

Archimedes spiral drawing tasks (125, 126). However, movement entropy analysis appears 

to be less commonly used in the AD continuum. Nonetheless, two studies have shown that 

MCI patients differ from healthy controls in entropy measures of gross motor function (127, 

128). Taken all these into account, the analysis of fine movement entropy seems a promising 

novel frontier in the field of MCI diagnostics. 

Several electronic devices are being developed with various cognitive tasks for identifying 

MCI patients (129). However, the use of conventional cognitive tests with electronic 

diagnostic systems poses some challenges: certain pre-evaluation conditions, such as higher 

levels of anxiety, mental tiredness impact the outcome of the tests and the administration 

takes a considerable time, on average 30 minutes per person (129). However, visuomotor 

paradigms have been used successfully for identifying MCI patients with motion sensors and 

eye-trackers (130, 131). Another study applied a computerized visuomotor paradigm and 

found that AD patients needed longer time to respond than healthy controls (52). 

Furthermore, research on kinematic handwriting analysis of patients with cognitive 

impairment has also been published (132, 133). However, a substantial modifying effect of 

age and anxiety has previously been described on the movement features of handwriting 

(134, 135). To summarize, the above-described studies of electronic screening tools for 

cognitive impairment share some common limitations: these tools can be costly, age and 

anxiety can have a strong modifying effect, and the arrangement of the diagnostic apparatus 
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may be too difficult to handle for some people. By comparison, the acquisition time with our 

tool is less than 5 minutes; the applied hardware and software are easy to handle and 

inexpensive. Furthermore, age, sex, mood, and anxiety did not have a modifying effect on 

movement parameters measured by our diagnostic tool. 

Similarly to other protocols analysing movement data in the MCI diagnostic process, the 

limitations of this study are the lack of validation on separate datasets and the small size of 

the sample. To conquer these problems, we plan to run an extended acquisition protocol, 

including a diverse subset of the population.  
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VI. Conclusions 

1. Rigorous neuropsychological assessment contributes to early detection of cognitive 

decline. 

2. Verbal fluency seems to be the most affected cognitive domain in early AD; thus, its 

evaluation could have a central role in early diagnosis of AD. 

3. The decline of visuospatial abilities follows a linear trajectory over the AD 

continuum; thus, VS abilities could have a possible role in tracking the advancement 

of cognitive impairment. 

4. Due to the linear trajectory of VS abilities’ decline, they could have a role in 

validating drug trials. 

5. VS abilities were the most impaired cognitive domain in our cohort of multiple 

domain a-MCI patients. 

6. We demonstrated—after rigorous statistical correction—that reduced cortical 

thickness of the superior temporal gyrus and temporal pole are distinctive structural 

features of a-MCI. 

7. The fMRI-based analysis of the visuospatial network pointed to reduced functional 

connectivity between the left and right frontal areas, whereas functional connectivity 

was increased between the left frontotemporal regions. 

8. Simultaneously increased and decreased levels of functional connectivity of different 

brain regions might represent a compensatory mechanism of the VS network. 

9. With the possibility of automatized data analysis, alteration of VS abilities detectable 

by resting state fMRI could be a sensitive and non-invasive early biomarker for 

cognitive impairment with low need of man-hour. 

10. Fine motor control is impaired early in MCI. 

11. Characterizing fine movement entropy could be applied for the early detection of 

cognitive impairment. 

12. Considering the opportunity for self-administration, automatization and the potential 

use of artificial intelligence, fine movement analysis could serve as a population-wide 

cognitive screening tool for older adults.  
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VII. Summary 

Alzheimer’s disease (AD) is the principal cause of major neurodegenerative disorders in 

older adults, and it poses a tremendous socioeconomic burden on society. To this day, AD is 

incurable, treatment is aimed at slowing the progression of cognitive decline. The sooner the 

treatment is initiated the better; however, adequate screening methods for the disease are yet 

to be developed. Previous studies pointed to the impairment of visuospatial and visuomotor 

functions in AD, which could have screening potential contributing to timely diagnosis. We 

examined 110 AD patients with different disease duration and 45 healthy controls (HC) with 

an extensive neuropsychological test battery and found that visuospatial subscore of the 

Addenbrooke’s Cognitive Examination (ACE) was impaired already in the early phase of the 

disease. Furthermore, it showed a linear trajectory of decline over the disease course, which 

pointed to its potential in the diagnosis and follow-up of patients. Since intervention has 

better outcomes if started already in mild cognitive impairment (MCI), the prodromal phase 

of AD, we investigated 46 HC and 32 multiple domain amnestic MCI patients with detailed 

neuropsychological examination and structural and functional MRI acquisition. We found 

that the visuospatial abilities were the most impaired subscore of the ACE test. We also found 

reduced cortical thickness of the temporal pole and superior temporal gyrus. Furthermore, 

upon analysing the visuospatial network with functional MRI, we found decreased functional 

connectivity between left and right frontal areas, whereas functional connectivity was 

increased between left frontotemporal regions. To assess the diagnostic potential of 

visuospatial and visuomotor functions, we applied the Trail-making test based computerized 

Precognize paradigm on 22 MCI patients and 46 HCs. Upon analysing the computer mouse 

movement characteristics of the two groups derived from Precognize, we found impaired fine 

motor control in the MCI group. From the movement characteristics, entropy of hand 

movements showed the highest discriminative potential between cognitively healthy older 

adults and MCI patients. Based on our results, visuospatial and visuomotor abilities are 

impaired already in the MCI stage of the AD continuum. The Precognize paradigm pointed 

to the promising potential of fine movement analysis in the development of population-wide 

automated screening tool for cognitive impairment in older adults.  
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Appendix 

Intergroup differences in cortical thickness of healthy control participants and amnestic MCI 

patients. 

Note: HC: healthy control, a-MCI: amnestic mild cognitive impairment, a: mean followed by 

standard deviation, b: nominal p-value, c: reported in Cohen’s d, *signals significantly 

different results after Benjamini-Hochberg correction (p<0.05). 

Anatomical 
region 

Left hemisphere 
 (in mm)  Right hemisphere  

(in mm)  

HC a-
MCI p b Effect 

size c HC a-MCI p b Effect 
size c 

cortex around 
superior 
temporal 
sulcus a 

2.26±0.
2 

2.19±
0.2 0.51 0.396 2.36±0.2 2.43±0.

4 0.212 0.230 

caudal 
anterior 
cingulate 
gyrus a 

2.61±0.
3 

2.63±
0.3 0.64 0.074 2.5±0.2 2.42±0.

3 0.004 0.353 

caudal middle 
frontal gyrus a 

2.43±0.
1 

2.28±
0.3 0.003 0.664 2.42±0.2 2.38±0.

2 0.017 0.241 

cuneus a 1.75±0.
1 

1.81±
0.2 0.566 0.345 1.81±0.1 1.8±0.1 0.190 0.077 

entorhinal 
cortex a 

3.35±0.
3 

3.15±
0.5 0.003 0.515 3.52±0.4 3.36±0.

4 0.002 0.385 

fusiform 
gyrus a 

2.66±0.
1 

2.52±
0.2 0.004 0.830 2.7±0.1 2.59±0.

2 0.006 0.667 

inferior 
parietal 
lobule a 

2.3±0.1
1 

2.22±
0.2 0.005 0.559 2.31±0.1 2.3±0.2 0.180 0.062 

inferior 
temporal 
gyrus a 

2.65±0.
1 

2.56±
0.2 0.005 0.588 2.73±0.1 2.64±0.

2 0.005 0.566 

isthmus of 
cingulate 
gyrus a 

2.21±0.
2 

2.15±
0.2 0.052 0.333 2.23±0.2 2.17±0.

2 0.003 0.291 

lateral 
occipital 
cortex a 

2.11±0.
1 

2.07±
0.2 0.046 0.274 2.14±0.1 2.07±0.

2 0.115 0.424 
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lateral 
orbitofrontal 
cortex a 

2.54±0.
1 

2.48±
0.2 0.002 0.339 2.57±0.2 2.49±0.

2 0.012 0.483 

lingual gyrus 
a 

1.92±0.
1 

1.85±
0.1 0.095 0.595 1.97±0.1 1.88±0.

2 0.009 0.663 

medial 
orbitofrontal 
cortex a 

2.33±0.
1 

2.25±
0.2 0.005 0.608 2.34±0.2 2.31±0.

2 0.004 0.187 

middle 
temporal 
gyrus a 

2.66±0.
1 

2.55±
0.2 0.08 0.609 2.73±0.1 2.72±0.

2 0.014 0.067 

para-
hippocampal 
gyrus a 

2.7±0.3 2.61±
0.2 0.011 0.379 2.63±0.3 2.57±0.

3 0.005 0.222 

paracentral 
lobule a 

2.27±0.
1 

2.2±0
.2 0.019 0.430 2.35±0.2 2.25±0.

2 0.05 0.500 

inferior 
frontal gyrus 
pars 
opercularis a 

2.41±0.
1 

2.31±
0.2 0.004 0.527 2.41±0.1 2.41±0.

1 0.165 0 

inferior 
frontal gyrus 
pars orbitalis 
a 

2.53±0.
2 

2.48±
0.4 0.006 0.170 2.64±0.2 2.6±0.2 0.023 0.202 

inferior 
frontal gyrus 
pars 
triangularis a 

2.26±0.
1 

2.18±
0.3 0.197 0.395 2.31±0.1 2.32±0.

2 0.171 0.072 

pericalcarine 
cortex a 

1.52±0.
1 

1.58±
0.2 0.118 0.404 1.55±0.1 1.59±0.

2 0.537 0.229 

postcentral 
gyrus a 

1.91±0.
1 

1.89±
0.1 0.066 0.166 1.91±0.1 1.89±0.

2 0.005 0.123 

posterior 
cingulate 
gyrus a 

2.4±0.1 2.15±
0.6 0.014 0.626 2.39±0.2 2.31±0.

2 0.36 0.453 

precentral 
gyrus a 

2.43±0.
2 

2.35±
0.2 0.173 0.442 2.41±0.1 2.33±0.

2 0.002 0.420 

precuneus a 2.2±0.1 2.15±
0.2 0.035 0.327 2.24±0.1 2.21±0.

1 0.006 0.230 

rostral 
anterior 
cingulate 
gyrus a 

2.74±0.
2 

2.61±
0.2 0.071 0.616 2.83±0.2 2.73±0.

2 0.355 0.465 
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rostral middle 
frontal gyrus a 

2.25±0.
1 

2.22±
0.2 0.242 0.219 2.24±0.1 2.27±0.

2 0.031 0.235 

superior 
frontal gyrus a 2.6±0.1 2.49±

0.2 0.002 0.656 2.58±0.1 2.51±0.
2 0.004 0.463 

superior 
parietal 
lobule a 

2.06±0.
1 

2.01±
0.2 0.018 0.18 2.02±0.1 2±0.2 0.011 0.135 

superior 
temporal 
gyrus a 

2.57±0.
2 

2.46±
0.3 0.003 0.429 2.62±0.2 2.42±0.

2 
<0.00

1* 1 

supra-
marginal 
gyrus a 

2.34±0.
1 

2.27±
0.4 0.079 0.235 2.37±0.1 2.38±0.

3 0.217 0.048 

frontal pole a 2.58±0.
2 

2.59±
0.3 0.886 0.041 2.56±0.3 2.6±0.2 0.702 0.159 

temporal pole 
a 

3.48±0.
2 

3.32±
0.5 

0.001
* 0.414 3.6±0.4 3.55±0.

3 0.004 0.145 

transverse 
temporal 
cortex a 

2.08±0.
2 

2.01±
0.3 0.016 0.286 2.13±0.2 2.11±0.

3 0.013 0.068 

insular cortex 
a 

2.88±0.
2 

2.74±
0.4 0.222 0.471 2.89±0.2 2.81±0.

3 0.130 0.367 

 


