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Benedikt M. Frey, Simon S. Kessner, Maximilian Schulz, Focko L. Higgen, Bastian Cheng,
Christian Gerloff and Götz Thomalla

Cerebral small vessel disease is a common disease in the older population and is recognized as a major risk factor for cognitive de-

cline and stroke. Small vessel disease is considered a global brain disease impacting the integrity of neuronal networks resulting in

disturbances of structural and functional connectivity. A core feature of cerebral small vessel disease commonly present on neuroi-

maging is white matter hyperintensities. We studied high-resolution resting-state EEG, leveraging source reconstruction methods, in

35 participants with varying degree of white matter hyperintensities without clinically evident cognitive impairment in an observa-

tional study. In patients with increasing white matter lesion load, global theta power was increased independently of age. Whole-

brain functional connectivity revealed a disrupted network confined to the alpha band in participants with higher white matter

hyperintensities lesion load. The decrease of functional connectivity was evident in long-range connections, mostly originating or

terminating in the frontal lobe. Cognitive testing revealed no global cognitive impairment; however, some participants revealed def-

icits of executive functions that were related to larger white matter hyperintensities lesion load. In summary, participants without

clinical signs of mild cognitive impairment or dementia showed oscillatory changes that were significantly related to white matter

lesion load. Hence, oscillatory neuronal network changes due to white matter lesions might act as biomarker prior to clinically rele-

vant behavioural impairment.
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Introduction
Cerebral small vessel disease (SVD) is the most common

vascular cause of dementia and increases the risk of

stroke (Pantoni, 2010). White matter hyperintensities

(WMH) are the most prominent feature of SVD on mag-

netic resonance imaging (MRI) (Wardlaw et al., 2013).

The prevalence of WMH in the older population is al-

most ubiquitous (de Leeuw, 2001), and age is a consist-

ent risk factor for WMH (Habes et al., 2016). Moreover,

WMH are associated with increased risk of cognitive de-

cline (Carmichael et al., 2010).

In vascular dementia, in contrast to Alzheimer’s

Disease, memory is initially preserved and deficits com-

prise executive function and processing speed (Román

et al., 2002). The disconnection of distant brain regions

leads to an impairment of network functioning and

results in cognitive dysfunction characteristic to vascular

dementia. WMH most commonly lie in periventricular

regions affecting the white matter tracts, evoking network

changes of white matter structural connections in patients

with SVD (Lawrence et al., 2014; Kim et al., 2015;

Tuladhar et al., 2016). Furthermore, SVD has been

shown to impact functional networks and reduce func-

tional connectivity in functional-MRI (fMRI) studies

(Schaefer et al., 2014). Only a few studies in patients

with SVD investigated oscillatory functional connectivity

using EEG and by this bypassing the haemodynamical de-

pendency of the blood oxygenation level dependent

(BOLD) signal which is known to be affected by cerebro-

vascular disease and thus might confound connectivity

measurements based on fMRI (van Straaten et al., 2015).

While there exists a vast literature of oscillatory changes

in patients with neurodegenerative disease, especially

Alzheimer’s Disease (Jeong, 2004), electrophysiological
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studies in patients with WMH without global cognitive

impairment or Alzheimer’s Disease are scarce.

A previous study, analysing 14 EEG channels in healthy

older participants, reported intermittent temporal slowing

of neural oscillatory activity that was present in 50% of

the older participants. This slowing was related to the

presence of WMH on MRI (Oken and Kaye, 1992). A

more recent study in patients with WMH confirmed an in-

crease of power in slow oscillatory activity opposed by a

decrease of power in alpha/beta frequency range, a pattern

often seen in patients with Alzheimer’s Disease as well

(van Straaten et al., 2012). Patients in this study, however,

already showed global cognitive impairment and were

diagnosed with vascular dementia. Likewise, most previ-

ous studies assessing network pathology in SVD have

mainly investigated patients that already displayed clinical

symptoms of cognitive decline. It is not known whether

changes in oscillatory connectivity of brain networks are

also present in pre-clinical stages of SVD, similar to re-

versible functional connectivity changes described recently

for asymptomatic stenotic large artery disease (Quandt

et al., 2019).

Hence, in this study, we aimed at assessing oscillatory

network changes depending on WMH in patients without

clinical signs of mild cognitive impairment or dementia.

We recorded high-density EEG at rest and made use of

source reconstruction methods to assess whole-brain func-

tional connectivity. This approach offers the benefit to

obtain functional connectomes based on the automated

anatomical labelling atlas, that are comparable to previ-

ously published structural connectomes in patients with

WMH. Moreover, source reconstruction reduces the in-

fluence of volume conduction which is present in former

sensor-level EEG studies. White matter lesion load was

obtained from individual MRI scans and cognitive func-

tion was evaluated in order to assess whether patients al-

ready showed cognitive deficits. Similar to the known

structural network disturbances in patients with SVD, we

hypothesize that WMH are associated with alterations of

oscillatory functional connectivity, even in the absence of

cognitive impairment.

Materials and methods

Participants and neuropsychological
testing

Thirty-nine participants were enrolled at the Department

of Neurology, University Medical Center Hamburg-

Eppendorf, Germany. These included 19 participants

with obvious WMH that had become apparent on prior

clinical imaging (CT or MRI) and 20 participants with

no history of SVD. The participants without a history

of SVD were previously included as a control group for

a study in patients with asymptomatic internal carotid

artery stenosis (Quandt et al., 2019). All participants

underwent EEG recording, structural MR imaging,

neurologic and neuropsychologic examination, and clin-

ical history taking. All data recordings were performed

between October 2015 and November 2016. From the

participants with obvious WMH, three participants had

to be excluded due to extensive artefacts during EEG

recordings and one participant was excluded due to ex-

tensive artefacts in MR imaging. Thus, finally, 35 sub-

jects were included in the analysis. All participants were

above 50 years of age, German native speakers, and did

not have a history or obvious clinical signs of cognitive

impairment, did not self-report any cognitive deficits, no

history of any severe neuropsychiatric disease, dementia,

depression or significant neurological symptoms.

Moreover, the participants did not take any psychotrop-

ic medication.

Neuropsychological testing was obtained in all partici-

pants in the German language, including the Mini-

Mental State Examination (MMSE) and tests of

executive function [trail-making test (TMT) B and

Stroop colour-word test]. Z-scores of TMT-B results,

corrected for age, education and sex were calculated

according to CERAD-Plus Online (https://www.memory-

clinic.ch/de/main-navigation/neuropsychologen/cerad-

plus/auswertungprogramme/cerad-plus-online/, accessed

29 July 2020). By subtracting the time to accomplish the

Stroop colour-word test, results were obtained that were

modified according to the age of each participant by as-

sessment tables from the Nürnberger Alters-Inventar

resulting in C-scores (Oswald and Fleischmann, 1997).

All participants provided written informed consent

according to the Declaration of Helsinki. The study was

approved by the local ethics committee of the Medical

Association of Hamburg.

Recording and preprocessing

Electroencephalography

Resting-state EEG data were recorded in participants

seated in front of a screen for �15 min. Participants were

asked to visually fixate a cross presented on the screen in

order to avoid drowsiness. Data were sampled at

1000 Hz using a 63-channel EEG system positioned

according to the 10–10 System of the American

Electroencephalographic Society (using actiCAPVR , Brain

Products GmbH, Germany, Gilching; Electro-Cap

International, Inc., Eaton, OH, USA) and referenced to

the Cz electrode. The impedance of the EEG electrodes

was kept below 25 kX. Data were segmented into 4 s

epochs for further analysis, filtered from 2 to 256 Hz

with a bandpass-filter of fourth order and a bandstop fil-

ter at 49–51 Hz, 99–101 Hz and 149–151 Hz. Epochs

with artefactual amplitude steps were dismissed from the

analysis after automatic detection and subsequent visual

inspection and noisy channels were interpolated. Eye-

movement artefacts were removed employing an inde-

pendent component analysis (Makeig et al., 1996).
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Subsequently, data were resampled to 125 Hz and re-ref-

erenced to a common average reference. Artefact rejection

resulted in an overall number of m ¼ 199.7/206.5, stand-

ard deviation (SD)¼ 32.3/24.2 trials (participants with

lesions/without lesions). The Fieldtrip toolbox

(Oostenveld et al., 2011) as well as custom-written soft-

ware using MATLAB Version 8.2.0 (R2013b,

Mathworks Inc. MA, USA) were used for EEG data

processing.

Brain imaging

High-resolution T1-weighted anatomical images data

were acquired using a 3 T Siemens Skyra MRI scanner

(Siemens, Erlangen, Germany). The MRI protocol

included, among others, T1 MPRage (flip angle¼ 9�, time

of repetition (TR)¼ 2500 ms, echo time (TE) ¼ 2.12 ms,

slice thickness¼ 0.9 mm, inversion time 1100 ms,

matrix¼ 232 � 288, field of view (FOV)¼ 193 mm �
293 mm) and a fluid attenuated inversion recovery

(FLAIR) sequence (flip angle¼ 150�, TR¼ 9000 ms,

TE¼ 90 ms, slice thickness¼ 5 mm, inversion time-

¼ 2500 ms, matrix¼ 320 � 270, FOV¼ 194 mm � 230

mm).

Data analysis

Source reconstruction and connectivity analysis

Forward models were calculated based on individual T1-

weighted structural MRIs and individual electrode posi-

tions registered with an ultrasound localization system

(CMS20, Zebris, Isny, Germany). A Boundary Element

Method volume conduction model (Fuchs et al., 2002)

was used for the forward solution using the Statistical

Parametric Mapping software (SPM12b, Wellcome Trust

Centre for Neuroimaging, London, UK, http://www.fil.

ion.ucl.ac.uk/spm, accessed 29 July 2020). We computed

linearly constrained minimum variance beamformer coef-

ficients from the time series for each of the voxels on a

6-mm grid covering the brain (Van Veen et al., 1997).

These linearly constrained minimum variance weights

were used for the later projection of complex Fourier

spectra into source space. The optimal dipole orientation

for each voxel was computed using the singular value de-

composition. The template brain was parcellated into 90

anatomical areas based on the automated anatomical

labelling atlas (Tzourio-Mazoyer et al., 2002), excluding

the cerebellar parcellation.

Complex sensor-level Fourier spectra were calculated

by applying a Fast Fourier Transformation using one

Hanning taper. Fourier spectra were obtained for the

delta (centre frequency ¼ 3 Hz, frequency smoothing ¼
1 Hz), theta (centre frequency ¼ 6 Hz, frequency smooth-

ing ¼ 2 Hz), alpha (centre frequency ¼ 10 Hz, frequency

smoothing ¼ 2 Hz) and beta band (centre frequency ¼
19 Hz, frequency smoothing ¼ 5 Hz). Afterwards, com-

plex spectra for each epoch were projected into source

space using the linearly constrained minimum variance

beamformer coefficients. For each voxel, the real-valued

power was calculated from the complex Fourier spectra.

The complex-valued spectra were retained for subsequent

connectivity analysis. For automated anatomical labelling

atlas parcellation, single-epoch spectral data were aver-

aged across all voxels within one automated anatomical

labelling atlas region. Afterwards, the absolute imaginary

part of the coherence was calculated between all 90 re-

gion of interests (ROI) resulting in a 90 � 90 connectiv-

ity matrix. We chose the imaginary part of the coherence

to reduce the false connectivity arising from volume con-

duction (Nolte et al., 2004). For power analysis, epochs

were averaged in each ROI resulting in a 90 � 1 power

vector. Plots were generated with BrainNet Viewer (Xia

et al., 2013) as well as the circlize package in R version

3.6.1(Gu et al., 2014).

Analysis of white matter hyperintensity lesion load

For segmentation of WMH, T1- and T2-weighted MRI

scans were semi-automatically segmented using the

Clusterize-Toolbox for spm8 (Clas et al., 2012). The pre-

processed masks were corrected manually by an experi-

enced investigator. To account for interindividual

differences in brain volume, WMH lesion load was calcu-

lated as the ratio of WMH volume and whole-brain

volume.

For illustrative purposes, segmented WMH lesion mask

was projected to a standard brain template in Montreal

Neurological Institute (MNI) 152 space. Individual

FLAIR images were registered to a structural T1-weighed

image in MNI space via linear and non-linear registration

as implemented in the FMRIB Software Library toolbox

[Version 6.0, http://www.fmrib.ox.ac.uk/fsl, accessed 29

July 2020 (Jenkinson et al., 2012)]. Resulting warp fields

were applied to lesion masks for transferring WMH le-

sion masks to MNI 152 standard space and added to il-

lustrate WMH lesion frequency and distribution.

Segmentation of the hippocampus was performed using

Freesurfer [Version 6.0, https://surfer.nmr.mgh.harvard.

edu/, accessed 29 July 2020 (Fischl et al., 2002)] with

standardized pipelines (‘recon-all’). Hippocampus volumes

were extracted from automated segmentation statistics

(‘aseg.stats’) after visual verification of correct segmenta-

tions and manual corrections, if necessary.

Statistical analysis

We constructed multiple linear models using the R statis-

tical package version 3.6.1. To assess the relationship be-

tween cognition and WMH lesion load, linear models

were calculated for each neuropsychological test (n¼ 3)

as a function of lesion load. The relationship of spectral

power and WMH lesion load was modelled in each ROI

(n¼ 90) for each frequency band (n¼ 4) independently.

Similarly, the relationship between the connectivity (im-

aginary coherence) and WMH lesion load was modelled

for each connection [n¼ 90*(90 � 1)/2¼ 4005) and for

each frequency band (n¼ 4) independently. EEG features
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and WMH lesion load were transformed by the third

root to obtain a closer to normal distribution. Age has

been shown to highly influence cognitive function (Habes

et al., 2016) as well as oscillatory activity (Quandt et al.,

2016), thus we included age as a fixed effect in each

model (except for the cognitive model of Stroop and

TMT-B test as these values were already corrected for

age). P-values of the F-statistic were adapted for multiple

comparisons by false discovery rate (FDR) correction.

Global network effects were analysed with linear-mixed

model analyses (package lme4). These models contained

the fixed effects ‘WMH lesion load’ and ‘age’. As add-

itional random effects, we included intercepts for ROI or

connection respectively and by-patient variability. Mixed

model P-values were obtained by analysis of variance

and estimates are reported with 95% confidence

intervals.

Data availability

Data and code used for the analysis are available upon

reasonable request from the corresponding author.

Results

Participants’ characteristics and

results of neurophysiological testing

The distribution of white matter lesion load and age for

all participants is shown in Fig. 1. Participants had a

mean age of 68.77 years (69.4 SD, range 51–84). Twelve

of the 35 participants were female.

White matter lesions included periventricular white

matter changes as well as subcortical changes (see Fig. 2

for a heat map of WMH probability). According to the

STRIVE criteria (Wardlaw et al., 2013), five participants

showed a lacune of presumed vascular origin (four

participants with one lacune, one participant with two

lacunes), none of which were symptomatic.

Participants did not show any global cognitive impair-

ment (median MMSE ¼ 29, range 25–30). Three partici-

pants, however, presented with a MMSE score of 25,

which might already point to mild dementia. Executive

functions revealed deficits in some patients (please refer

to Fig. 3 for TMT-B z-scores and Stroop C-scores). A lin-

ear regression analyses in order to explain cognitive func-

tion by WMH lesion load revealed a worse performance

in executive functions with increasing lesion load for

Stroop [F(1,33) ¼ 5.063, Plesion load ¼ 0.0312, R2 ¼
0.13] and TMT-B [F(1,33] ¼ 6.48, Plesion load ¼ 0.009,

R2 ¼ 0.16]. Global cognitive function assessed by MMSE

did not show a significant dependence on lesion load,

when corrected for age [F(2,32) ¼ 1.682, Plesion load ¼
0.70, R2 ¼ 0.095] (Fig. 3).

Increase of oscillatory power

We aimed to explore oscillatory power depending on

WMH lesion load. In an exploratory approach, we per-

formed multiple linear regression analyses in order to ex-

plain power by WMH lesion load, corrected for age. We

iteratively tested the model for each frequency band

(delta, theta, alpha and beta) and region (90 ROIs). Only

theta power was explained by WMH lesion load. Theta

power was almost globally increased with higher lesion

load (FDR corrected for ROIs ¼ 90, Pcorrected < 0.05, see

Fig. 4A). Highest mean model estimates of theta power

were found in ROIs belonging to the temporal lobe. Age

did not add significant variance to theta power after cor-

rection for multiple comparisons. A linear-mixed model

analysis with additional random effects for ROI and by-

patient variability, confirmed a global increase of theta

power with increasing lesion load [F(1,34.76) ¼ 10.48,

P¼ 0.0027, Fig. 4B]. All other models for the delta,

alpha and beta band were not significant, even before

correction of multiple comparisons (for all uncorrected P-

values of overall models, please refer to Supplementary

Fig. 1). When calculating the linear-mixed model further

including cognitive function as a fixed effect (either

MMSE, TMT-B or Stroop) the fixed effect ‘cognitive

function’ was not significant. Hence, neither global cogni-

tive function nor executive functions, but only WMH le-

sion, added to the explanation of variance to theta

power. Furthermore, in order to evaluate whether the

hippocampus volume influences theta power, we included

the mean hippocampus volume from the left and right

hippocampus of each participant as a fixed effect into the

linear-mixed model. Hippocampus volume, however, in

contrast to WMH lesion load, was not significant, hence

did not explain theta power (please refer to

Supplementary Fig. 2 for hippocampus volumes and

Supplementary Fig. 3 for scatter plots of WMH and cog-

nitive function in relation to hippocampus volumes).

Figure 1 WMH lesion load and age of all participants.

Left column depicts the WMH lesion load ratio. Right column

depicts the age distribution. Boxplots depict median and 25%/

75% quantile; points show individual data.

Connectivity in cerebral small vessel disease BRAIN COMMUNICATIONS 2020: Page 5 of 12 | 5

https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa111#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa111#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa111#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa111#supplementary-data


Reduction in whole-brain functional
connectivity

Whole-brain functional connectivity calculated by the im-

aginary coherence was assessed in a 90 � 90 ROI con-

nectome based on the automated anatomical labelling

atlas. In an exploratory approach, we performed multiple

linear regression analyses in order to investigate the

impact of WMH lesion load on functional connectivity,

corrected for age. We iteratively tested the model for

each frequency band (delta, theta, alpha and beta) and

each connection (4005 connections). With increasing le-

sion load, alpha connectivity decreased. The decrease was

significant in long-range connections, spanning across

lobes, e.g., from frontal regions to temporal, insular, sub-

cortical, central, parietal and occipital lobe (FDR

Figure 2 WMH probability map of all participants. Colour indicates the number of participants with lesions in the corresponding

voxel. Lesions were mostly found in periventricular white matter. Radiological convention.
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corrected for connections ¼ 4005, Pcorrected < 0.1,

Fig. 5A). No single connection within one lobe showed a

significant relationship to the lesion load ratio, supporting

the notion that the connectivity decrease associated with

WMH lesions predominantly affects long-range connec-

tions (Fig. 5). In these models, the fixed effect ‘age’ did

not predict alpha connectivity after correction for mul-

tiple comparisons. In order to analyse the effect of func-

tional connectivity not for each connection individually

but for the whole significant network, we performed an

additional linear-mixed model analysis. The linear-mixed

model analysis with additional random effects for

Figure 3 Cognitive scores and its relationship to WMH lesion load. Left column: Results of cognitive testing for MMSE, Stroop (C-

score) and TMT-B (z-score). Boxplots depict median and 25%/75% quantile; points show individual data. Right column: Effect plot of linear

model analyses to assess cognition as a function of WMH lesion load. Three separate models for MMSE, Stroop and TMT-B tests were

calculated. The model MMSE was corrected for age, Stroop C-scores as well as TMT-B z-scores were already transformed based on age, sex

and level of education. Line depicts the prediction line, with a 95% confidence band and partial residuals. With increasing lesion load executive

functions (Stroop, TMT-B) decline, global cognitive performance (MMSE) does not show an effect based on lesion load. Asterisks mark the

level of significance, *p< 0.05.
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significant connections and by-patient variability, con-

firmed a decrease of functional connectivity with increas-

ing lesion load [F(1,35) ¼ 7.86, P¼ 0.0082, Fig. 5C].

Neither delta, theta nor beta band connectivity showed a

significant relationship to WMH lesion load. When calcu-

lating the linear-mixed model further including cognitive

function as a fixed effect (either MMSE, TMT-B or

Stroop) the fixed effect ‘cognitive function’ was not sig-

nificant, hence the decrease of functional connectivity did

not depend on cognitive function.

Discussion
In our study, we analysed the impact of white matter le-

sion load in cerebral SVD on oscillatory power and func-

tional brain connectivity measured with high-density

resting-state EEG. We leveraged source reconstruction

methods and found an increase of theta power in rela-

tionship to white matter lesion load, independently of

age. Moreover, whole-brain functional connectivity

revealed a disrupted network most pronounced in long-

range connections connected to the frontal lobe, associ-

ated with WMH in patients without clinical signs of mild

cognitive impairment or dementia.

In clinical EEG, the presence of temporal theta waves

is well known to increase in the older population

(Schomer and Silva, 2010); however, when controlling

for risk factors of brain dysfunction, age-associated EEG

changes are very subtle even in the very old (Shigeta

et al., 1995). In our cohort, participants with a greater

white matter lesion load showed an increase of theta

power. Importantly, this increase in power was independ-

ent of age. The increase was evident in virtually all brain

regions, sparing only superior orbitofrontal regions as

well as the rostral part of the occipital cortex. Theta

power was highest in the limbic system and the temporal

lobe. Theta oscillations are a key mechanism for the in-

formation processing in hippocampus and invasive-EcoG

studies in patients have linked the well-studied hippocam-

pal theta in rodents to human behaviour (Kahana et al.,

2001). The power of theta oscillations has been shown to

increase during cognitive tasks and might reflect attention

and cortical control (Kahana, 2006). These slow rhythms

synchronize widespread neuronal ensembles by transient

coupling with higher frequency localized oscillations

(Buzsáki and Draguhn, 2004). It has been shown, that

higher theta amplitude results in a stronger high gamma–

theta coupling (Canolty et al., 2006). Hence, one might

speculate that the increase in theta amplitude in patients

with WMH from cerebral SVD represents a compensa-

tory mechanism in order to enhance coordinated activity

in distributed cortical areas as a mechanism for commu-

nication during cognitive processing. On the contrary,

previous EEG studies looking at oscillatory power in

patients with subcortical vascular dementia found an in-

crease of low-frequency power, accompanied by a reduc-

tion of alpha and beta power (Gawel et al., 2007; van

Straaten et al., 2012), associated with a worsening of

cognition function. These data might suggest that the

Figure 4 Theta power as a function of WMH lesion load. (A) Mean model estimates for theta power as a function of WMH lesion

load corrected for age. Dots mark the centre of gravity of each ROI. Size of dot represents the mean model estimate for theta power.

Coloured dots depict models, in which the P-value of the overall model as well as the P-value of the effect ‘WMH lesion load’ is significant

(FDR corr. P< 0.05). Black dots are ROIs that are not significant. Colour of dots represents the belonging to a region. Blue ¼ temporal lobe,

red ¼ frontal lobe, yellow ¼ central area, green ¼ parietal lobe, turquoise ¼ occipital lobe, magenta ¼ insular and subcortical. (B) Effect plot

of factor ‘WMH lesion load ’for linear-mixed model analysis including all ROIs. Line displays the prediction line, shaded area the 95%

confidence interval. **P< 0.01. With increasing WMH lesion load the theta power increases globally.
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increase in low-frequency power could already mark a

breakdown of the system rather than a compensation. It

remains unclear, however whether the decline in cognitive

performance is due to the increase of low-frequency

power or due to the reduction of alpha and beta power.

Slowing of the EEG with an increase in delta/theta

power as well as a decrease of alpha/beta power has

been extensively reported in other neurodegenerative dis-

eases, especially in Alzheimer’s Disease (Riekkinen et al.,

1991; Jeong, 2004). In Alzheimer’s Disease, dysregulation

of cholinergic basal forebrain neurons that project pri-

marily to central limbic structures, but also to widespread

cortical areas, might play a critical role in the pathologic-

al oscillatory theta changes (Steriade et al., 1990; Jeong,

2004). The involvement of cholinergic dysfunction has

also been debated in vascular dementia (Mesulam et al.,

2003; Engelhardt et al., 2007). Here, rather than a

dysregulation of cholinergic basal forebrain neurons, sub-

cortical lesions might interrupt ascending cholinergic

axons crossing within the hemispheric white matter. Our

finding, that theta power depends on WMH lesion load

but not hippocampal volume, further supports this

notion.

We assessed whole-brain functional connectivity in rela-

tionship to white matter disease. A higher white matter

lesion load was associated with a decrease of alpha-band

connectivity. The decrease of functional connectivity was

evident in long-range connections, mostly originating or

terminating in the frontal lobe. In line with this observa-

tion, WMH most frequently affect the periventricular and

subcortical regions which comprise long white matter

tracts connecting distant brain regions. Moreover, no

short-range connection within one lobe showed a signifi-

cant decrease in connectivity in relationship to
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Figure 5 Functional connectivity as a function of WMH lesion load. (A) Significant edges of alpha connectivity as a function of

WMH lesion load corrected for age. Dots mark the centre of gravity of each ROI that has a significant connection. (B) Circular plot of
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displays the prediction line, shaded area the 95% confidence interval. **P< 0.01. With increasing WMH lesion load the alpha connectivity

decreases.
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leukoaraiosis. Accordingly, subcortical u-fibres as well as

local association fibers are initially spared in small vessel

ischaemic white matter lesions (Pantoni and Garcia,

1997).

An impairment of the frontoparietal network in cere-

bral SVD was also reported in resting-state fMRI studies

(Schaefer et al., 2014). Moreover, higher tract specific

white matter lesion load has been shown to be related to

lower functional connectivity in the corresponding brain

regions (Langen et al., 2017). Apart from functional

changes, previous studies have observed a decline of

structural connectivity in SVD patients (Lawrence et al.,

2014; Kim et al., 2015; Tuladhar et al., 2016). A very

similar pattern of disrupted connectivity as shown in our

study has been observed with diffusion tensor imaging in

a cohort of patients with symptomatic SVD (Lawrence

et al., 2014). In accordance to the impaired network of

alpha connectivity, the structural subnetwork impaired in

patients with SVD comprised predominantly prefrontal

cortex, parietal and temporal regions as well as frontal

and precuneus pathways to basal ganglia, limbic and in-

sular regions. The disproportionate involvement of pre-

frontal connectivity, that was also evident in our study,

provides a potential explanation for the deficits of execu-

tive function that are characteristic for vascular cognitive

impairment (Román et al., 2002). Multiple studies have

related cognitive functions to white matter lesion load as

well as structural (Tuladhar et al., 2016; Langen et al.,

2018) and functional (Papma et al., 2013) network dis-

ruptions. In our study, we found worse executive func-

tion with increasing lesion load. Cognitive function,

including executive function, was not associated with

spectral power or functional connectivity. We speculate

that mild cognitive dysfunction was too subtle to show a

correlation with functional connectivity levels measured

from neural oscillatory activity.

Connectivity changes in relationship to white matter le-

sion load were restricted to the alpha band. Faster oscil-

latory components, such as beta oscillations reflect more

local processing with cortico-cortical connections

(Pfurtscheller and Lopes da Silva, 1999), hence might not

be as affected by white matter disease. On the contrary,

alpha oscillations are generated through the interaction of

thalamocortical and cortico-cortical systems with strong

modulation from many subcortical regions (Steriade

et al., 1990; Crunelli et al., 2018), which render them

more susceptible to subcortical white matter pathology.

Alpha oscillatory networks have been shown to play an

important role in information processing and impact cog-

nitive performance. Multimodal studies have linked alpha

activity to the intrinsic cognitive control networks

(Sadaghiani and Kleinschmidt, 2016). Hence, we specu-

late, that alterations of alpha-band connectivity in

patients with WMH might serve as a precursor of net-

work-failure that with increasing severity, might cause

cognitive decline. In Alzheimer’s Disease, apart from a

decrease of coherence in the alpha band, beta band

connectivity is also locally diminished (Jeong, 2004),

again underlying the difference of Alzheimer’s Disease as

a neocortical disconnection syndrome and cSVD, a dis-

ease mostly characterized by subcortical white matter

pathology.

There are limitations to our study. Even though we

selected participants that did not self-report any cognitive

impairment, after study inclusion, three participants pre-

sented with an MMSE of 25, already pointing to mild

dementia. In addition, MMSE is prone to false-negative

results in patients with mild cognitive impairment, limit-

ing the general conclusion that patients did not present

with cognitive impairments. Furthermore, we cannot ex-

clude the co-occurrence of other neurodegenerative path-

ologies, as they are a frequent finding in patients with

cerebrovascular pathology (Gorelick et al., 2011). We did

show, however, that hippocampus volume did not influ-

ence theta power, supporting the notion that oscillatory

changes were due to WMH but not hippocampal atro-

phy. Another point concerns the correction for multiple

comparisons in a high-dimensional space of cortio-cortical

interactions. Correction can conceal weaker but function-

ally relevant connections, hence we did only correct for

ROIs but not frequency bands, and in case of 4005 con-

nections set the FDR rate to 0.1. Moreover, the size of

study cohort, especially participants with no global cogni-

tive impairment and extensive lesion load is small, limit-

ing the generalizability of our results and carrying the

risk of a selection bias.

In conclusion, patients with greater white matter lesion

load showed an increase in global theta power that was

independent of age. Whole-brain functional connectivity

revealed a disrupted alpha band network most pro-

nounced in long-range connections connected to the

frontal lobe preceding pronounced cognitive impairment.

Hence, oscillatory neuronal network changes due to

white matter lesions might be sensible to subtle cognitive

impairments that are not yet clinically relevant.
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