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ABSTRACT 

Aging is associated with an increased risk for developing vascular 
pathology in cerebral white matter (WM).  These brain changes can have 
a variety of cognitive repercussions, ranging from insignificant to mild 
cognitive impairment to dementia. Concomitant WM pathology is also 
frequently found in patients with mild cognitive impairment (MCI) and 
Alzheimer’s disease (AD). Previous research generally supports the 
notion that WM pathology and AD-related pathology would have a 
cumulative impairing effect on cognition, but relatively few studies have 
focused on studying these effects. Thus, the aim of this thesis was to 
investigate the effects of WM pathology on cognitive function in 
cognitively healthy older adults and patients with MCI or AD.  

 
Study I investigated the effects of WM pathology on general cognitive 

functioning as measured by the CERAD-NB and utilized visual ratings of 
magnetic resonance imaging (MRI) data. Here, AD patients with severe 
frontal WM pathology had markedly lower performances than AD 
patients with milder pathology. 

Study II utilized the same sample as Study I but expanded the scope 
of analysis to include four specific cognitive domains. Frontal WM 
pathology was associated with lower cognitive performance in 
processing speed and visual memory, and parieto-occipital WM 
pathology solely with processing speed, in all groups. Furthermore, 
notably slower processing speed performance was seen in AD patients 
with moderate or severe left frontal WM pathology than in AD patients 
with less cerebrovascular pathology in that region. 

Study III included the same four cognitive domains as Study II but 
utilized quantitative volumetric measurements of WM pathology. A 
portion of the sample used in Study II had to be excluded due to 
inadequate MRI resolution, which resulted in combining the MCI and AD 
groups into a single patient group. Overall, temporal and parieto-occital 
WM pathology were associated with lower processing speed, and 
parieto-occipital WM pathology with lower verbal memory. 
Furthermore, a group-specific effect was seen in the follow-up analyses: 
Here WM pathology in the left temporal lobe was associated with lower 
processing speed only in MCI or AD patients. 

Study IV utilized the same sample and image analysis methods as 
Study III but focused solely on verbal fluency. Here, WM pathology in 
bilateral frontal, bilateral parieto-occipital and right temporal areas was 
associated with semantic fluency in right-handed participants. However, 
no cumulative effects on verbal fluency impairment were seen 
specifically in patients with MCI or AD.  
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The results of this thesis support the notion that WM pathology and 

AD-related pathologies can have cumulative effects on cognition. More 
specifically, AD patients who have major levels of WM pathology 
especially in frontal cerebral areas are likely to exhibit more cognitive 
impairments when compared to patients with milder levels of WM 
pathology. Impairments may show up as slowed information processing 
speed and lowered general cognitive functioning, which can be detected 
with general-level cognitive measures such as the Total Score of the 
CERAD-NB. As previous studies have shown that the prevalence of WM 
pathology can be lowered by minimizing modifiable risk factors and 
fostering physical and cognitive activity, the pre-emptive targeting of 
these factors is likely to yield long-term benefits in maintaining 
cognition in MCI and AD. 
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SVENSK SAMMANFATTNING  
 

Åldrande har förknippats med en ökad risk för att utveckla vaskulär 
patologi i hjärnans vita vävnad. De funktionella konsekvenserna av 
dessa vaskulära förändringar kan variera från nästan inga konsekvenser 
alls till lindrig kognitiv störning eller till och med demens. Hos patienter 
med mild kognitiv svikt (MKS) och Alzeimers sjukdom (AS) förekommer 
ofta samtidig vitvävnadspatologi med annan för dessa tillstånd typisk 
hjärnpatologi. Tidigare forskning stöder generellt uppfattningen att 
vitvävnadspatologi och AS-relaterad patologi skulle ha en kumulativ 
försämrad effekt på kognitionen, men relativt få studier har fokuserat på 
att studera dessa effekter. Syftet med denna avhandling var således att 
undersöka vitvävnadspatologins effekt på den kognitiva funktionen hos 
friska äldre vuxna och patienter med MKS eller AS. 

 
Studie I fokuserade på sambandet mellan vitvävnadspatologi och 

allmän kognitiv funktion, vilket mättes med CERAD-NB. Visuella 
uppskattningar av magnetresonansavbildningdata användes. Resultaten 
tydde på att AS-patienter med svår frontal vitvävnadspatologi 
presterade betydligt sämre än AS-patienter med mildare patologi. 

Studie II inkluderade samma sampel försökspersoner som i studie I, 
men i denna studie undersöktes fyra specifika kognitiva domäner. En 
svårare grad av frontal vitvävnadspatologi var i alla grupper associerad 
med lägre kognitiva prestationer i processeringshastighet och visuellt 
minne, och därtill var parieto-occipital vitvävnadspatologi associerad 
med processeringshastighet.  Dessutom var AS-patienter som hade 
måttlig eller svår vänsterfrontal vitvävnadspatologi betydligt 
långsammare än AS-patienter med mildare cerebrovaskulär patologi. 

Studie III innefattade samma fyra kognitiva domäner som 
undersöktes i studie II, men i studie III användes kvantitativa 
volymetriska mätningar av vitvävnadspatologi i stället för visuella 
uppskattningar. En del av samplet som användes i studie II måste 
uteslutas på grund av otillräcklig spatiell upplösning, vilket resulterade 
i att MKS- och AS-grupperna kombinerades till en enda patientgrupp. 
Sammantaget var vitvävnadspatologin i de temporala och parieto-
occipitala loberna förknippad med lägre prestationer i 
processeringshastighet och parieto-occipital patologi med lägre 
prestationer i verbalt minne. Dessutom var vitvävnadspatologi i 
temporalloben associerad med sämre 
informationsbearbetningshastighet specifikt i patientgruppen. 

Studie IV använde samma analysmetod av hjärnavbildningsdata som 
studie III men studie IV fokuserade enbart på verbal ordfluens. Här var 
vitvävnadspatologi frontal, parieto-occipitala och temporala områden 
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associerad med semantisk ordfluens I högerhänt deltagare. Emellertid 
sågs inga kumulativa effekter på nedsatt prestation i verbal fluens hos 
patienter med MKS eller AS. 

 
Resultaten i denna avhandling stöder uppfattningen om att 

vitvävnadspatologi och AS-relaterade patologier kan ha kumulativa 
effekter på kognition. Mer specifikt, AS-patienter som har en större grad 
av vitvävnadspatologi, särskilt i frontala hjärnområden, kommer 
sannolikt att uppvisa större kognitiva svårigheter jämfört med patienter 
med mildare nivåer av vitvävnadspatologi. Nedsättningar kan komma 
till synes som förlångsammad informationsbearbetningshastighet och 
nedsatt allmän kognitiv funktionsförmåga, vilket kan undersökas med 
hjälp av mått för allmän kognition, såsom CERAD-NB:s totalpoäng. 
Tidigare forskning har visat att prevalensen av vitvävnadspatologi kan 
sänkas genom att minimera modifierbara riskfaktorer och genom att 
främja fysisk och kognitiv aktivitet, vilket betyder att man genom 
förbyggande åtgärder sannolikt långsiktigt kan uppnå positiva effekter 
när det kommer till att upprätthålla den kognitiva funktionsförmågan i 
MKS och AS. 
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 ABBREVIATIONS 

AD  Alzheimer’s disease 

CERAD/CERAD-NB Consortium to Establish a Registry for  
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MRI  Magnetic resonance imaging 
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1. INTRODUCTION 
 
Dementia affects large numbers of aging people, and its prevalence is 

increasing worldwide due to population aging (Alzheimer’s Disease 
International, 2013). The most common cause of dementia is 
Alzheimer’s disease (AD), accounting for about 60 % of cases worldwide 
(Rizzi et al., 2014). This is followed by vascular dementia, that accounts 
for at least 15-20 % of cases (Lobo et al., 2000; Rizzi et al., 2014).  

Patients with mild cognitive impairment (MCI), especially its 
amnestic variant, often convert to AD over time (Roberts et al., 2012). 
Alzheimer’s disease itself has an insidious symptom progression 
typically beginning with mild episodic memory impairment and ending 
in global dementia (Förstl & Kurz, 1999). The neuropathologic 
developments seen in AD are primarily cortical in nature, affecting 
especially grey matter (GM), i.e., the cell bodies of billions of 
interconnected neurons in the central nervous system (Wenk, 2003). In 
contrast, vascular dementia is often caused by subcortical cerebral small 
vessel disease (Dichgans & Leys, 2017), the neuropathological hallmark 
of which are lesions in cerebral white matter (WM) (Smith, 2016). White 
matter consists mainly of myelinated axons that form fiber tracts and 
connect various cerebral regions (Herculano-Houzel, 2009; Kolb & 
Whishaw, 2003).  

The risk for pathological developments in WM increases overall in old 
age (DeCarli et al., 2005). Furthermore, there exists substantial overlap 
between AD and cerebrovascular pathology, as the two pathologies 
share the same risk factors, are often encountered together, and predict 
each other (Breteler, 2000; Duron & Hanon, 2008; Prins et al., 2004; 
Prins & Scheltens, 2015; Salvadó et al., 2019; Smith, 2016; Wolf et al., 
2000). 

Previous research has generally supported the notion that WM 
pathology and AD-related pathology would have a cumulative effect on 
cognitive functioning (e.g., Bilello et al., 2015; Brickman et al., 2008; 
Mortimer, 2012; Petrovitch et al., 2005; Toledo et al., 2013; Tosto et al., 
2014). However, the differences in how WM pathology affects cognition 
between cognitively healthy adults, MCI patients and AD patients has 
typically not been a focus in previous studies, and knowledge about the 
effects in specific cognitive domains is scarce.  

Increasing knowledge of the cognitive repercussions that can follow 
from cerebrovascular pathology might be beneficial in particular to 
clinicians working in cognitive rehabilitation and assessment. 
Furthermore, as vascular risk factors can be modified by life-style 
choices (Brini et al., 2018), identifying the impact of cerebrovascular 
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pathology on cognition in geriatric populations is also important from a 
public health perspective. 

The present thesis investigated the effects  of WM pathology on 
cognitive function in normal aging, MCI patients and AD patients, with a 
focus on examining possible cumulative effects in MCI and AD patients.  

1.1. The continuum of Alzheimer’s disease 

Alzheimer’s disease is an irreversible and degenerative brain 
disorder that causes progressive symptoms beginning with slight 
episodic memory impairment and leading to loss of bodily function and 
death (Alzheimer’s Association, 2015). In contemporary research AD has 
been conceptualized as a continuum that includes three overlapping 
stages: Preclinical AD, in which patients don’t show cognitive or 
behavioural impairments but exhibit biomarker evidence of AD; MCI due 
to AD, in which patients exhibit both mild cognitive deterioration and 
biomarker support for AD; Dementia due to AD, in which patients exhibit 
biomarker evidence of AD and show varying degrees of dementia (Albert 
et al., 2011; McKhann et al., 2011; Sperling et al., 2011).  

1.1.1. Preclinical Alzheimer’s disease 

The progression of pathology related to the AD continuum is not 
completely understood, but it is believed that neuropathological 
processes begin a decade or more before overt clinical symptoms may 
be seen (Morris, 2005). These include the development of 
neurofibrillary tangles from cellular microtubules due to the alteration 
of the tau protein, as well as the accumulation of amyloid-beta into 
extracellular areas, which interferes with intercellular communication 
(Samuel et al., 2002). Neuronal loss is also prevalent, and GM atrophy is 
seen first in areas of the temporal lobes, such as the entorhinal cortex 
and the hippocampus, as well as in several nuclei of the brainstem 
(Wenk, 2003).  

Symptom progression in AD tends to be slow and subtle, with the 
median time span from symptom onset to death being around 8-9 years 
(Alzheimer’s Association, 2015; Rascovsky et al., 2005). Early 
behavioural decline may be present years before a diagnosis is made 
(Jost & Grossberg, 1995), and can include inattentiveness, social 
withdrawal, emotional agitation or depressive dysphoria (Apostolova & 
Cummings, 2008; Förstl & Kurz, 1999). When cognitive deterioration is 
seen it often begins with impairments to episodic memory, executive 
functions and verbal fluency (Bäckman et al., 2004; Lezak et al., 2012).  

1.1.2. Mild cognitive impairment  
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When patients exhibit AD-related biomarkers coupled with mild 
cognitive deterioration, the criteria for MCI due to AD are fulfilled 
(Albert et al., 2011). Mild cognitive impairment itself is traditionally 
regarded in many cases as a borderline condition between aging-related 
cognitive changes and early dementia (Petersen, 2016). It was originally 
characterized as a precursor to AD, but several subtypes with varying 
clinical presentations have been described in the last decades (Winblad 
et al., 2004). The amnestic MCI variant, characterized by mild memory 
impairment is the most prevalent, and most typically indicative of early 
AD (Roberts et al., 2012). Although all patients who develop dementia go 
through the MCI stage, it is important to note that not all patients with 
MCI progress to dementia (Petersen, 2016). 

The risk for developing MCI is heavily age-dependent: Prevalence 
rates of 12-18 % have been reported for over 60 years olds (Petersen, 
2016), and the annual progression rate is around 5-6 % in over 70 year 
olds (Roberts et al., 2012). The annual conversion rates from MCI to AD 
are also relatively high, averaging 6,8-8,1 % (Mitchell & Shiri-Feshki, 
2009). 

1.1.3. Dementia due to Alzheimer’s disease  

As AD progresses neuronal degenerative changes become more 
widespread, manifesting as cortical thinning, enlarged cerebral 
ventricles and GM volume loss in several cortical and subcortical areas 
(Zakzanis et al., 2003). With continuing cognitive deterioration, 
significant impairments in learning and episodic memory typically 
become the most prominent clinical features. Recent declarative 
memory incurs the greatest deterioration, whereas short-term memory, 
older declarative memory and implisit memory are relatively less 
affected (Förstl & Kurz, 1999). Complex tasks such as planning, 
organizing and judging become more challenging, difficulties are seen in 
instrumental activities of daily living and deterioration in language 
functions may start to affect communication (Förstl & Kurz, 1999). 
Patients may still be able to live somewhat independently, but they need 
support in organizing and handling more complex tasks (Förstl & Kurz, 
1999). With disease progression cognitive impairment becomes even 
more broad and severe, fulfilling the requirements for moderate or 
severe dementia. Furthermore, the rate of decline accelerates, especially 
in patients with high educational attainment (Wilson et al., 2004).  

1.2. White matter pathology 

Most adults have some level of WM lesions (Brickman et al., 2009), 
and the risk for developing WM lesions increases heavily with age 
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(DeCarli et al., 2005). Prevalence estimations for the general population 
vary somewhat, but rise from a moderate 50 % of the population having 
them in their middle 40s (Wen et al., 2009) up to 80-95 % in over 80 
year olds (de Leeuw et al., 2001; Stephan et al., 2012). White matter 
lesions together with lacunes are prominent manifestations of cerebral 
small vessel disease, which is the most common reason for developing 
vascular cognitive impairment and can lead to vascular dementia 
(Dichgans & Leys, 2017). 

Contemporary research has shown a considerable amount of 
comorbidity and overlap between AD and cerebrovascular pathology, 
especially degradation in WM (Toledo et al., 2013). Both pathologies 
share the same risk factors, including hypertension, smoking, diabetes, 
hypercholesterolemia, obesity and the presence of the ε4 allele of the 
apolipoprotein E gene (Duron & Hanon, 2008; Salvadó et al., 2019). 
Additionally, the risk of AD is exacerbated by the presence of vascular 
diseases (Breteler, 2000) and by increased WM lesion burden (Prins et 
al., 2004; Wolf et al., 2000). Furthermore, comorbid vascular pathology, 
especially WM lesions, is often present in patients with AD (Prins & 
Scheltens, 2015; Smith, 2016). For example, one recent study that 
included 832 AD patients reported the presence of severe WM pathology 
in over a third of AD patients (Claus et al., 2016). Patients with MCI can 
also exhibit extensive WM lesions (DeCarli et al., 2001).  

1.2.1. Imaging and pathophysiology 

The typical method of detecting WM pathology is to analyze T2-
weighted fluid attenuated inversion recovery (FLAIR) images from 
structural magnetic resonance imaging (MRI), where lesions appear as 
areas of increased signal or hyperintensities (Dichgans & Leys, 2017). 
White matter can also be measured by diffusion tensor imaging (DTI), a 
specific form of diffusion weighted MRI, measuring the diffusion of water 
molecules (O’Donnell & Westin, 2011). Diffusion tensor imaging is 
sensitive to pathological changes in the fiber microstructure (Beaulieu, 
2002; Budde et al., 2011; Song et al., 2005) and can be used to map 
cerebral WM tractography and to measure deficits in specific WM tracts 
(O’Donnell & Westin, 2011). 

The  distribution and severity of white matter hyperintensities 
(WMH) are typically seen as reflecting the level of cerebrovascular 
pathology (Pantoni et al., 2007), but their pathophysiological origins are 
heterogenous and not yet completely understood (Gouw et al., 2011). 
Several different neuropathological processes have been proposed to 
contribute to the appearance of WMH, including damage or deformation 
of the myelin sheath (Raz et al., 2012), ischemias (Pantoni & Wallin, 
2000), micro-hemorrhages (Raz et al., 2012), gliosis (Fazekas et al., 
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1993), neuropil atrophy (Fazekas et al., 1998), cerebral hypoperfusion 
(Brant-Zawadzki, 1992), amyloid angiopathy (Gouw et al., 2011), and 
widened perivascular spaces (Ball, 1989).  

White matter hyperintensities are most often distributed in the 
frontal and parietal lobes (Gootjes et al., 2004), with some studies 
indicating that AD patients may exhibit relatively more WMH in 
posterior cerebral regions specifically (Brickman, 2013; Yoshita et al., 
2006). Additionally, studies utilizing DTI on AD patients have reported 
widespread degeneration in cerebral WM microstructure (Gold et al., 
2012; Mito et al., 2018; Sexton et al., 2011); Specific tracts in the fornix, 
cingulum and corpus callosum have been implicated to be vulnerable 
already in preclinical AD (Mak et al., 2017). Interestingly, elevated WMH 
burden in the general population have also been shown to contribute to 
brain atrophy in brain regions that often show neuronal loss in AD 
(Habes et al., 2016). 

1.2.2. Qualitative assessment: Visual rating scales 

Validated visual rating scales are commonly used to assess WM 
pathology. These scales generally include descriptive anchors such as 
“focal lesions” or “beginning confluence of lesions” (Wahlund et al., 
2001), that are used to assign semi-quantitative ratings of global or 
regional pathology according to lesion size and severity (Brickman, 
Sneed, et al., 2011). Scores of various WM assessment scales for both 
MRI and computer tomography exist (Scheltens et al., 1998). Commonly 
used visual rating scales include the Fazekas (1987), the Scheltens 
(1993) and the Wahlund (2001) scales. Although more advanced 
methods for quantifying imaging data have been developed in recent 
decades (see chapter 1.2.3.), special hardware requirements, long 
processing times and dependency on specific acquisition techniques 
among other things have effectively halted their integration into clinical 
work (Harper et al., 2016).  

Visual rating scales have several advantages that make them well-
suited for use in clinical work. They are relatively cost-effective, intuitive 
for radiologists to grasp without much additional training, do not 
require specialist software, and are ideal for analysing data that is only 
on radiological film, has not been collected systemically or lacks image 
resolution for quantitative analysis (Brickman, Sneed, et al., 2011; 
Harper et al., 2016). Numerous studies support the notion that visual 
rating scales are in many respects as valid in WMH assessment as more 
advanced quantitative techniques. For example, visual ratings and 
volumetric measurements correlate highly (Kapeller et al., 2003), show 
comparable associations with cognitive and physical measures (Gouw et 
al., 2006), and yield comparable effect sizes in meta-analysis 
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(Kloppenborg et al., 2014). They have also been shown to produce 
concordant results with DTI (Quinque et al., 2012), and often possess 
good inter-rater reliabilities  (Fan et al., 2003; Kapeller et al., 2003). 
Visual rating scales naturally also have disadvantages, as they do not 
produce true quantitative data, require some degree of clinical 
background knowledge, and can be susceptible to relatively lower 
reliabilites with poorly trained raters (Brickman, Sneed, et al., 2011).  

1.2.3. Quantitative assessment: Volumes, voxels and tracts 

Various methods for quantifying WM pathology in electronic data 
have also been developed, allowing for the analysis of more specified 
regions of interest, such as specific WM tracts and even individual voxels 
(i.e., millimeter or submillimeter-sized image elements in 3D-space). 
Some of the most used quantified analysis approaches include: Voxel-
based morphometry, which can be used to associate GM and WM tissue 
density with behavioural measures on a voxel-by-voxel basis (Mechelli 
et al., 2005); Voxel-based symptom-lesion mapping, which attempts to 
associate individual lesions containing voxels with cognitive 
impairments (Bates et al., 2003); Volumetric analysis, which may be 
utilized to calculate lesion volumes in specific areas, such as cerebral 
lobes or individual tracts, gyri or nuclei (Rorden & Karnath, 2004). 
Quantified analysis usually involves registering the scan of every 
participant to one or several 3D brain atlases, after which the data can 
be segmented, i.e., divided and classified into for example different 
tissue types and anatomical structures  (Despotović et al., 2015). Finally, 
as WMH reflect the severe end of pathological developments in WM 
(Kloppenborg et al., 2014), visual rating scales or quantified MRI 
analysis techniques might not capture early pathological changes 
adequately. An imaging method which is sensitive to early pathological 
changes in the fiber microstructure is DTI (Beaulieu, 2002; Budde et al., 
2011; Song et al., 2005).  

1.3. Functional repercussions of white matter 
pathology 

1.3.1. General associations with cognition 

Neuropathological changes in WM may have direct effects on 
cognitive functioning by disrupting neural transmissions in cerebral 
networks that subserve various processes. The degree of impairment is 
generally related to lesion volume and severity, as mild lesions may not 
cause any clinically relevant changes, whereas confluent lesions can 
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have major repercussions on daily functioning (Brickman, Siedlecki, et 
al., 2011).  

Findings similar to classical frontal lobe type impairments were often 
reported by earlier studies that examined the cognitive effects of WMH: 
deficits in general cognition, processing speed, attention and executive 
functions were reported as cardinal symptoms (e.g., de Groot et al., 
2000; Gunning-Dixon & Raz, 2000; Prins et al., 2005). As research has 
accumulated associations with other cognitive domains have been 
reported, including immediate and delayed memory both in verbal and 
visual modalities as well as working memory, language functions and 
visuospatial construction (Kloppenborg et al., 2014; Vasquez & Zakzanis, 
2015). White matter hyperintensities have also been linked with various 
neurological and psychiatric conditions in elderly populations, including 
depression (Gunning-Dixon et al., 2008; Herrmann et al., 2008), 
migraine (Paemeleire, 2009), urinary incontinence (Ogama et al., 2016) 
and gait and mobility disturbance (Iseki et al., 2010; Louis et al., 2008). 

1.3.2. Associations between cognitive domains and within 
specific regions 

Individual variation in symptoms related to WM pathology can be 
broad and one factor contributing to this variation is lesion location. 
Several recent studies have indicated that degradations in strategically 
important parts of the WM network can lead to critical impairments in 
processing speed, executive functions and episodic memory, even when 
controlling for the global WMH burden (for a review, see: Biesbroek et 
al., 2017). Impairments in processing speed and executive functions 
have been most consistently associated with degradation in WM 
underlying the frontal lobes as well as with pathways connecting frontal-
subcortical areas, such as the forceps minor and anterior thalamic 
radiation (Biesbroek et al., 2013; Biesbroek, Weaver, et al., 2016; 
Duering et al., 2011, 2013, 2014; Jiang et al., 2018; Lampe et al., 2019). 
Other associations include tracts connecting various cortical regions 
such as the frontal-temporal uncinatus, the inferior fronto-occipital 
fasciculus and the superior longitudinal fasciculus (Biesbroek et al., 
2013; Biesbroek, Weaver, et al., 2016; Jiang et al., 2018; Lampe et al., 
2019). As for episodic memory, preliminary associations have been 
reported for WMH underlying the frontal, temporo-occipital, parieto-
temporal and parietal areas, as well as with the internal capsule and the 
corpus callosum (Biesbroek, Weaver, et al., 2016; Brugulat-Serrat et al., 
2019; Duering et al., 2011; Lampe et al., 2019; Smith et al., 2011). 

White matter degradation can have serious repercussion to language 
as well. Changes in WM underlying the posterior and middle areas of the 
temporal lobe has been associated with various language impairments 
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(Dronkers et al., 2004; Henseler et al., 2014; Pustina et al., 2016; 
Yourganov et al., 2016) and proposed to be a structural weak point 
(Griffis et al., 2017; Turken & Dronkers, 2011). This is not surprising, as 
both the dorsal and ventral language streams run though the area 
(Turken & Dronkers, 2011; for an overview on the language streams see: 
Hickok & Poeppel, 2007; Saur et al., 2008).  

A specific language function that has been researched considerably is 
word generation. It is regularly measured  by verbal fluency tasks that  
require the participant to generate words in accordance with category 
cues (semantic fluency) or letter cues (phonological fluency) within a 
time limit (Lezak et al., 2012). Verbal fluency tasks generally rely on a 
left-lateralized cortical network which includes the left inferior/middle 
frontal cortex as a focal point as well as other areas such as the fusiform 
gyrus, temporal cortex, superior parietal cortex, caudate and anterior 
cingulate (Birn et al., 2010; Schmidt et al., 2019; Wagner et al., 2014). 
Additionally, verbal fluency performance has been associated with 
degradations in various WM tracts, including the arcuate fasciculus, 
frontal aslant tract, inferior fronto-occipital fasciculus, superior 
longitudinal fasciculus and the corpus callosum (Allendorfer et al., 2016; 
Blecher et al., 2019; Catani et al., 2013; Kinoshita et al., 2015; Peters et 
al., 2012; Rodríguez-Aranda et al., 2016). 

1.4. The effects of white matter pathology in MCI and 
AD  

The effects of WMH on cognitive function in MCI and AD have 
received some research attention. Previous neuropathological studies 
have reported that WM lesions lower the threshold for dementia due to 
AD, in essence supporting a cumulative effect of AD pathology and WMH 
on cognition (Petrovitch et al., 2005; Toledo et al., 2013). In vivo studies 
have reported that WMH load can predict cognitive decline in MCI 
patients (Tosto et al., 2014) and AD patients (Brickman et al., 2008), and 
that lesions in the fornices and corpus callosum are associated with 
general cognitive decline in AD patients specifically (Bilello et al., 2015). 
These studies utilized relatively general-level measures of cognition, the 
first two using Mini-Mental State Exam (MMSE) and the third a 
compound score of the Consortium to Establish a Registry for 
Alzheimer’s Disease neuropsychological battery (CERAD-NB) (see 
chapter 2.2.1.). Finally, Rizvi et al. (2017) used more fine-grained 
methods (i.e., composite scores for general cognition and specific 
cognitive domains) and found that the effects of WMH on general 
cognition and episodic memory were mediated by global and medial 
temporal lobe thickness. This effect was seen both in cognitively healthy 
and patients with MCI or AD.  
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Relating closely to the aim of the present thesis, studies that have 
focused on the effects of WMH on verbal fluency in MCI and AD have 
likewise been fairly limited. Associations between semantic fluency and 
WM microstructure measures in the the corpus callosum, right anterior 
periventricular and posterior periventricular regions were reported by 
two studies (Chen et al., 2009; Kavcic et al., 2008), though a later 
investigation did not confirm these findings (Serra et al., 2010). 
Newertheless, a relatively new DTI study reported associations in line 
with studies by Chen et al. (2009) and Kavcic et al (2008): Here semantic 
fluency was associated with a bilateral network of WM tracts, and 
phonological fluency with a left-lateralized WM network (Rodríguez-
Aranda et al., 2016). It should be noted that a pooled  group of healthy 
controls and early AD patients was used in data analysis in the latter 
study, and all four verbal fluency studies included fairly limited sample 
sizes (n ≤ 40). 

1.5. Aims and research questions 

To summarize, the prevalence of WMH rises dramatically in old age. 
Pathological changes in WM tracts can lead to a variety of behavioural 
repercussions, including multi-domain cognitive impairments. The 
association between WMH and cognitive impairment seems to be 
modified by at least lesion volume, location, and  comorbidity with other 
neuropathologies. Of these neuropathologies WMH have an especially 
strong association with AD: the two pathologies are often encountered 
concurrently, share the same risk factors and can predict each other. 
Research generally supports the notion that WMH and AD pathology 
would have a cumulative impairing effect on cognition and the topic has 
received some attention. However, comparing the effects of WMH on 
cognitively healthy adults, MCI patients and AD patients has typically not 
been a main focus. Furthermore, many studies have room for 
improvement in methology, as most have included fairly small sample 
sizes, some have pooled together healthy controls and patients for data 
analysis, and several have utilized only relatively general-level 
measurements of cognition.  

The general aim of the present thesis was to investigate the effects of 
WM pathology on cognitive function in healthy older adults and patients 
with MCI or AD. The intention was to study the associations between 
cognition, both at a general level and in specific domains, and WMH, 
using both clinical and quantified volumetric measurements, between 
cognitively healthy adults, patients with MCI and patients with AD. 
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Study I 
The first study investigated the effects of WMH on general cognitive 

functioning as measured by the Total score of the CERAD-NB. White 
matter pathology was assessed by expert raters utilizing the Wahlund 
visual rating scale. As both the CERAD-NB and the Wahlund scale are 
used very frequently in daily clinical practice, the aim of the study was 
to bring forth information that would have both theoretical and clinical 
relevance. 
 
Study II  

The second study continued the previous line of investigation and 
utilized the same sample as Study I. However, the scope of analysis was 
expanded to include the measurements of four specific cognitive 
domains: cognitive processing speed, verbal-logical memory, visual-
spatial memory and verbal functions. As in Study I, WM pathology was 
assessed by expert raters utilizing the Wahlund rating scale. 
 
Study III  

The third study included the same four cognitive domains as Study II, 
but utilized quantitative volumetric measurements of WMH. A portion 
of the MRI data had inadequate resolution and had to be excluded from 
analysis. Due to a decreased sample size, the MCI and AD groups were 
combined into a single patient group. Of particular interest here was to 
see if automated quantitative methods would result in findings similar 
to Study II, where visual ratings where used instead.  
 
Study IV  

The final study focused on the effects of WMH on verbal fluency, 
which begins to typically deteriorate in the early stages of AD. The study 
utilized the same sample and quantitative imaging analysis methods as 
Study III. 



26 

 

2. METHOD 

2.1. Participants and data collection 

The data for the studies was originally collected as part of the 
DEMPET and TWINPIB research projects (Kemppainen et al., 2006; 
Koivunen et al., 2011; Scheinin et al., 2011), that were conducted at the 
National PET-Centre in Turku, Finland over many years. Both studies 
were approved by the Joint Ethical Committee of the University of Turku 
and Turku University City Hospital and performed in accordance with 
the 1964 Declaration of Helsinki. The subjects received oral and written 
information about the study and gave informed consent prior to their 
inclusion. 

Data collection included the recruitment of cognitively healthy 
controls, patients with MCI and patients with AD. The recruited 
participants underwent extensive neurological and neuropsychological 
assessments. Control subjects were volunteers who had no history of 
neurological or psychiatric disease and performed within age-adjusted 
Finnish norms in neuropsychological testing. Mild cognitive impairment 
was diagnosed according to the Petersen et al. criteria (Petersen et al., 
2001), whereas the DSM-IV criteria for dementia as well as the NINCDS-
ADRDA (National Institute of Neurological and Communicative 
Disorders and Stroke/Alzheimer’s Disease and Related Disorders 
Association) criteria were used to diagnose probable AD (McKhann et 
al., 1984).  

A minimum score of 25/30 in the MMSE test was required for 
inclusion in the cognitively healthy adult control group utilized in the 
studies. Additionally, two 24-point exceptions were admitted in light of 
their otherwise adequate level of cognitive performance.  

2.1.1. Studies I & II 

The sample in Study I originally consisted of 57 cognitively healthy 
adults, 40 patients with MCI and 52 patients with AD (n = 149). However, 
in late stages of the analysis we chose to remove an extreme outlier from 
the control group, bringing the final sample size to 148 participants (see 
Table 1). The same sample was utilized in Study II.  

The three subgroups exhibited some differences regarding 
demographic characteristics: The controls were significantly younger 
than MCI patients and patients with AD, and also more educated than AD 
patients. Age and education were controlled for in all analyses due to 
these group differences. Gender distributions were equal in all three 
groups.  

 



27 

 

Table 1.    
Demographic Characteristics of Participants in Studies I & II     

  All   Controls MCI  AD     

n 148   56 40 52    

Women % 47.3%   44.6% 45.0% 51.9 %    

Age M (SD), years 72.8 (5.2)   71.4 (5.4) 74.0 (5.4) 73.5 (4.6)    
Handedness:              

   Right-handed 137   51 38 48    

   Left-handed 4   1 1 2    

   Ambidextreous 7   4 1 2    

Education level:              

   Primary school 73   22 19 32    

   Vocational school 57   25 13 19    

   Upper secondary 2   2 0 0    

   Academic degree 16   7 8 1     
M = Mean; SD = Standard deviation; MCI = Mild cognitive impairment; 
AD = Alzheimer's disease. 

    

    
                

 

Table 2. 

Demographic Characteristics of Participants in Studies III & IV  
  All Controls MCI+AD   MCI  AD  

n 86 42 44   14 30 

Women % 41.9 % 45.2 % 38.6 %   40.0 % 43.3 % 

Age M (SD), years 71.8  71.5  71.0    71.6  72.2  

  (4.7) (5.2) (4.4)   (4.7)  (4.2) 
Handedness:             

   Right-handed 79 38 41   13 28 

   Left-handed 3 1 2   1 1 

   Ambidextreous 4 3 1   0 1 

Education level:             

   Primary school 43 20 23   6 17 
   Vocational 
school 32 15 17   5 12 

   Upper secondary 2 2 0   0 0 

   Academic degree 9 5 4   3 1 
M = Mean; SD = Standard deviation; MCI = Mild cognitive impairment; 
AD = Alzheimer's disease. 
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2.1.2. Studies III-IV 

Studies III and IV utilized a portion of the same sample as Studies I 
and II, but used quantified MRI data instead (see chapter 2.3.2.). Study 
III used the same cognitive variables as Study II, whereas new cognitive 
variables measuring verbal fluency were used for Study IV. A number of 
participants had to be excluded due to inadequate image resolution, 
resulting in a sample of 42 cognitively healthy adults, 14 patients with 
MCI and 32 patients with AD, with a total sample of 86 participants (see 
Table 2).  

Since the individual group sizes of the MCI and AD groups were 
relatively small, the groups were pooled together into one patient group. 
No statistically significant differences were found between the groups 
regarding age, education or gender. However, since age and education 
typically have strong connections with cognitive performance, they were 
set as covariates in the analyses to control against possible confounding 
effects. 

2.2. Cognitive measurements 

2.2.1. Study I: General cognitive performance 

The Consortium to Establish a Registry for the Alzheimer’s Disease 
neuropsychological battery (CERAD-NB) (Morris et al., 1989) is a 
relatively brief assessment battery that measures several of the primary 
cognitive impairments typically seen in AD. The battery was originally 
developed in the United States in 1988, and has since become the most 
utilized cognitive testing battery in use with the elderly worldwide, 
being translated to at least 18 languages. During data gathering, the 
Finnish version of the CERAD-NB was administered to the participants. 

The original CERAD-NB included five short subtests, measuring 
various cognitive functions. First, MMSE (Folstein et al., 1975) is a brief 
general measure of cognitive performance, containing varying tasks  of 
orientation, attention, memory, language and visual-spatial skills. Verbal 
functions are measured by Verbal Fluency (Isaacs & Kennie, 1973), 
requiring the participant to verbally produce as many animals as 
possible during 60 seconds, as well as Naming, a 15-item shortened 
version of the Boston Naming Test (Kaplan et al., 1983), involving the 
naming of various items from pictures. Episodic verbal memory is 
measured by: Word List Memory Learning, requiring the participant to 
learn by rote a 10-item word list presented three times; Word List 
Delayed Recall, involving the recall of the previously learned word list 
from memory after a small delay; Word List Recognition, requiring the 
participant to recognize the original words from a set containing both 
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familiar and new items (Atkinson & Shiffrin, 1971). Finally, visuospatial 
functions are measured by the Constructional Praxis test (Rosen et al., 
1984), requiring the participant to copy four increasingly complex 
figures by hand.  Later, a sixth test was added: In Constructional Praxis 
Recall the participant is required to draw the previous figures from 
memory after a small delay. This modification was done to add a 
measure of visuospatial memory to the battery and in order to  balance 
the uneven load between verbal and visual tests (Spangenberg et al., 
1997). Finally, the Finnish version of CERAD-NB also contains the Clock 
Drawing test, in which the participant is asked to draw a clockface 
according to specific instructions (Brodaty & Moore, 1997). 

In a clinical context the results of CERAD-NB are typically interpreted 
by using population-based and subtest-specific cutoff values. When 
specific subtests are considered, the Word List Delayed Recall is 
sensitive in detecting mild AD (Karrasch et al., 2005; Künig et al., 2006), 
and the Word List Immediate Recall and Verbal Fluency in detecting 
cognitive decline in MCI (Gavett et al., 2010). However, interpreting 
several separate subtests can be problematic since the probability of 
getting low scores in a portion of cognitive tests increases when several 
tests are performed (for examples, see: Brooks et al., 2010; Mistridis et 
al., 2015).  

As the CERAD-NB originally lacked a validated global score, these 
have been developed after the battery’s initial conception. One such 
compound score was described by Chandler and colleagues (2005): The 
CERAD-NB Total Score (CERAD-TS) is  a measure of general cognitive 
performance calculated by summing the scores of all subtests except 
Constructional Recall, MMSE and Clock Drawing (total score range 0-
100). An expanded version, which added Constructional Recall (score 
range 0-111), was later described by Seo and colleagues (2010). Both 
CERAD-TS versions  have shown high test-retest and interrater 
reliability (Seo et al., 2010), and validity in detecting both MCI (Paajanen 
et al., 2010; Seo et al., 2010) and AD (Paajanen et al., 2014; Seo et al., 
2010). The expanded version of CERAD-TS was chosen as the method of 
computing the CERAD-NB scores in Study I. 

2.2.2. Studies II & III: Specific cognitive domains 

Studies II and III utilized several neuropsychological tests for 
assessing performance in specific cognitive domains. Nine 
neuropsychological tests were originally used to form the four 
composite variables measuring cognitive processing speed, verbal-logical 
memory, visuo-spatial memory and verbal functions. The tests are 
globally validated instruments that have been utilized often in  WM   
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Table 3. 

Factor Loadings for Exploratory Factor Analysis of Cognitive Tests  

Cognitive domain Variable 
Factor 

1 2 3 4 

Processing speed Trail Making Test A -.02 -.01 .02 .79 

  WAIS-R Coding .01 .01 .05 .79 

Verbal-logical 
memory 

WMS-R Logical 
memory 1 

.79 -.10 .16 -.03 

  
WMS-R Logical 
memory 2 

.99 .03 -.03 .06 

Visual-spatial 
memory 

WMS-R Visual 
reproduction 1 

-.01 -.98 .11 -.02 

  
WMS-R Visual 
reproduction 2 

.26 -.49 -.17 .29 

Verbal functions WAIS-R Similarities .22 .04 .58 .06 

  CERAD Naming -.06 -.12 .90 .09 

Note: Bold indicates the greatest loadings of each factor per 
variable. 

 
pathology and dementia research (for examples, see: Au et al., 2006; 
Gunning-Dixon & Raz, 2000; Vasquez & Zakzanis, 2015).  

In order to guarantee the internal consistency of the composites a 
factor analysis was performed on the nine tests. Eight tests loaded on 
four factors as expected. The exception was CERAD-NB’s Verbal Fluency, 
which was included in the verbal functions compound, but in fact shared 
little variation with the extracted verbal functions factor. Thus Verbal 
fluency was removed in order to strengthen the internal consistency of 
the verbal functions compound. When factor analysis was re-run with 
the remaining eight tests, factor extraction resulted in a four-factor 
model that supported the formation of four composite variables (Table 
3). More details about the factor analysis are provided in the 
supplementary material of Study II. 

The final composite variables were computed by calculating the mean 
of z-transformed test scores for each domain. The processing speed 
composite was calculated from the Trail Making Test A (Poutiainen et al., 
2010) and the Digit Symbol Coding of the Finnish WAIS-R (Wechsler, 
1992), both tests being classic measurements of visuomotor processing 
speed. The verbal-logical memory composite was calculated from Logical 
memory 1 and 2 of the Finnish Wechsler Memory Scale Revised (WMS-
R) (Wechsler, 1996). The Logical memory tests measure the ability to 
memorize, store and recall auditive verbal material in episodic memory. 
The visuo-spatial memory composite was computed from the Visual 
reproduction 1 and 2  of the Finnish WMS-R (Wechsler, 1996), which  in  
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turn measure the ability to memorize, store and recall visual and spatial 
material in episodic memory. Finally, the verbal function composite was 
computed from the Similarities subtest of the Finnish WAIS-R (Wechsler, 
1992), as well as the Naming subtest of the Finnish CERAD-NB 
(Pulliainen et al., 1999).  Similarities measures verbal concept formation 
and reasoning, whereas Naming is a shortened version of the Boston 
Naming Test (Kaplan et al., 1983) requiring recognition of visually 
presented items, word activation and retrieval as well as the encoding 
and articulation of that word. More details about compound score 
calculation as well as test content is provided in the Method section of 
Study II. 

2.2.3. Study IV: Verbal fluency 

Study IV utilized measures of semantic fluency and phonological 
fluency. These tasks measure the ability to generate words according to 
a semantic or phonological rule, but also require the utilization of 
various  executive control features (e.g., focusing on the task, updating 
working memory, inhibiting responses), which is why they are also seen 
as measurements of executive functioning (Henry & Crawford, 2004). In 
the semantic fluency task the participants were asked to verbally 
produce different animals, and in the phonemic fluency task different 
words beginning with the letter ‘S’. Both tasks utilized a 60 second time 
limit, and the total number of correct responses was reported as the final 
score for each task. As is the case with CERAD-NB’s Naming test, the data 
for semantic fluency was one of the measures included in the CERAD-TS 
in Study I.  

2.3. Magnetic resonance imaging 

2.3.1. Studies I & II: Visual ratings 

Magnetic resonance imaging of the subjects was performed with 1.5T 
Philips Intera (Best, the Netherlands). White matter hyperintensities 
were analyzed using two-dimensional (2D) T2 TSE transaxial (TR/TE 
4850/100 ms, slice thickness 5 mm, matrix 512 x 512) and 2D FLAIR 
coronal (fluid attenuated inversion recovery, TR/TE: 11000/140 ms, 
slice thickness 5 mm, matrix 512 x 512) images. The same sequence was 
applied to the whole sample. 

Visual ratings of imaging data were utilized in Studies I and II: The 
MRI sequences were analyzed independently by two radiologists, who 
used the Wahlund/Age-related white matter changes scale (Wahlund et 
al., 2001). The Wahlund scale is a modified and more detailed version of 
the Fazekas scale (Fazekas et al., 1987), which itself has been used 
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extensively in WM research (Wahlund et al., 2017). The Wahlund scale 
uses a semi-quantitative rating system for visually assessing WMH in 
specific brain regions, with ratings from 0 to 3 points given to each area 
(0 - no lesions; 1 - focal lesions; 2 - beginning confluence of lesions; 3 - 
diffuse involvement of the entire region). As visual ratings of WM 
pathology in the frontal and parieto-occipital areas have shown the 
highest interrater reliabilities (Wahlund et al., 2001), Studies I and II 
focused on these areas. Inter-rater reliability between the two raters, as 
assessed by Cohen’s weighted Kappa, showed good agreement for the 
right-parieto-occipital area and moderate agreement for the other areas.  
The final rating scores were obtained by calculating a mean of the two 
ratings and rounding it up to whole numbers. In cases of disagreement 
between the raters the higher one of the two scores was assigned as the 
final score.  

Ratings were given for the frontal and parieto-occipital lobes in the 
left and right hemispheres separately. These hemispheric scores were 
stratified into three groups: none/focal changes (0-1 points), beginning 
confluent changes (2 points) and diffuse changes (3 points). Additionally, 
summary scores for the frontal and occipito-parietal regions were 
computed by combining the left and right hemispheric scores for each 
area. Next, these were stratified similarly into three groups: none/focal 
changes (0-2 points in the hemispheric summary score), beginning 
confluent changes (3-4 points) and diffuse changes (5-6 points). 
Summary scores of WM pathology in the frontal and parieto-occipital 
regions in the total sample and subgroups are presented in Table 4. 

 

Table 4.           

Visual Assessments of White Matter Pathology for Studies I-II 

Level of pathology All   Controls MCI  AD 

Frontal:           

   none/focal 98   41 25 32 

   beginning confluent 39   15 10 14 

   diffuse 10   0 5 5 
            

Parieto-occipital:           

   none/focal 100   46 24 30 

   beginning confluent 37   8 12 17 

   diffuse 11   3 3 5 
Note: Frontal MRI data is missing for one participant, and parieto-
occipital data for another. 

MCI = Mild cognitive impairment; AD = Alzheimer's disease. 
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Table 5.             
Quantitative Assessments of White Matter Hyperintensity Volumes for 
Studies III-IV 

Anatomical area All Controls MCI+AD   MCI AD 

Total WMH Burden1 
6.87  5.29 8.39 

(11.13) 
  6.91  9.09  

(8.80) (5.06) (9.02) (12.07) 

              

Frontal Left WMH 1.45 
(1.51) 

1.18 1.71 

  
1.39 

(1.54) 
1.87 

(2.00) (0.97) (1.86) 

Frontal Right WMH 1.72 
(2.12) 

1.39 2.04 

  
1.84 

(2.36) 
2.13 

(2.92) (1.15) (2.73) 

Frontal WMH 3.17 
(3.57) 

2.56 3.75 

  
3.23 

(3.88) 
4.00 

(4.87) (1.99) (4.55) 
              

Temporal Left WMH 0.45 
(0.75) 

0.34 0.55 

  
0.45 

(0.91) 
0.59 

(0.89) (0.58) (0.88) 

Temporal Right 
WMH  

0.51 
(0.88) 

0.45 0.57 

  
0.43 

(0.68) 
0.64 

(1.16) (0.71) (1.03) 

Temporal WMH 0.96 
(1.54) 

0.79 1.12 

  
0.88 

(1.56) 
1.23 

(1.96) (1.17) (1.83) 
              

Parieto-occipital Left 
WMH 

1.26 
(1.95) 

0.85 1.65 

  
1.38 

(2.25) 
1.78 

(2.66) (0.95) (2.52) 

Parieto-occipital 
Right WMH 

1.49 
(2.38) 

1.09 1.87 

  
1.42 

(2.14) 
2.08 

(3.14) (1.71) (2.85) 

Parieto-occipital 
WMH 

2.75 
(4.22) 

1.93 3.53 

  
2.80 

(4.37) 
3.87 

(5.75) (2.43) (5.32) 
WMH = White Matter Hyperintensity; MCI = Mild cognitive impairment; 
AD = Alzheimer's disease. Means and standard deviations of segmented 
WMH volumes are reported. WMH values are in millilitres.  
1 The summed value of WMH volumes in frontal, temporal and parieto-
occipital areas. 
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2.3.2. Studies III & IV: Quantitative assessment 
For the portion of data that was used in Studies III and IV, the T1 

image was segmented into 133 regions using an automated multi-atlas 
segmentation method (Lötjönen et al., 2011; Lötjönen et al., 2010). First, 
from the original 79 manually segmented atlases 28 best-matching 
atlases were chosen.  The selected atlases were non-rigidly registered 
with the T1 image. Then, the T1 image was registered with the FLAIR 
image, and the segmentation result was propagated to the FLAIR image 
to provide spatial information for the segmentation of WMH and for 
computing regional WMH measures. 

The method for the segmentation of WMH is based on the method 
presented by Wang and colleagues (2012), and presented in full detail 
by Koikkalainen and colleagues  (2016). The WMH are segmented using 
the EM algorithm in a stepwise way. First, WM is segmented into two 
classes from the T1 image representing hypointense WM regions in the 
T1 image and normal bright WM regions. Second, using the results of the 
previous step as an initialization, the FLAIR image is segmented to three 
classes: cerebrospinal fluid, normal brain tissue, and hyperintense 
voxels. Finally, using the results of the previous step as an initialization, 
WM and subcortical regions from the FLAIR image are segmented into 
two classes. The class with higher intensities is then regarded as the final 
segmentation of WMH.  

Means and standard deviations of WMH volumes in various brain 
regions in the total sample and subgroups are presented in Table 5. The 
mean WMH volumes were systematically higher in the patient groups 
when compared to the controls, with AD patients having the highest 
values. However, no statistically significant differences in WMH volumes 
were found between the groups, though the difference in the left parieto-
occipital area was on the threshold of being significant. 

2.4. Statistical analysis 

2.4.1 Study I 

For testing the main research questions, separate univariate ANOVAs 
were conducted for the frontal and parieto-occipital regions 
respectively. Age and level of education were set as covariates and the 
CERAD-TS score (Seo et al., 2010)  as the dependent variable.  

2.4.2. Study II 

A series of separate univariate ANCOVAs were conducted for testing 
the main research questions. Separate analyses were conducted for each 
of the six anatomical regions of interest (left frontal, right frontal, left 
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parieto-occipital, right parieto-occipital, bilateral frontal, bilateral 
parieto-occipital), and for each of the four cognitive composites 
(processing speed, verbal memory, visual memory, verbal functions). 
The level of WM pathology in each anatomical region and group (Control, 
MCI, AD) were set as independents, age and level of education as 
covariates, and one of the cognitive composite scores (processing speed, 
verbal memory, visual memory, verbal functions) as the dependent 
(WMH x group x cognitive composite). Two sets of analyses were run: 
One set containing both left and right hemispheric scores in the same 
model as independent variables, and another set containing the regional 
summary score as the independent.  

2.4.3. Study III 

Several multiple linear regression analyses were conducted for 
testing the main research questions. In each regression model age and 
level of education were entered as covariates in step 1, after which a 
measure for WMH in each anatomical region of interest was added as a 
dependent in step 2. One of the four cognitive composites (processing 
speed, verbal memory, visual memory, verbal functions) was set as the 
independent variable. Separate analyses were conducted for the eight 
anatomical regions (left frontal, right frontal, left parieto-occipital, right 
parieto-occipital, left temporal, right temporal, bilateral frontal, bilateral 
parieto-occipital), and for each of the four cognitive composites. 
Analyses including the whole sample (Controls, MCI & AD) were run 
first. For those regression models that achieved significance, further 
subgroup analyses were performed, i.e., the models were re-run 
separately for the controls group and the patient group (MCI+AD). 

2.4.4. Study IV 

Several multiple linear regression analyses were performed for 
testing the main research questions. In each regression model age and 
level of education were entered as covariates in step 1, after which a 
measure for WMH in each anatomical region of interest was added as a 
dependent in step 2. Following this, semantic fluency or phonological 
fluency was set as the independent for each analysis. Separate analyses 
were conducted for the eight anatomical regions (left frontal, right 
frontal, left parieto-occipital, right parieto-occipital, left temporal, right 
temporal, bilateral frontal, bilateral parieto-occipital). Analyses 
including the whole sample (Controls, MCI & AD) were run first. This was 
followed with analyses that contained only right-handed participants.  

As several independent tests were run, Type I errors were controlled 
with the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995). 
The original p-values of the main predictor variables were compared 
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against adjusted p-values, which were produced by using a false 
discovery error rate of 0.05. The correction was perfomed on all nine 
predictor variables for both hypothesis families (semantic fluency / 
phonological fluency), and separately for both the total sample and the 
sample that contained only right-handed participants. 

For those regression models that remained significant after multiple 
testing correction, further subgroup analyses were performed 
separately for the controls group and the patient group (MCI+AD).  
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3. RESULTS 

3.1. Study I 

First, as would be expected, significant differences in cognitive 
function were seen between all three groups. The highest performances 
were found in the cognitively healthy controls, intermediate 
performances in MCI patients and the lowest performances in patients 
with AD (Table 6). Separate univariate ANOVAs were conducted for 
testing the main research questions. Age and education were controlled 
for. In the initial analyses no significant main effects of WM pathology on 
cognitive performances were seen, but a significant interaction effect 
was discovered between group and the level of frontal WM pathology.  

 

Table 6.           

CERAD Total Scores in Study I 

  
All   Controls MCI AD 

CERAD Total Score  
79.23   87.75  80.82 68.92 

 (15.27)   (10.48)  (11.68)  (16.28) 

Score range  0-111. Means are reported first, followed by standard 
deviations in brackets. MCI = Mild cognitive impairment; AD = 
Alzheimer's disease.  

 

 

Figure 1. Cognitive performance (CERAD-TS, range 0-111 points; Seo et al., 2010) in the 
three groups as a function of frontal WM pathology. Estimated marginal means with 95 
% CIs reported.  
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However, as mentioned previously, the control group contained an 
outlier: a participant with major WM pathology, who also had unusually 
high cognitive performance. In order to examine whether this single 
participant may have affected the results, the participant was removed 
and the analyses performed again. After this, the interaction term 
between group and level of frontal WM pathology fell slightly below the 
.05 alpha threshold, but only marginally. Moreover, the effect size stayed 
at a near moderate level, indicating that the interaction still explained a 
considerable amount of variation. This trend level interaction indicated 
that AD patients with major levels of frontal WM pathology seemed to 
perform worse than AD patients with lesser levels of WMH (Fig 1). 

3.2. Study II 

As expected, significant differences in cognitive performances were 
found between the three groups in almost all of the composite cognitive 
measures, with controls having the highest performances, MCI patients 
intermediate performances and AD patients the lowest performances 
(Table 7). Separate univariate ANCOVAs were conducted for testing the 
main research questions.  

 

Table 7.           

Cognitive Composite Scores in Study II 

Domain/Composite All 
  

Controls MCI  AD  
  

Processing speed 
0.00   0.47 0.01 -0.52 

(0.91)   (0.60) (0.87) (0.95) 

            

Verbal-logical memory 
0.00   0.59 -0.05 -0.60 

(0.88)   (0.55) (0.79) (0.81) 

            

Visual-spatial memory 
0.00   0.49 -0.11 -0.45 

(0.94)   (0.72) (0.95) (0.90) 

            

Verbal functions 
0.00   0.46 0.10 -0.58 

(0.92)   (0.53) (0.84) (1.01) 

The composites were calculated by converting individual test 
scores into z-scores and obtaining the mean of the tests for each 
domain. Means are reported first, followed by standard deviations 
in brackets. MCI = Mild cognitive impairment; AD = Alzheimer's 
disease. 
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Figure 2. Cognitive processing speed in the three groups as a function of bilateral frontal 
WM pathology. Estimated marginal means of z-scores with 95 % CIs are reported. A 
lower z-score represents decreased processing speed. 

 
 
 

 

 
Figure 3. Cognitive processing speed in the three groups as a function of bilateral 
parieto-occipital WM pathology. Estimated marginal means of z-scores with 95 % CIs 
are reported. A lower z-score represents decreased processing speed. 
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Figure 4. Cognitive processing speed in the three groups as a function of left frontal WM 
pathology. Estimated marginal means of z-scores with 95 % CIs are reported. A lower z-
score represents decreased processing speed. 

 
 
 

 

 
Figure 5. Visual memory performance in the three groups as a function of left frontal WM 
pathology. Estimated marginal means of z-scores with 95 % CIs are reported. A lower z-
score represents decreased visual memory. 
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Age and education were controlled for. Here, WM pathology had the 
most robust effects on processing speed: the level of WMH had a main 
effect on processing speed in both bilateral frontal and parieto-occipital 
areas (Figs 2-3). Furthermore, a significant interaction between group 
and left frontal WM pathology on processing speed was seen (Fig 4). This 
interaction stemmed from the fact that AD patients with moderate or 
severe levels of WM pathology in the left frontal lobe had considerably 
slower processing speed performances than AD patients with milder 
levels of pathology in the corresponding area. The analyses also 
indicated that left frontal WM pathology had a main effect on visual 
memory (Fig 5). No significant effects of WM pathology on verbal-logical 
memory or verbal functions were observed. 

3.3. Study III 

Cognitive performances of the total sample and subgroups are shown 
in Table 8. Several multiple linear regression analyses were conducted 
for testing the main research questions (see Study III for regression 
tables). Age and education were controlled for. Regression analyses 
involving the whole sample (Controls, MCI, AD) showed two main 
findings: (1) WMH in the left and right parieto-occipital areas, as well as 
in the left temporal lobe were associated with impairments in processing 
speed; (2) WMH in the left parieto-occipital areas were associated with 
impaired performance in verbal memory. Following this, for those 
regression models that achieved significance, the models were re-run 
separately for the controls and patient groups. Here, the volume of WMH 

 

Table 8.               

Cognitive Composite Scores in Study III       

Domain/Composite All 
  

Controls MCI+AD 
  

MCI  AD  
    

Processing speed 0.00   0.33 -0.31   -0.03 -0.44 

  (0.91)   (0.67) (1.00)   (0.85) (1.05) 

Verbal-logical memory 0.00   0.47 -0.45   -0.08 -0.61 

  (0.98)   (0.76) (0.96)   (0.96) (0.93) 

Visual-spatial memory 0.00   0.29 -0.28   -0.55 -0.38 

  (0.93)   (0.84) (0.95)   (0.89) (0.97) 

Verbal functions 0.00   0.21 -0.20   0.14 -0.36 

  (0.80)   (0.52) (0.97)   (0.64) (1.06) 

Means are reported first, followed by standard deviations in brackets. MCI 
= Mild cognitive impairment; AD = Alzheimer's disease. 
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in the left temporal lobe was significantly associated with impaired 
processing speed specifically in patients with MCI or AD.  

3.4. Study IV 

Several multiple linear regression analyses were conducted for 
testing the main research questions. Analyses were first performed on 
the total sample, which included right-handed, ambidextreous and left-
handed participants (n = 86). After this, identical analyses followed on 
solely right-handed participants (n = 79). Age and education were 
controlled for in each analysis. Verbal fluency performances are 
presented in Table 9 (see Study IV for regression tables). 

In the whole sample WMH volumes in both bilateral frontal and 
parieto-occipital areas were associated with decreases in semantic 
fluency. However, these associations did not remain significant after 
multiple testing correction. The analyses containing only right-handed 
participants produced similar results: White matter hyperintensity 
volumes in bilateral frontal and parieto-occipital areas were associated 
with decreased semantic fluency. However, a new significant association 
was seen between increased WMH volumes in the right temporal area 
and lowered semantic fluency solely in right-handed participants. 
Analyses that contained only right-handed participants remained 
significant after multiple testing correction, excluding the association 
between left parieto-occipital WMH and semantic fluency (the 
association regarding bilateral parieto-occipital remained significant, 
however). 

Since only the models that contained solely right-handed participants 
remained significant after correction for multiple testing, additional 
subgroup analyses were performed only with right-handed participants.  

 
 

Table 9. 

Verbal Fluency Scores in Study IV 

  
All 

  
Controls MCI+AD 

  
MCI  AD 

      

Semantic  
fluency 

21.55 
(6.62) 

  
22.36 
(5.39) 

20.77 
(7.59) 

  
19.93 
(5.51) 

21.17 
(8.44) 

 
Phonological 
fluency 

13.37 
(6.51) 

  
14.43 
(6.03) 

12.36 
(6.86) 

  
13.79 
(5.44) 

11.70 
(7.42) 

 

 
Means are reported first, followed by standard deviations in brackets. 
MCI = Mild cognitive impairment; AD = Alzheimer's disease. 
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The follow-up analyses concerned the areas significantly associated with 
semantic fluency in the total sample (left and right frontal, left and right 
parieto-occipital areas) and were performed separately for the 
cognitively healthy and patient (MCI+AD) subgroups. No significant 
associations were seen here. 
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4. DISCUSSION 

This thesis set out to investigate the possible effects of WM pathology 
on cognitive function in cognitively healthy adults, patients with MCI and 
patients with AD. Study I investigated the effects of WMH on general 
cognitive functioning in controls, MCI patients and AD patients, as 
measured by the Total Score of the CERAD-NB. Studies II-III continued 
the previous line of investigation and expanded the scope to include four 
specific cognitive domains. Finally, Study IV investigated the effects of 
WMH on verbal fluency. Studies I and II utilized visual ratings of WM 
pathology, whereas Studies III and IV used quantitative volumetric 
assessments of WMH. The main findings can be summarized as follows: 

 
1) General effects of WM pathology on cognition 

White matter pathology has robust associations with impaired 
processing speed in all three groups. Other associations are seen 
with impairments in visual and verbal episodic memory and 
semantic fluency. 
 

2) Additive effects of WM pathology on cognition 
a) Frontal WM pathology seems to have an additive negative effect 

on cognition in AD: Patients with AD who also had severe frontal 
WM pathology exhibited clearly lower performances in both  
general cognitive functioning and processing speed than AD 
patients with milder levels of frontal WM pathology. 

b) Temporal WM pathology may have a similar additive negative 
effect on processing speed in MCI or AD patients, although this 
association should be considered preliminary. 

 
3) Frontal white matter  

White matter pathology in the frontal lobes, especially in the left 
hemisphere, appears to have multi-domain effects on cognitive 
functions in cognitively healthy controls, patients with MCI and 
patients with AD. 

4.1. General effects of white matter pathology  

A number of general (i.e., not group-specific) effects between WMH 
and processing speed, visual and verbal episodic memory as well as 
semantic fluency were seen in Studies II-IV. 

4.1.1. Processing speed (Studies II-III) 
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Overall, the most robust association that was seen between WMH and 
cognition was in the domain of processing speed. General (i.e., not group-
specific) associations with decreased processing speed were seen for 
frontal WMH and parieto-occipital WMH in Study II with visual 
assessment of WM pathology. Furthermore, decreased processing speed 
was associated with parieto-occipital WMH in Study III, when 
quantitative assessment of WMH was used.  Additionally, two group-
specific associations were found concerning left frontal WMH in AD 
patients in Study II, and left temporal WMH in AD or MCI patients in 
Study III. These group-specific findings are discussed in chapter 4.2.2., 
and possible reasons for the differences in the results between Studies 
II and III in chapter 4.3.1.  

The overall finding that WMH is associated with decreased 
processing speed is clearly in line with previous literature, as processing 
speed impairments have often been described as the most cardinal or 
classic symptom of WM pathology (Gunning-Dixon & Raz, 2000; 
Kloppenborg et al., 2014; Vasquez & Zakzanis, 2015).  

The association between processing speed and frontal WMH 
specifically, as seen in study II, has been reported previously in a number 
of studies, and similar associations have been found for frontal GM 
volumes as well (e.g., Bartzokis et al., 2010; Kochunov et al., 2010; 
Quinque et al., 2012; Righart et al., 2013). Unsurprisingly, processing 
speed impairments have also been associated with specific frontal-
subcortical WM pathways, including the forceps minor and the anterior 
thalamic radiation (Biesbroek, Weaver, et al., 2016; Duering et al., 2011, 
2013, 2014; Jiang et al., 2018). Both of these tracts have been described 
as strategic pathways that have major contributions to processing speed 
and executive functioning (Biesbroek et al., 2017). The anterior thalamic 
radiation might be especially important, as it runs through the anterior 
internal capsule and has connections with several nuclei in the thalamus, 
which in turn have been associated with cognitive impairments in 
several case studies (Fisher, 1982; L. Pantoni et al., 2001; Tatemichi et 
al., 1992; Van der Werf et al., 2003).  

The associations between parieto-occipital WMH and decreased 
processing speed seen in Study III are likewise consistent with the 
literature, though previous findings are relatively sparse. At least a few 
studies have reported associations between decreased processing speed 
and lesions in parietal WM (Quinque et al., 2012; Turken et al., 2008), 
with at least one similar association being reported for parietal GM as 
well (Peers et al., 2005). Furthermore, a few studies have reported 
associations specifically for the superior longitudinal fasciculus, which 
integrates frontal and parietal cerebral regions (Jiang et al., 2018; 
Turken et al., 2008).  
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In summary, the findings from Studies II-III concerning general (not-
group-specific) associations of WMH with decreased processing speed 
are in line with previous reports. These have indicated that impairments 
to processing speed often follow from the disruption of frontal and/or 
parieto-occipital WM as well as the WM tracts connecting these areas.  

4.1.2. Episodic memory (Studies II-III) 

General (i.e., not group-specific) associations were also found for 
visual and verbal episodic memory: visually assessed left frontal WMH 
was associated with performance in visual memory in Study II, and 
quantitatively assessed left parieto-occipital WMH with verbal memory 
in Study III. No group-specific associations were seen for episodic 
memory. 

At a general level, these findings are consistent with previous reports, 
as associations between increased WMH and impairments in episodic 
memory have been reported fairly often (Kloppenborg et al., 2014; 
Vasquez & Zakzanis, 2015). Findings about verbal memory are generally 
more common, though associations regarding visuospatial memory have 
been reported as well (e.g. (Au et al., 2006; Chin et al., 2012; Villeneuve 
et al., 2011). Furthermore, a number of studies that have linked episodic 
memory impairments to WMH in specific regions have been published 
during the last decade: associations have been reported between verbal 
episodic memory and WMH in temporal, occipital and parietal areas 
(Brugulat-Serrat et al., 2019; Burton et al., 2004b; Fujishima et al., 2014; 
Green et al., 2016).  

Studies using measures that pool verbal and visual memory scores 
together have shown associations with WMH in the frontal forceps 
minor (Biesbroek et al., 2017; Biesbroek, Weaver, et al., 2016) and the 
left superior longitudinal fasciculus (Sasson et al., 2013b), as well as 
WMH in parietal, parieto-occipital and parieto-temporal areas (Lampe 
et al., 2019; Smith et al., 2011). However, to the best of the Author’s 
knowledge no studies have reported associations between left frontal 
WM and a episodic memory score with a measure that would contain 
only visual memory tasks (i.e., not a pooled score that mixes both visual 
and verbal memory tasks). Thus, the association regarding visual 
memory in Study II seems to be somewhat novel. When discussing this 
finding, it would be prudent to take into account the apparent 
underusage of visual memory tasks in WMH research: most studies 
examining episodic memory seem to focus on verbal memory 
specifically, and those that do utilize measures of visual memory seem 
to often pool verbal and visual memory scores together into a compound 
score. Generally speaking, the notion that left-hemisphere pathology 
would be associated with visuo-spatial processing is not unprecedented, 
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as for example preliminary associations have been reported between 
left-sided WM lesions and visuo-spatial working memory (Paulraj et al., 
2018). Regardless, it is likely that the left frontal WMH measured from 
the current sample reflects pathological changes in certain WM 
pathways that have been previously associated with episodic memory, 
such as the forceps minor or the left superior longitudinal fasciculus 
(Biesbroek et al., 2017; Biesbroek, Weaver, et al., 2016; Sasson et al., 
2013a). Another possible explanation is that the disintegration of frontal 
WM tracts often leads to impairments in executive functions (e.g., 
Biesbroek et al., 2016; Sasson et al., 2013), which in turn can have 
negative effects on episodic memory processes as well (Lezak et al., 
2012). This is not, however, consistent with the fact that left-frontal 
WMH was not associated with verbal episodic memory. In summary, the 
association regarding visual memory should be treated as preliminary 
and investigated further in future studies. 

The associations regarding left parieto-occipital WMH and verbal 
memory, as seen in Study III, are in line with previous studies showing 
similar associations (Brugulat-Serrat et al., 2019; Lampe et al., 2019; 
Smith et al., 2011). These reports on posterior WMH are also consistent 
with previous cortical studies, which indicate that the posterior parietal 
cortex has a significant contribution to memory retrieval (A. D. Wagner 
et al., 2005), and that parietal lesions can impair attention during 
memory retrieval (Cabeza et al., 2008). White matter hyperintensities in 
parieto-occipital areas might reflect damage to specific WM pathways 
traversing the area. For example, the inferior longitudinal fasciculus 
connects the posterior parietal cortex to the middle temporal lobe, and 
WMH in it is associated with episodic memory impairments (Lockhart et 
al., 2012; Palacios et al., 2013).  

A null finding that should be addressed concerns the lack of 
associations between episodic memory and temporal WM in Study III. 
As episodic memory is supported by frontal, temporal and parietal WM 
tracts (Cabeza et al., 2008; Fletcher & Henson, 2001; Simons & Spiers, 
2003), the integrity of temporal WM would be expected to correlate with 
episodic memory performance. Indeed, preliminary associations have 
been reported between episodic memory and WMH in specific tracts 
traversing the temporal regions, such as the fornix, the frontal-temporal 
uncinatus and the temporal-parietal inferior longitudinal fasciculus 
(Lockhart et al., 2012; Metzler-Baddeley et al., 2011; Sasson et al., 2012).  
However, many of these tracts are not isolated to the temporal lobes and 
some of them might be related to specific memory processes. Indeed, 
studies that have assessed WMH specifically in the temporal lobes have 
produced more varied results: Some studies have produced significant 
associations between episodic memory and temporal WMH (e.g., 
(Burton et al., 2004a; J. Huang et al., 2007)), whereas others have 
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reported null findings (Biesbroek, Weaver, et al., 2016; Firbank et al., 
2007; Meier & Manly, 2012). Thus, significant associations might be 
found if tract-specific analyses were used instead of lobar WMH 
assessments. 

These null findings should be considered preliminary and tested in 
future studies, which should ideally: (1) utilize specified measures for 
different memory processes (e.g. immediate free recall, delayed free 
recall, recognition); (2) utilize measures of different sense modalities 
separately without pooling scores; (3) target more delineated parts of 
the WM network or specific WM tracts; (4) combine different imaging 
methods (e.g. DTI and volumetric analysis of WMH). 

In summary, no group-specific effects were seen regarding visual or 
verbal episodic memory impairment; I.e., the results do not give support 
to the notion that WM pathology would have cumulative effects on 
episodic memory in MCI or AD patients. The association concerning left 
frontal WMH and visual memory in Study II is novel and requires further 
validation. The association concerning left parieto-occipital WMH and 
verbal memory in Study III is consistent with the previous literature and 
supports the notion that parietal cerebral structures are involved in 
memory functions.  

4.1.3. Verbal functions (Studies II-III) 

No associations were found between the verbal function composite 
and any measure of WM pathology in Studies II-III. The verbal function 
compound was calculated from two different verbal tests: the CERAD 
Naming (picture naming) and the WAIS-R Similarities (verbal 
comprehension/reasoning). Decreased naming performance has been 
associated with reduced WM volume and increased WMH volumes in the 
temporal lobes (Baldo et al., 2013; Meier & Manly, 2012; Meyer et al., 
2013); The uncinatus and temporal regions of the arcuate fasciculus, 
inferior longitudinal fasciculus and the inferior fronto-occipital 
fasciculus have been implicated specifically (Agosta et al., 2010; Griffis 
et al., 2017; Sarah et al., 2011). As for Similarities, though it is often used 
as a part of neuropsychological assessment in studies (e.g., Vasquez & 
Zakzanis, 2015), findings about its association with specific WM regions 
are scarce. One study has found associations between Similarities and 
global WMH load (Brugulat-Serrat et al., 2019), whereas others have 
reported null findings (e.g. Au et al., 2006; Hidese et al., 2020). As naming 
tasks have been previously linked with temporal WMH, one would 
expect to see a similar association in the current sample as well. 
However, as the evidence about the regional associations of the 
Similarities task is unconfirmed, it is possible that its presence in the 
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compound could have cancelled any possible associations that might be 
seen otherwise regarding the Naming subtest. 

4.1.4. Verbal fluency (Study IV) 

General (not group-specific) associations were found regarding 
semantic fluency  in Study IV. Initial analyses were run on both the total 
sample (i.e., right-handed, left-handed and ambidextrous participants) 
and only on right-handed participants. After correcting for multiple 
comparisons, only the associations in the right-handed group remained 
significant (See Study IV for specifics). Here, WMH in bilateral frontal 
and bilateral parieto-occipital areas were associated with decreases in 
semantic fluency. No group-specific effects were seen for MCI or AD 
patients in the pooled patient group. Furthermore, no significant 
associations were seen for phonological fluency.  

The findings concerning semantic fluency in Study IV also fit in with 
previous research: fluency tasks seem to depend on a network of frontal-
parietal cortical regions, the temporal lobes and subcortical structures 
that include the anterior cingulate, left hippocampus, thalamus and 
cerebellum (Abrahams et al., 2003; Biesbroek, van Zandvoort, et al., 
2016; Costafreda et al., 2006; Gourovitch et al., 2000; Phelps et al., 1997; 
Robinson et al., 2012). Though previous studies have shown a 
preference for left hemispheric lateralization, the right hemisphere, 
especially the frontal lobe, has been implicated in verbal fluency tasks as 
well (Loring et al., 1994; Martin et al., 1990; Perret, 1974; Robinson et 
al., 2012), with the right inferior frontal gyurs specifically being 
identified as important to semantic fluency (Biesbroek, van Zandvoort, 
et al., 2016). Indeed, a number of researchers have advocated the view 
that the right hemisphere could be relatively more involved with 
semantic fluency over phonological fluency (Donnelly et al., 2011; 
Glikmann-Johnston et al., 2015; Schlösser et al., 1998). Additionally, 
bilateral associations between WM tract integrity and verbal fluency 
performance have been reported at least for the inferior fronto-occipital 
fasciculus and the superior longitudinal fasciculus (Blecher et al., 2019; 
Rodríguez-Aranda et al., 2016).  

The degree of right-hemispheric associations with semantic fluency 
seen in Study IV might also be affected by two other phenomena. First, 
as the sample utilized in the studies was relatively elderly, it is possible 
that the degree of hemispheric lateralization was affected by age. 
Neuroimaging studies have indicated that hemispheric specialization 
lessens with advancing age: this happens due to the recruitment of 
additional cortical areas in order to preserve performance, which leads 
to relative increases in bilateral activation (Cabeza, 2002; Reuter-Lorenz 
et al., 2000). This effect has been reported with language functions such 
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as fluency and naming (La et al., 2016; Meinzer et al., 2012; Wierenga et 
al., 2008), but also with other functions such as the motor system and 
the ventral visual system (Carp et al., 2011; Park et al., 2004). Second, 
the right-hemispheric involvement in semantic fluency might to some 
degree be the result of applying visual imaging strategies while 
performing fluency tasks (Biesbroek, van Zandvoort, et al., 2016; Gordon 
et al., 2018).  

As for why only analyses on solely right-handed participants 
remained significant after correction, it is likely that the removal of left-
handed/ambidextrous participants nullified any confounding effects 
related to language lateralization. This in turn resulted in slightly 
stronger effects in the regression models. 

Finally, as no group-specific results concerning the MCI or AD 
patients were seen regarding verbal fluency, the results do not support 
the notion that WM pathology would have cumulative effects with AD-
related pathology on fluency. This differs from a few earlier findings 
(Chen et al., 2009; Kavcic et al., 2008), though these studies utilized fairly 
small sample sizes and analyzed specific WM tracts.  

4.2. Additive effects of white matter pathology  

In addition to the general (not group-specific) effects discussed in 
chapter 4.1., a number of group-specific effects were seen with MCI and 
AD patients in Studies I-III. 

4.2.1. Effects on general cognition (Study I) 

In Study I, a significant group-specific effect was seen between frontal 
WMH and general cognition as measured by the CERAD-TS. Patients with 
AD who had severe frontal WMH had the lowest cognitive performances, 
and performed clearly worse when compared to AD patients with milder 
levels of frontal WM pathology. No significant associations were seen for 
the parieto-occipital area, which might be due to CERAD-NB tests placing 
a relatively  higher emphasis on verbal functions over visuospatial ones.  

Previous studies have indicated that WMH increase the risk for 
dementia in AD (Mortimer, 2012; Petrovitch et al., 2005; Toledo et al., 
2013), as well as accelerate the rate of cognitive decline in MCI and AD 
patients (Brickman et al., 2008; Tosto et al., 2014). Furthermore, WMH 
in the corpus callosum and the fornices have been reported to correlate 
with CERAD-TS in AD patients specifically (Bilello et al., 2015). However, 
no associations have been reported in AD patients concerning frontal 
WMH. Overall, the effect seen in Study I indicates that comorbid frontal 
WMH in AD patients may be associated with cumulative decline in 
general cognitive functioning.  



51 

 

4.2.2. Effects on processing speed (Studies II-III) 

Group-specific effects concerning processing speed were seen in 
Studies II-III. In Study II, patients with AD that had severe left-frontal 
WMH had the lowest performances in processing speed. In Study III, a 
similar effect was found for left-temporal WMH in the pooled patient 
group. 

These results are in line with previous reports (Bilello et al., 2015; 
Brickman et al., 2008; Mortimer, 2012; Petrovitch et al., 2005; Toledo et 
al., 2013; Tosto et al., 2014), as well as the finding from Study I, and 
indicate that concomitant frontal and temporal WMH in AD patients may 
lead to additive decline in processing speed. The findings are not 
unexpected when one considers that processing speed impairment is 
usually described as a cardinal cognitive symptom of WMH (de Groot et 
al., 2000; Gunning-Dixon & Raz, 2000) and cerebrovascular diseases in 
general (Duering et al., 2014; Jacobs et al., 2013; Righart et al., 2013b; 
Rösler et al., 2005). Furthermore, though processing speed deficits are 
not a classic symptom in AD-related neuropathology, slowed processing 
speed has been reported consistently in amnestic MCI and AD (Amieva 
et al., 2000; Haworth et al., 2016; Kochan et al., 2016; Phillips et al., 2013; 
van Deursen et al., 2009; Warkentin et al., 2008). Thus, it is very 
probable that the cause for these findings is the concurrent proliferation 
of both cerebrovascular pathology (i.e., WMH) and primary AD-related 
neuropathology. To the best of the Author’s knowledge, neither of these 
group-specific findings have been reported previously in the literature.  

4.3. Considerations and implications 

Results from Studies I-III indicate that AD patients suffering from 
major levels of comorbid WMH especially in the frontal areas are likely 
to have increased cognitive impairments when compared to patients 
with milder WM pathology. Impairments may show up as lowered 
general cognitive functioning and slowing of information processing 
speed. A number of implications concerning the interplay between 
pathologies, clinical assessment and targets for interventions can be 
drawn from the results. However, first the differences in results 
obtained by different MRI data analysis methods as well as the possible 
role of cortical atrophy will be considered. 

4.3.1. Different results from visually rated vs quantitative MRI 
data? 

As stated previously, the results differed somewhat between Studies 
II and III, which utilized visually rated and quantified MRI data, 
respectively. First, Study III could replicate neither the general nor the 
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group-specific effects concerning frontal WMH and processing speed 
seen in Study II. Second, the association between left frontal WMH and 
decreased visual memory was seen only in Study II, whereas the 
association between left parieto-occipital WMH and decreased verbal 
memory was seen only in Study III.  

There are a number of reasons between the two studies that most 
likely explain the differences in the results. First, Study III used a portion 
of the same sample as Studies I-II, but utilized quantitative volumetric 
analysis for assessing WMH, and also included temporal WMH as a 
region in the analyses. Second, as the sample size decreased from Study 
II to Study III, this weakened the power to detect smaller effects. Third, 
the participants excluded from Study III were more likely to be older and 
had lower cognitive performances than those included. Finally and most 
importantly, the move from categorical to continual data required 
changing statistical methods, which likely affected the results. Overall, 
due to the limited sample size and relatively small effect size, the finding 
concerning temporal WMH should be considered preliminary.  

4.3.2. Taking grey matter into consideration 

As GM measurements were not included in the models, cortical 
atrophy was not controlled for. Thus we cannot exclude the possibility 
that cortical atrophy would have a mediating effect on the relationship 
between WMH and cognitive performance, as reported by Rizvi and 
colleagues (2017). Regardless, we concurrently assume that cortical 
atrophy would be inherently to a degree intertwined in the group 
classifications utilized in the models (C vs. MCI vs. AD, C vs. MCI/AD), 
and that adding GM measurements in the analysis could in the worst case 
act as a “secondary control” and diminish statistical power. 

Post hoc analyses of quantified GM volumes (including 94 % of the  
sample used in Studies I-II) showed that the AD patient group indeed 
had the smallest mean cortical and hippocampal volumes of the three 
groups. However, contrary to expectations, the mean global cortical 
volume of the MCI group surpassed that of the cognitively healthy 
control group, and no significant differences between the groups could 
be seen regarding hippocampal atrophy either. However, it should be 
mentioned that this might be due to the fact that compared to the control 
and AD groups, the MCI group had the most missing data (15 % vs. 2-4 
%).  

4.3.3. Explaining additive effects 

As discussed previously, the group-specific effects found in Studies I-
III are most likely caused by the concomitant accumulation of 
cerebrovascular pathology and primary AD pathology. The 



53 

 

neuropathological processes seen in AD involve the accumulation of 
amyloid plaques and neurofibrillary tangles, which leads to widespread 
neuronal loss and global cognitive impairment. Alzheimer’s disease 
patients also often exhibit comorbid vascular pathology including WMH 
(Claus et al., 2016; Prins & Scheltens, 2015; Smith, 2016), and when 
these changes become prominent enough, these two pathologies seem 
to have cumulative effects on certain cognitive functions (Bilello et al., 
2015; Brickman et al., 2008; Kaskikallio et al., 2020; Kaskikallio, 
Karrasch, Koikkalainen, et al., 2019; Kaskikallio, Karrasch, Rinne, et al., 
2019; Mortimer, 2012; Petrovitch et al., 2005; Toledo et al., 2013; Tosto 
et al., 2014). Judging from the findings presented in this thesis, major 
pathological changes especially in frontal WM might lead to these 
cumulative effects. This is not unexpected when considering previous 
findings that highlight the importance of frontal-subcortical, frontal-
temporal and frontal-parietal tracts in processing speed, executive 
functions and episodic memory (Biesbroek et al., 2013; Biesbroek, 
Weaver, et al., 2016; Duering et al., 2011, 2013, 2014; Jiang et al., 2018; 
Lampe et al., 2019; Smith et al., 2011).  

As to the question of how AD-related pathology and WMH are 
associated with each other, several non-mutually exclusive explanations 
can be formulated (Brickman, 2013): First, WMH might be indicative of 
independent pathological processes that contribute cumulatively to the 
overall clinical symptomology. In this case, WMH might reflect 
cerebrovascular abnormarmalities, which do not influence AD pathology 
per se. Second, WMH might reflect a heterogeneous underlying etiology, 
which might interact with or reflect AD-related neuropathological 
processes. Third, it is also possible to focus on shared associations with 
a third set of factors, such as risk factors, between the two pathologies. 

Discussion about the validity of these scenarios is ongoing. For 
example, in a study by Marchant and colleagues (2013) the global WMH 
burden was not in fact associated with β-Amyloid depositions, which are 
classic markers for AD-related  neuropathology. WMH and Aβ deposition 
were not significantly correlated in a study by Hughes and colleagues 
(2013) either, but they co-occurred especially in patients who also had 
high arterial stiffness, implying that both independent processes and 
interactions between various pathologies might exist. Several studies 
have given support to the second explanation (e.g., Brickman et al., 2008; 
McAleese et al., 2017; Rizvi et al., 2017). For example, McAleese and 
colleagues (2017) reported that posterior WMH in AD patients might be 
associated with AD-typical Wallerian degeneration, instead of having a 
vascular origin. Nonetheless, until any conclusive evidence is presented, 
it seems sensible to consider a mix of all three explanations. In other 
words, though WMH and AD share mutual risk factors (explanation #3), 
and WMH in certain cerebral regions might reflect and interact with AD-
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pathology (explanation #2), WMH can also exist independent of AD 
(explanation #1). 

4.3.4. Clinical assessment 

Concerning clinical assessment, an important finding is that the 
impairments in general cognitive functioning may be detected even with 
a relatively rough general-level cognitive measure such as the Total 
Score of the CERAD-NB. The CERAD-NB itself is already very commonly 
used in basic clinical screening and assessment by several healthcare 
professions. Most commonly the results are interpreted by using 
subtest-based cutoff scores as per the original administration procedure 
(Pulliainen et al., 1999). However, the results in Study I support the 
notion that a compound score representing the performance of several 
subtests might be a useful addition to clinical settings (for studies on 
compound scores of CERAD-NB see: Chandler et al., 2005; Paajanen et 
al., 2010, 2014; Seo et al., 2010).  

Processing speed on the other hand is not often investigated in basic 
clinical screening, but rather as part of a larger neuropsychological 
assessment performed by a clinical neuropsychologist (Lezak et al., 
2012). However, some researchers have suggested that the original 
CERAD-NB could be expanded by inlcuding tests that assess processing 
speed and executive functions, such as the Trail Making Test A and B (for 
example, see: Schmid et al., 2014). Regardless, as markedly slowed 
processing speed can be a specific symptom in AD patients suffering 
from major comorbid cerebrovascular pathology, care should be taken 
to assess this domain of cognitive functioning properly.  

4.3.5. Clinical interventions 

As AD patients with comorbid cerebrovascular pathology can suffer 
from increased cognitive impairment, preventing and treating said 
vascular pathology could have major impacts on the functioning of 
amnestic MCI patients and AD patients in earlier stages of disease 
progression. The main targets of risk factor prevention include 
hypertension, obesity, diabetes and hypercholesterolaemia in addition 
to smoking and heavy alcohol consumption (Farooq & Gorelick, 2013; 
Prins & Scheltens, 2015). High blood pressure and hypertension 
especially are risk factors associated with the development and 
progression of WMH (Goldstein et al., 2005; Gottesman et al., 2010). 

Regarding long-term health promotion, higher educational 
attainment and increased physical activity have been generally 
described to provide benefits to maintaining cognition in old age (Brini 
et al., 2018; Lautenschlager et al., 2008). Both can be seen as critical 
factors that strengthen the neurocognitive reserve in adolescence 
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(Arenaza-Urquijo et al., 2017; Prakash et al., 2015). The neurocognitive 
reserve in turn helps our brains to maintain cerebral networks and 
cognitive functions in the case of age-related or pathological changes 
(Cabeza et al., 2018; C.-M. Huang & Huang, 2019). Several studies have 
reported that higher education has benefits on cognitive functioning and 
cerebral health during old age. For example, higher education has been 
reported to slow age-related cognitive decline (Stern, 2006), to be 
negatively associated with WMH volumes (Habes et al., 2016), to 
mitigate the negative effects of WMH on cognition (Brickman, Siedlecki, 
et al., 2011; Dufouil et al., 2003; Jokinen et al., 2016), and to lower the 
risk for developing dementia and AD (Stern et al., 1994; Xu et al., 2016). 
However, though education has clear associations with cognition, the 
exact specifics and mechanisms behind this association are still debated. 
For instance, a number of recent studies have challenged the association 
between education and cognitive decline (e.g., Berggren et al., 2018; 
Nyberg et al., 2021; Seblova et al., 2021), with a recent comprehensive 
review concluding that education does not seem to slow down cognitive 
decline in old age (Lövdén et al., 2020). Overall, these recent studies can 
be seen as supporting the concept of a passive neurocognitive reserve 
(Barulli & Stern, 2013): Instead of slowing decline, education may in fact 
bestow individuals with a life-long advantage that persist throughout 
adulthood and helps to offset any decline in old age.  

Long-term physical activity is also associated with better cognitive 
functioning and a slower decline in cognition (Cotman & Berchtold, 
2002; Soumaré et al., 2009; Sturman et al., 2005; Weuve et al., 2004), as 
well as a decrease in vascular risk factors (Uemura et al., 2012). Physical 
activity has also been associated with reduced WMH volume in many 
studies (e.g., Burzynska et al., 2014; Gow et al., 2012; Rovio et al., 2010; 
Wirth et al., 2014), though others have found no such effects (A. J. Ho et 
al., 2011; Rosano et al., 2010; Zheng et al., 2012). In addition to physical 
activity, cognitive stimulation seems to have benefits as well, as 
participation in cognitively stimulating activities is associated with 
slower cognitive decline (Verghese et al., 2003; Wilson et al., 2003; 
Wilson, Mendes de Leon, et al., 2002) and a decreased risk for developing 
AD (H.-X. Wang et al., 2002; Wilson, Bennett, et al., 2002; Wilson, Mendes 
de Leon, et al., 2002). 

Findings about the effectiveness of clinical interventions are scarce. 
A number of findings have been published concerning GM, with a few 
studies reporting increases in hippocampal volumes after physical 
activity interventions (Erickson et al., 2011; Rosano et al., 2017), and 
similar findings being reported in decade-long observational studies as 
well (Bugg & Head, 2011; Tan et al., 2017). To the best of the Author’s 
knowledge, no findings have been reported showing decreases in WMH 
volumes due to physical activity or cognitive stimulation interventions. 



56 

 

However, a recent  randomized controlled trial that was carried out as 
part of the Finnish Geriatric Intervention Study to prevent Cognitive 
Impairment and Disability (Kivipelto et al., 2013) did report positive 
effects following a two-year multi-domain intervention (Stephen et al., 
2020). Following the intervention that included diet, exercise, cognitive 
training, and vascular risk management, more positive changes in WM 
microstructure and an increase in cognitive functioning were found in 
the intervention group over the control group. Though these findings 
should be considered preliminary, they indicate that WM pathology may 
be modulated by multi-domain lifestyle interventions even in old age. 

The current thesis did not include any measures for physical activity, 
but a rough measure for educational attainment was included, and a 
number of effects regarding it were seen in additional analyses. In the 
sample used in Studies I-II the cognitively healthy group was 
significantly more educated when compared to AD patients. 
Unsurprisingly, education was also by itself a significant predictor of 
cognitive performance for almost every cognitive domain, with the 
highest coefficients being seen for the CERAD-TS as well as for verbal 
functions.  

4.3.6. The role of age 

Age is a strong predictor for increased WMH burden per se (DeCarli 
et al., 2005), but the specific effects of WMH on cognition may also in fact 
vary with age (Mortamais et al., 2013). One view states that WMH might 
have more severe effects on cognition with increased age, since elderly 
populations often have less neurocognitive reserve available due to 
cerebral aging, and could thus be more vulnerable to developing 
impairments (Kloppenborg et al., 2014). However, the empirical 
evidence for this hypothesis is somewhat mixed and needs further 
confirmation (for differing accounts, see: Kloppenborg et al., 2014; 
Vasquez & Zakzanis, 2015). An alternate hypothesis states that WMH 
might in fact have a lesser impact on cognition in older cohorts 
(Mortamais et al., 2013). This theory has received some empirical 
support, as the few studies that have examined WMH on very old cohorts 
(+80 years) have reported non-significant associations for cognitive 
measures (Firbank et al., 2007, 2012; Piguet et al., 2003; Zamboni et al., 
2019). These findings might be explained by the diverse etiologies 
underlying WMH (see chapter 1.2.1.); Some WMH might reflect 
processes that have strong associations with dementia and increased 
mortality rate (i.e., leading to the dementia and/or death of these 
patients by the age of 80), whereas the WMH found in these very old 
cohorts might not be related to neurodegeneration to such a degree  
(Zamboni et al., 2019). Overall, these two hypotheses need not be 
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mutually non-exclusive. Elderly cohorts might be at risk of developing 
more severe impairments from WMH due to lowered neurocognitive 
reserve, but concurrently these associations might become weaker in 
very old cohorts (+80 years) due to mortality and increasingly diverse 
etiologies.  

In this thesis age was used as a covariate in each analysis to guard 
against possible confounding effects. In the sample used in Studies I-II, 
cognitively healthy participants were younger than MCI patients or AD 
patients. However, the age of the participants was not associated with 
any measure of WM pathology used in Studies I-II or in Studies III-IV. 
Interestingly, age did correlate negatively with every cognitive measure 
used in Studies I-IV. As might be expected, the largest correlation 
coefficients were seen with processing speed. Overall, further research 
utilizing large community-dwelling samples and including various age 
groups is needed to help elucidate the issue of how age affects the 
relationship between WMH and cognition. 

4.4. Strengths and limitations 

A clear strength of the present thesis is that cognitive functioning was 
measured by several validated neuropsychological tests, and compound 
scores were calculated for several domains. Furthermore, factor analysis 
was utilized to check the internal consistency of the compounds. 
Additionally, the thesis utilized both visually rated and quantified 
measures for MRI analysis, and applied more specific topographic 
divisions than what has been seen in many studies, where either global 
measures of pathology or larger areas of interest have been examined 
(de Groot et al., 2000; Debette et al., 2007; Söderlund et al., 2006). 

As for limitations, it should be noted that other studies have assessed 
more specific regions with higher resolution magnetic imaging. 
Furthermore, as the MRI data was obtained with a 1.5 T set-up, the 
resolution in a number of images was unadequate for quantification. 
This lead to the exclusion of a portion of participants for Studies III-IV, 
which resulted in a somewhat unideal sample size and also necessated 
the merging of the MCI and AD groups. The reduced sample size might 
have had an effect on the statistical power to detect smaller effects in 
Studies III-IV and might also explain the null findings in Study IV. This 
change also complicated the comparison of results between visually 
rated and quantified data, and most likely contributed to the differences 
in results between Studies II and III. Furthermore, since GM volumes 
were not controlled for, we cannot exclude the possibility that cortical 
atrophy would have effects on the relationship between WMH and 
cognitive performance. Nonetheless, we also assumed that cortical 
atrophy is inherently to a degree intertwined in the group classifications 
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utilized in the models (see chapter 4.3.2.). Regarding the covariates, as 
there were small group-wise differences concerning age and education, 
the effects of these variables were controlled for in all the models. 
Nonetheless, it is not possible to verify with complete confidence that 
these variables would not have any confounding effects. Other 
limitations include the cross-sectional design, which does not allow to 
specify clear causal relationships, as well as the utilization of one sample 
or portions of it in all four studies.  

Finally, as each study has included several alternative models testing 
for several hypotheses, this naturally increases the risk for Type I errors 
(i.e., detecting false positives). However, utilizing for example 
Bonferroni adjustments to account for this would in practice nullify any 
significant findings and clearly inflate the risk for Type II error instead 
(i.e., detecting false negatives) (Perneger, 1998). Regarding the findings 
presented in studies I-III the Author is of the opinion that the risk for 
Type II errors is higher than the risk for Type I errors. The main 
arguments for this are: the novel nature of the findings; the unevenness 
in group sizes in Studies I-II, i.e., participants with low levels of WMH 
being  overrepresented; the relatively small sample size in Study III, 
which hinders the statistical  power to detect effects. Further support for 
the validity of these results comes from the alternative set of 
multivariate analyses that were performed in Study II to check for Type 
I errors. Here, every independent variable was included in the same 
statistical models, which produced mainly similar results when 
compared with univariate models used otherwise (see details in 
Discussion of Study II). Finally, it should be noted that Study IV utilized 
multiple testing correction: Here the Benjamini–Hochberg procedure, a 
fairly less conservative correction method than the Bonferroni 
adjustment, was utilized to guard against false positives (Benjamini & 
Hochberg, 1995).  

4.5. Future suggestions 

It would first of all be advisable to attempt to replicate the findings 
with larger samples and with relatively even sample sizes in any 
included subgroups, with preferably effects being compared between 
cognitively healthy participants and patients with MCI/AD. 
Furthermore, the focus should generally move from measuring WMH in 
larger areas to looking at pathological development in specific WM tracts 
(see for example: Jiang et al., 2018; Lampe et al., 2019).  

Concerning measurements, short neuropsychological tests such as 
the MMSE or the Montreal cognitive assessment are often used in studies 
to assess general cognitive performance (e.g., Gouw et al., 2006; Stephan 
et al., 2012). However, these tests have originally been developed for 
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clinical screening, and can be used to obtain only a rough general-level 
assessment. Thus, it would be recommended that studies utilize a wide 
array of neuropsychological tests for measuring cognition, preferably 
including at least two different tests per function/domain and 
differentiating between different sense modalities (e.g., verbal and 
visual episodic memory).  

As for brain imaing, though it requires more resources, multimodal 
imaging methods should be utilized for measuring WM; An example 
would be to employ both volumetric analysis of WMH and diffusion-
weighted imaging of specific WM tracts (see for example: Zamboni et al., 
2019). Possible interactions with AD-related cortical atrophy should be 
accounted for either by controlling the effects, or investigating any 
possible mediating relationships (see for example: Rizvi et al., 2017).  

Regarding language lateralization, it might be recommended to 
include solely right-handed participants in studies that measure verbal 
functions in order to guard against possible confounding effects with 
left-handed/ambidextrous participants (as seen in Study IV). 

Finally, as discussed in chapters 4.3.5.-4.3.6., it would be 
recommended for future studies to more fully ascertain the possible 
modifying effects that age and the neurocognitive reserve can have on 
the relationship between WMH, AD and cognition.  

4.6. Conclusions 

White matter hyperintensities reflect underlying cerebrovascular 
pathology and are by themselves associated with impairments in various 
cognitive domains. There exists a great deal of overlap between WMH 
and AD, and the results presented in this thesis support the notion that 
the two pathologies seem to have cumulative effects on certain cognitive 
functions. More specifically, AD patients suffering from major levels of 
comorbid WM pathology especially in frontal cerebral areas are likely to 
have increased cognitive impairments when compared to patients with 
milder levels of WM pathology. Impairments may show up as lowered 
general cognitive functioning and slowed information processing speed.  

Regarding clinical assessment, it is noteworthy that impairments in 
general cognitive functioning can be detected even with general-level 
cognitive measures such as the Total Score of the CERAD-NB. 
Furthermore, as AD patients with major comorbid cerebrovascular 
pathology can exhibit markedly slowed processing speed, care should be 
taken to assess this domain properly in addition to traditional targets of 
investigation, such as episodic memory. 

Previous studies have shown that the prevalence of WMH can be 
lowered by minimizing risk factors such as hypertension, obesity, 
diabetes and hypercholesterolaemia, as well as through fostering 
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physical and cognitive activity throughout the lifespan. The preemptive 
targeting of these modifiable risk factors and good health likely yields 
long-term benefits in maintaining cognition in amnestic MCI and AD. 

Overall, more research is required to elucidate the relationships 
between WMH and AD, and to fully explain the overlaps and interactions 
between the two pathologies.  
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