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1 Introduction 
 

1.1 General Overview 
 
The significant progress of modern medicine in recent decades has led to a sharp increase in 

life expectancy, especially in the western world, leading in combination with declining birth 

rates to a progressive aging of the population and a shift in the age distribution towards an 

elderly population. This development is accompanied by an increasing incidence of 

neurodegenerative and other age-related diseases such as Alzheimer's disease1, Parkinson’s 

disease2 or Cerebral Small Vessel Disease (CSVD)33 and has implications not only for health but 

also for the economic aspects of our society. Even in the absence of overt neurodegenerative 

disease, age-related brain changes are associated with cognitive alterations that have been 

replicated in multiple studies, including degradation of processing speed, perception, 

memory, and executive function4,5,6,7. This cognitive decline erodes the benefits of increased 

longevity and is one of the most troubling effects of ageing for individuals. Higher cognitive 

brain functions rely on multi-site communication in large-scale distributed networks of 

different brain regions8. In this regard, an increasing number of studies suggest that cognitive 

deficits in normal aging arise from subtle anatomical disruptions between these brain regions 

that normally function together, possibly due to loss of white matter integrity or 

demyelination causing alterations in functional properties of coordinated brain systems9,10,11. 

These functional brain properties are determined by the anatomical backbone of white-

matter pathways that coordinate synchronized neural activity and cognition12,13. Accordingly, 

age-related functional brain alterations are thought to occur in response to a general 

reduction in the structural integrity of white matter, focal brain lesions and loss of grey matter 

volume14,15, even after consideration for age-related changes in health of cerebral vessels16.  

Studies in recent years have already yielded useful insights into disrupted functional networks 

and their associations with cognitive function in pathologies such as multiple sclerosis17 or 

diabetes18 all of which involve white matter damage. 

 

However, the nature of this interaction between functional and structural integrity in context 

of cerebral small vessel disease, vascular brain lesions and aging with vascular risk factors but 

without overt pathology remains insufficiently understood. Therefore, relating structural 

brain changes and physical connections to patterns of functional interactions in the brain is 
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still a key research area in neuroscience. In recent decades, neuroimaging has emerged as a 

powerful tool to investigate the structural and functional changes in the ageing brain, and to 

characterize how these changes relate to accompanying alterations in cognitive function. By 

using modern tools of MRI analyses, the studies of the present thesis aim to shed light on the 

interaction between structural brain changes and functional brain connectivity in relation to 

cerebral small vessel disease and to vascular risk factors in healthy elderly.   

 

This thesis is based on two publications, namely “Functional connectivity changes in cerebral 

small vessel disease - a systematic review of the resting-state MRI literature”19 and 

“Association of age and structural brain changes with functional connectivity and executive 

function in a middle-aged to older population-based cohort”20. In addition, a further study 

entitled “Topological differences in functional networks between patients with small vessel 

disease and healthy controls” is reported, which was not published but has substantially 

contributed to the knowledge gained in this thesis. The basis for this unpublished analysis was 

the sample cohort of the CONNECT study. Prior analyses from this study with a different focus 

have been published in two publications “Higher white matter hyperintensity lesion load is 

associated with reduced long-range functional connectivity”21 and “Intrinsic functional brain 

connectivity is resilient to chronic hypoperfusion caused by unilateral carotid artery 

stenosis”22 in which I was contributing as co-author. Further I participated as a co-author in 

the systemic review “Characterization of white matter hyperintensities in large-scale MRI-

studies”23. 

 

In the following section (1.2) of this synopsis, I first summarize the methodologies of the three 

studies and define the research questions of these analyses. The second part of this synopsis, 

section (2), reports the results of the studies, starting with a description of the background 

and the key concepts. In this regard, section (2.1) provides a content introduction to our 

systematic review of resting state MRI literature and the small sample study with CSVD 

patients by describing the pathological sources, the development, and consequences of CSVD 

as well as the association with altered imaging parameters. Section (2.2) summarizes the 

results of our systematic literature analysis and the ensuing trends and methodological 

difficulties in small vessel disease research. Section (2.3) outlines in brief our results of the 

topological difference in functional networks between patients with small vessel disease and 

healthy controls. Section (2.4) introduces the second study by providing information on 
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structural and functional change with increasing age outside clinically present CSVD. In 

addition, the section highlights the pathological link between white matter lesions and 

decreasing cortical thickness and refers to the importance and function of large-scale resting 

state networks. Finally, section (2.5) summarizes our results on the association between 

structural damage in the form of white matter integrity and cortical thickness with Functional 

Connectivity (FC) in 976 cognitive normal participants at cardiovascular risk. Section (3) 

discusses the key results of this thesis and gives an outlook on potential further research 

approaches. 

 

1.2 Experimental Approach and Objectives of the Dissertation 
 

The analytical approaches to assess the impact of structural brain alterations on functional 

properties included state-of-the-art techniques of brain network analysis based on structural 

and functional Magnetic Resonance Imaging (MRI) and different samples of patients and 

healthy subjects. More specifically, these samples included 17 patients with small vessel 

disease and 20 controls enrolled at the Department of Neurology, University Medical Centre 

Hamburg-Eppendorf as well as 976 healthy elderly people with an increased vascular risk 

profile from the Hamburg City Health Study (HCHS). In addition, a systematic meta-analysis 

was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-

Analysis (PRISMA) statement24, which ultimately identified 44 articles, published in the 

previous 10 years reporting on MRI-derived functional connectivity alterations at rest in 

patients with white matter hyperintensities of presumed vascular origin as a marker of CSVD. 

 

The meta-analysis aimed to survey the current literature, review methodological advances 

made in recent years, and update our understanding of the neural mechanisms underlying 

ischemic white matter damage, functional changes, and cognitive deficits in patients facing 

CSVD. For this purpose, the PubMed online database was queried for studies that were 

published since January 2010, following the PRISMA protocol. Articles reporting on MRI-

derived resting-state functional brain connectivity in patients with white matter 

hyperintensities of presumed vascular origin were extracted. Further, based on patient 

characteristics and research objective the articles were grouped and evaluated according to 

different criteria. Finally, the risk of methodological bias in the individual studies was assessed 

using the Appraisal Tool for Cross-Sectional Studies (AXIS tool)25, which was modified in such 
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a way that items related to presentation of results, discussion of results, or study funding were 

not considered26. 

 

The objective of the first study, was to analyse the difference in brain network topology 

between 17 patients with cerebral small-vessel disease and 20 healthy control participants. 

Patients were characterized by an age over 50 years with a high load of white matter lesions 

(Fazekas > 2) as a neuroimaging feature for cerebral small-vessel disease and no history of 

stroke, dementia, or depression nor any severe neuropsychiatric disease or significant 

neurological symptoms. Control participants were defined by low to no white matte lesion 

load no history of any neurological or psychiatric disorders, no cognitive impairment, and no 

abnormalities in their conventional brain MRI images. The extent and localization of white 

matter brain lesions was measured on Fluid-attenuated Inversion Recovery sequence (FLAIR) 

and evaluated independently by two radiologists. Functional brain connectivity was measured 

by functional MRI at rest and were based on the parcellation of the cerebral cortex into 264 

regions of interest according to the group-wise graph theory-based parcellation atlas of Shen 

et al27. Graph theory-based analyses were employed to analyse quantitative differences of 

global and local network organization i.e., global, and local efficiency. Finally, a Mann-

Whitney-U-Test was used as a non-parametric statistical hypothesis test to reveal functional 

differences present in patients with CSVD. 

 

The second study addressed the question of whether functional connectivity is affected by 

structural brain damage in a healthy population of 976 participants between 45 and 74 years 

of age with altogether low load of white matter lesions but at cardiovascular risk from the 

Hamburg City Health Study (HCHS). Cardiovascular risk factors were represented in varying 

proportions in the form of smoking status, diabetes, Body-Mass-Index (BMI), or hypertension. 

Functional connectomes were constructed from resting-state functional magnetic resonance 

imaging, based on the a priori parcellation of the cortex into 200 regions and 7 resting-state 

networks by the local-global parcellation of Schaefer atlas et al28. In addition, cortical thickness 

was measured across the entire cortex by T1-weighted imaging data along with the Peak 

Width of Skeletonized Mean Diffusivity (PSMD) as a novel biomarker for white matter damage 

from diffusion tensor imaging. Multivariate analysis was applied to assess the influence of age, 

microstructural white matter damage and cortical thickness on functional connectivity 

measures of the entire cortex as well as on the connectivity four hypothesis-based pre-defined 
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resting state networks. Furthermore, Network-Based Statistics (NBS) was employed to 

investigate whether age-related network changes are driven by specific functional domains in 

the form of functionally disconnected subnetworks. Finally, possible mediating effects of 

structural damage on the relationship between age and functional connectivity of these 

subnetworks were analysed as well as a possible role of the subnetworks themselves as 

mediators between age and executive cognitive function. 

 

In conclusion, this thesis analyses the interaction between age-related structural brain 

damage, particularly in form of white matter lesions, and functional brain connectivity in three 

sequential steps. 

 

In an effort to provide a substantive foundation for our research the systematic meta-analysis 

addressed the following research question:  

 

• What state of knowledge has research reached over the past 10 years about the impact 

of CSVD on functional connectivity and what are the methodological concerns that 

accompany these findings? 

 

The subsequent studies address the following research questions: 

 

• Is structural damage in the form of cerebral small vessel disease associated with a 

relevant disruption in the topological architecture of the functional brain connectome?  

 

Hypothesis 1: 

We hypothesized that the decreasing structural integrity due to advanced cerebral 

microangiopathy is associated with altered network properties of functional brain 

networks. 

 

• What is the nature of the relationship between age-related structural brain damage 

and functional change outside of severe pathological developments? 
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Hypothesis 2: 

We hypothesized that even in healthy aging, white matter damage and cortical 

thinning are associated with an alteration in resting-state functional connectivity. 

Further, we predicted that part of the effect of age on functional connectivity is 

mediated by structural parameters. 

 

2 Key concepts and summary of the individual studies 
 

2.1 Altered measures of structural and functional MRI in context of small vessel 
disease 

 
Age-related diseases will increasingly challenge society and healthcare systems. More than 40 

million people worldwide currently suffer from dementia, and the number is expected to 

almost double every 20 years29. Cerebral small vessel disease, commonly observed on 

neuroimaging among elderly individuals, is now recognized to be the leading cause of vascular 

cognitive impairment and dementia30,31,32,33. Cerebral Small vessel disease is additionally 

estimated to be the main etiological factor in up to 23% of all ischaemic strokes34 and is 

associated with gait impairment and mood disturbances35,36. Its prevalence is highly age-

dependent in individuals older than 60 years37, in particular in the presence of vascular risk 

factors such as hypertension or diabetes38,39. The disease itself is defined by pathological 

changes in arteries, arterioles, capillaries, venules, and small veins due to atherosclerotic, 

genetic, idiopathic, infectious, immune-mediated, or other secondary etiologies40. This 

development leads to a state of impaired blood circulation in the arterioles of the brain41 

resulting into lesions in the white matter42. Magnetic resonance imaging has become 

increasingly important in the study of the mechanisms underlying CSVD and the discovery of 

surrogate markers of CSVD progression43. White matter lesions are identified by magnetic 

resonance imaging scanning as diffuse White Matter Hyperintensities (WMH) in 

periventricular and deep white matter regions and as subcortical and lacunar infarcts44,42. 

These WMHs are defined by thickening of the vessel walls, enlarged perivascular spaces, 

decreased vessel density, increased vessel tortuosity, and the presence of plasma proteins45. 

As such WMH have become a biomarker for long-term cerebrovascular disease46 and are 

associated with clinical manifestations of cognitive impairment47,48 including memory49, 

executive functions50,  attention51 and motor impairments52. 
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However, clinical symptoms of patients with CSVD are often highly inconsistent in nature and 

severity, despite identical appearance of WMH on imaging53. In addition, MRI techniques, such 

as fluid-attenuated inversion recovery (FLAIR), coarsely subdivide tissue into abnormal and 

normal tissue and reveal only the tip of the iceberg in terms of the tissue changes associated 

with CSVD. Furthermore, white matter lesions affect the whole brain despite being localized 

in subcortical areas so that CSVD must be considered as a global rather than a focal disease53. 

Therefore, the simple evaluation of lesion volume seems to fall short for measuring the 

progression of brain damage and neuronal impairment caused by CSVD.  

 

In contrast, quantitative imaging techniques, including magnetization transfer imaging and 

Diffusion Tensor Imaging (DTI) can provide a detailed assessment of underlying tissue changes 

at the voxel level54. These diffusion-weighted images allow the extraction of white matter fibre 

tracings, which then can be used to construct a structural network. Previous literature has 

emphasized the importance of viewing the brain as a network or set of networks and applying 

network-based methods rather than relying on focal analysis55. Cognitive brain functions 

depend on the efficient functioning of distributed brain networks connected by white matter 

pathways56. Graph theory enables the analysis of these networks and describes brain 

connections as a collection of brain regions (nodes) that communicate with each other via 

white matter tracts (connecting edges), defined by diffusion tensor tractography. Previous 

studies report disrupted organizational characteristics of structural brain networks and their 

associations with cognitive abilities in different pathologies57,58,59. Disrupted network 

measures in relation to compromised white matter integrity were observed in CSVD as 

well56,60 and have been termed as “disconnection syndrome”11,61. This hypothesis states that 

if compromised integrity of white matter tracts leads to disconnection of brain regions, a 

deficit in function will follow62,11. Previous structural network analysis consolidated the 

hypothesis of CSVD being a disconnection syndrome and structural neuroimaging measures 

of CSVD-related changes correspond with cognitive impairment63,64. Yet, structural brain 

analysis explains only partially the heterogeneity of behavioural outcomes45. Therefore, there 

is an acute need to better understand how CSVD affects the aging brain and leads to clinical 

symptoms. 

 

The integrity of brain networks can also be assessed using functional connectivity, which 

measures Blood Oxygen Level Dependent (BOLD) contrast with MRI and is defined as the 
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temporal dependency of neuronal activation patterns65. Resting State Functional MRI (rs-

fMRI) has the unique advantage of not requiring continuous activity66, making it a potentially 

powerful approach for studying functional changes in the brain, especially for older 

participants and children. In addition, rs-fMRI is able to provide an up to three times higher 

Signal-To-Noise Ratio (SNR) compared to task-fMRI67, which facilitates the detection of group 

differences or subtle abnormalities, and measures of rs-fMRI are reported to be reliable within 

and across sessions, both within and between participants68. Functional neuroimaging enables 

the analysis of the functional neuroanatomy of spatially distributed but functionally linked 

regions that continuously share information with each other53 and elucidates changes 

inaccessible to structural imaging techniques. Thereby, this technique reveals the degree of 

covariation in the neural activity of a network of brain regions, which is a measure of how well 

information processing is shared between different regions, and therefore allows an 

assessment of the efficiency of cognitive processes69. And Indeed, resting-state fMRI 

connectivity has been proven useful in identifying neural correlates of cognitive function and 

mood disorders70,71. WMH could result in impaired speed of this signal transmission or even 

disconnect functionally connected cortical regions entirely, resulting in reduced functional 

connectivity and cognitive impairment. Rs-fMRI is increasingly used for the assessment of 

global brain networks as well as description of disrupted networks in several pathological 

conditions, including Alzheimer's disease, multiple sclerosis, and epilepsy72. Past studies of 

CSVD pathology, however, were diverse in their methodologies and have mainly relied on 

seed-based approaches or single networks to assess FC changes in key region of the cortex73,74 

while few studies used whole brain network connectivity or graph theory to analyse global 

network properties. This diversity of analytical approaches and the need to classify the 

resulting findings requires a systematic survey of the past literature as a foundation of content 

for further research. 
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2.2 Summary Review  “Functional connectivity changes in cerebral small vessel 
disease - a systematic review of the resting-state MRI literature” 

 

Question of the meta-analysis: What is the state of knowledge that research has reached in 

the last 10 years about the impact of CSVD on functional connectivity?   

 

A large number of studies that have already assessed rs-fMRI changes in small cerebral vessel 

disease highlight an ongoing interest in understanding the interplay between structural brain 

damage, associated changes in the spatiotemporal organization of neuronal activity, and 

cognitive outcomes. However, the breadth of the field makes it difficult to identify specific 

patterns of altered functional connectivity associated with CSVD. Therefore, we used the 

systematic review, considered as the strongest form of evidence, to provide an exhaustive 

summary of the current hints for functional resting-state changes associated with CSVD.  

 

The analysis was performed according to the PRISMA protocol. Of 493 potentially relevant 

papers, 417 were excluded based on their title or abstract, and the remaining 76 studies were 

read in full. Finally, this meta-analysis included 44 articles published after 2010 reporting 

resting-state functional brain connectivity in association with white matter hyperintensities of 

presumed vascular origin (see Figure 1A19). Half of these 44 studies primarily examined 

changes in functional connectivity patterns in the presence of cerebral small vessel disease 

and their association with cognitive abilities. Of these CSVD-focused studies, six reports 

concentrated exclusively on patients affected by CSVD, and the remaining studies additionally 

included a comparison to healthy controls or patients with nonvascular cognitive impairment 

or both. 12 studies with populations of healthy participants without clinically manifest 

vascular pathology or cognitive impairment reported measures of white matter damage 

associated with a more comprehensive assessment of structural brain parameters and 

functional connectivity. The remaining eight articles examined functional connectivity and 

white matter damage in the context of other clinical conditions not directly related to vascular 

pathology.  The number of subjects, including both patients with small vessel disease and 

control subjects, varied from 11 to 1584, depending on the study, with a mean average age 

ranging from 50.0 to 76.4 years. 

Different procedures were used to evaluate white matter damage among the various study 

groups (see Figure 1B). Of the 24 studies with altered functional connectivity and CSVD as the 

primary research objective, 17 assessed the presence of white matter hyperintensities on T2-
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weighted cerebral MR imaging using validated rating scales such as the Fazekas75 or 

Wahlnud76 scales. The majority of studies which examined a healthy population, quantified 

white matter lesion burden volumetrically, and some articles did not provide a precise 

definition of imaging criteria at all. Beyond the presence of white matter lesions, 13 studies 

considered evidence of lacunes or recent lacunar infarcts, although the distinction between 

these two forms was rather imprecise. Complementary to the imaging findings, clinical 

characteristics were used to better characterize patient cohorts and categorize them 

according to cognitive impairment and vascular and nonvascular pathology. Scales such as the 

Mini Mental State Examination (MMSE), the Montreal Cognitive Assessment Battery (MoCA), 

or the Clinical Dementia Rating Scale (CDR) were used to measure these characteristics, in 

addition to specific diagnostic criteria for different dementias. However, only three studies 

used Positron Emission Tomography (PET) to differentiate tau and/or amyloid pathology from 

pure vascular disease. 

Magnetic resonance imaging was performed with scanners from different manufacturers, and 

the description of functional MRI acquisition parameters was incomplete in 26 of the 44 

studies analysed. The number of BOLD volumes recorded ranged from 100 to 700, and the 

strategies for regression of confounding factors and motion scrubbing were highly variable. 

Global Signal Regression (GSR) was performed in 27 studies, whereas subject-based censoring 

was used in 25 studies, and volume censoring was performed according to Framewise 

Displacement (FD) or framewise translation/rotation cut-off in 10 studies. A variety of 

methods were used to analyse functional connectivity (see Figure 1C). The majority of studies 

examined large-scale functional connectivity between distant brain areas and, in particular, 

the changes in functional connectivity associated with a small number of large-scale Resting-

State brain Networks (RSN). A significant proportion of study used Seed-based Correlation 

Analysis (SCA) to explore functional connectivity within the brain. Eight reports used graph 

theoretical approaches to summarize connectivity patterns between multiple regions to 

reflect global organizing principles of brain networks.  Three studies examined short-range 

connectivity using Regional Homogeneity (ReHo) to quantify similarity between BOLD signals 

as a marker of local connectivity. 

To define regions of interest for further analysis, external a priori brain parcelling was used in 

16 cases, while a data-driven approach was used to define regions of interest in 27 studies. 
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For all 24 studies that recruited patients with clinical cognitive impairment, the risk of bias was 

assessed using the AXIS tool showing that all studies had an at least moderate risk of bias (see 

Figure 219). At the same time, we did not formally assess the risk of bias in studies that 

reported outcomes on FC and WMH in the context of conditions other than vascular cognitive 

impairment or in longitudinal studies. 

A) 

B) C) 

Figure 1: A) Systematic literature search and article screening results. The PubMed electronic database was searched on 
1 December 2019, on 28 June 2020, and again on 22 November 2020. Together with articles obtained through other 
sources (personal communication, cited articles), 493 papers were identified, screened by M. S., and assessed based on 
inclusion and exclusion criteria. Full texts were obtained for 76 articles; these were assessed against the stated criteria 
by M. S. and E. S. The included 44 articles were classified on the basis of characteristics of the study population B) 
Overview of the distribution of methods for evaluation of white matter damage according to the characteristics of the 
study population C) Overview of the distribution of methods for connectivity analysis according to the characteristics of 
the study population. ALFF, amplitude of low frequency fluctuations; FC Global, functional connectivity throughout the 
whole cortex; FC Tract, functional connectivity within white matter tract´; ReHo, regional homogeneity; RSN, resting state 
network; SCA, seed-based correlation analysis; WMH, white matter hyperintensities 
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The reported studies demonstrate increasing evidence for a model of network dysfunction 

underlying cognitive impairment in CSVD. These dysfunctions are characterised by disordered 

connectivity especially in large scale resting state brain networks defined as discernible 

functional communities like the Default Mode Network (DMN)77. Patterns of coordinated 

activity within and between these large-scale networks have been emerged as particular 

relevant in normal physiological circumstances8. The default mode network characterised by 

self-referential thought and is in anticorrelation with the activation of the Dorsal Attention 

Network (DAN) which is related to focused attention on external stimuli78. Moreover, the 

Frontoparietal Control Network (FPCN) exerts a modulatory role with increased connectivity 

to the DMN as a correlate of working memory performance79,80 . 

Consistent with the functional disconnection hypothesis81, CSVD appears to impair cognition 

by disrupted connectivity patterns within and between the DMN and FPCN. This pattern is 

accompanied by increases and decreases of functional connectivity in the DAN and along with 

the FPCN, a change in coupling with the DMN. In addition, connectivity alterations in the 

Salience Network (SN) could be identified as a novel neural correlate of the cognitive deficits 

associated with CSVD. These changes include increased coupling with the DMN and FPCN, as 

Figure 1: Assessment of risk of bias of 24 reviewed articles using the Appraisal tool for Cross-Sectional Studies (AXIS).  
A) Distribution of per-item scores, indicating, for each item, the number of articles satisfying its definition. A detailed 
description of AXIS items and shortcomings of individual articles is presented in Stabs 1 and 2 in the Supplement. B) 
Distribution of aggregate AXIS scores computed as the number of Items satisfied by any given reviewed article. 
Trichotomization of the theoretical range 0—11 leads to risk of bias being judged as high (0—3), moderate (4—7) or 
low (8—11). 
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well as an increase in functional connectivity within the network. However, the heterogeneity 

of these results combined with limited correlation with cognitive test scores complicate the 

distinction between primary effects of disruption by CSVD from compensatory changes or 

sampling variability without physiological relevance. In addition, CSVD appears to alter 

functional connectivity tract-specific in a spatially-topologically inconsistent manner and, at 

the same time, exert an indirect effect by decoupling structural and functional connectivity 

with increasing WMH burden like in the cingulum bundle. 

Thereby, the large-scale network changes are accompanied by uncoupling of neuronal activity 

along the anterior-posterior axis mediated by structural damage to long association pathways 

and cortical-subcortical connections which seems to be particularly momentous for impaired 

cognition. Apart from this impact of ischemic lesions on specific fibre tracts and functional 

connections, several studies also investigated how CSVD disrupts global organization of 

synchronous neural activity. Some of these graph-theoretic approaches indicate that the 

global topology of functional brain networks in the presence of CSVD exhibits increased path 

length and modularity and decreased small-worldness in functional networks, which 

correlates with cognition82,83. Finally, population-based studies in healthy participants with 

low disease burden in white matter suggest a pattern of increased functional connectivity in 

several frontal and temporal brain areas consistent with compensatory upregulation in low 

disease burden white matter in early CSVD84,73,85. 

 

Question of the meta-analysis: What are the methodological concerns? 

 

While a large body of literature indicates some physiologically relevant patterns of altered FC 

associated with CSVD and cognitive impairment, the validity of individual outcomes is 

overshadowed by a strong heterogeneity, leading to a somewhat fragmented account of 

functional alterations. This heterogeneity is linked to a high degree of volatility in pre-

processing and analytical approaches, the operationalisation of CSVD, and the investigated 

clinical population itself. Starting with the latter, the methodological variance already 

manifests with the sample size. Studies that examined patients with symptomatic CSVD had, 

on average, a significantly lower sample size than studies with clinically healthy participants. 

The lack of standardization continues in quantifying the severity of CSVD comprising patients 

at very different stages of the disease. While clinically focused reports tend to rely on validated 

rating scales, studies with clinically healthy patients, determine the severity of white matter 
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damage with the cumulative WMH volume. This quantification discrepancy is part of an 

ongoing debate about the extent to which vascular lesions must be present to be responsible 

for functional and clinical abnormalities. Nevertheless, systematic approaches to unify the 

assessment of CSVD progress, such as STandards for Reporting Vascular changes on 

Neuroimaging (STRIVE)86, are employed very rarely. Moreover, although resting-state fMRI 

connectivity has been found to be a reliable analysis method, differences in pre-processing 

approaches contribute to the heterogeneity of findings. In this context, controversial decisions 

like the removal of the global signal or different motion adjustment strategies, in particular, 

have shown that not all results are robust with respect to such choices. Similarly, in reports of 

this review, the analysis of the BOLD signal has been performed by employing many different 

coupling measures and dimensionality reduction techniques. The use of a wide variety of 

different brain atlases, sometimes with structural and sometimes with functional origins, 

further hinders a consistent assessment of the literature results. In addition, while all the 

studies reviewed herein use the Pearson's correlations coefficient to quantify synchrony 

between the BOLD time series, crucial information are often missing, such as the 

consideration of negative correlations or whether full or partial correlation measurements 

were performed.  

 

Indeed, apart from obvious differences in methodology, the assessment of risk of bias by the 

AXIS tool highlighted that MRI acquisition parameters and statistical procedures are often 

inadequately reported. Besides, several studies show a lack of clarity about the exact goals of 

the study and whether they represent an exploratory or confirmatory approach. The quality 

of results is further hampered by the absence of pre-registered reports and qualitative so-

called multi centre studies. That is, together with a rather small sample size especially for 

reports with clinically symptomatic patients, these shortcomings cause a high risk of bias in 

individual cases and subsequently may have led to a considerable number of false-positive 

findings. One advantage of fMRI-BOLD data acquired at rest is that it removes confounding 

effects of performance differences between age groups that often exist in task-based fMRI 

studies of age. Yet, very few of the reviewed reports dealt with possibility of confounding by 

age-related pathologies such as Alzheimer's disease. Worryingly, age-related pathologies and 

age itself are suspected to be responsible for reduced reliability of estimates of functional 

connectivity87,88. Confounding may also arise from a number of physiological non-neural 

factors, such as changes in vasculature with age. Neurovascular coupling is known to be 
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altered in both normal aging and ischemic disease89,90,91. In particular, white matter lesions 

could affect the reliability of functional connectivity estimates by subcortical hypoperfusion 

and diminished cerebrovascular response. Therefore, disentangling the origin of functional 

connectivity change to either vascular or neuronal factors of CSVD remains challenging. 

 

In view of these considerations there is an urgent need to avoid factors that contribute to poor 

reproducibility such as methodological variability and the reliance on relatively small sample 

sizes. Apart from replication failures, small sample size is associated with statistically 

underpowered analysis and inflated effect sizes. Even though, small-sample neuroimaging will 

always be critical for studying the human brain and probably no one-size-fits-all solution for 

neuroimaging studies exist, recent research reports that neural MRI analyses should operate 

with a sample size of around thousand participants to robustly characterize especially small 

effects92. In addition, the poor reliability of functional measurements with severe CSVD stands 

in contrast with the high reproducibility in rather healthy participants93,94,95.  In order to gain 

as much insight as possible into this contrast of results between small studies with manifest 

CSVD and large studies with relatively healthy participants that emerged in the review, our 

following two studies rested on both, a small sample of patients with CSVD in group 

comparison to healthy controls and a large number of relatively healthy participants analysed 

with modern methodological approaches with multilevel analysis. 
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2.3 Summary Study I  “Topological differences in functional networks between 
patients with small vessel disease and healthy controls” 

 

Research question: Does structural damage in the form of cerebral small vessel disease disrupt 

the topological architecture of the functional brain connectome? 

 

In an attempt to address this question, patients with cerebral microangiopathy without signs 

of vascular dementia and healthy control subjects of similar age were compared in a cross-

sectional study. Resting-state functional MRI was employed to investigate topological 

difference of the functional connectomes between patients and healthy controls. The human 

neural network is able to maximize its information processing performance due to topological 

properties such as a large cluster coefficient, or short characteristic path lengths96,97. In our 

group comparison, global graph parameters such as path length or global efficiency were 

investigated. Path length is considered a measure of global capacity for parallel information 

integration between different cortical regions while global efficiency is an index of overall 

capacity or efficiency of parallel information transmission and integrated processing in the 

brain network98,96. Further, measures of local specialization such as the clustering coefficient 

and local efficiency were analysed99,100. In addition, we compared the degree of modularity, a 

measure which quantifies the extent to which a network can be decomposed into internally 

integrated, yet globally segregated communities101. Severe cognitive impairment is generally 

presumed to correlate with a variety of factors, including lower global and local efficiency, as 

well as greater absolute path length and higher cluster coefficients102,103. Even though there 

are indications for impairment of functional topology by white matter damage in the reviewed 

literature82 none of the aforementioned alterations of graph parameters in patients with CSVD 

compared with healthy controls could be observed in our study. In contrast to our hypothesis, 

neither global network properties such as global efficiency nor local network parameters in 

the form of local efficiency or clustering coefficient were significantly different between 

patients and healthy controls (see Figure 3). 
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At this point, we cannot rule out the possibility that white matter damage due to brain reserve 

does not affect network topology in these CSVD patients. This concept describes that those 

individuals with greater brain reserve tolerate a greater burden of pathology before clinical 

symptoms occur than individuals with less brain reserve104.  Indeed, patients with WMHs who 

did not exhibit cortical atrophy were reported to have a lower risk of dementia than patients 

with cortical atrophy105. However, another consideration concerns graph theory itself. Its 

network parameters have been defined for structural brain networks and are not validated 

for networks derived from functional connectivity106. Several studies further suggest that the 

test-retest reliability of graph-based functional network metrics is low in older adults and 

especially in CSVD patients87,88,107. More importantly, since subtle effects with small effect 

sizes may remain hidden due to the small sample size these data were not published. 

Subsequently, the endeavour to overcome the shortcomings of small sample size and 

Figure 3: A) Distribution of white matter hyperintensities (in all participants, projected on a brain template in MNI-space. 
Frequency of WMH is illustrated as indicated by the colour bar and group difference for white matter lesion volume, 
normalised for intercranial volume. B) Boxplots showing the group difference in global efficiency, characteristic 
pathlength, clustering coefficient, local efficiency and modularity between patients with CSVD and healthy control 
participants. 
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potentially low reliability of functional measurements in patients with advanced CSVD set the 

premises for the second study. 

 

2.4 Altered structural and functional measures in “healthy aging” 
 

In the young brain with intact white matter network and without grey matter damage, 

information is effectively transferred between brain regions via the most efficient routes. The 

biology of “normal” brain aging is associated with a variety of physical, biological, chemical, 

and cognitive changes across the lifespan108. Neuropathophysiological processes thought to 

cause age-related changes, ranging from proteinopathies109 to vascular pathologies110.  In the 

face of these adverse events associated with ageing, white matter damage is accumulating 

relatively frequent among healthy adults even in the absence of overt disease111. These less 

dramatic white matter damages can equally lead to interruptions in circuits connecting 

different brain regions and to degeneration of brain tissue. Indeed, age-related structural 

changes have been documented in grey matter volume112,113 and cortical atrophy has been 

observed in multiple studies114,115. Recent reports have been linked this decreasing cortical 

thickness directly with white matter lesions, showing that cortical atrophy in different regions 

is shaped by the underlying white matter integrity116. That way, cortical degeneration is 

suspected to be caused by damage to white matter tracts117 and since dendrites are essential 

in neuron-to-neuron communication, changes in functional interareal connectivity are 

thought to follow this phenomenon118. Thus, together with white matter lesions, atrophy 

leads to a reduction in healthy neural tissue available for the computations needed to 

maintain cognitive function119. 

However, although recent research on patients with severe white matter damage in form of 

CSVD increasingly suggests an association between structural brain damage and functional 

connectivity, this association appears to be less clear in large community studies with 

cognitive normal and relatively healthy participants. Some of these studies not only showed 

an increase in functional connectivity with increasing lesion volume73,120 others even failed to 

observe any association between structural damage and FC121,122.  

 

Therefore, disentangling the heterogeneity of multiple co-occurring pathological structural 

brain damage and subsequent functional alterations in cognitively normal older adults 

remains challenging. The effects of age itself on functional connectivity is emerging as complex 

by showing progressive decrease of mean global functional connectivity throughout the entire 
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cortex123 but also increases and decreases of mean FC across different cortical 

regions124,125,126.  

 

Yet, functional imaging techniques demonstrate that age‐related impairment in cognition is 

associated with changing functional connectivity127,124,11 and especially changes in resting 

state networks appear to be a key toward understanding the cognitive trajectory of aging. 

Brain activity at rest in adults is organized into predominantly segregated functional networks, 

and regions within these distinct networks show spontaneous but correlated fluctuations in 

functional activity128,129,130. The existence of these networks is believed to bring several 

organizational benefits, such as adaptability and robustness in response to changing 

environment, minimization of the wiring costs, and facilitation of functional 

specialization131,132,133,134. 

 

Healthy cognitive function depends on the speed and efficiency of communication between 

these large-scale neural networks like the default or salience network, and impairments are 

thought to result from white matter disruptions that lead to declines in cognitive 

performance135,136,137. Recent research increasingly focuses on changes in connectivity within 

and between these networks separately and reports that FC between networks remains stable 

or even increases with age, while FC within networks tends to decrease138, resulting in a lower 

functional segregation and altered topology139,140. As a result, clarifying the susceptibility of 

global connectivity and these resting state networks to aging and structural damage may 

reveal a functional basis for age-related changes in cognitive functions, leading to the question 

we addressed in the following study. 
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2.5 Summary Study II  “Association of age and structural brain changes with 
functional connectivity and executive function in a middle-aged to older 
population-based cohort” 

 

Research question: What is the nature of the relationship between age-related structural brain 

damage and functional change outside of severe pathological developments? 

 

To elucidate the relationship between structural brain damage and functional connectivity in 

“normal” brain aging, we used a multi-scale approach to explore associations between white 

matter damage, and cortical thinning on functional connectivity in a cognitive healthy 

population of 976 participants at increased cardiovascular risk. In this regard, the influence of 

age and the two markers of structural damage on FC was examined in Multiple Linear 

Regressions (MLR). Quantification of white matter damage was performed by calculating the 

peak-width of skeletonized mean diffusivity. The measurement of PSMD excludes 

contamination from Cerebrospinal Fluid (CSF) and the histogram-based approach improves 

the ability to characterize subtle, diffuse disease in the brain141. In addition, the PSMD is also 

closely related to global cognition and has been shown to be associated with higher WMH 

lesion burden142. Since intrinsic whole-brain functional connectivity patterns measured at rest 

have been associated with general intelligence143,144, working memory capacity79,145 and other 

cognitive abilities. Measures of functional connectivity included mean connectivity across the 

entire cortex, and additionally separated into connectivity within and between resting state 

networks.  

Further, we focused on a parsimonious set of four associative resting state networks that are 

theoretically linked to the cognitive domain of executive function. These networks serve 

integrative tasks and appear to be more vulnerable to aging than sensory systems in the 

brain139 which predisposes them to the study of arguably more subtle pathologies. Age‐

related changes in many resting‐state networks remain debatable and, in an attempt, to 

better characterize the picture of functional decline, we extracted disconnected subnetworks 

from the associative networks. These subnetworks represent the age affected part of the 

original network that drives the loss of functional efficiency and cognitive decline.  

Finally, we examined a possible mediating effect of PSMD and cortical thickness on the 

relationship between age and the disconnected portion of the associative networks. Given the 

age-sensitive nature of the associative system, along with its role for cognitive operations, in 

particular executive function, we set out to explore whether the disconnected subnetworks 
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mediate the relationship between age and executive cognition measured by the Trail Making 

Test (TMT). 

 

Previous findings describing the relationship between structural brain damage and functional 

connectivity shifts have been quite inconsistent. This is especially true for studies analysing a 

small number of patients with severe small vessel disease and diminished cerebrovascular 

response, leading to reduced reliability of functional estimates and statistically underpowered 

results. By using a large, relatively healthy well-characterized sample and modern methods, 

we aimed to obtain more precise results and contribute to a more complete picture of age-

related structural brain damage and functional consequences. 

 

In conclusion, we discovered an age-related linear increase in markers of structural brain 

damage and a linear decrease in functional connectivity with age, although the latter 

association was rather weak. This trend of decreasing functional connectivity with increasing 

age was visible globally and in individual networks and, in contrast to other studies, did not 

differ between intra- and inter-network connectivity. Further, older age was associated with 

poorer psychomotor speed and executive function as measured by the parts A and B of the 

trail making test (see Figure 420). 
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FIGURE 4: Effects of age on the PSMD A) cortical thickness, B) on global functional connectivity, C) global 
intranetwork connectivity, D) global between network connectivity, E) within default, F) dorsal, G) salience, H) 
control network, I) the Trail Making Test B (TMTB), J) TMTA, K) and TMT ratio score L). Above r and r2 
corresponds to the linear model before covariate inclusion. Shade around the regression line shows the 95% CI. 
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In contrast to our original hypothesis, in our multiple regression model, neither the PSMD nor 

cortical thinning revealed any association with functional connectivity on global scale or in any 

of the resting-state networks when corrected for age. Age itself, on the other hand, continued 

to exert a significant negative influence on functional connectivity on global scale and in three 

of the four associative networks, with the exception of the control network (see Table 1A20). 

Additionally, out of these three associative networks affected by age, we were able to extract 

subnetworks consisting only of connection that decline with age. These subnetworks 

consisted of between 10% and 36% of the associative network connections, involved both 

hemispheres equally, and included both inter- and intrahemispheric connections (see Figure 

520).  

 

 

 

 

 

 

Resting state networks
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FIGURE 5: A) Original resting-state networks of default, dorsal, and salience network from left to right. The colours of 
the edges represent different correlation strength of the mean connectivity matrix. B) The corresponding extracted 
subnetworks network-based statistic (NBS) identified age-related disconnected functional subnetworks in default, 
dorsal, and salience network. The disconnections comprising this subnetwork correspond to pairs of nodes between 
which the resting-state times series was less correlated with increasing age. The colours of the edges represent test 
statistic results of the suprathresholded links, which exceed the threshold of t-value = 3.2 
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Our mediation analysis further discovered a weak mediation effect of decreasing cortical 

thickness between age and functional connectivity of the default subnetwork. The Default-

subnetwork itself, mediated part of the relationship between age and executive cognitive 

function as measured by the TMT part B (see Table 1B20). In contrast, the PSMD, as a marker 

of white matter microstructural damage, showed no mediating effect between age and FC 

changes. 

 

The linear age-related pattern of structural damage, functional connectivity, and cognitive 

performance in our analysis accords with previously suggested trajectories in other 

studies125,146. The negative trend of the inter-network connectivity seems to be contradictory 

at first, but it can be explained by the use of absolute correlation values. Increasing positive 

correlation and decreasing negative correlation between networks cannot be distinguished by 

Significant Results   

Variables Beta  Std. Error Std. Beta p-Value R2 

                                    Alteration of functional connectivity with age  

Global mean connectivity - 0.0007 0.0002 - 0.14 p < 0.001 0.034 

Global mean within network 

connectivity 

- 0.0009 0.0002 - 0.17 p < 0.001 0.049 

Global mean between network 

connectivity 

 

- 0.0006 0.0002 - 0.14 p < 0.001 0.027 

Mean Default connectivity - 0.0006 0.0002 - 0.11 p = 0.005 0.029 

Mean Dorsal connectivity - 0.001 0.0003 - 0.17 p < 0.001 0.039 

Mean Salience connectivity 

 

- 0.002 0.0003 - 0.2 p < 0.001 0.055 

                                      Mediation Model one  

Total Effect - 0.004 < 0.0001 - 0.29 p < 0.001 - 

Direct Effect - 0.003 < 0.0001 - 0.24 p < 0.001 - 

Indirect Effect - 0.001 < 0.0001 - 0.04 p = 0.002 - 

                                     Mediation Model two  

Total Effect  1.365 0.138    0.31 p < 0.001 - 

Direct Effect  1.234 0.142    0.28 p < 0.001 - 

Indirect Effect  0.101 0.045    0.02 p = 0.025 - 

Table 1. Significant results after multiple testing correction for A) the multiple regression as well as B) the mediation 
analysis, representing unstandardized coefficient estimate (Beta), the standard error, standardized estimate (std. Beta) 
the p-value and the r2 value. 

 

A) 

B) 
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the calculation with the absolute value. In fact, when calculating with anti-correlations, we 

found a positive trend in connectivity between networks with increasing age. 

The decline of connectivity within default, dorsal and salience network observed in our study 

is indicative for diminishing functional specialization and confirms the vulnerability of 

associative systems. Further, the composition of the subnetworks implies that the impact of 

age affects a limited number of widely distributed connections within these associative 

networks and does not show any specific pattern. We did not detect any effect of age on the 

control network in the multiple regression, possibly due to its role as a servant of cognitive 

reserve. The control network is highly connected to other networks and can orchestrate the 

activation of other networks147. Stable connectivity in this network might enable more flexible 

management of local damage to other neural networks such as the DMN148,149.  

Taken together, the nonuniform and relatively weak decrease in functional connectivity 

throughout the cortex and within the associative networks might indicate a certain resilience 

of neuronal communication to brain aging. 

 

Functional resilience might also explain that no direct effect of structural damage on 

functional connectivity was observed. Based on our results, we could conclude that the lack 

of a direct effect of PSMD and cortical thickness on functional connectivity suggests that low 

white matter lesion volume load and mild brain atrophy do not significantly interfere with 

inter-neuronal processing.  

 

On the other hand, structural damage emerging in less strategic areas may be compensated 

easily by bypassing the information around the damaged area via alternative or redundant 

paths. Structural damage in strategic areas, more relevant for transmitting specific 

information is likely to result in significant functional distortions. Our quantification of 

structural parameters by total normalized values throughout the whole brain was probably 

insufficient to model this subtle and non-homogeneous relationship between structure and 

function in the brain.  In this regard, the indirect mediation effect of cortical thinning between 

older age and connectivity of the default subnetwork, also tends to indicate a localized 

relationship between structural decline and functional consequences. Reduced cortical 

thickness due to decreased blood flow, neuron and myelin loss consequently weakens brain 

function of the default network. This weakening functional connectivity within the default 

network mediates, at least in part, the age-related decline of executive function. Although 
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linking complex cognitive functions to connectivity of brain regions within a single network is 

likely to be too short-sighted, this observation fits into the concept of insufficient task 

deactivation of the default mode network in elders81. According to this theory, insufficient 

deactivation of the default-mode network disrupts communication of other networks relevant 

for directed tasks, such as the control and dorsal networks, resulting in ruptures of focused 

attention81. 

 

Although the limited number of structural, functional, and cognitive variables, as well as the 

cross-sectional design and limited age range, necessitate cautious interpretation of these 

results. In particular, the narrow age range of 29 years and the maximum age of 75 years may 

have prevented the observation of stronger associations between age and functional 

connectivity. This study adds to a growing body of evidence suggesting that in the absence of 

severe disease, structural and functional parameters are at least on large-scale independent 

measures and representing different aspects of the underlying influence of age on the central 

nervous system. Further, our results indicate that existing links between structural damage 

and functional connectivity are topographically specific. 
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3 Discussion 
 

Understanding how age-related structural brain damage affects functional properties is vital 

for furthering our scientific knowledge of the ageing process. The present thesis intended to 

fill this research gap by pursuing three different approaches:  

 

First, a comprehensive and systematic analysis of current research on small vessel disease and 

functional connectivity, and methodological evaluation of the corresponding literature. 

Second, the investigation of topological differences in global functional networks between 

small vessel disease patients and healthy controls. Third, a multilevel analysis to examine the 

relationships between white matter damage and cortical thinning on whole cortex functional 

connectivity and within connectivity of four associative networks in a cognitively healthy 

population 

 

Even though theory draws a straight line from aging affecting the cerebral vasculature, leading 

to deterioration of brain structure, which in turn affects the functional integrity of the brain 

and eventually leads to decreased cognitive performance. The dynamics between structural 

pathology and functional parameters remains complex. Functional connectivity appeared to 

be independent of white matter burden, both in our study of small vessel disease and in the 

analysis of a relatively healthy cohort. At first glance this might seem contradictory to the 

literature from our review, which analysed mainly patients with clinically manifested small 

vessel disease. However, our initial approach joins a series of small sample studies whose 

power is limited and often suffers from low test-retest reliability. An emerging possibility is 

also that macroscopic graph representations of functional networks, do not contain the 

necessary biological details that can be used to characterize these networks. At the same time, 

we consider our results to be well compatible with existing studies with large numbers of 

cognitively healthy participants, which also did not observe any association between 

structural damage and functional changes150,151,121,152,153. What these studies, like ours, have 

in common is that their participants may still possess cognitive reserves and functional brain 

changes may most likely become apparent at a later stage of emerging brain pathology. 

 

Still, the challenge of linking structural change and functional connectivity might be rooted in 

other sources as well. We were able to confirm a global change in functional connectivity that 
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is not limited to specific networks but seems to be present in almost all identified resting-state 

networks, although not to the same extent. The mediation effect of cortical thickness in our 

cohort and a series of studies on small vessel disease from the review suggest there is a link 

between structural damage on functional connectivity. But focusing on white matter damage 

in general isolates one factor that may or may not be causative for the progressive change in 

neuronal properties of the brain, while in all likelihood multiple interacting factors, both 

deleterious and protective, shape the dynamics of functional networks across aging. These 

interweaving of mechanisms underlying network dynamics are probably a continuum only 

partially revealed by existing techniques154. In this context, methodologically specific 

thresholds for a particular marker such as STRIVE are essential for future studies. In addition, 

in most studies, nodes in structural or functional analysis are considered to be the same. 

However, brain regions differ in several local attributes, including gene transcription, 

cytoarchitecture, receptor profiles, and temporal dynamics155. Variations in local microscale 

attributes may influence how neuronal populations transmit and integrate signalling155. These 

microscale properties could lead to regional differences in the macroscale relationship 

between structural and functional properties, so that different levels of analysis lead to 

different models of neurocognitive disconnection. Thus, for future approaches that seek to 

connect age-related change in structure and function, it will be essential to use more than one 

or two structural biomarkers to capture the heterogeneity and subtypes of brain aging. 

 

Within this context, it must be recognized that the functional connectivity does not simply 

match structural connectivity. In other words, tight functional connections can exist between 

regions not directly connected by major white matter tracts156. In fact, due to the sparse 

nature of structural connectivity, most functional connections are not supported by direct 

underlying structural connection. Studies in which whole-brain structural connectivity was 

used to predict whole-brain functional connectivity found moderate agreement with empirical 

patterns of functional connectivity, ranging from 25% to 50% of the variance explained157. This 

dependency is very heterogeneous across the brain with structure and function tightly 

coupled in sensory networks, while higher hierarchy associative networks exhibiting weak 

structure–function coupling158,159. Optimistically, this implies that direct structural 

connectivity does not explain more than 50% of the variance in functional connectivity. Hence, 

the possibility to explain functional changes by biomarkers of white matter damage or cortical 

thickness might be also limited, especially in associative networks. 
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In an attempt, to relate the organization of physical connections to patterns of functional 

interactions, new functional biomarkers must be considered as well.  

There is strong evidence that structural integrity is important not solely for functional 

integration within networks but also for functional connectivity between networks and both 

features are necessary for optimal cognitive processing160,161,162. Recent reports increasingly 

focus on an overall age-related rise in synchrony and the loss of anti-correlation between 

resting state networks162,163. This phenomenon, described as decreasing segregation between 

networks, is consistent with the idea that the aging brain loses functional diversity and 

complexity162. The ability to "stay selectively connected “, however is thought to be essential 

for successful brain aging164. This de-differentiation, or loss of functional specialization of brain 

activity, probably leads to a loss of the ability to suppress irrelevant information165 and is thus 

critical to cognitive decline in old age. The segregation index has been shown to be more 

sensitive than other graph-theoretic metrics to age-related changes in functional 

organization139 and therefore, may also be more strongly related to structural damage than 

functional connectivity within individual networks or across the cortex. 

 

The strength of the presented thesis lies in the application of a modern and reproducible 

image processing pipeline, as well as the combination of a systematic comprehensive 

literature analysis and a large and high-quality data set with multi-level analysis. In conclusion, 

this work suggests an independent age-related development of declining structural integrity 

and functional measures on large scale. This independence is contrasted by a heterogeneous 

relationship between brain structure and functional properties at meso- and micro scales. At 

the same time, the literature on CSVD suggests that beyond a certain level of damage, the 

impact on functional connectivity increases precipitously. 

 

We close by highlighting again the need for future studies with well-documented, modern 

and, above all, standardized methods. Ideally, future studies using a multicentre or multidata 

base approach with a large sample size of patients with severe CSVD could resolve the 

controversy results between current small sample studies of CSVD and large cohort studies 

with healthy participants. Considering our findings, future research may be more successful 

by attempting to characterize the impact of structural damage on functional connectivity at 

multiple scales simultaneously. Further we posit that accounting for regional heterogeneity of 
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microscale features such as qualitative and topographic details of lesions or transcriptomic or 

cytoarchitectural background information could help to better differentiate the extent of 

structural damage. In a similar vein, the influence of systemic factors like life stressors or the 

degree of neurovascular coupling on functional properties must be further analysed, to better 

isolate the relationship between structural integrity and neural communication. In order to 

draw a cause-and-effect relationship from the pattern of statistical associations, a prospective 

longitudinal study could provide this missing interpretive link.  Finally, emerging functional 

approaches such as the analysis of network hubs, dynamic functional connectivity, or further 

investigation of the functional segregation described here may provide more sensitive insights 

into the functional consequences of age-related structural change. 
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Summary 
 

The sharp increase of life expectancy in the last decades has led to a progressive aging of the 

population and an increasing incidence of age-related diseases, like cerebral small vessel 

disease.  These pathological developments are accompanied by a decline in cognitive abilities 

that contrasts with the benefits of increased life expectancy. Despite some efforts in the past, 

the relationship between structural damage in the brain, altered communication between 

neurons and cognitive consequences remains complex. This dissertation addresses the 

question of the extent to which age-related structural damage, in particular in the form of 

cerebral vascular lesions, influences the functional properties of the brain. To pursue this 

research question, a systematic literature review was conducted and supplemented with a 

small study of severely affected CSVD patients and a large cohort study of relatively healthy 

participants. A variety of study results from systematic review show evidence for a model of 

network dysfunction, particularly in the resting state networks, that underlies the cognitive 

impairment caused by white matter damage. However, the association between structural 

damage and altered functional connectivity showed a discrepancy between the results of 

small studies with severely affected patients and large cohort studies with relatively healthy 

participants. This contradiction is accompanied by a great heterogeneity of individual results, 

as well as analytical approaches and study populations, which, combined with a lack of 

standardisation of methods, suggest a cautious interpretation of the results. In the two 

subsequent studies, the functional topology of 17 CSVD patients was compared with 20 

healthy controls and the influence of decreasing white matter integrity and cortical thickness 

on the functional connectomes of 976 relatively healthy participants was investigated. 

However, both the functional topology of CSVD patients and the functional connectivity of the 

cohort study participants were found to be independent of structural brain impairment at a 

global scale. Solely the part of the default mode network affected by age showed an indirect 

relationship with decreasing cortical thickness. These results indicate a certain resilience of 

neural communication to structural degeneration, whose direct influence on functional 

connectivity is more locally observable at the meso or micro level.   
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Zusammenfassung 
 
Der starke Anstieg der Lebenserwartung in den letzten Jahrzehnten hat zu einer 

fortschreitenden Alterung der Bevölkerung und einer zunehmenden Inzidenz altersbedingter 

Krankheiten wie der zerebralen Mikroangiopathie geführt. Diese pathologischen 

Entwicklungen gehen mit einem Abbau der kognitiven Fähigkeiten einher, die im Kontrast zu 

den Vorteilen einer erhöhten Lebenserwartung stehen. Trotz einiger zurückliegender 

wissenschaftlicher Anstrengungen in der Vergangenheit, gestaltet sich dabei die Beziehung 

zwischen strukturellen Schäden des Gehirns, veränderter Kommunikation zwischen Neuronen 

und kognitiven Folgen weiterhin als Komplex. Die vorliegende Dissertation beschäftigt sich mit 

der Frage, inwieweit altersbedingte strukturelle Schädigungen in Form von zerebralen 

vaskulären Läsionen Einfluss auf die funktionalen Eigenschaften des Gehirns nehmen. Um 

dieser Fragestellung nachzugehen, wurde zunächst eine systematische Literaturanalyse 

durchgeführt und diese mit einer kleinen Studie schwer betroffener CSVD Patienten, sowie 

mit einer großen Kohortenstudie mit relativ gesunden Teilnehmern ergänzt. Eine Reihe von 

Studienergebnissen der systematischen Literaturanalyse zeigen Belege für ein Modell der 

Netzwerkdysfunktion, insbesondere in den Resting-State Netzwerken, die der kognitiven 

Beeinträchtigung durch Schädigung der weißen Substanz zugrunde liegt. Allerdings zeichnete 

sich bei der Assoziation zwischen struktureller Schädigung und veränderter funktionaler 

Konnektivität eine Diskrepanz zwischen den Resultaten von Studien mit geringer Anzahl an 

schwer betroffenen Patienten und großen Kohortenstudien mit relativ gesunden Teilnehmern 

ab. Dieser Widerspruch wird von einer großen Heterogenität der einzelnen Ergebnisse, sowie 

der analytischen Ansätze und Studienpopulationen begleitet, die in Verbindung mit fehlender 

Standardisierung der Methoden, die zu einer vorsichtigen Interpretation der Ergebnisse 

anraten. In den beiden nachfolgenden Studien wurde die funktionale Topologie von 17 CSVD 

Patienten mit 20 gesunden Kontrollen verglichen und der Einfluss von abnehmender Integrität 

der weißen Substanz und kortikaler Dicke auf die funktionalen Konnektome von 976 relativ 

gesunden Teilnehmern untersucht. Dabei stellte sich, sowohl die funktionale Topologie von 

CSVD Patienten als auch die funktionale Konnektivität der Teilnehmer der Kohortenstudie auf 

globaler Ebene als unabhängig von strukturellen Beeinträchtigungen des Gehirns da. Lediglich 

zu dem vom Alter betroffenen Teil des Default Mode Netzwerks ließ sich eine indirekte 

Beziehung zu abnehmender Kortikaler Dicke nachweisen. Diese Ergebnisse weisen auf eine 

gewisse Resilienz der neuronalen Kommunikation gegenüber struktureller Degeneration hin, 
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dessen direkter Einfluss auf die funktionale Konnektivität eher lokal auf Meso- bzw. 

Mikroebene zu beobachten ist.  

 

Description of Own Contribution 
 

As first author of the systematic review, I researched the literature, screened the articles, 

extracted metadata and key findings. In addition, I summarized the relevant patterns of 

functional connectivity that became apparent and wrote a first version of the manuscript.  As 

a potential first author of the CONNECT study, I performed the structural as well as functional 

pre-processing, conducted the statistical analysis, researched the literature, and wrote an 

initial manuscript. As first author of the second study, my work included conceptualization of 

the study, the formal analysis of the data, the statistical analysis, the visualization and writing 

of the paper. 
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Commonly used acronyms  
 
CSVD Cerebral Small Vessel Disease 

FC Functional Connectivity 

MRI Magnetic Resonance Imaging 

HCHS Hamburg City Health Study 

PRISMA Preferred Reporting Items for 

Systematic Reviews and Meta-Analysis 

AXIS Appraisal Tool for Cross-Sectional 

Studies 

FLAIR Fluid-attenuated Inversion Recovery 

sequence 

BMI Body-Mass-Index 

PSMD Peak Width of Skeletonized Mean 

Diffusivity 

NBS Network-Based Statistics 

WMH White Matter Hyperintensities 

DTI Diffusion Tensor Imaging 

BOLD Blood Oxygen Level Dependent 

rs-fMRI Resting-state Functional MRI 

SNR Signal-To-Noise Ratio 

MMSE Mini Mental State Examination 

MoCA Montreal Cognitive Assessment Battery 

CDR Clinical Dementia Rating Scale 

GSR Global Signal Regression 

RSN Resting-State brain Networks 

SCA Seed-based Correlation Analysis 

ReHo Regional Homogeneity 

DMN Default Mode Network 

DAN Dorsal Attention Network 

FPCN Frontoparietal Control Network 

SN Salience Network 

STRIVE Standards for Reporting Vascular 

changes on Neuroimaging 
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MLR Multiple Linear Regressions 

CSF Cerebrospinal Fluid 

TMT Trail making test 
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Abstract

Background: Cerebral small vessel disease (CSVD) is a common neurological disease present in the ageing
population that is associated with an increased risk of dementia and stroke. Damage to white matter tracts
compromises the substrate for interneuronal connectivity. Analysing resting-state functional magnetic resonance
imaging (fMRI) can reveal dysfunctional patterns of brain connectivity and contribute to explaining the
pathophysiology of clinical phenotypes in CSVD.

Materials and methods: This systematic review provides an overview of methods and results of recent resting-
state functional MRI studies in patients with CSVD. Following the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) protocol, a systematic search of the literature was performed.

Results: Of 493 studies that were screened, 44 reports were identified that investigated resting-state fMRI
connectivity in the context of cerebral small vessel disease. The risk of bias and heterogeneity of results were
moderate to high. Patterns associated with CSVD included disturbed connectivity within and between intrinsic
brain networks, in particular the default mode, dorsal attention, frontoparietal control, and salience networks;
decoupling of neuronal activity along an anterior–posterior axis; and increases in functional connectivity in the early
stage of the disease.

Conclusion: The recent literature provides further evidence for a functional disconnection model of cognitive
impairment in CSVD. We suggest that the salience network might play a hitherto underappreciated role in this
model. Low quality of evidence and the lack of preregistered multi-centre studies remain challenges to be
overcome in the future.
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Background
Cerebral small vessel disease (CSVD) is a term that de-
scribes clinical, neuroimaging, and pathological features
assumed to arise from compromised blood flow in the
intrinsic cerebral arteriolar system [1]. In its later stages,
CSVD is associated with neurological symptoms, in par-
ticular lacunar ischaemic stroke, and cognitive impair-
ment ranging from mild deficits to vascular dementia [2,
3]. Small vessel disease is estimated to be the main etio-
logical factor in up to 23% of all ischaemic strokes [4]
and to be the second most common contributing factor
to dementia after Alzheimer’s pathology [5] and is thus
responsible for a growing disease burden in ageing
societies.
Even in its pre-symptomatic stage, CSVD is associated

with structural brain changes on neuroimaging, in
particular white matter hyperintensities (WMH) of
presumed vascular origin, lacunes, cerebral microbleeds,
enlarged perivascular spaces, and brain atrophy [6].
Cardiovascular risk factors, such as hypertension, dia-
betes, smoking, or dyslipidaemia, are associated with
both WMH and the clinical sequelae associated with
CSVD [7, 8].
In recent years, the network perspective on the human

brain has revolutionised neuroscience and advanced our
understanding of neurological and psychiatric disorders
[9–12]. The network paradigm posits that different brain
regions, while spatially remote, are structurally and func-
tionally linked and interact to facilitate brain functions.
Analysis of structural brain networks by magnetic
resonance diffusion tensor imaging revealed that WMH
disrupts the topological organisation of the brain con-
nectome and that the associated loss of network
efficiency links vascular risk burden and cognitive im-
pairment [13–16]. Nevertheless, there remains consider-
able variability in clinical phenotypes, such as cognitive
impairment or affective functions, that is not explained
by structural markers alone [17–19].
Functional connectivity (FC), on the other hand, is de-

fined as the pattern of synchronous neuronal activation
[20], which, in turn, can be probed in vivo using the
blood-oxygen level-dependent (BOLD) signal in mag-
netic resonance imaging (MRI) [21]. Functional connect-
ivity can be analysed either in response to tasks and
external stimuli or in the resting-state which minimises
the cognitive and behavioural demand on subjects [21].
The latter provides a description of the spatiotemporal
organisation of brain activity, from which discrete modes
can be extracted as intrinsic resting-state networks that
correspond to specific cognitive domains [22].
Recently, the benefits of such a shift of perspective

toward a more global understanding of brain function
have also been recognised for cerebral small vessel
disease [23]. While the clinical benefits of

understanding patterns of disrupted FC associated
with CSVD might seem, at the moment, very limited,
our vision is that, ultimately, it might contribute to
designing and implementing patient-specific interven-
tions in the form of neuropsychological training or
electromagnetic stimulation to help ameliorate cogni-
tive impairment. Evidence for the relevance of dis-
turbed connectivity especially in the default mode,
dorsal attention, and frontoparietal control networks
to cognitive impairment in CSVD has been reviewed
previously, covering the literature up to 2014 [24]. In
the present article, we provide an overview over the
rapidly expanding recent literature on altered resting-
state connectivity patterns associated with CSVD. In
contrast to previous work, we include studies of both
clinically healthy individuals and patients with mani-
fest CSVD and consider both distributed networks
and point-to-point connectivity. In order to keep the
review focused, we restrict attention to resting-state
functional MRI studies and do not review studies
using a task-based design or different imaging modal-
ities, such as electro- or magnetoencephalography.
The goal is to take stock of the current literature,
review methodological advances in recent years, and
update our understanding of the neural mechanisms
underlying the cognitive deficits that patients with
CSVD face.

Methods
A systematic review of the literature was performed ac-
cording to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) statement [25];
the protocol for the review was not preregistered.

Literature search and study selection
Inclusion criteria for articles considered in this review
were as follows: (1) written in English, (2) analysing ex-
clusively human study participants, (3) published after
January 2010, (4) radiological evidence of sporadic cere-
bral small vessel disease with structural brain imaging
showing manifestations of CSVD in the form of white
matter hyperintensities in at least a subset of the study
population, and (5) analysis of resting-state functional
connectivity using functional MRI. We excluded review
articles; descriptions of ongoing studies; functional im-
aging studies using only electroencephalography, magne-
toencephalography, or positron emission tomography;
and reports concentrating exclusively on patients with
non-sporadic CSVD, e.g. of genetic origin, or non-
vascular dementias, e.g. Alzheimer’s disease.
Following a prespecified search strategy, the PubMed

online database was queried for studies published
between January 2010 and November 2020 using the
conjunction of keywords specific for pathology (‘small
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vessel disease’, ‘white matter lesion’, ‘leukoaraiosis’,
‘microangiopathy’), network science (‘connectivity’, ‘net-
work’, ‘graph’, ‘module’), and imaging modality (‘MRI’,
‘BOLD’, ‘resting state’) as search criteria (see Additional
file 1 for the exact search strategy). In addition, refer-
ences of search results were screened for further eligible
articles. Studies were discarded if the title or abstract in-
dicated failure to meet all the specified inclusion or sat-
isfaction of at least one exclusion criterion. The
remaining articles were read in full and evaluated ac-
cording to the stated criteria.
The risk of methodological bias in individual studies

(PRISMA items 12 and 19) was assessed using the
Appraisal tool for Cross-Sectional Studies (AXIS tool)
[26], modified to not contain items related to presen-
tation of the Results, the Discussion of findings, or
the Funding of the study [27]. Detailed descriptions
of individual items are presented in Additional file 1:
Table S1. Based on the number of quality criteria sat-
isfied, each study was assigned an integer score from
0 (no criteria satisfied) to 11 (all criteria satisfied).
Trichotomising this ordinal scale, we classified the
risk of bias as high (score 0–3), moderate (4–7), or
low (8–11). We strived to cover the literature com-
prehensively, and even a high risk of basis was there-
fore not defined as an exclusion criterion for this
review.

Data extraction and analysis
After screening, the following data were extracted from
the articles: year of publication; sample size; average age
and clinical characteristics of study populations includ-
ing measures undertaken to minimise confounding by
comorbidities; the employed operationalisation of cere-
bral small vessel disease and severity grading of WMH;
details of the scanning parameters and pre-processing
steps including the controversial topics of motion scrub-
bing and global signal regression; the analytical approach
to functional connectivity; and key results regarding pat-
terns of altered connectivity in patients with CSVD and,
if reported, their relation to cognitive performance.
For ease of presentation, studies were classified ac-

cording to clinical characteristics of the study popula-
tion—manifest CSVD, healthy participants, or others,
not primarily vascular clinical conditions—and their
main approach to quantifying and analysing connect-
ivity. These predefined analytical categories included
short-range connectivity within a part of the brain,
long-range connectivity between pairs of remote brain
areas defined either a priori or using a data-driven
approach, and global analyses of topological proper-
ties of the functional connectome. We also reviewed
the cognitive tests applied in these studies and

associations of cognitive ability with functional con-
nectivity measurements.

Results
Study characteristics
The results of the search and selection process are sum-
marised in Fig. 1. We identified a total of 493 potentially
relevant papers, 471 of which were obtained by search-
ing PubMed and 22 through personal communication or
as references cited in other works. Four hundred seven-
teen papers were excluded based on their title or ab-
stract. Of the remaining 76 studies, which were read in
full by both MS and ES, 44 were included in this review.
Details of individual studies are summarised in Table 1.
The number of subjects, including both patients with

small vessel disease and controls depending on study de-
sign, varied between 11 and 1584 with a median sample
size of 72.5 (interquartile range [IQR] 50.8–106.8). Mean
age across studies ranged from 50.0 to 76.4 years, with a
median of 66.0 years (IQR 62.4–69.8 years).
Regarding the underlying research questions, roughly

half of the included studies (24/44) reported the investi-
gation of altered functional connectivity patterns in the
presence of cerebral small vessel disease and its relation
to cognitive ability as their primary research objective.
Of these, six reports focused on patients with CSVD ex-
clusively, whereas the study designs of the remaining re-
ports involved comparing groups of healthy controls,
patients with non-vascular cognitive impairment, or
both. Twelve studies reported measures of cerebral small
vessel disease, often as part of a more comprehensive as-
sessment of structural brain parameters, and functional
connectivity in populations of healthy participants with-
out clinically manifest vascular pathology or cognitive
impairment. Eight articles addressed functional connect-
ivity in the context of other clinical conditions not dir-
ectly related to vascular pathology, such as tau
pathology-associated cognitive impairment or depres-
sion, but included markers of small vessel disease as
covariates.

Operationalisation of CSVD and associated cognitive
impairment
All of the 24 MRI studies reporting on resting-state
functional connectivity in the context of clinically overt
CSVD defined the presence of white matter hyperinten-
sities on T2-weighted cerebral MR imaging as one of
their inclusion criteria. In more than half of the studies
(14/24), these were evaluated according to the ordinal
Fazekas scale [55, 56]; in three studies, authors chose the
Wahlund scale to assess age-related white matter
changes [32]; white matter lesion load was also quanti-
fied volumetrically in eight studies; no precise definition
of imaging criteria was reported in five articles.
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When white matter disease was reported as a struc-
tural covariate in the investigation of functional connect-
ivity, the extent of structural changes was quantified
using either absolute or relative white matter hyperin-
tensity volumes. Techniques for segmenting WMH on
either T2 or FLAIR sequences included manual, semi-
manual, and fully automated approaches; in one case,
the algorithm was not described [57].
Beyond the presence of white matter lesions, evidence

of lacunes or recent lacunar infarcts was considered in
13/24 studies; the distinction between the two entities
was often imprecise, with only three articles referring to
the STandards for ReportIng Vascular changes on nEu-
roimaging (STRIVE, [6]) consensus statement in this
context [31, 50, 51]. Reflecting their conceptualisation as
fluid-filled cavities, lacunes were defined as hypointense
ovoid regions on T2- or FLAIR-weighted imaging with a
diameter ranging from [2–3] to [15–20] mm. Three
studies required patients with CSVD to have evidence of
at least one lacuna or recent lacunar infarct [28, 42, 52],
while one report excluded such patients [36]. Informa-
tion on the number of lacunes contributed to the defin-
ition of a compositive CSVD score in one study [49]; in
the remaining cases, it was either reported descriptively
or used as a covariate in statistical analyses [50]. While
most studies specified cortical or large subcortical

infarcts as an exclusion criterion, one article included
such patients specifically [43].
In addition to imaging findings, clinical characteristics

were used to define patient cohorts. This was done to ei-
ther separate patients and participants with and without
cognitive impairment; to differentiate patients with
CSVD from patients with non-vascular cognitive impair-
ment, especially Alzheimer’s disease; or to grade the
severity of vascular cognitive impairment, ranging from
cognitively normal (CN) over mildly affected (variably
called subcortical vascular mild cognitive impairment
[svMCI], or vascular cognitive impairment no dementia
[VICND]) to subcortical vascular dementia (SVaD). In
addition to dedicated diagnostic criteria for different de-
mentias [58, 59], cognitive assessment was based pre-
dominantly on scales such as the Mini Mental State
Examination (MMSE), Montreal Cognitive Assessment
battery (MoCA), or Clinical Dementia Rating scale
(CDR). A minority of studies used the Petersen criteria
and included functional activities and temporal evolution
of cognitive abilities in their definition of mild cognitive
impairment [60, 61]. Only three studies employed posi-
tron emission tomography (PET) to distinguish tau and/
or amyloid pathology from purely vascular disease [49,
62, 63], and the risk of confounding by mixed disease
seems therefore high in the majority of reported studies.

Fig. 1 Systematic literature search and article screening results. The PubMed electronic database was searched on 1 December 2019, on 28 June
2020, and again on 22 November 2020. Together with articles obtained through other sources (personal communication, cited articles), 493
papers were identified, screened by M. S., and assessed based on inclusion and exclusion criteria. Full texts were obtained for 76 articles; these
were assessed against the stated criteria by M. S. and E. S. The included 44 articles were classified on the basis of characteristics of the
study population

Schulz et al. BMC Medicine          (2021) 19:103 Page 4 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

[2
8]

18
C
SV
D
-C
N

16
C
SV
D
-M

C
I

W
M
H
an
d

la
cu
ne

s
(c
lin
ic
al

di
ag
no

si
s)

M
M
SE

C
N
28
.9
±
1.
3

M
C
I2
8.
1
±
1.
4

Ph
ili
ps

A
ch
ie
va
,3

T
TR

20
00

m
s,
TE

30
m
s

64
×
64

×
[]

3.
6
×
3.
6
×
4
m
m

3

22
0
vo
lu
m
es

ey
es

op
en

D
PA

RS
F
v2
.0
,S
PM

5,
RE
ST

[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
M
ax

m
ot
io
n
>
1

m
m
/1
°

PC
C
fro

m
ex
te
rn
al

te
m
pl
at
e

SC
A
to

de
fin
e
D
M
N

Pe
ar
so
n
co
rr
el
at
io
n

↓
FC

in
D
M
N
in

th
e
le
ft
m
id
dl
e
te
m
po

ra
l

gy
ru
s,
le
ft
an
t.
ci
ng

ul
at
e/
le
ft
m
id
dl
e

fro
nt
al
gy
ru
s,
rig

ht
ca
ud

at
e,
rig

ht
m
id
dl
e

fro
nt
al
gy
ru
s,
an
d
le
ft
m
ed

ia
lf
ro
nt
al

gy
ru
s/
pa
ra
ce
nt
ra
ll
ob

ul
e

↑
FC

in
D
M
N
in

th
e
rig

ht
in
f.
te
m
po

ra
l

gy
ru
s,
le
ft
m
id
dl
e
te
m
po

ra
lg

yr
us
,l
ef
t

pr
ec
en

tr
al
gy
ru
s,
an
d
le
ft
su
p.

pa
rie
ta
l

lo
bu

le

H
ig
h
(2
)

[2
9]

29
C
SV
D

W
M
H
(c
lin
ic
al

di
ag
no

si
s)

W
M
H
vo
lu
m
e

VR
F
0,
20
.4
±

19
.3

VR
F
1,
27
.3
±

21
.5

VR
F
3,
17
.4
±

19
.5

M
oC

A
VR
F
0,
25
.8
±

3.
5

VR
F
1,
22
.0
±

6.
2

VR
F
3,
21
.0
±

5.
4

Ph
ili
ps

A
ch
ie
va
,3

T
TR

20
00

m
s,
TE

30
m
s

64
×
64

×
40

3.
6
×
2.
9
×
3
m
m

3

18
4–
25
9
vo
lu
m
es
,[
ey
es
]

FS
L
v4
.1

C
on

fo
un

d
re
gr
es
si
on

-
IC
A

M
ot
io
n
sc
ru
bb

in
g

-
‘re
la
tiv
e
m
ot
io
n’
>

1.
5
m
m

IC
A
to

de
fin
e
D
M
N
,S
M
N
,

m
ed

ia
l-v
is
ua
lR

SN
Pe
ar
so
n
co
rr
el
at
io
n

FC
in

D
M
N
↗
ca
rd
io
va
sc
ul
ar

re
ac
tiv
ity

M
od

er
at
e

(4
)

[3
0]

21
C
SV
D
-C
N

16
C
SV
D
-M

C
I

13
SV
aD

W
M
H
(c
lin
ic
al

di
ag
no

si
s)

M
M
SE

C
N
28
.9
±
0.
7

M
C
I2
6.
3
±
1.
0

SV
aD

20
.5
±

2.
3

M
oC

A
C
N
24
.6
±
2.
9

M
C
I2
0.
6
±
2.
8

SV
aD

15
.1
±

3.
6

Si
em

en
s,
3
T

TR
24
80

m
s,
TE

30
m
s

64
×
64

×
36
,3

×
3
×
4
m
m

3

24
0
vo
lu
m
es

ey
es

cl
os
ed

SP
M

8
[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ot
io
n
>
2

m
m
/2
°

A
A
L
at
la
s

Pe
ar
so
n
co
rr
el
at
io
n,

(e
xt
en

de
d)

m
ax
im

al
in
fo
rm

at
io
n
co
ef
fic
ie
nt

SV
M

cl
as
si
fic
at
io
n

N
on

e
H
ig
h
(3
)

[3
1]

46
C
SV
D

41
C
A
D
A
SI
L

W
M
H
vo
lu
m
e

0.
3%

[0
.0
3,

3.
1]
%

of
in
tr
ac
ra
ni
al

vo
lu
m
e

La
cu
ne
s

0
(0
)
[0
–2
0]

M
M
SE

m
ed

ia
n

29
,I
Q
R
[2
6,

32
]

Si
em

en
s
Sk
yr
a/
Pr
is
m
a,
3
T,

64
-/
32
-c
ha
nn

el
he

ad
co
ils
,

m
ul
ti-
ba
nd

×
8

TR
70
0
m
s,
TE

39
m
s

[m
at
rix
]

3
×
3
×
3
m
m

3

2.
4
×
2.
4
×
2.
4
m
m

3

67
5–
70
0
vo
lu
m
es

ey
es

cl
os
ed

FS
L,
A
N
Ts
,B
RA

M
IL
A

v2
.0

C
on

fo
un

d
re
gr
es
si
on

-
IC
A
-A
RO

M
A
no

n-
ag
gr
es
si
ve

-
Li
ne

ar
tr
en

d,
6

m
ot
io
n
pa
ra
m
s

-
G
SR
:C

SF
,W

M
M
ot
io
n
sc
ru
bb

in
g

-
Vo

lu
m
e
ce
ns
or
in
g

(F
D
>
0.
5
m
m
,t
ot
al

tim
e
<
5
m
in
)

Po
w
er

at
la
s
to

de
fin
e

D
M
N
,F
PC

N
,h
an
d-
SM

N
,

VN Pe
ar
so
n
co
rr
el
at
io
n

gr
ap
h
th
eo

ry

N
o
as
so
ci
at
io
n
be

tw
ee
n
W
M
H
an
d
FC

Po
or

re
pr
od

uc
ib
ili
ty

of
ne

tw
or
k
m
ea
su
re
s

in
C
SV
D

M
od

er
at
e

(6
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 5 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

(C
on

tin
ue
d)

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

[3
3]

33
M
C
Iw

ith
co
nf
lu
en

t
(C
)

W
M
H

30
M
C
Iw

ith
no

n-
co
nf
lu
en

t
(N
C
)W

M
H

Fa
ze
ka
s

C
-W

M
H
8.
0
±

2.
4

N
C
-W

M
H
3.
2
±

1.
2

W
M
H
vo
lu
m
e

C
-W

M
H
8.
7
±

9.
2
m
l

N
C
-W

M
H
1.
9
±

1.
5
m
l

M
M
SE

C
-W

M
H

27
.6
±
1.
5

N
C
-W

M
H

27
.8
±
1.
7

Si
em

en
s
Tr
io
,3

T
TR

20
00

m
s,
TE

30
m
s

[]
×
[]×

36
,3

×
3
×
3
m
m

3

24
0
vo
lu
m
es

[e
ye
s]

C
O
N
N
18
b

C
on

fo
un

d
re
gr
es
si
on

-
G
SR
:W

M
,C

SF
-
M
ot
io
n
pa
ra
m
et
er
s

M
ot
io
n
co
rr
ec
tio

n
-
A
rt
ef
ac
t
D
et
ec
tio

n
To
ol
s

-
Sp
ik
e
re
gr
es
si
on

(F
D
>
0.
5
m
m
)

C
O
N
N
at
la
s
w
ith

13
8

RO
Is
to

de
fin
e
D
M
N
,

SM
N
,V
N
,D

A
N
,F
PC

N
la
ng

ua
ge

,a
nd

ce
re
be

lla
r

ne
tw

or
ks

Bi
va
ria
te

co
rr
el
at
io
n

co
ef
fic
ie
nt
s

↑
In
te
rr
eg

io
na
lF
C
(C
-W

M
H
>
N
C-
W
M
H
)

↑
In
tr
a-
re
gi
on

al
FC

(C
-W

M
H
>
N
C
-W

M
H
)

Fe
w

↓
in
te
rr
eg

io
na
lF
C
(C
-W

M
H
<

N
C-
W
M
H
)

H
ig
h
(2
)

[3
4]

29
C
SV
D
w
ith

ga
it
di
so
rd
er

(G
D
+
)

29
C
SV
D

w
ith

ou
t
ga
it

di
so
rd
er

(G
D
−
)

Fa
ze
ka
s
≥
2

W
M
H
vo
lu
m
e

G
D
+
,6
.1
2
m
m

3

G
D
−
,3
.5
3
m
m

3

La
cu
ne
s

G
D
+
,7
.4
5
±
4.
01

G
D
−
,5
.6
2
±
3.
35

M
M
SE

G
D
+
,2
5.
14

±
3.
24

G
D
−
,2
5.
69

±
3.
32

G
E
Si
gn

a,
3
T,
8-
ch
an
ne

l
he

ad
co
il

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
[]

3.
75

×
3.
75

×
4.
6
m
m

3

24
0
vo
lu
m
es

ey
es

cl
os
ed

D
PA

BI
,S
PM

8
C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d,
24
p

-
G
SR
:C

SF
,W

M
M
ot
io
n
sc
ru
bb

in
g

-
‘d
is
pl
ac
em

en
t’
>
2.
5

m
m

/2
.5
°

fA
LF
F

Pe
ar
so
n
co
rr
el
at
io
n

VB
M

↓
FC

be
tw

ee
n
le
ft
SM

A
an
d
te
m
po

ra
l

lo
be

(G
C
+
<
G
D
−
)
↗
ga
it
sp
ee
d

fA
LF
F
in

le
ft
SM

A
↗
ca
de

nc
e

M
od

er
at
e

(4
)

H
ea
lth

y
co
nt
ro
ls
an
d
pa
tie
nt
s
w
ith

C
SV
D
w
ith

ou
t
m
an
da
to
ry

co
gn

iti
ve

im
pa
irm

en
t

[3
5]

12
C
SV
D

21
H
C

W
ah
lu
nd

8.
3
±

4.
0

La
cu
ne

s
1.
9
±

2.
4

M
M
SE

27
.6
±

1.
5

[S
ca
nn

er
,f
ie
ld

st
r.]

TR
23
00

m
s,
[T
E]

[m
at
rix
],
3
×
3
×
4
m
m

3

30
0
vo
lu
m
es

[e
ye
s]

FS
L,
A
FN

I,
SP
M

B 0
fie
ld

m
ap

co
rr
ec
tio

n
C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
/q
ua
dr
at
ic

tr
en

d
-
6
m
ot
io
n

pa
ra
m
et
er
s

-
G
SR
:W

M
,C

SF
si
gn

al
[M

ot
io
n
sc
ru
bb

in
g]

Ei
ge

nv
ec
to
r
ce
nt
ra
lit
y

↓
FC

in
ve
nt
ro
m
ed

ia
lP

FC
,M

C
C
,a
nd

su
p.

pa
rie
ta
ll
ob

e
↑
FC

in
th
e
ce
re
be

lla
r
re
gi
on

s
I–
VI

FC
↗
W
M
H
in

th
e
m
id
dl
e
te
m
po

ra
l

su
lc
us
,i
nf
.t
em

po
ra
lg

yr
us
,c
er
eb

el
la
r

lo
bu

le
s
C
ru
s
II,
VI
Ib
,V
III

FC
↘
W
M
H
in

ve
nt
ro
m
ed

ia
lP

FC
,S
M
A
,

PC
C,

an
d
su
p.

pa
rie
ta
ll
ob

e

H
ig
h
(1
)

[3
6]

30
C
SV
D

26
H
C

Fa
ze
ka
s
1–
3

La
cu
ne

s
ex
cl
ud

ed

M
oC

A
22
.9
±

3.
4
(p
oo

le
d)

Si
em

en
s,
3
T

TR
24
80

m
s,
TE

30
m
s

64
×
64

×
36
,3

×
3
×
4
m
m

3

24
0
vo
lu
m
es
,e
ye
s
cl
os
ed

SP
M

8
[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

IC
A
to

de
fin
e
SM

N
vo
xe
l-w

is
e
tw

o-
sa
m
pl
e

t
te
st

↓
FC

in
th
e
rig

ht
ci
ng

ul
at
e
m
ot
or

ar
ea
,

le
ft
po

st
er
io
r
in
su
la
,a
nd

le
ft
ve
nt
ra
l

pr
em

ot
or

ar
ea

H
ig
h
(2
)

[3
7]

28
C
SV
D

30
H
C

Fa
ze
ka
s
2.
9
±
1.
2

M
M
SE

27
.9
±

1.
6

M
oC

A
25
.7
±

2.
0

Si
em

en
s
Tr
io
,3

T
TR

20
00

m
s,
TE

30
m
s

64
×
64

×
[]

3.
5
×
3.
5
×
3
m
m

3

24
0
vo
lu
m
es

[e
ye
s]

SP
M

8,
D
PA

BI
,R
ES
T

[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

A
LF
F,
SC

A
↓
A
LF
F
in

th
e
le
ft
pa
ra
hi
pp

oc
am

pu
s

↑
A
LF
F
in

th
e
le
ft
in
f.
se
m
i-l
un

ar
lo
bu

le
an
d
rig

ht
fro

nt
al
su
p.

or
bi
ta
lg

yr
us

↑
FC

be
tw

ee
n
rig

ht
in
su
la
–r
ig
ht

su
p.

or
bi
to
fro

nt
al
gy
ru
s
an
d
rig

ht
ca
lc
ar
in
e–

le
ft
pa
ra
hi
pp

oc
a.
gy
ru
s

H
ig
h
(2
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 6 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

(C
on

tin
ue
d)

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

[3
8]

16
C
SV
D

13
H
C

W
M
H
(c
lin
ic
al

di
ag
no

si
s,

Fa
ze
ka
s)

M
M
SE

23
.7
±

3.
9

M
oC

A
18
.3
±

4.
1

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
35

3
×
3
×
3
m
m

3

23
0
vo
lu
m
es

ey
es

cl
os
ed

SP
M

8
C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

Re
gi
on

al
ho

m
og

en
ei
ty

↓
Re
H
o
in

th
e
le
ft
in
su
la
,r
ig
ht

su
p.

te
m
po

ra
lg

yr
us
,R
ol
an
di
c
op

er
cu
lu
m
,

pr
ec
en

tr
al
gy
ru
s,
an
d
ce
re
be

llu
m
;

bi
la
te
ra
la
nt
.c
in
gu

la
te

gy
ru
s,
an
t.
M
CC

,
PF
C
,a
nd

SM
A

↑
Re
H
o
va
lu
es

in
th
e
le
ft
m
id
dl
e

te
m
po

ra
lg

yr
us
,c
un

eu
s
an
d
su
p.

oc
ci
pi
ta
lg

yr
us
,a
nd

th
e
bi
la
te
ra
la
ng

ul
ar

gy
ru
s,
pr
ec
un

eu
s,
po

st
ce
nt
ra
lg

yr
us
,i
nf
.

an
d
su
p.

pa
rie
ta
lg

yr
us

M
od

er
at
e

(5
)

[3
9]

15
C
SV
D

15
H
C

W
M
H
(c
lin
ic
al

di
ag
no

si
s,

Fa
ze
ka
s)

M
M
SE

23
.7
±

4.
0

M
oC

A
18
.6
±

4.
1

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
[]

3
×
3
×
4
m
m

3

23
0
vo
lu
m
es

ey
es

cl
os
ed

D
PA

BI
v2
.1

C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d
-
24
p
[4
0]

-
G
SR
:W

M
,C

SF
-
Sp
ik
e
re
gr
es
so
r

(F
D
>
0.
2
m
m
)

M
ot
io
n
sc
ru
bb

in
g

-
M
ea
n
FD

>
gr
ou

p
m
ea
n
+
2*
SD

36
RO

Is
re
pr
es
en

tin
g

D
M
N
,D

A
N
,F
PC

N
,S
M
N
,

VN Pe
ar
so
n
co
rr
el
at
io
n

N
et
w
or
k-
ba
se
d
st
at
is
tic
s

(N
BS
)[
41
]

↓
A
N
-S
M
N
ne

tw
or
k
FC

↑
D
A
N
-F
PC

N
ne

tw
or
k
FC

↓
Ed
ge

FC
SM

N
-A
N
,S
M
N
-V
N
,F
PC

N
-A
N

an
d
D
A
N
-V
N
pa
irs
,a
nd

w
ith

in
A
N
an
d

VN ↑
Ed
ge

FC
in

D
M
N
-A
N
,D

M
N
-F
PC

N
,a
nd

D
A
N
-F
PC

N
pa
irs

H
ig
h
(3
)

[4
2]

26
la
cu
na
r

st
ro
ke

pa
tie
nt
s

19
H
C

Fa
ze
ka
s
≥
2

La
cu
ne

s
1–
17

(6
)

W
M
H
33

±
34

m
l

H
is
to
ry

of
la
cu
na
r
st
ro
ke

sy
nd

ro
m
e

Si
em

en
s
Ve
rio

,3
T,
32
-

ch
an
ne

lh
ea
d
co
il

TR
24
30

m
s

TE
1/
2/
3
13
/3
1/
48

m
s

64
×
64

×
34

3.
75

×
3.
75

×
4.
18

m
m

3

26
9
vo
lu
m
es
,e
ye
s
op

en

SP
M
,C

O
N
N

C
on

fo
un

d
re
gr
es
si
on

-
M
ot
io
n
pa
ra
m
et
er
s

[d
et
ai
ls
]

-
G
SR
:W

M
,C

SF
[M

ot
io
n
sc
ru
bb

in
g]

D
es
ik
an
–K
ill
ia
ny

pa
rc
el
la
tio

n
Pe
ar
so
n
co
rr
el
at
io
n

Pr
ob

ab
.t
ra
ct
og

ra
ph

y
G
ra
ph

th
eo

ry

N
o
di
ffe
re
nc
e
in

FC
or

br
ai
n
ne

tw
or
k

to
po

lo
gy

M
od

er
at
e

(6
)

[4
3]

36
C
SV
D

31
H
C

Fa
ze
ka
s
≥
2

M
M
SE

H
C
28
.4
±
1.
8

C
SV
D
26
.4
±

3.
7

Si
em

en
s
Ve
rio

,3
T,
12
-

ch
an
ne

lh
ea
d
co
il

TR
20
00

m
s,
TE

25
m
s

64
×
64

×
[z
]

3.
75

×
3.
75

×
4
m
m

3

[v
ol
um

es
],
[e
ye
s]

D
PA

RS
F,
SP
M

8
C
on

fo
un

d
re
gr
es
si
on

-
6
he

ad
m
ot
io
ns

pa
ra
m
s

-
G
SR
:g

lo
ba
l,
W
M
,

C
SF

M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

A
A
L
90

Pe
ar
so
n
co
rr
el
at
io
n

G
ra
ph

th
eo

ry
N
BS

↓
G
lo
ba
lF
C

↑
C
ha
ra
ct
er
is
tic

pa
th

le
ng

th
↓
G
lo
ba
le
ffi
ci
en

cy

H
ig
h
(0
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 7 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

(C
on

tin
ue
d)

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

H
ea
lth

y
co
nt
ro
ls
an
d
pa
tie
nt
s
w
ith

C
SV
D
w
ith

m
an
da
to
ry

co
gn

iti
ve

im
pa
irm

en
t

[4
4]

26
sv
M
C
I

28
H
C

W
ah
lu
nd

≥
2

±
la
cu
ne

s
Su
bj
ec
tiv
e

co
m
pl
ai
nt
s

M
M
SE

25
.7
±

2.
7

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

40
m
s

64
×
64

×
28

4
×
4
×
5
m
m

3

23
9
vo
lu
m
es

ey
es

cl
os
ed

SP
M

5
C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d
-
6
m
ot
io
n
pr
of
ile
s

-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

3
m
m
/3
°

A
LF
F,
SC

A
,F
C
de

ns
ity

Pe
ar
so
n
co
rr
el
at
io
n

(o
nl
y
po

si
tiv
e)

↓
A
LF
F
in

bi
la
te
ra
lm

ed
ia
lP

FC
↑
A
LF
F
in

rig
ht

PC
C
,p

re
cu
ne

us
,r
ig
ht

hi
pp

oc
am

pu
s,
rig

ht
th
al
am

us
↓
FC

in
D
M
N
(P
C
C
/p
re
cu
ne

us
,m

ed
ia
l

PF
C
,s
up

.f
ro
nt
al
gy
ru
s,
in
f.
pa
rie
ta
ll
ob

ul
e

an
d
hi
pp

oc
am

pu
s)
an
d
in
fe
rio

r/
m
id
dl
e

fro
nt
al
gy
ru
s

H
ig
h
(2
)

[4
5]

21
sv
M
C
I

26
H
C

W
ah
lu
nd

≥
2

±
la
cu
ne

s
Su
bj
ec
tiv
e

co
m
pl
ai
nt
s

M
M
SE

25
.5
±

2.
7

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

40
m
s

64
×
64

×
28

4
×
4
×
5
m
m

3

23
9
vo
lu
m
es

ey
es

cl
os
ed

SP
M

5
an
d
8,
RE
ST
,

D
A
RT
EL

C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d
-
6
m
ot
io
n
pr
of
ile
s

-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

3
m
m
/3
°

-
Vo

lu
m
e
ce
ns
or
in
g

(F
D
>
0.
3
m
m
,<

3
m
in
)

H
-1
02
4
pa
rc
el
la
tio

n
Pe
ar
so
n
co
rr
el
at
io
n

G
ra
ph

th
eo

ry

↑
C
ha
ra
ct
er
is
tic

pa
th

le
ng

th
,↑

m
od

ul
ar
ity

↑
W
ith

in
-m

od
ul
e
de

gr
ee

in
th
e
m
ed

ia
l

PF
C
,l
ef
t
in
su
la
,a
nd

cu
ne

us
↓
W
ith

in
-m

od
ul
e
de

gr
ee

in
th
e
m
id
dl
e

ci
ng

ul
at
e
gy
ru
s

↑
Pa
rt
ic
ip
at
io
n
co
ef
fic
ie
nt

in
th
e
le
ft

in
fe
rio

r/
su
pe

rio
r
pa
rie
ta
lc
or
te
x

H
ig
h
(1
)

[4
6]

37
Pi
B+

A
D

37
Pi
B−

SV
aD

13
m
ix
ed

de
m
en

tia
65

H
C

Fa
ze
ka
s
(s
ev
er
e)

M
M
SE

Pi
B+

A
D
,

18
.1
±
4.
2

Pi
B−

SV
aD

,
21
.5
±
4.
3

M
D
,1
7.
9
±
4.
9

H
C
,2
8.
9
±
1.
2

Ph
ili
ps

A
ch
ie
va
,3

T,
8-

ch
an
ne

lh
ea
d
co
il

TR
30
00

m
s,
TE

35
m
s

[m
at
rix
],
1.
7
×
1.
7
×
4
m
m

3

10
0
vo
lu
m
es
,e
ye
s
op

en

A
FN

I
D
es
pi
ki
ng

[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
M
ax

FD
>
0.
3
m
m

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

IC
A
to

de
fin
e
D
M
N
an
d

FP
C
N

W
-s
co
re

m
ap
s

↓
FC

in
D
M
N
in

th
e
le
ft
su
pe

rio
r
fro

nt
al

gy
ru
s

↓
FC

in
FP
C
N
in

th
e
le
ft
in
su
la

M
od

er
at
e

(5
)

[4
7]

32
C
SV
D
-C
I

23
H
C

Fa
ze
ka
s
2–
3

±
la
cu
ne

s
M
M
SE

23
.8
±

2.
7

G
E
Si
gn

a,
3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
[]

3.
75

×
3.
75

×
4.
6
m
m

3

24
0
vo
lu
m
es

ey
es

cl
os
ed

SP
M

8,
D
PA

RS
F,

C
O
N
N

C
on

fo
un

d
re
gr
es
si
on

-
co
m
pC

or
-
G
SR
:g

lo
ba
ls
ig
na
l

[M
ot
io
n
sc
ru
bb

in
g]

M
ed

ia
lP

FC
an
d

th
al
am

us
fro

m
ex
t.

te
m
pl
at
e

SC
A

Pe
ar
so
n
co
rr
el
at
io
n

↓
FC

be
tw

ee
n
th
e
le
ft
th
al
am

us
an
d

rig
ht

su
p.

te
m
po

ra
lg

yr
us
,l
ef
t
su
p.

fro
nt
al
gy
ru
s,
le
ft
an
d
pu

ta
m
en

↓
FC

be
tw

ee
n
th
e
rig

ht
th
al
am

us
an
d

le
ft
in
fe
rio

r
te
m
po

ra
lg

yr
us

↑
FC

be
tw

ee
n
th
e
bi
la
te
ra
lt
ha
la
m
us

an
d

rig
ht

in
fe
rio

r/
m
id
dl
e
fro

nt
al
gy
ri

↓
FC

be
tw

ee
n
th
e
m
ed

.P
FC

an
d
bi
la
te
ra
l

SM
A
,t
ha
la
m
us
,l
ef
t
su
p.

fro
nt
al
gy
ru
s,

A
C
C,

su
p.

pa
rie
ta
ll
ob

e,
an
d
hi
pp

oc
am

pu
s

H
ig
h
(2
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 8 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

(C
on

tin
ue
d)

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

[4
8]

14
C
SV
D
-C
N

27
C
SV
D
-M

C
I

12
SV
aD

30
H
C

Fa
ze
ka
s
(c
ut
-o
ff

no
t
sp
ec
ifi
ed

)
M
M
SE

C
SV
D
-C
N

29
.1
±
1.
0

C
SV
D
-M

C
I

27
.2
±
2.
4

SV
aD

23
.3
±

3.
4

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
32
,4

×
4
×
3.
7
m
m

3

[v
ol
um

es
],
ey
es

cl
os
ed

SP
M

8
[C
on

fo
un

d
re
gr
es
si
on

]
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

IC
A
to

de
fin
e
D
M
N
,S
N
,

FP
C
N

SC
A
fro

m
th
e
rig

ht
fro

nt
o-
in
su
la
r
co
rt
ex

↓
FC

be
tw

ee
n
SN

-D
M
N

↑
FC

be
tw

ee
n
SN

-F
PC

N
an
d
w
ith

in
SN

H
ig
h
(3
)

[4
9]

36
C
SV
D

50
A
D

55
H
C

W
M
H
vo
lu
m
e

sv
M
C
I2
2.
6
±
6.
1

m
l

SV
aD

44
.8
±

10
.1
m
l

La
cu
ne
s

sv
M
C
I6
.5
±
7.
5

SV
aD

7.
4
±
7.
2

M
ic
ro
bl
ee
ds

sv
M
C
I1
3.
4
±

18
.7

SV
aD

26
.0
±
49
.2

M
M
SE

sv
M
C
I2
5.
4
±

3.
7

SV
aD

17
.4
±

4.
2

Si
em

en
s,
3
T

TR
30
00

m
s,
TE

35
m
s

[m
at
rix
]

3.
4
×
3.
4
×
3.
4
m
m

3

20
0
vo
lu
m
es

[e
ye
s]

SP
M

12
N
o
sm

oo
th
in
g

C
on

fo
un

d
re
gr
es
si
on

-
M
ot
io
n
pa
ra
m
et
er
s

-
Li
ne

ar
tr
en

d
-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
Vo

lu
m
e
ce
ns
or
in
g

(F
D
>
1
m
m
,>

30
%
)

Sc
ha
ef
er

40
0
at
la
s

Pe
ar
so
n
co
rr
el
at
io
n

A
V1
45
1
ta
u-
PE
T

FC
↗
ta
u
co
va
ria
nc
e,
no

as
so
ci
at
io
ns

w
ith

W
M
H

M
od

er
at
e

(7
)

[5
0]

25
C
SV
D
-C
N

24
C
SV
D
-M

C
I

36
H
C

Fa
ze
ka
s
≥
2

±
la
cu
ne

s
W
M
H

C
N
3.
0
(0
.7
6,

4.
0)

m
l

M
C
I4
.8
(0
.7
6,

5.
6)

m
l

M
M
SE

C
N
28
.4
±
1.
3

M
C
I2
7.
8
±
2.
1

M
oC

A
C
N
26
.1
±
0.
5

M
C
I2
1.
4
±
0.
5

Ph
ili
ps
,3

T
TR

20
00

m
s,
TE

30
m
s

64
×
64

×
35

3.
75

×
3.
75

×
4
m
m

3

23
0
vo
lu
m
es

ey
es

cl
os
ed

G
RE
TN

A
v2
.0
,S
PM

8
C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
tr
en

d,
24
p

-
G
SR
:G

S,
W
M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

H
-1
02
4
pa
rc
el
la
tio

n
Pe
ar
so
n
co
rr
el
at
io
n

G
ra
ph

th
eo

ry
to

de
fin
e

D
M
N
,F
PC

N
,S
M
N
,a
nd

VN

N
o
ro
bu

st
as
so
ci
at
io
ns

M
od

er
at
e

(4
)

[5
1]

21
C
SV
D
-C
N

20
C
SV
D
-M

C
I

25
H
C

W
M
H
vo
lu
m
e

C
N
3.
2
±
3.
0
m
l

C
I3
.4
±
4.
1
m
l

±
la
cu
ne

s

M
M
SE

C
N
28
.5
±
1.
3

M
C
I2
8.
1
±
1.
3

M
oC

A
C
N
25
.6
±
1.
9

M
C
I2
2.
2
±
2.
9

Ph
ili
ps
,3

T,
32
-c
ha
nn

el
he

ad
co
il

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
35

3.
75

×
3.
75

×
4
m
m

3

23
0
vo
lu
m
es

Ey
es

cl
os
ed

D
PA

BI
C
on

fo
un

d
re
gr
es
si
on

-
24
p

-
G
SR
:G

S,
W
M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

3
m
m
/3
°

PC
C
,d

lP
FC

,I
PS

fro
m

ex
te
rn
al
te
m
pl
at
e

SC
A
to

de
fin
e
D
M
N
,

FP
C
N
,a
nd

D
A
N

↓
FC

in
D
M
N
in

th
e
rig

ht
th
al
am

us
,

hi
pp

oc
am

pu
s,
an
d
pr
ec
un

eu
s

↑
FC

in
FP
C
N
in

th
e
rig

ht
in
f.
pa
rie
ta
l

lo
bu

le
↓
FC

be
tw

ee
n
PC

C
-F
PC

N
in

th
e
le
ft

pr
ec
en

tr
al
gy
ru
s
an
d
bi
la
te
ra
lm

id
dl
e

ci
ng

ul
at
e
gy
ri

↓
FC

be
tw

ee
n
PC

C
-D
A
N
in

th
e
bi
la
te
ra
l

pa
ra
ce
nt
ra
ll
ob

ul
e
an
d
pr
ec
un

eu
s

↓
FC

be
tw

ee
n
PC

C
-D
A
N
in

th
e
bi
la
te
ra
l

PC
C
an
d
rig

ht
pr
ec
un

eu
s

M
od

er
at
e

(6
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 9 of 29



Ta
b
le

1
Su
m
m
ar
y
of

in
cl
ud

ed
ar
tic
le
s
an
al
ys
in
g
re
st
in
g-
st
at
e
fu
nc
tio

na
lc
on

ne
ct
iv
ity

in
pa
tie
nt
s
w
ith

m
an
ife
st
ce
re
br
al
sm

al
lv
es
se
ld

is
ea
se

(C
SV
D
).
W
e
re
po

rt
im

ag
in
g
an
d

cl
in
ic
al
ch
ar
ac
te
ris
tic
s
of

pa
tie
nt
s
in
cl
ud

ed
in

ea
ch

st
ud

y,
ke
y
st
ep

s
in

th
e
ac
qu

is
iti
on

an
d
pr
e-
pr
oc
es
si
ng

of
BO

LD
da
ta
,a
na
ly
si
s
of

fu
nc
tio

na
lc
on

ne
ct
iv
ity
,a
nd

FC
pa
tt
er
ns

fo
un

d
to

be
as
so
ci
at
ed

w
ith

C
SV
D
.D

es
cr
ip
tiv
e
st
at
is
tic
s
as

ex
tr
ac
te
d
fro

m
ar
tic
le
s
ar
e
re
po

rt
ed

as
m
ea
n
±
st
an
da
rd

de
vi
at
io
n.

M
is
si
ng

in
fo
rm

at
io
n
is
in
di
ct
ed

by
em

pt
y
br
ac
ke
ts
([]
).

A
rr
ow

s
in
di
ca
te

in
cr
ea
se
d
(↑
)
or

re
du

ce
d
(↓
)
va
lu
es
,a
s
w
el
la
s
po

si
tiv
e
(↗
)a

nd
ne

ga
tiv
e
(↘
)
as
so
ci
at
io
ns

(C
on

tin
ue
d)

Re
fe
re
nc

e
Pa

rt
ic
ip
an

ts
C
ha

ra
ct
er
is
ti
cs

of
p
at
ie
nt
s

w
it
h
C
SV

D
M
RI

ac
q
ui
si
ti
on

p
ar
am

s
B
O
LD

p
re
-

p
ro
ce
ss
in
g

FC
an

al
ys
is

FC
p
at
te
rn
s
as
so
ci
at
ed

w
it
h
C
SV

D
Ri
sk

of
b
ia
s

(A
X
IS
)

N
eu

ro
im

ag
in
g

C
og

ni
ti
on

[5
2]

14
C
SV
D
+
TH

A
LA

C
27

C
SV
D
−
TH

A
LA

C
34

H
C

Fa
ze
ka
s
3–
6

La
cu
ne
s

LA
C
+
,5
.6
±
3.
9

LA
C
−
,2
.0
±
1.
4

M
M
SE

LA
C
+
,2
6.
3
±

2.
8

LA
C
−
,2
8.
1
±

2.
0

G
E
D
is
co
ve
ry
,3

T
TR

20
00

m
s,
TE

35
m
s

64
×
64

×
36

3.
4
×
3.
4
×
4
m
m

3

21
0
vo
lu
m
es

ey
es

cl
os
ed

SP
M

8
C
on

fo
un

d
re
gr
es
si
on

-
6
m
ot
io
n

pa
ra
m
et
er
s

-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

2
m
m
/2
°

A
A
L
90

Pe
ar
so
n
co
rr
el
at
io
n

G
ra
ph

th
eo

ry
,

N
et
w
or
k-
ba
se
d
st
at
is
tic
s

↓
FC

in
pa
ra
-/
lim

bi
c
an
d
su
bc
or
tic
al

re
gi
on

s
M
od

er
at
e

(5
)

[5
3]

32
C
SV
D
-M

C
I

20
SV
aD

35
H
C

Fa
ze
ka
s
≥
1

M
M
SE

M
C
I2
5.
5
±
1.
8

SV
aD

22
.0
±

2.
0

M
oC

A
M
C
I2
2.
2
±
1.

SV
aD

17
.4
±

2.
9

Si
em

en
s
Ve
rio

,3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
32

4
×
4
×
4.
2
m
m

3

24
0
vo
lu
m
es

ey
es

cl
os
ed

D
PA

RS
F

C
on

fo
un

d
re
gr
es
si
on

-
Li
ne

ar
/q
ua
dr
at
ic
,

24
p

-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

3
m
m
/3
°

A
A
L
at
la
s

Pe
ar
so
n
co
rr
el
at
io
n

G
ra
ph

th
eo

ry

↓
G
lo
ba
lF
C

↓
Sm

al
l-w

or
ld
ne

ss
M
od

er
at
e

(4
)

[5
4]

20
LA

-V
A
D

32
LA

-V
C
IN
D

35
H
C

N
ot

re
po

rt
ed

M
M
SE

H
C
29
.4
±
1.
1

LA
-V
C
IN
D

27
.9
±
1.
8

LA
-V
aD

23
.0
±

3.
8

M
oC

A
H
C
26
.0
±
2.
5

LA
-V
C
IN
D

25
.8
±
2.
0

LA
-V
aD

23
.2
±

2.
8

Si
em

en
s,
3
T

TR
20
00

m
s,
TE

30
m
s

64
×
64

×
20

4
×
4
×
6
m
m

25
0
vo
lu
m
es

ey
es

cl
os
ed

D
PA

RS
F

C
on

fo
un

d
re
gr
es
si
on

-
24
p

-
G
SR
:W

M
,C

SF
M
ot
io
n
sc
ru
bb

in
g

-
H
ea
d
m
ov
em

en
t
>

3
m
m
/3
°

G
ro
up

IC
A
(G
IF
T)

G
ra
ng

er
ca
us
al
ity

U
nc
le
ar
;t
ex
t
an
d
fig

ur
es

no
t
co
ns
is
te
nt

H
ig
h
(2
)

Schulz et al. BMC Medicine          (2021) 19:103 Page 10 of 29



Functional MRI acquisition and pre-processing
Magnetic resonance imaging was performed on scanners
from a variety of vendors (Siemens, Philips, GE), usually
at 3 Tesla. The use of specialised receiver head coils,
multi-band, or multi-echo techniques was rarely re-
ported. Repetition time (TR) and echo time (TE) were
predominantly set at 2000 ms and 30 ms, respectively,
with exceptional values ranging from 700 to 4500 ms
and 13 to 84 ms, respectively. Reconstructed voxel sizes
in the BOLD scans varied in the range [1.7–4] × [1.7–
4] × [2–6] mm3, arranged in a three-dimensional matrix
of dimensions varying in the range [64–128] × [64–
128] × [20–64]. The number of acquired BOLD volumes
varied between 100 and 700 (median 230, IQR 180–
240). Participants were asked to keep their eyes open in
12 and closed in 20 of the reviewed studies; 12 articles
provided no information. Description of functional MRI
acquisition parameters was incomplete in 26 of the 44
analysed studies (61%); methods were judged as not-
repeatable in these cases (AXIS item 11). Hemodynamic
lags were not considered.
Pre-processing steps common to most studies in-

cluded slice-time correction; realignment to a reference
volume to correct for head motion; normalisation to a
template space (usually MNI EPI [64]) including resam-
pling; temporal band-pass filtering (lower end 0.005–
0.01 Hz; upper end 0.08–0.15 Hz); and smoothing with a
Gaussian filter of full-width at half maximum (FWHM)
between 4 and 8mm.
Confound regression and motion scrubbing were per-

formed and reported less uniformly, as detailed in Ta-
bles 1 and 2. Specifically, global signal regression (GSR),
that is orthogonalisation of voxel-wise timeseries with
respect to the average BOLD signals from the white and
grey matter, or the whole brain, was undertaken in 27/
44 studies. Twenty-five studies employed subject-wise
censoring in which participants were excluded from fur-
ther analysis if the maximum or average head translation
or rotation during the scan exceeded a certain threshold
ranging from 0.5 to 3 mm translation and 0.5 to 3° rota-
tion. Ten studies performed volume censoring according
to a framewise displacement (FD) or framewise transla-
tion/rotation cut-off, excluding participants with too few
remaining uncontaminated volumes [31, 49]. Two stud-
ies used spike regression [39, 65].

Connectivity analysis
The majority of studies investigated large-scale func-
tional connectivity between remote brain areas, choosing
full or partial temporal correlations between the BOLD
time courses as a measure of connectivity. Regions of
interest were defined a priori using external brain
parcellations in 16 cases. Twenty-seven studies used a
data-driven approach such as independent component

analysis (ICA), seed-based connectivity analysis (SCA),
or local BOLD activity (amplitudes of low-frequency
fluctuations [ALFF]) to define regions of interest for fur-
ther analysis. Many authors interpreted alterations in
functional connectivity in the context of a small number
of large-scale resting-state brain networks (RSNs), in
particular the default mode (DMN) and frontoparietal
control (FPCN) networks, but also the dorsal attention
(DAN) and salience (SN) networks [22]. Eight reports
used graph theoretical approaches, including global net-
work parameters such as efficiency and clustering coeffi-
cient [31, 42, 43, 52, 53]; analysis of modularity
structures [45, 50]; and self-referential quantification of
region-specific centrality [35] to summarise the patterns
of connectivity between multiple regions and to thus re-
flect global organisational principles of the brain
networks.
Three studies investigated short-range connectivity

[38, 66, 67], using regional homogeneity (ReHo) to
quantify the similarity between BOLD signals as a
marker of local connectivity [68].
The main findings of individual studies with respect to

alterations in resting-state functional connectivity in the
context of cerebral small vessel disease are summarised
in Table 1. Patterns of altered connectivity were
expressed either in comparison to healthy controls or
along a gradient of increasing severity of CSVD imaging
markers. For clinically or radiologically manifest CSVD,
reduced functional connectivity dominated the findings
on a global scale [43, 45, 53]. Within resting-state net-
works, lower functional coupling was repeatedly re-
ported between components of the default mode
network [28, 35, 44, 46, 47, 51], which is further sup-
ported by the co-occurrence of reduced DMN connect-
ivity and increased WMH burden in patients with non-
vascular cognitive impairment [62]. Within the FPCN,
reduced connectivity was found in the left insula [46],
whereas the right inferior parietal cortex appeared to be
more strongly coupled to the rest of this network [51].
The average coupling between the DMN and FPCN was
found to be reduced in patients with CSVD [51], even
though a small number of inter-network edges showed
increased connectivity [39]. The connectivity of the
DAN was altered in relation to other networks with in-
creased coupling to the FPCN and reduced coupling to
the posterior DMN [39, 51]. The same pattern of altered
inter-network connectivity was reported for the salience
network [48]; intrinsic connectivity in the SN was in-
creased in patients with CSVD and in association with
the extent of white matter disease [83]. In healthy indi-
viduals or patients without symptomatic CSVD (Table
2), most studies did not report significant associations
between FC and WMH burden [66, 79, 82, 86, 92]. Two
studies found an association between higher FC,
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especially in occipital and frontal areas, and WMH bur-
den [87, 93], whereas in patients with late-life depression
the pattern was more similar to the one seen in patients
with CSVD [69, 71].

Assessment of cognitive impairment
In the majority of studies, cognitive testing on partici-
pants was performed and investigated in association with
the extent of white matter disease and functional con-
nectivity. In addition to scales covering the global level
of cognitive functions and deficits (MMSE, MoCA, and
CDR), impairments in specific cognitive domains were
quantified by sub-scores of these global scales or specia-
lised neuropsychological test batteries, operationalising,
in particular, executive function, processing speed, and
memory. Table 3 summarises key findings of individual
studies in these different domains. Most studies were
able to confirm known associations between CSVD and
cognitive impairment on the one hand, and, albeit less
robustly, between functional connectivity and cognitive
impairment on the other hand. Only few articles, how-
ever, addressed the question of how structural white
matter damage and functional connectivity interact to
affect cognition. In one analysis of 127 clinically healthy
participants of the Harvard Ageing Brain Study, it was
shown that the extent of WMH-associated decoupling of
structural and functional connectivity in the default
mode network correlated with both executive function
and memory [81]. Moreover, in a combined analysis of
140 healthy participants and 90 patients with both vas-
cular and non-vascular cognitive impairment, the au-
thors demonstrated that the association of higher WMH
load with poorer executive function and memory scores
was moderated by global functional connectivity in the
FPCN and by local FC in the salience network [65].

Risk of bias and confounding
Risk of bias was assessed using the AXIS tool for all 24
studies recruiting patients with clinical CSVD. We did
not formally assess the risk of bias in studies reporting
results on FC and WMH in the context of conditions
different from vascular cognitive impairment or in longi-
tudinal studies. According to the AXIS tool, all studies
thus assessed had an at least moderate risk of bias (10/
24 moderate, 14/24 high). The distribution of assess-
ments of individual quality items of the tool is depicted
in Fig. 2 a. The overall aim or objective of the study
(Item 1) was deemed unclear in 14 studies, often because
of a lack of distinctions between exploratory and con-
firmatory, and causal and correlational approaches. In 9
cases, where aims included the inference of causal effects
or were too broad to be assessed, a cross-sectional de-
sign was judged as inappropriate (Item 2). The sample
size was not satisfactorily justified in any study. The

reference population (Item 4) was mostly adequately
specified as patients with CSVD, qualified by lists of in-
clusion and exclusion criteria. In five studies, the defin-
ition of the target population was unclear or
contradictory. All but one article reported results from
single-centre studies that recruited a convenience sam-
ple from a clinical setting; in these cases, the sample
frame (Item 5) was judged as inappropriate and the se-
lection process (Item 6) as non-representative. The ex-
ceptions were an analysis of a formal clinical register
[84, 99]. No article addressed non-responders. Risk fac-
tors and outcomes (Item 7) were mostly valid (see
above); exceptions included one unvalidated method to
quantify WMH load [87] and the use of global graph pa-
rameters such as efficiency and path length. Reliability of
outcome measures (Item 9) was generally judged to be
low given the poor reproducibility of FC estimates in the
context of CSVD, except for studies who explicitly esti-
mated reliability as part of the study design [31, 42].
There were two main problems with the statistical
methods used: firstly, confusion of exploratory and con-
firmatory approaches (cf. Item 1) led to a lack of clearly
specified hypotheses and thus to inappropriately con-
trolled type-I error rates in the case of multiple testing;
secondly, many papers employed multi-scale approaches,
in which results from the first, often global, analyses in-
formed hypotheses tested in later, often more local, ana-
lyses. It is known that this method can inflate the rate of
false-positive findings if the entire analysis pipeline is
not accounted for properly, for example in a bootstrap
loop [100]. The quality of the description of methods
varied considerably. No article provided links to the pro-
gram code used in the analysis, but this was not required
to satisfy Item 12. Specific shortcoming included incom-
plete reporting of MRI acquisition parameters, lack of
description of structural image pre-processing, and lack
of detail in the description of statistical methods, such as
choice of covariates, method to determine of p-values,
or correction for multiple testing. The distribution of ag-
gregate AXIS scores is shown in Fig. 2b. Given that none
of the included studies had a low risk of bias or was pre-
registered, the overall risk of bias in the reviewed litera-
ture seems high.
Cardiovascular risk factors such as age, hypertension,

diabetes mellitus, and dyslipidaemia are known to be as-
sociated with imaging markers of CSVD [101]. They also
affect cerebrovascular reactivity and the circulatory auto-
regulation in response to neuronal activity (neurovascu-
lar coupling) [29] and are thus potential confounders of
the relation between WMH and BOLD-derived func-
tional connectivity. Similarly, vasoactive medications, in
particular antihypertensives, which are commonly pre-
scribed to patients with CSVD as well as substances like
nicotine or caffeine may alter neurovascular coupling
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Table 3 Summary of reported associations between altered FC patterns in CSVD and cognitive ability. Arrows indicate positive (↗)
and negative (↘) associations

Cognitive
domain

Reference Instruments

General [47] – MMSE ↗ FC between the left thalamus–left orbitofrontal
lobe

[38] – MMSE ↗ ReHo in the right angular gyrus and precuneus
MoCA ↗ ReHo in the bilateral angular gyrus, the right
precuneus, medial/dorsolateral PFC, and supplementary
motor area

[39] – MMSE ↗ FC right precentral–right calcarine fissure, left
posterior inferior parietal lobe–left Heschl, right posterior
inferior parietal lobe–right dorsolateral PFC
MMSE ↘ FC right posterior inferior parietal lobe–left Heschl,
left intraparietal sulcus–right superior temporal gyrus
MoCA ↗ FC right posterior inferior parietal lobe–right
anterior PFC, right posterior inferior parietal lobe–right
dorsolateral PFC
MoCA ↘ FC right posterior inferior parietal lobe–left Heschl,
left intraparietal sulcus–right superior temporal gyrus

[53] – MoCA ↗ small-worldness

[33] – MMSE ↘ parieto-occipital FC in patients with confluent WMH

Executive
function

[35] CERAD battery [96] Phonemic fluency ↗ FC in bilateral sup. parietal lobe, SMA,
premotor cortex, MCC, and posterior superior frontal sulcus
RTStroop, neutral ↘ FC in the bilateral premotor cortex, superior
frontal sulcus, left inferior frontal sulcus, left SMA, left middle
temporal sulcus, and right MCC
RTStroop, neutral ↗ FC in the inferior parietal lobe and
cerebellar lobules Crus II, VIIb, and VIII
RTTMT-A ↘ FC in the bilateral premotor cortex, left posterior
middle frontal gyrus, left inferior frontal sulcus, right superior
parietal lobe, and left SMA
RTStroop, incongruent ↘ FC in the left premotor cortex/posterior
middle frontal gyrus
RTStroop, incongruent ↗ FC in the cerebellar regions VI, Crus I,
and Crus II

[81] Letter/category fluency, letter-number sequencing of the
WAIS-III, Digit Span Backward of the WAIS revised (WAIS-R),
Self-Ordered Pointing task, mod. Flanker task, and TMT A/B
Confirmatory factor analysis [97]

Executive function ↗ FC-SC decoupling in DMN

[36] Visuospatial/executive sub-score of MoCA Executive function ↗ FC in the right cingulate motor area

[83] Stroop test Time interference index ↗ FC in anterior DMN and SN

[65] TMT A/B, Stroop test
Latent variables

Association (executive function ↘ WMH) attenuated in
patients with high global FC in FPCN
Associations (executive function ↘ WMH) and (memory ↘
WMH attenuated) in patients with high local FC in SN

[51] TMT-A/B, Stroop test RTTMT-A ↘ FC in FPCN in the right inferior parietal lobule
RTTMT-A ↘ FC between the dorsolateral PFC and DMN
between bilateral PCC and right precuneus

[43] Semantic similarity test
Stroop test

Mean FC ↗ similarity index
Stroop C score ↗ path length, ↘ global efficiency

Memory [45] Auditory Verbal Learning Test [AVLT] [98] Delayed recall ↘ participation coefficient left superior parietal
lobule
Recognition ↘ characteristic path length

[65] AVLT, structural equation modelling Memory ↗ WML*global FC

[52] AVLT FC ↘ long recall between right olfactory–right rectus; ↘
short recall between right olfactory–left pallidum
FC ↗ RTTMT-A between right olfactory–left pallidum
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[102]. Despite this, reporting of and adjustment for co-
morbidities and medication was poor in the reviewed
studies. While information on the demographic variables
age and sex was provided in all reviewed articles, only
about half reported results of analyses adjusted for these
factors. Nine articles gave details on cardiovascular risk
factors, yet none attempted to control for their potential
confounding effect. Effects of prescribed medication or
caffeine intake were not considered.

Discussion
For this systematic review, we identified 44 articles pub-
lished in the previous 10 years reporting on MRI-derived
resting-state functional brain connectivity in patients
with white matter hyperintensities of presumed vascular
origin as a marker of cerebral small vessel disease. Based
on patient characteristics and research objective, studies
could be divided into three groups: (1) group compari-
sons of patients with clinically and/or radiologically
manifest CSVD, often involving a control group of
healthy participants or patients with CSVD at different
levels of cognitive impairment; (2) cohort studies of clin-
ically healthy individuals in which white matter hyperin-
tensities are reported as one of several parameters, often
with the aim of characterising structure–function rela-
tionships or patterns of brain ageing; (3) investigations
of resting-state connectivity in clinical conditions not
primarily related to vascular pathology, in which

measures of white matter disease were reported as
covariates.
The overall median sample size of included studies

was 68. There was a stark contrast in sample size be-
tween studies of patients with symptomatic CSVD (me-
dian 58, IQR 46–84, n = 24) and studies of clinically
healthy participants (median 145, IQR 73–293, n = 12).
Samples in studies focusing on non-vascular clinical
conditions were of intermediate size (median 73, IQR
55–95, n = 8). These differences might be due to in-
creased complexities associated with recruiting patients
in a clinical context or the fact that some of the larger
studies used data from comprehensive population-based
research efforts, such as the Rotterdam Study [84, 103],
the Harvard Brain Ageing Study [81, 82, 104], or the UK
Biobank [93, 105].

Operationalisation of CSVD is study-context dependent
In addition to sample size, groups of studies also differed
in their approaches to quantifying the severity of white
matter disease. Clinically focused studies tended to rely
on validated rating scales, such as the Fazekas or Wah-
lund scale, which assign an ordinal score based on the
extent and distribution of white matter hyperintensities
on T2-weighted MR imaging. A minority of studies con-
sidered the presence of lacunar infarcts as an additional
marker for CSVD. The population-based studies of
healthy participants, on the other hand, employed the

Fig. 2 Assessment of risk of bias of 24 reviewed articles using the Appraisal tool for Cross-Sectional Studies (AXIS). a Distribution of per-item
scores, indicating, for each item, the number of articles satisfying its definition. A detailed description of AXIS items and shortcomings of
individual articles is presented in Additional file 1: Tables S1 and S2. b Distribution of aggregate AXIS scores computed as the number of items
satisfied by any given reviewed article. Trichotomisation of the theoretical range 0–11 leads to the risk of bias being judged as high (0–3),
moderate (4–7), or low (8–11)
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cumulative volume of WMH as a continuous measure of
disease burden. Numerical lesion load has the advantage
of providing better resolution of inter-individual differ-
ences in groups of mildly affected participants; in
addition, it can be determined reasonably reliably using
automatic or semi-automatic image processing methods,
although some degree of manual post-processing was
usually done in the studies reviewed here [106]. Brain at-
rophy as a structural marker of both CSVD and neuro-
degenerative disease is known to be associated with
changes in intrinsic brain connectivity [107]; it was in-
cluded in many of the population-based studies using ei-
ther the total intracranial volume to normalise observed
WMH loads or region-specific grey matter volume, such
as can be obtained from voxel-based morphometry
(VBM) or cortical thickness measurements. Although
methods have been developed to segment perivascular
spaces (PVS) and cerebral microbleeds in an automated
fashion [108–114], none of the reviewed articles utilised
enlarged PVS, and only one used microbleeds [49] as a
marker of CSVD.
The variety of qualitative and quantitative analysis

methods reflects the clinical heterogeneity of study pop-
ulations comprising patients with CSVD at different
stages of the disease. An attempt at standardising the as-
sessment and reporting of imaging markers of CSVD
was made in the STandards for ReportIng Vascular
changes on nEuroimaging (STRIVE) position paper [6].
However, despite being published in 2013, the defini-
tions and recommendations outlined in the STRIVE
were referenced in only six of the 33 reviewed papers
published after 2013 [31, 50–52, 62, 108].

Functional connectivity methods reflect clinical
heterogeneity
The analysis of recorded BOLD signals has not been
standardised, with a broad variety of coupling measures
and dimensionality reduction techniques being at the
disposal of the researcher [20]. All reviewed studies used
Pearson’s correlation coefficient to quantify the syn-
chrony between BOLD time series in different parts of
the brain. No clear distinction between full and partial
correlations was often made, thus making the interpret-
ation of direct or indirect connectivities difficult [115].
Similarly, the handling and interpretation of negative
correlations was rarely reported or discussed [116–118].
None of the included articles attempted to estimate di-
rected [119–121] or time-varying functional connectivi-
ties [122–124], or to quantify patterns of synchronous
activity involving more than two regions [125, 126].
Analytical approaches included whole-brain analyses
(eigenvector centrality, connectivity density); the investi-
gation of functional connectivities between region of in-
terests, often components of well-defined intrinsic

resting-state networks, which were either derived from
the data themselves (independent component analysis)
or specified a priori by an external brain parcellation;
and combinations of the two (seed-based correlation
analysis).
Brain parcellations for the region-of-interest-based

analyses were mostly based on anatomically defined at-
lases, such as the automatic anatomical labelling (AAL)
atlas [127], the Desikan–Killiany parcellation [128], or
the H-1024 random parcellation [129], which do not
take into account the functional architecture of the
brain. Only three very recent articles [31, 49, 66] used
the multimodal brain parcellations of Power [130] or
Schaefer [131], or the Brainnetome atlas [132], which
have been shown to better respect the functional organ-
isation of the brain [22]. In addition to interpreting
changes in functional connectivity directly, a few studies
attempted to summarise patterns of FC by measures of
global network organisation using graph theory. These
approaches have been instrumental in the study of com-
plex brain networks and include parameters to reflect
the notions of integration, such as efficiency or charac-
teristic path length; segregation, such as clustering coef-
ficients; or community structure, quantified by
modularity scores and participation coefficients [9, 133,
134]. With the exception of community detection, how-
ever, these network parameters have been defined only
for structural brain networks and lack validation for net-
works derived from functional connectivity [135].

Structure–function coupling shapes the impact of CSVD
The large-scale temporospatial organisation of neuronal
activity in the brain is known to be supported and con-
strained by the anatomy of axonal projections that form
structural connections between both adjacent and re-
mote brain areas [136, 137]. This coupling between
structure and function is particularly pronounced in the
default mode network [138], possibly reflecting the long
periods of time that the brain is engaged in inward-
directed thought, memory formation and retrieval, or so-
cial estimation [139]. While the structural connectome
thus contributes to maintaining stable neural activity
patterns, it also means that normal functional connectiv-
ity is vulnerable to damage to white matter pathways as
occurring in CSVD [140]. Most articles included in this
review quantified the extent of white matter damage by
using either neuroradiological rating scales or total le-
sion volume, as detailed above. Such global approaches
are, however, not able to differentiate between lesions in
functionally silent brain areas that can more easily be
compensated by rerouting information through alterna-
tive redundant pathways, and lesions in functionally crit-
ical, strategic locations, where even spatially limited
damage can be associated with substantial behavioural
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sequelae. In the context of cognition, damage to subcor-
tical nuclei and tracts with a high density of neuromodu-
latory projections such as the dorsomedial and anterior
thalamic nuclei or the anterior limb of the internal cap-
sule appears to be particularly consequential [24, 52, 87,
141]. Advanced diffusion-weighted structural imaging
modalities allow the spatial mapping of fibre tracts and
the quantification of tract-specific white matter lesion
loads [142, 143]. In combination with resting-state
BOLD imaging, this approach has been used to show
that leukoaraiosis disrupts functional connectivity in a
spatio-topological non-uniform way that is shaped by
the anatomy of the brain’s white matter scaffold [84].
The strongest association between tract-specific is-
chaemic damage and reduced FC was observed in the
fronto-occipital fasciculus, which supports connectiv-
ity between the salience and frontoparietal control
networks [144]. In addition to affecting functional
connectivity directly, ischaemic white matter disease
also seems to exert an indirect effect by modulating
the coupling between structural and functional con-
nectivity. Specifically, the association between mean
diffusivity in the cingulum bundle and functional con-
nectivity between the medial prefrontal and posterior
cingulate cortices was significantly attenuated in pa-
tients with higher WMH burden, thus contributing to
decoupling the anterior and posterior parts of the de-
fault mode network [81].
Both structural and functional connectomes share

properties of complex networks, such as the presence of
network communities, high-clustering with short path
length (small-worldness), and hierarchical organisation
[11, 145]. With cognition considered an emergent prop-
erty of distributed neuronal activity in the brain [146,
147], understanding the behavioural sequelae of CSVD
requires an understanding of how ischaemic lesions dis-
turb not only specific fibre tracts and functional connec-
tions but also the global organisation of synchronous
activity. Graph theoretical analyses have suggested that
the global topology of functional brain networks in the
presence of CSVD exhibits increased path length and
modularity and reduced small-worldness that correlated
with cognition [45, 53]. A similar effect was also ob-
served in the structural networks of patients with CSVD
and ischaemic stroke [13, 15, 148–150].
An intriguing open question is the differentiation be-

tween altered functional connectivity as a direct conse-
quence of damage to the supporting fibre tracts, and
compensatory changes. The latter are thought to con-
tribute to maintaining normal cognitive function in the
early stages of the disease [83]. Indeed, increased coup-
ling between brain areas has repeatedly been reported in
cognitively normal individual with white matter hyperin-
tensities [78, 87, 93].

Resting-state FC informs an updated disconnection
hypothesis
The association of white matter hyperintensities of pre-
sumed vascular origin with cognition has been exten-
sively described [151–153], and indeed, cognitive
impairment is one of the clinical hallmarks of manifest
cerebral small vessel disease [154]. On the other hand,
resting-state fMRI connectivity has been found useful in
extracting neural correlates of cognitive function and
mood disorders [155, 156]. Under normal physiological
circumstances, patterns of coordinated activity within
and between a small number of large-scale intrinsic
brain networks have emerged as particularly relevant
[146], including activation of the default mode network
in brain states characterised by self-referential thought
or rest that is anti-correlated with activation of the dor-
sal attention network; deactivation of the default mode
network during focused attention on external stimuli
[157]; and a modulating role of a frontoparietal control
network with increased connectivity to the DMN as a
correlate of working memory performance [158, 159].
Building upon these ‘cornerstones’ of functional con-
nectivity under normal physiological circumstances, a
disconnection hypothesis has been developed that postu-
lates reduced DMN and FPCN connectivity, decoupling
of neuronal activity along the anterior–posterior axis,
and functional disconnection of the prefrontal cortex as
neuronal correlates of cognitive impairment in CSVD
[24]. This model is supported by several recent studies
that reported decreased functional connectivity between
the medial PFC and posterior components of the DMN
in patients with CSVD [28, 44, 47], and observed an as-
sociation with reaction times in the Stroop test [35]. A
behaviorally relevant dissociation in functional resting-
state fMRI activity and local connectivity was found be-
tween the anterior and posterior parts of the DMN with
lower ReHo and ALFF values in the medial PFC and
higher values in the precuneus and posterior cingulate
cortex in patients with CSVD compared to healthy con-
trols [38, 44]. Both increases and decreases of FC within
the FPCN and DAN as well as their coupling with the
DMN have been reported to be associated with CSVD
[39, 46, 51], but the heterogeneity of these results and
limited correlation with cognitive test scores makes it
difficult to distinguish primary effects of disconnection
from compensatory changes or sampling variability with-
out physiological relevance.
In addition to these established networks, connectivity

patterns of the salience network (SN) have recently been
investigated, with increased SN-FPCN and SN-DMN
couplings associated with small vessel disease [51]; add-
itionally, increased connectivity within the SN in patients
with CSVD was associated with worse performance in
the Stroop interference test [83]. In patients with mild
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cognitive impairment, the association between white
matter disease and executive function was attenuated in
the presence of increased local connectivity of the sali-
ence network [65]. The salience network includes the
anterior insula, the dorsal anterior cingulate cortex, and
subcortical components. Similar to the FPCN, it has a
critical role in switching activity between different brain
networks and has been implicated as a key component
in network models of neuropsychiatric disorders [160–
162]. Specifically, increased connectivity within the SN
and altered SN-DMN and SN-FPCN coupling have been
described in patients with Alzheimer’s disease and mild
cognitive impairment [163–165].
Community-dwelling adults with early CSVD often

perform normally on neuropsychological tests and only
report mild subjective cognitive deficits [166]. This pre-
clinical stage has been linked to compensatory mecha-
nisms especially in patients who benefit from a larger
cognitive reserve [167, 168]. Three recent studies pro-
vide further evidence for this hypothesis, linking in-
creased functional connectivity to frontal and temporal
areas to ischaemic white matter lesion load in cognitively
normal subjects [78, 83, 93].

Current knowledge is limited by the risk of bias,
confounding, and methodological constraints
While it is possible to extract consistent themes from
the reviewed articles that point toward physiologically
relevant patterns of altered FC in the context of CSVD
and cognitive impairment, the current literature is char-
acterised by a high degree of heterogeneity of individual
results. As discussed above, this may partly reflect vari-
ability in pre-processing and analytical approaches as
well as heterogeneity in the clinical populations under
investigation. However, given the absence of preregis-
tered reports or high-quality multi-centre studies and
the predominantly moderate-to-high risk of bias in indi-
vidual studies, it must be assumed that selective report-
ing allowed the literature to be contaminated by a
substantial number of false-positive findings, reflecting
spurious associations and group differences. In addition,
it is possible that reported results are confounded by the
presence of other age-related pathology or neurodegen-
erative comorbidities, such as Alzheimer’s disease [169],
which were considered specifically in only a small mi-
nority of studies.
Comparison and synthesis of individual study findings

is further hampered by differences in data cleaning tech-
niques, which are known to influence functional con-
nectivity estimates [170]. Two important dimensions of
BOLD pre-processing relate to removal of the global sig-
nal from the whole brain or tissue type compartments,
and handling of subjects or frames with high motion.
Global signal regression is known to be effective at

mitigating the widespread inflation of connectivity esti-
mates induced by subject motion, resulting in an ele-
vated distance-dependence of residual motion artefacts
[171]. Despite this theoretical prediction and the obser-
vation that GSR might improve associations between FC
and behavioural measures [172], the use of GSR was not
associated with specific patterns of altered connectivity
or stronger relations with cognitive measures in the
reviewed papers. Similarly, no clear effect of different
motion scrubbing strategies, i.e. the censoring of subjects
or individual volumes due to excessive average or frame-
wise displacement, could be recognised. It seems likely
that the myriad of unstandardised pre-processing
choices is contributing to the heterogeneity of published
results and that findings which have not been shown to
be robust with respect to such choices should therefore
be interpreted with great care.
Even ignoring potential biases inherent in study design

and publication practice, the study of FC in the context
of CSVD may be limited by more fundamental obstruc-
tions. One concern is that the reliability of estimating
functional connectivity may be negatively affected by the
presence of white matter lesions itself. Two of the
reviewed studies reported results from repeated mea-
surements on participants in longitudinal designs [31,
42]. Worryingly, in both cases, resting-state fMRI mea-
sures were found to be poorly reproducible, indicating a
further need to evaluate their robustness as an imaging
biomarker. In one case, this might have been a conse-
quence, in part, of using a brain parcellation that does
not respect the functional boundaries between brain
areas, which is known to be damaging to network esti-
mation [119]. However, the persistence of low reliability
measures for a range of network characteristics across
network densities and atlas resolutions, as well as the
particularly poor reproducibility of functional network
measures in patients with CSVD compared to controls,
suggests more fundamental problems beyond the choice
of parcellation. The finding of poor reproducibility of
RSNs and graph metrics in CSVD contrasts with high
reproducibility reported in healthy participants [173–
176] and patients with stable multiple sclerosis [177–
179]. It has been suggested that age and confounding
age-related pathologies could be responsible for reduced
reliability of functional connectivity estimates [180, 181];
however, specific methodological challenges arise in pa-
tients with cerebral small vessel disease as a conse-
quence of microvascular pathology, that are absent in
other conditions.
As a measure of synchronous brain activity, the inter-

pretation of BOLD-derived functional connectivity is
contingent upon an understanding of the relation be-
tween neuronal activity and local blood flow. This neu-
rovascular coupling, however, is known to be altered in
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normal ageing as well as the presence of ischaemic dis-
ease [102, 182, 183], and attributing differences in
BOLD-derived measures of connectivity to either vascu-
lar or neuronal factors is therefore challenging [184].
More specifically, white matter lesions of presumed vas-
cular origin are known to be associated with subcortical
hypoperfusion [185], possibly reflecting observed rar-
efaction of the microcirculation in a mouse genetic
model of CSVD [186]. The later stages of neurovascular
coupling involve dynamic upregulation of regional blood
flow mediated by increased CO2 concentration in areas
of increased neuronal activity [102]. This mechanism ap-
pears to be affected in the presence of CSVD as demon-
strated by a diminished cerebrovascular response to
hypercapnia in an early study involving 24 patients with
leukoaraiosis [187], and an association between WMH
load and sonographically assessed measures of pulsatility
and dynamic autoregulation in a cohort of elderly pa-
tient with cardiovascular risk factors [188]. These find-
ings are further complicated by differences in age-
related changes in cerebrovascular reactivity between
grey and white matter [189]. BOLD-derived functional
connectivity is a function of BOLD activity in remote
brain areas, and spatial variations in age- or disease-
related changes in neurovascular coupling might there-
fore affect FC estimates in unpredictable ways [190]. A
small study of 25 subjects with WMH found that while
cardiovascular risk factors are associated with cerebro-
vascular reactivity, no such association was observed for
resting-state functional connectivity in the default mode
network [29]. One potentially testable hypothesis about
the effects of impaired neurovascular coupling on func-
tional connectivity estimates derives from the observa-
tion that BOLD-derived measures of synchronous brain
activity are a composite of true coincident neuronal acti-
vation (‘signal’) and shared noise, where the latter tends
to be more dominant for short-range connections [171].
Reduced ‘signal’ strength as a consequence of a lower
vascular response would therefore be expected to result
in weaker and less precise FC estimates, especially in
long-range connections.

Limitations
While being comprehensive in our inclusion of primary
research articles from electronic databases and other
sources, we cannot exclude the possibility that additional
findings from the grey literature, such as blogs or un-
published conference abstracts, have not been covered
by this review. In order to keep the scope of the work fo-
cused, we have not included reports of task-based con-
nectivity or resting-state connectivity derived from
electrophysiological recordings. Findings obtained using
these alternative paradigms and modalities might lend
further support to the themes of disturbed connectivity

patterns outlined above. This review attempted a quali-
tative synthesis of the recent literature; the heterogeneity
of study designs and populations did not permit the
extraction and quantitative analysis of numerical effect
estimates beyond sample size and age of participants.
From a meta-analytical perspective, it can be noted,
however, that all studies of patients with clinically mani-
fest CSVD report significant FC alterations, while that is
the case for only 30% of the population-based studies
despite larger sample sizes. This discrepancy could
reflect larger effect sizes in clinically preselected patients
or indicate selective reporting in the sense of publication
bias [191].
For conciseness, we have concentrated our attention

on cognitive impairment as one of the main clinical se-
quelae of CSVD. Associations of altered patterns of
functional connectivity with depressive symptoms, ap-
athy, or gait imbalance were rarely reported and have
not systemically been explored here. As an entry point
to the recent literature, we note that abnormal func-
tional coupling has been observed as a correlate of late-
life depression in the context of the vascular depression
hypothesis [192–195]; while apathy has been investigated
using resting-state fMRI in various clinical contexts
[196–198], results on gait disorders are scarce [34, 199].
Functional connectivity does not seem to interact with
race or socio-economic status as possible contributing
factors to neurodegeneration [200].

Conclusion
The large number of recent studies investigating resting-
state fMRI connectivity in the presence of cerebral small
vessel disease reflects an active ongoing interest to
understand the interplay between structural brain dam-
age, associated changes in the spatiotemporal organisa-
tion of neural activity, and clinical sequelae. The
literature documents accumulating evidence for a net-
work disruption model underlying cognitive impairment
in CSVD that is characterised by disordered connectivity
patterns in the DMN and FPCN and a decoupling of
neuronal activity along the anterior–posterior axis, me-
diated by structural damage to long association tracts
and cortico-subcortical connections. In addition, evi-
dence is emerging that altered connectivity of the sali-
ence network might be a novel neuronal correlate of
cognitive deficits in patients with CSVD.
The synthesis of population-based studies involving

healthy participants with low white matter disease bur-
den and clinical studies recruiting patients with manifest
CSVD suggests a pattern of increased functional con-
nectivity in various frontal and temporal brain areas
consistent with compensatory upregulation at low white
matter disease burden in the early stages of the disease,
and dysfunctional patterns of functional connectivity
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among distributed brain networks in more severely af-
fected patients, possibly reflecting a break-down of com-
pensatory mechanisms as the disease progresses and
cognitive symptoms develop.
Further research is needed to address the problem

of poor reproducibility of resting-state functional
brain networks in patients with CSVD and to estab-
lish interacting effects of white matter damage of pre-
sumed vascular origin and functional reorganisation
on cognition in preregistered, sufficiently powered,
longitudinal studies. We expect particularly useful in-
sights from multimodal investigations that combine
resting-state and task functional MRI with electro-
physiological recordings or metabolic imaging to im-
prove temporal resolution and infer cellular processes
relating to pathology.
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Aging is accompanied by structural brain changes that are thought to underlie cognitive
decline and dementia. Yet little is known regarding the association between increasing
age, structural brain damage, and alterations of functional brain connectivity. The aim
of this study was to evaluate whether cortical thickness and white matter damage
as markers of age-related structural brain changes are associated with alterations
in functional connectivity in non-demented healthy middle-aged to older adults.
Therefore, we reconstructed functional connectomes from resting-state functional
magnetic resonance imaging (MRI) (rsfMRI) data of 976 subjects from the Hamburg
City Health Study, a prospective population-based study including participants aged
45–74 years from the metropolitan region Hamburg, Germany. We performed multiple
linear regressions to examine the association of age, cortical thickness, and white
matter damage quantified by the peak width of skeletonized mean diffusivity (PSMD)
from diffusion tensor imaging on whole-brain network connectivity and four predefined
resting state networks (default mode, dorsal, salience, and control network). In a second
step, we extracted subnetworks with age-related decreased functional connectivity from
these networks and conducted a mediation analysis to test whether the effect of age
on these networks is mediated by decreased cortical thickness or PSMD. We observed
an independent association of higher age with decreased functional connectivity, while
there was no significant association of functional connectivity with cortical thickness or
PSMD. Mediation analysis identified cortical thickness as a partial mediator between
age and default subnetwork connectivity and functional connectivity within the default
subnetwork as a partial mediator between age and executive cognitive function. These
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results indicate that, on a global scale, functional connectivity is not determined by
structural damage in healthy middle-aged to older adults. There is a weak association
of higher age with decreased functional connectivity which, for specific subnetworks,
appears to be mediated by cortical thickness.

Keywords: age, resting state functional MR imaging, functional connectivity, cortical atrophy, peak width of
skeletonized mean diffusivity

INTRODUCTION

Higher age is accompanied by structural brain alterations, which
are thought to give rise to functional abnormalities and decline in
cognitive function, even in individuals free of neurodegenerative
disease. Pathophysiological processes suspected to cause age-
related neurodegeneration are heterogeneous and not well
understood, ranging from proteinopathies (Noor et al., 2021)
to vascular pathology (Brown and Thore, 2011). Modern
brain magnetic resonance imaging (MRI) studies provide an
opportunity to probe in vivo for changes in structural and
functional imaging biomarkers during the aging process. Indeed,
researchers observed many neuroimaging measures of brain
structure and function that indicate deterioration during adult
aging (Hedden and Gabrieli, 2004; Walhovd et al., 2011; Grady,
2012; Chen et al., 2016) with cortical thickness, white matter
hyperintensity (WMH) load, and functional connectivity (FC)
being the most prominent parameters.

White matter damage visible by hyperintensities (WMH)
on T2-weighted MR images represents microvascular ischemic
and demyelinating alterations (Chui, 2006; Launer et al., 2006).
In the elderly population, white matter damage is considered
a risk factor for cognitive impairment (Geppert et al., 2007),
impairment in gait (Starr et al., 2003), depression (Dalby et al.,
2012), and an increased risk for stroke and dementia (Debette
and Markus, 2010). Beyond age, primary contributors to the
development of microvascular damage include arteriolosclerosis
as well as cardiovascular risk factors such as arterial hypertension,
diabetes, and smoking (Stephan et al., 2009; Power et al., 2015;
Frey et al., 2019).

Whole-brain decline of cortical thickness with increasing
age has been consistently observed in previous research (Fjell
and Walhovd, 2010; Hogstrom et al., 2013) and several studies
have observed a relationship between cortical volume, cognition,
and age (Head et al., 2008; Kirchhoff et al., 2014). Research
about the inherent mechanisms describes an increase in glia
and small-body neurons and decrease in large cell-body neurons
populations throughout aging, contributing to a near constant
cell density with diminishing brain volume (Terry et al., 1987;
Martínez-Pinilla et al., 2016). Cortical thickness was also found
to be associated with the extent of WMH in whole-brain- and
region-specific analyses (Du et al., 2005; Seo et al., 2012; Tuladhar
et al., 2015), which might be explained by secondary cortical
degeneration through damaged white matter tracts (Alosco et al.,
2013; Thong et al., 2013; Ter Telgte et al., 2018).

The effect of age on functional brain connectivity is more
complex and studies reported heterogeneous effects captured by
variety of different measuring methods during the last years.

These effects report increase and decrease of mean FC across
different cortical regions (Onoda et al., 2012; Vidal-Piñeiro et al.,
2014; Zonneveld et al., 2019) as well as a progressive decrease
in FC throughout the entire cortex (Farras-Permanyer et al.,
2019). Recent studies that focused on alterations of intra- and
internetwork connectivity separately report that FC between
networks maintains stable or even increases with age, while FC
within networks tends to decrease (Betzel et al., 2014; Chan
et al., 2014). Looking at network characteristics, higher age was
found to be associated with lower system segregation and altered
network topology, both throughout the brain and in single-
resting state networks (Geerligs et al., 2014).

Functional brain connectivity is considered to be determined
by the structural connectome. An accumulating number of
studies investigating resting-state fMRI connectivity in the
presence of severe white matter damage in form of cerebral
small vessel disease (CSVD) or stroke suggest that FC is
negatively affected by white matter disconnection (Wu et al.,
2015; Kim et al., 2016; Liu et al., 2019) and tract-specific
reduction in FC in the context of WMH was reported
(Langen et al., 2017). In addition, the hypothesis of secondary
cortical degeneration through damaged white matter tracts
indicates a direct pathophysiological link between WMH and
cortical thickness (Alosco et al., 2013; Thong et al., 2013;
Ter Telgte et al., 2018) and since dendrites are involved
in interneural communication, it is suggested that alterations
in functional interareal connectivity follow that phenomenon
(Vieira et al., 2020).

Nevertheless, the question of whether there is an effect of age-
related structural changes on FC in a healthy population with
low-level white matter damage remains unanswered.

To gain a better insight into this relation, we investigated
the association of age, white matter damage, and cortical
thinning on FC in a healthy middle-aged to older population.
Therefore, we first looked at the influence of age, microstructural
white matter damage, and cortical thickness on FC in multiple
linear regressions (MLRs). Instead of using WMH load as
measure of microstructural alterations, we used the peak
width of skeletonized mean diffusivity (PSMD) as a novel and
fully automated MRI biomarker. Compared to white matter
markers such as white hyperintensity volume, the PSMD
eliminates contamination from cerebrospinal fluid (CSF) and the
histogram-based approach enhances the ability to characterize
subtle, diffuse diseases in the brain such as small vessel disease
(Low et al., 2020). In addition, the PSMD is also strongly related
to global cognition and has been shown to be closely associated
with higher WMH lesion load (Wei et al., 2019). Measures of
FC included mean connectivity of the entire cortex, additionally
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separated in inter- vs. intranetwork connectivity as well as
mean connectivity of the default, dorsal, salience, and control
network. Since we expected to observe subtle effects in a relatively
healthy cohort with a narrow range of age, we restricted our
analysis to networks that perform associative, integrative tasks
and, according to previous literature, exhibit greater changes
with age than sensory systems in the brain (Chan et al., 2014).
The default mode network is primarily composed of the medial
prefrontal cortex, posterior cingulate cortex, precuneus, and the
angular gyrus (Sormaz et al., 2018), while the dorsal attention
network is primarily composed of the intraparietal sulcus and
frontal eye fields (Fox et al., 2006; Farrant and Uddin, 2015). The
default mode network shows greater activity in the task-free state
and is mainly related to internally directed cognitions (Buckner
et al., 2008); the dorsal attention network displays activation
during performing tasks and supports external attention. Both
the networks are anticorelated with each other in brain activity.
The frontoparietal control network composes the dorsolateral
prefrontal cortex and posterior parietal cortex and is considered
to flexibly support both the default mode network and the dorsal
attention network according to task demands, interpreted as a
regulating role (Fornito et al., 2012; Elton and Gao, 2014). All
the three functional networks are related to executive function
(Niendam et al., 2012; Turner and Spreng, 2012; Dey et al., 2016).
The major nodes of the salience network are in, particularly,
the anterior insula and dorsal anterior cingulate cortex, which
have been implicated as well in various features of executive
function, including the orienting of attention (Corbetta and
Shulman, 2002) and performance monitoring (Dosenbach et al.,
2007). In a second step, we addressed the question if age-
related network alterations are driven by specific functional
areas and identified within default, dorsal, and salience network
disconnected subnetworks that exhibited significant age-related
decline in FC. With these subnetworks, representing only the
portion of the functional network that is affected by the influence
of age, we examined possible mediating effects of the PSMD
and cortical thickness on the relationship between age and FC.
Since among the different cognitive measurements, executive
function seems to be the most vulnerable to age-related decline
(Wecker et al., 2000; Verhaeghen and Cerella, 2002; Madden
et al., 2017) and we investigated that if mean FC itself is a
mediator of the relationship between age and executive cognitive
function. We hypothesized that with an increasing age, white
matter damage and cortical thickness are associated with an
alterations in resting-state FC. Further, we predicted that part
of the effect of age on FC is mediated by structural parameters
Finally, we expected to observe that the effect of age on executive
cognitive function is partially mediated by age-affected FC of the
resting-state networks (subnetworks), due to their essential role
in executive cognitive function, as described above.

MATERIALS AND METHODS

Study Population
For this study, we analyzed baseline data from the first 1,000
participants of the Hamburg City Health Study (HCHS) who
were studied by brain MRI. The HCHS is a single center

prospective, epidemiologic cohort study with an emphasis on
imaging to improve the identification of individuals at risk
for major chronic diseases and to improve early diagnosis and
survival. A detailed description of the overall study design has
been published separately (Jagodzinski et al., 2020). In brief,
45,000 citizens of the city of Hamburg, Germany, between 45
and 74 years were invited to an extensive baseline evaluation.
A subgroup with present cardiovascular risk factors was invited
to undergo standardized MRI brain imaging. For this analysis,
we included the first 1,000 participants from this subgroup.
Participants with brain MRI datasets imaging data of insufficient
quality for white matter segmentation and construction of blood
oxygenation level dependent (BOLD) signal were excluded from
further analysis.

Baseline examinations in the HCHS comprise a set of
standardized tests of cognitive function. To probe the association
of age-related imaging correlates with executive function, we
used data from the Trail Making Test part A and B (TMTA
and TMTB) as well as the ratio score between both the
tests. As an important covariate for cognitive function, we
included information on the years of education. For descriptive
purposes, we also included information on cardiovascular
risk factors and comorbidities. This study was approved
by the Local Ethics Committee of the Landesärztekammer
Hamburg (State of Hamburg Chamber of Physicians, PV5131)
and a written informed consent was obtained from all
the participants.

Magnetic Resonance Imaging
Acquisition
Images were acquired using the 3T Siemens Magnetom Skyra
MRI Scanner (Siemens, Erlangen, Germany, United Kingdom).
For three-dimensional (3D) T1-weighted anatomical images,
rapid acquisition gradient-echo sequence [(Magnetization
prepared rapid gradient echo-. sequence (MPRAGE)] was
used with the following sequence parameters: repetition time
(TR) = 2,500 ms, echo time (TE) = 2.12 ms, 256 axial slices,
slice thickness (ST) = 0.94 mm, and in-plane resolution
(IPR) = 0.83 mm2

× 0.83 mm2. 3D T2-weighted fluid-attenuated
inversion recovery (FLAIR) images were measured with the
following sequence parameters: TR = 4,700 ms, TE = 392 ms,
192 axial slices, ST = 0.9 mm, and IPR = 0.75 mm2

× 0.75 mm2.
We used 5.2 min axial multi-echo echo-planar imaging (EPI)
resting-state acquisition during which subjects were instructed
to focus on a fixation cross. TR = 2,500 ms, TE = 25 ms,
flip angle: 90◦, Generalized Autocalibrating Partial Parallel
Acquisition (GRAPPA): 2, acquisition matrix: 94 × 94,
field of view (FOV): 250 mm2

× 250 mm2, 40 slices of
3 mm thickness, and 10% slice gap with a reconstructed
voxel dimension of 2.7 mm3

× 2.7 mm3
× 3 mm3.

A total of 125 volumes were acquired. For the single-
shell diffusion-weighted imaging (DWI), 75 axial slices
were obtained covering the whole brain with gradients
(b = 1,000 s/mm2) applied along 64 non-collinear directions with
the following sequence parameters: TR = 8,500 ms, TE = 75 ms,
ST = 2 mm, IPR = 2 mm2

× 2 mm2, and anterior-posterior
phase-encoding direction.

Frontiers in Aging Neuroscience | www.frontiersin.org 3 February 2022 | Volume 14 | Article 782738



fnagi-14-782738 February 25, 2022 Time: 11:27 # 4

Schulz et al. Age-Related Changes in Brain Connectivity

Peak Width of Skeletonized Mean
Diffusivity and Cortical Thickness
The PSMD tool provided at http://www.psmd-marker.com was
used to calculate the PSMD (Baykara et al., 2016). The process
consists of two steps. First, DWI data including MD were
skeletonized via tract-based spatial statistics (TBSS) procedure
(Smith et al., 2006). Second, the PSMD is a diffusions tensor
imaging (DTI)-derived measure based on skeletonization and
histogram analysis and is calculated as the difference between
the 95th and 5th percentile of MD values within the masked
MD skeleton (Low et al., 2020). Mean cortical thickness across
the entire cortex was measured on T1-weighted imaging data
using the standardized FreeSurfer processing pipeline (version
6.0) (Fischl and Dale, 2000).

Preprocessing
All the data were preprocessed using fMRIPrep1, a fully
reproducible, preconfigured preprocessing pipeline for
functional MRI, which works with several tools such as the
Advanced Normalization Tools (ANTs)2, and FreeSurfer
version 6.0.3 The preprocessing of the structural MR images
included brain extraction, tissue segmentation, non-linear
spatial normalization, surface preprocessing, and refinement
of the brain mask. Functional preprocessing steps included
BOLD reference image estimation, head-motion correction,
susceptibility distortion correction (SDC), transformation of
BOLD in native space, EPI to T1W registration, and resampling
BOLD runs onto the Montreal National Institute (MNI)
standard spaces.

Denoising
The denoising procedure was done with the XCP Imaging
Pipeline (xcpEngine)4 using independent component analysis
(ICA)-based strategy for automatic removal of motion artifacts
(ICA-Aroma) with the global signal regression to reduce
the influence of motion on the data. ICA-AROMA uses
four characteristics to determine whether each component
corresponds to a signal or noise. The first two characteristics
are spatial properties of the signal source: (1) the portion of the
source that falls within a CSF compartment and (2) the portion
of the source that falls along the edge or periphery of the brain.
The other characteristics are derived from the time series of the
source: (3) its maximum robust correlation with the time series,
derived from realignment parameters and (4) its high-frequency
spectral content. ICA-AROMA comprises two denoising steps.
The first denoising step occurs immediately after classification.
All the component time series (signal and noise) are included
as predictors in the linear model and the residual BOLD time
series is obtained via partial regression of only the noise time
series. A second confound regression step occurs after temporal
filtering (high-pass: 0.01, low-pass: 0.08), wherein mean signals
from white matter and CSF and the global signal were regressed
from the data (Ciric et al., 2017).

1http://fmriprep.org
2https://github.com/ANTsX/ANTs
3https://surfer.nmr.mgh.harvard.edu
4https://xcpengine.readthedocs.io

Network Construction and Measurement
of Functional Connectivity
The reconstructed functional whole brain comprised nodes
representing brain regions and edges as inter-regional resting-
state FC. To define the network nodes, we divided the brain
into 200 contiguous and uniform regions of interests (ROIs)
based on local global parcelation of the human cerebral cortex
by Schaefer et al. (2018). From these 200 ROIs, four resting-
state networks were extracted, which contained the default
mode network, dorsal attention network, salience network, and
cognitive control network. All the regions of the resting-state
networks were determined a priori by the Schaefer atlas and were,
thus, unique in each resting-state network without overlapping
between networks. The individual mean time series were then
extracted for each ROI. Finally, absolute values of the Pearson’s
correlation coefficients were calculated between each pair of ROIs
for each subject, which resulted in a square undirected correlation
matrix representing the whole cortex and for each resting-state
network. To further denoise spurious interregional correlations,
the connectivity matrices were thresholded by preserving a
proportion of 50% of the strongest weights. All the other weights
and all the weights on the main diagonal (self-connections) were
set to zero. Whole-brain and network FC was calculated by taking
the mean of the edges between all the nodes in the matrix that
were not excluded. In addition, as a measurement of control, we
constructed connectivity matrices with absolute values as well as
matrices with both the negative and positive correlations, which
were unthresholded or preserving a portion of 70, 30, and 10% of
the strongest weights (see Supplementary Figures 2, 3).

Trail Making Test
The Trail Making Test part A (TMTA) is a measure of
psychomotor speed (Razzak, 2013). In this test, circles are
numbered from 1 to 25 and subjects are required to draw a
line connecting the circles in numerical sequence as quickly as
possible. The Trail Making Test part B (TMTB) is a measure
of executive cognitive control (Reitan, 1958). The TMT-B
requires the subject to connect 25 encircled numbers and letters
in numerical and alphabetical order, alternating between the
numbers and letters, which are randomly distributed in space.
The subject is also asked to connect the array of circles as
quickly as possible without lifting the pencil. During the tests, the
examiner corrects each error immediately (Terada et al., 2013).
In both the parts of the trail making test, a shorter completion
time is considered a gauge of better cognitive performance and
is measured in seconds. In order to adjust for the influence of
motor speed and visual search on executive function, we analyzed
additionally the ratio score between both the tests (B/A).

Statistical Analysis
All the statistical analyses were conducted using R version 4.0.2.
In an initial step, we used univariate analyses to examine the
influence of age on all the imaging measurements and the
cognitive TMTA, TMTB as well as the TMT ratio score. To assess
the relationship between altered FC as the dependent variable
and age, cortical thickness, and the PSMD as predictors, we
applied several multiple linear regressions, adjusted for sex and

Frontiers in Aging Neuroscience | www.frontiersin.org 4 February 2022 | Volume 14 | Article 782738



fnagi-14-782738 February 25, 2022 Time: 11:27 # 5

Schulz et al. Age-Related Changes in Brain Connectivity

years of education. These linear models were calculated for the
mean FC of the brain as a whole and separated for inter- vs.
intranetwork connectivity as well as for all the four resting-state
networks. To correct for multiple testing, the statistical threshold
was set at p ≤ 0.007 (0.05/7; based on four networks and three
global measurements). All the networks that failed to show a
correlation with age were excluded from further analysis. Within
each resting-state network, we aimed to identify those edges or
subnetworks that significantly correlate with an increasing age.
Therefore, we used the network-based statistic (NBS) approach
(Zalesky et al., 2010), which addresses multiple comparisons in
network statistics. In summary, a t-test was performed on each
pair of ROIs to test the significance of correlation between FC and
an increasing age, based on the values stored in the connectivity
matrix of each subject. The connections with a test statistic
exceeding a threshold of t = 3.2 (p = 0.0007) were admitted to the
set of suprathreshold links for which a path can be found between
any two nodes, thereby forming an interconnected network and
are referred to as connected components in graph theory. The
assumption is that the topological configuration of a putative
experimental effect is well represented by a component and is
not confined to a single connection or distributed across multiple
connections that are isolated from each other. To evaluate the
significance for each component, a familywise error (FWE)-
corrected p-value was then ascribed to each component based
on its size using permutation testing. The NBS was then applied
to the randomized data and the size of the largest component
was recorded. A total of 5,000 permutations were generated to
estimate the null distribution of the maximal component size.
Subsequently, the corrected p-value for an observed component
found in the original data was calculated as the proportion of
permutations for which the maximal component size was greater
than or equal to the observed component, ensuring control of
the FWE rate. To better visualize the resting-state networks
and their significant disconnected subnetworks correlated with
age, we used the BrainNet Viewer (Xia et al., 2013). Finally,
mediation analyses using the Lavaan package (Rosseel, 2012)
were conducted to further interrogate first possible mediation
effects of the PSMD and cortical thickness between age and FC in
the studied subnetworks and second a possible mediation effect
of FC between age and executive cognitive function. Therefore,
we used non-parametric bootstrapping with 10,000 iterations to
estimate direct and indirect effects between variables.

RESULTS

Sample Characteristics
The demographics for the entire HCHS cohort and the median
values of the cognitive test are shown in Table 1. Of 1,000
study participants, 24 study participants had to be excluded.
During the visual examination of FLAIR images, one subject
was directly excluded for severe imaging artifacts (n = 1).
In addition, we excluded 23 subjects after the preprocessing
due to bad image quality resulting in missing data in the
connectivity matrices (n = 23). The remaining 976 subjects

showed good image quality metrics assessed with the MRI-
QC toolbox (Esteban et al., 2017).5 Median age was 63 years
and 45.4% of participants were female. The median PSMD was
0.0002 [interquartile range (IQR) 0.0001], while global cortical
thickness had a median of 2.319 (IQR 0.141). The distribution
of the two structural parameters is shown in Figure 1; the
cortical thickness for young as well as older participants of the
cohort is additionally presented with a boxplot in Figure 2C.
The mean FC throughout the whole cortex measured as the
mean correlation between all the regions of all the participants
was 0.362 (IQR = 0.04). The mean connectivity matrix of all
the participants is shown in Figure 2D along with a difference
map. Figure 2E shows the change in FC between younger
and older participants of the cohort (see Figure 2). Within
the resting-state networks, the default mode network showed
a mean connectivity of 0.42 (IQR = 0.05), the dorsal network
showed a mean connectivity of 0.42 (IQR = 0.08), the salience
network showed a mean connectivity of 0.4 (IQR = 0.09),
and the control network showed a mean connectivity of
0.38 (IQR = 0.09).

Effects of Age on Brain Structure,
Functional Connectivity, and Executive
Function
The univariate analyses revealed a significant effect of age on
cortical thickness (r2 = 0.16, r = −0.4, p < 0.001), the PSMD
(r2 = 0.25, r = 0.5, p < 0.001), global FC (r2 = 0.029, r = −0.17,
p < 0.001), global intranetwork connectivity (r2 = 0.043,
r = −0.21, p < 0.001), global between network connectivity
(r2 = 0.02, r = −0.15, p < 0.001) as well as on default
(r2 = 0.026, r = −0.16, p < 0.001), dorsal (r2 = 0.039, r = −0.2,
p < 0.001), salience (r2 = 0.049, r = −0.22, p < 0.001), and
control (r2 = 0.009, r = −0.09, p = 0.004) network connectivity,
and on the TMTA score (r = 0.32, r2 = 0.1, p < 0.001) as
well as on the TMTB score (r2 = 0.094, r = −0.3, p < 0.001),
as shown in Figure 3. The TMTB/TMTA ratio score failed
to demonstrate any association with age and was, therefore,
excluded from further analysis. The univariate analysis of age
and FC was additionally performed with different thresholds
for the connectivity matrices, showing robust results throughout
different thresholding, as shown in Supplementary Table 2. Of
particular importance, since we used absolute values, we might
not have measured age-related increase in between network
connectivity, which correspond to reductions in the magnitude
of negative or anticorelation. Therefore as a measure of control,
we investigated the relationship between age and whole-global
FC as well as separated into intra- and internetwork connectivity
without absolute values and instead with signed matrix values
throughout different thresholds. Supplementary Table 3 reports
the results and Supplementary Figure 3 shows the mean FC
matrices with signed values of all the participants. If no links or
30% of the weakest connections were excluded, a weak increase
in internetwork connectivity could be observed in contrast to
the analysis with absolute values and, as a result, no significant

5https://mriqc.readthedocs.io/en/stable/
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TABLE 1 | Sample characteristics and image analysis results—subjects used for MRI analysis of the Hamburg City Health Study.

Sample characteristics (N = 976) Sample characteristics young
45–63 years (N = 490)

Sample characteristics old
64–75 years (N = 486)

Female sex (n, %) 443 (45.4%) 240 (49%) 203 (42%)

Age (years), median (IQR) 63 (13) 56 (7.75) 69 (5)

Education (years), median (IQR) 13 (4) 14 (5) 13 (4)

TMT B Score (s), median (IQR) 79 (37) 70 (32.5) 86 (42)

TMT A Score (s), median (IQR) 36 (16) 33 (13) 41 (18)

Vascular risk factors

Current smoking (n, %) 155 (17.4%) 98 (20%) 71 (15%)

Diabetes* (n, %) 82 (9%) 38 (7%) 53 (11%)

BMI (kg/m2), median (IQR) 26.28 (5.6) 26.42 (5.8) 26.3 (5.5)

Hypertension** (n, %) 665 (72%) 283 (58%) 382 (79%)

Structural MRI measures

PSMD, median (IQR) 0.000217 (0.00005) 0.0002 (0.00004) 0.00024 (0.00005)

Cortical thickness (mm) and median (IQR) 2.319 (0.141) 2.5 (0.12) 2.3 (0.14)

BMI, body mass index; IQR, interquartile range; mm, millimeter; PSMD, peak width of skeletonized mean diffusivity; TMT, Trail Making test. *Presence of diabetes
was defined as blood glucose level > 126 mg/dl or a self-reported prevalence of diabetes. **Presence of hypertension was defined as blood pressure > one-fourth
140/90 mm Hg, intake of antihypertensive medication, or a self-reported prevalence of hypertension.

FIGURE 1 | Histogram (A) is showing the distribution of the peak width of skeletonized mean diffusivity (PSMD) and histogram (B) is representing the distribution of
the cortical thickness throughout the whole cohort.

drop in whole global connectivity. This trend loses its significance
when excluding 50% of the weakest connections and finally
becomes negative when excluding 70% of the links.

Effects of Brain Structure on Functional
Connectivity
To analyze the effect of age, cortical thinning, and the PSMD on
FC, we performed multiple linear regression analyses, adjusted
for sex, and years of education. Therefore, we iteratively
tested the model on a global scale and for each resting
state network (default, dorsal, salience, and control). After
adjusting the threshold for multiple comparisons, neither cortical
thinning nor the PSMD predicted FC. Instead, the results of

the linear model indicated a negative, but weak association
between age and FC. Decreasing FC with increasing age was
continuously observed across the entire brain (r2 = 0.034,
r = −0.184, p < 0.001), for global intranetwork connectivity
(r2 = 0.055, r = −0.23, p < 0.001), global between network
connectivity (r2 = 0.036, r = −0.2, p < 0.001) as well
as within the default (r2 = 0.029, r = −0.17, p < 0.001),
dorsal (r2 = 0.039, r = −0.21, p < 0.001), and salience
(r2 = 0.055, r = −0.234, p < 0.001) network. The correlation
between age and FC within the control network did not
exceed our statistical threshold (r2 = 0.014, r = −0.12,
p = 0.04) and was, therefore, left out from further analysis.
To investigate once again, if the results change using matrices
with positive and negative values, the relationship between age,
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FIGURE 2 | Imaging parameters of all the n = 976 participants, projected on a brain template in the Montreal National Institute (MNI) space. The color bar shows the
mean cortical thickness (in mm). (A) Visualization of cortical thickness. (B) The boxplot shows the mean cortical thickness of between 45 and 63 years of age (red
box) and subjects between 45 and 75 years of age (blue box). (C) Global functional connectivity network, the colors of nodes represent different networks the nodes
belong to. The edge colors represent the strength of the correlation values. (D) Mean node-to-node correlation matrix of the whole cohort. Names along axes
represent network labels and the color bar shows the correlation strength. (E) The difference map regions with decreasing and increasing connectivity for the
younger vs. older age brains.

structural parameters, and FC was additionally evaluated without
absolute values at a threshold of 50%. With the exception
of internetwork connectivity, which no longer demonstrated

any change with age, no significant differences could be
observed compared to the analysis with absolute values (see
Supplementary Table 4).
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FIGURE 3 | Effects of age on the PSMD (A) cortical thickness, (B) on global functional connectivity, (C) global intranetwork connectivity, (D) global between network
connectivity, (E) within default, (F) dorsal, (G) salience, (H) control network, (I) the Trail Making Test B (TMTB), (J) TMTA, (K) and TMT ratio score (L). Above r and r2

corresponds to the linear model before covariate inclusion. Shade around the regression line shows the 95% CI.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 February 2022 | Volume 14 | Article 782738



fnagi-14-782738 February 25, 2022 Time: 11:27 # 9

Schulz et al. Age-Related Changes in Brain Connectivity

Disconnected Subnetwork With Reduced
Functional Connectivity With Higher Age
The analysis using the NBS toolbox identified subnetworks
significantly associated with age among the whole-brain network
as well as within default, dorsal, and salience network,
respectively (see Figure 4). Supplementary Table 1 provides a
list of nodes comprising the disconnected subnetwork as well
as their degree in this subnetwork. Subnetworks showing a
significant decrease in connectivity with increasing age among
default, dorsal, and salience network comprised 10, 13, and 36%
of the connections of the original networks. Overall, subnetworks
of connections with age-related reduced FC appeared to include
a similar amount of inter- and intrahemispheric connections
with no specific pattern as compared to the whole resting-
state networks. In addition, we investigated whether there
are areas within the resting-state network that exhibits an
increase in connectivity with aging. However, based on the
statistical threshold for multicomparison, we did not find

any connected graph components with the NBS toolbox that
showed increasing connectivity with age. Since the threshold
of 50% of the connectivity matrices we used for the NBS
toolbox is arbitrary, we repeated our subnetwork extraction
with non-thresholded matrices. Despite small variation in
the total number of regions, subnetworks extracted from
thresholded and unthresholded matrices were highly consistent
in terms of the number of links and regions involved
(data not shown).

Mediation Analysis
To assess whether structural parameters were mediators of the
relation between age and FC, we performed mediation analyses
of model one with age as a predictor of FC of our extracted
subnetworks and the PSMD as well as cortical thickness as
possible mediators between age and the outcome variables global,
default, dorsal, and salience subnetworks mean connectivity
(see Figure 5A). The mediators were modeled as operating

FIGURE 4 | (A) Original resting-state networks of default, dorsal, and salience network from left to right. The colors of the edges represent different correlation
strength of the mean connectivity matrix. (B) The corresponding extracted subnetworks network-based statistic (NBS) identified age-related disconnected functional
subnetworks in default, dorsal, and salience network. The disconnections comprising this subnetwork correspond to pairs of nodes between which the resting-state
times series was less correlated with increasing age. The colors of the edges represent test statistic results of the suprathresholded links, which exceed the
threshold of t-value = 3.2.
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in parallel and, thus, each mediator was a covariate for the
others. In model two, global network and default, dorsal,
and salience subnetwork mean connectivity were examined as
mediators operating in parallel as well between the predictor
age and the TMTB or the TMT A score as outcome variables
(see Figure 5B). Results of this analysis are given below (see
Table 2).

In the first model, cortical thickness had a significant, but
small (β = −0.04) partial mediating effect between age and
FC in the default subnetwork, but not in other subnetworks
(see Figure 5A). The PSMD had no significant mediating effect
on the relationship between age and FC within the resting-
state subnetworks.

Of all the subnetworks, only FC of the default subnetwork
emerged as a significant, but weak partial mediator (β = 0.02)
between age and the TMTB score (see Figure 5B), while FC
in no other subnetwork had a significant mediating effect on
the TMTB score. We did not observe any mediation effects
of subnetworks between increasing age and the TMTA score
outcomes. Even though not part of our hypothesis, we tested
in an exploratory analysis the mediation effect of cortical
thickness between age and the TMTB score in a separate model.
Cortical thickness showed no significant mediation effects (see
Supplementary Figure 1).

DISCUSSION

We studied the influence of age, microstructural white matter
damage, and cortical thinning on FC and executive cognitive
function in a healthy population at increased cardiovascular
risk. We identified a significant association of age with all the
structural and functional imaging parameters and cognition,
although the association between age and FC was weak. However,
neither the PSMD as a measure of diffuse white matter
microstructural alteration nor cortical thinning revealed any
association with FC when adjusted for age. After extracting
subnetworks consisting exclusively of connections that showed
a decreased connectivity with age, we discovered a small but
significant mediation effect of global cortical thickness on the
relation between age and FC in the default subnetwork. Finally,
FC of the default subnetworks showing an age-associated decline
had a weak but significant mediating effect on relation between
age and executive cognitive function measured by the TMTB.

Age-related decline of brain function likely is the consequence
of multiple biological factors, leading to structural and functional
alterations, including cortical thinning, white matter injury, and
loss of functional coordination between regions. In line with this
assumption, with advancing age, we observed a linear pattern
of increasing microstructural white matter damage (i.e., the

FIGURE 5 | (A) Mediation of the relation between age and functional connectivity in default subnetwork by cortical thickness. Path a: relationship between age and
cortical thickness. Path b: relationship between cortical thickness and default subnetwork connectivity. Path c: direct relationship between age and default
subnetwork connectivity. (B) Mediation of the relation between age and executive cognitive function (TMTB) by functional connectivity of the default subnetwork.
Path a: relationship between age and default subnetwork connectivity. Path b: relationship between default subnetwork connectivity and executive cognitive function.
Path c: direct relationship between age and executive cognitive function. Both the models represent standardized beta coefficients and the respective p-values.
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TABLE 2 | Significant results after multiple testing corrections for the multiple regression as well as the mediation analysis, representing unstandardized coefficient
estimate (beta), SE, standardized estimate (standard beta), the p-value, and the r2 value.

Significant results

Variables Beta Std. error Std. beta p-Value R2

Alteration of functional connectivity with age

Global mean connectivity −0.0007 0.0002 −0.14 p < 0.001 0.034

Global mean within network connectivity −0.0009 0.0002 −0.17 p < 0.001 0.049

Global mean between network connectivity −0.0006 0.0002 −0.14 p < 0.001 0.027

Mean default connectivity −0.0006 0.0002 −0.11 p = 0.005 0.029

Mean dorsal connectivity −0.001 0.0003 −0.17 p < 0.001 0.039

Mean salience connectivity −0.002 0.0003 −0.2 p < 0.001 0.055

Mediation model one

Total effect −0.004 <0.0001 −0.29 p < 0.001 –

Direct effect −0.003 <0.0001 −0.24 p < 0.001 –

Indirect effect −0.001 <0.0001 −0.04 p = 0.002 –

Mediation model two

Total effect 1.365 0.138 0.31 p < 0.001 –

Direct effect 1.234 0.142 0.28 p < 0.001 –

Indirect effect 0.101 0.045 0.02 p = 0.025 –

increasing PSMD), increasing cortical thinning, and a weak
decrease in FC. Moreover, older age was associated with worse
psychomotor speed and executive function as measured by the
TMTA and the TMTB. These findings confirm those previous
studies showing age-dependent linear pattern of changes of
resting-state FC, structural damage, and cognitive performance
(Onoda et al., 2012; Veldsman et al., 2020). Some reports of non-
linear age-related patterns demonstrate an accelerated decline
in structural measurements (Fjell and Walhovd, 2010) and FC
(Betzel et al., 2014) in old age or even a non-linear increase of
FC in middle adulthood (Staffaroni et al., 2018) in particular
concerning the global connectivity between networks (Betzel
et al., 2014; Chan et al., 2014). We could only monitor an increase
in connectivity between networks in the additional control
analysis of matrices with negative and positive correlations that
were subjected to a low threshold or no thresholding at all. The
cross-sectional design and the limited range of age including only
participants between 46 and 75 years of age may have reduced the
possibility of detecting stronger or opposing age-related trends
and, thus, further efforts are required to determine the shape of
progression of imaging measurements over lifetime. Regarding
FC in particular, we reproduced the overall findings in literature
of age-related FC decrements, which seem to preferentially affect
default (Damoiseaux et al., 2008; Dey et al., 2016), dorsal network
(Tomasi and Volkow, 2012; Staffaroni et al., 2018), and salience
network (Vidal-Piñeiro et al., 2014; Ng et al., 2016). However,
the negative influence of age on FC identified in this study was
only weak, which might indicate resilience of FC to aging across
a wide age range. Other studies observed a somewhat stronger
relationship between age and FC (Chan et al., 2014; Madden et al.,
2017). This discrepancy can possibly be explained by the fact that
their sample comprised a significantly higher age range and a
higher age maximum. Stronger associations between age and FC
are likely to be seen when comparing the brain of average 20-
year-old and the brain of average 80-year-old (Betzel et al., 2014;

Madden et al., 2017). Another possible explanation concerns the
character of the studied cohort itself. Considering the expectation
that cardiovascular risk factors are more prevalent in older adults,
the selection may have a particular impact on younger middle-
aged participants because they disproportionately represent
individuals with poor cardiovascular health compared with age-
matched individuals in other more healthier samples or the
general population. Due to the sensitivity of FC to cardiovascular
health, this may ultimately have reduced the age differences in FC
in the current sample.

In our multiple regression model, we found no direct effect of
the PSMD or cortical thinning on FC neither on global FC nor
on the connectivity of the resting-state networks when corrected
for age. Aging, on the other hand, was independent from the
structural imaging measures associated with different degrees of
lower average FC throughout the whole brain, global intra- as
well as internetwork connectivity, and within three of the four
resting-state networks, indicating a broadly distributed but not
uniform age-related decline. In our multiple regression model,
we did not detect an effect of age on the control network, even
though a decrease of FC in this network has been reported (Betzel
et al., 2014). The fact that no change could be observed in our
sample can again probably be attributed to the lower median age
and smaller age range as compared to other studies. A decrease
of FC in the frontoparietal control network may only appear at a
later point in time or only with more severe structural damage.

Nevertheless, our findings suggest an independent influence of
age on structural brain changes and FC. While recent studies have
found that FC tends to be reduced globally and within resting-
state networks with increasing age, the relationship between
structural white matter damage and FC seems to be less clear.
According to current knowledge, temporospatial organization
of neuronal activity in the brain is supported and constrained
by the anatomy of axonal projections that form structural
connections between both the adjacent and remote brain
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areas (van den Heuvel and Sporns, 2019; Suárez et al., 2020). In
this context, the “disconnection hypothesis” indicates that
compromised integrity of these white matter pathways, e.g.,
WMH or altered MD, inflicts a deficit in FC. Yet, even though
a variety of studies with clinically and/or radiologically manifest
patients with CSVD report a relationship between white matter
lesions and FC (Yi et al., 2012, 2015; Schaefer et al., 2014;
Wang et al., 2019), several studies with cognitively normal and
healthy individuals with low white matter lesion volume found no
relationship between structural damage and FC (Madden et al.,
2017; Staffaroni et al., 2018). At this point, we may conclude that
a low lesion volume or small change in diffusion pattern does
not affect the pattern of synchronous neuronal activation and
that the measured decline in FC in our population is driven by
other factors. However, in most articles, as also in this study,
the extent of white matter damage has been quantified by total
normalized values of the whole brain. If we assume that lesions
in functionally silent brain areas can be compensated more
easily by rerouting information through alternative redundant
pathways, while even small lesions in functionally relevant hubs
are likely to be associated with significant functional limitations.
In this case, total lesion volume or the global PSMD may
have insufficient explanatory value regarding the impairment of
neuronal communication.

Given these considerations, the approach of measuring mean
cortical thickness to reflect neurodegeneration can also be viewed
critically, since the impact of cortical atrophy on FC may vary
for different regions. Age-dependent cortical atrophy has been
observed in several studies (Fjell et al., 2009; Azevedo et al.,
2019) and could already be linked to FC (Kim and Lee, 2011;
Van Tol et al., 2014). Cortical thickness has also been associated
with white matter lesions (Mayer et al., 2020) and conceptualized
as mechanism underlying this association, secondary cortical
degeneration through white matter tracts damaged by WMH
(Thong et al., 2013) was suggested. Indeed, several studies show
that cortical atrophy in different regions is shaped by profiles
and degree of underlying white matter connectivity and their
corresponding lesions (Reijmer et al., 2017; Mayer et al., 2020).
Thus, the impact on FC might differ according to the degree of
atrophy in specific regions and the strategic importance of these
affected regions.

We identified subnetworks of significant age-related decreased
FC among the studied networks. These subnetworks comprised
between 10 and 36% of the total network connections, affecting
both the hemispheres equally and including both the inter-
and intrahemispheric connections. These results suggest that
the effect of age on FC does not show any specific regional
pattern, but can be observed in a small fraction of functional
connections across the entire brain. Overall, the relationship
between cortical thickness and FC observed in this study was
weak. This again might be related to the fact that broad
structural measurements such as mean cortical thickness are
too rough to detect subtle and more localized alterations in
functional brain networks.

The association between age and executive function was in
part mediated by FC among the network parts of the default
subnetwork that were significantly altered with age. Executive

function has been reported to be particularly sensitive to
decline with increasing age (Wecker et al., 2000; Verhaeghen
and Cerella, 2002) and associations of age-related decreased
default mode activity and executive function have been observed
in previous studies (Damoiseaux et al., 2008). In theory, the
default mode network is deactivated when the person engages
in a task and aging might impair this deactivation (Dey
et al., 2016) and attenuate the function of the default mode
network as a network-hub, leading to lower executive cognitive
performance. Our results suggest that decline of executive
cognitive performance with age might at least to some extent
results from altered communication between brain regions
representing nodes of the default mode network. Again, the
association between disturbed FC and executive function was
weak, which may relate to the fact that cognitive function is
complex and the idea of relating specific cognitive functions
to simple connectivity measures between specific brain regions
within a single network is likely to fall short (Chan et al.,
2014). In addition, our mediation analysis showed no significant
mediator effect of FC on the TMTA, only a trend with the
connectivity of the default subnetwork. However, because the
TMTB/TMTA ratio score failed to demonstrate any alterations
with an increasing age and was, therefore, not considered for
the mediation model, we cannot exclude a potential influence
of psychomotor speed on our measurement of executive
cognitive function.

This study relies on a large number of participants and
modern methodological approaches with multilevel analysis.
Nevertheless, we included only a limited number of structural,
functional, and cognitive variables. The total variance in FC
shared with age; both the structural parameters and the covariates
sex and education were ranging from ∼3 to 6% (by r2) meaning
that most of the person-specific variation in FC is explained by
parameters not included in our model. Our ability to identify
mediating influences of structural alterations on age-functional
connectivity relationships may be compromised by the relatively
small relationships between age and FC itself. Furthermore,
it is likely that the observed functional decline in dorsal and
salience networks is also reflected by changes in cognitive
function, which, however, are not monitored by the TMTA
or the TMTB. Finally, this is a cross-sectional study in which
dynamic developments with age can only be captured to a limited
extent and which does not allow inference about causality of
observed association.

In summary, we report an age-accompanied linear increase in
markers of structural brain damage and a weak linear decrease
in FC and executive cognitive function in a large population-
based cohort of middle-aged to older participants with vascular
risk factors. Our results indicate that alterations in FC with
increasing age are not uniform across all the networks and
affected networks show a limited number of broadly distributed
connections with age-related functional decrease. The PSMD,
as a marker of microstructural white matter damage, had no
mediating effect between age and FC changes, but decreased
cortical thickness had such an effect, albeit weak. Finally, FC of
the age-dependent parts of the default mode network showed a
weak association with performance in a test of executive function.
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Altogether, these findings suggest a potential although weak role
of age-related cortical brain changes in mediating the effects
of higher age on functional brain connectivity and weak role
of age-related functional brain connectivity in selected brain
networks on impaired cognitive function.
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