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Network-sensitive neuroimaging methods have been used to characterize large-scale brain network degeneration in Alzheimer’s

disease and its prodrome. However, few studies have investigated the combined effect of Alzheimer’s disease and cerebrovascular

disease on brain network degeneration. Our study sought to examine the intrinsic functional connectivity and structural covariance

network changes in 235 prodromal and clinical Alzheimer’s disease patients with and without cerebrovascular disease. We focused

particularly on two higher-order cognitive networks—the default mode network and the executive control network. We found

divergent functional connectivity and structural covariance patterns in Alzheimer’s disease patients with and without cerebrovas-

cular disease. Alzheimer’s disease patients without cerebrovascular disease, but not Alzheimer’s disease patients with cerebrovas-

cular disease, showed reductions in posterior default mode network functional connectivity. By comparison, while both groups

exhibited parietal reductions in executive control network functional connectivity, only Alzheimer’s disease patients with cerebro-

vascular disease showed increases in frontal executive control network connectivity. Importantly, these distinct executive control

network changes were recapitulated in prodromal Alzheimer’s disease patients with and without cerebrovascular disease. Across

Alzheimer’s disease patients with and without cerebrovascular disease, higher default mode network functional connectivity

z-scores correlated with greater hippocampal volumes while higher executive control network functional connectivity z-scores

correlated with greater white matter changes. In parallel, only Alzheimer’s disease patients without cerebrovascular disease

showed increased default mode network structural covariance, while only Alzheimer’s disease patients with cerebrovascular disease

showed increased executive control network structural covariance compared to controls. Our findings demonstrate the differential

neural network structural and functional changes in Alzheimer’s disease with and without cerebrovascular disease, suggesting that

the underlying pathology of Alzheimer’s disease patients with cerebrovascular disease might differ from those without cerebro-

vascular disease and reflect a combination of more severe cerebrovascular disease and less severe Alzheimer’s disease network

degeneration phenotype.

1 Centre for Cognitive Neuroscience, Neuroscience and Behavioural Disorders Programme, Duke-National University of Singapore
Medical School, Singapore

2 Department of Pharmacology, Clinical Research Centre, National University Health System, National University of Singapore,
Singapore

3 Memory Ageing and Cognition Centre, National University Health System, Singapore
4 Duke-National University of Singapore Medical School, Singapore
5 St. Luke’s Hospital, Singapore
6 Raffles Neuroscience Centre, Raffles Hospital, Singapore
7 Clinical Imaging Research Centre, The Agency for Science, Technology and Research and National University of Singapore,

Singapore

doi:10.1093/brain/awx224 BRAIN 2017: Page 1 of 11 | 1

Received March 23, 2017. Revised May 30, 2017. Accepted July 12, 2017.

� The Author (2017). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits

non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/brain/article-abstract/doi/10.1093/brain/awx224/4160421/Influence-of-cerebrovascular-disease-on-brain
by National University of Singapore user
on 20 September 2017

http://creativecommons.org/licenses/by-nc/4.0/


Correspondence to: Dr Juan Zhou,

Centre for Cognitive Neuroscience, Neuroscience and Behavioural Disorders Programme,

Duke-NUS Medical School, Singapore

8 College Road, #06-15, Singapore 169857

E-mail: helen.zhou@duke-nus.edu.sg

Keywords: Alzheimer’s disease; cerebrovascular disease; prodromal stage; intrinsic functional connectivity; structural covariance

Abbreviations: AD = Alzheimer’s disease without CVD; AD+CVD = Alzheimer’s disease with CVD; CIND = cognitive impairment
no dementia without CVD; CIND+CVD = cognitive impairment no dementia with CVD; CVD = cerebrovascular disease; DMN =
default mode network; ECN = executive control network

Introduction
Alzheimer’s disease is a neurodegenerative disorder asso-

ciated with large-scale brain functional and structural net-

work dysfunctions (Seeley et al., 2009). Using intrinsic

functional connectivity approaches that measure correlated

spontaneous activity between brain regions under task-free

conditions, several intrinsic connectivity networks have been

consistently identified in healthy individuals (Biswal et al.,

1995; Fox and Raichle, 2007) and demonstrated to show

aberrant changes in Alzheimer’s disease and its prodrome.

Of these, decreased functional connectivity in the default

mode network (DMN) is the most prominent in patients

with Alzheimer’s disease (Greicius et al., 2004; Seeley

et al., 2009; Zhou et al., 2010). More recently, aberrant

loss of functional connectivity in other intrinsic connectivity

networks has also been documented in Alzheimer’s disease

patients, including the frontoparietal executive control net-

work (ECN) (Brier et al., 2012; Wang et al., 2015). In pa-

tients with mild cognitive impairment, reduced connectivity

in the DMN has also been reported (Rombouts et al., 2005;

Bai et al., 2008; Zhou et al., 2008), with some evidence of

increased frontoparietal connectivity that may be suggestive

of a compensatory mechanism (Qi et al., 2010).

Structural brain networks have been characterized by

analysing the co-varying grey matter volume or cortical

thickness between different brain regions across individuals

(He et al., 2007; Zielinski et al., 2010). Structural covari-

ance networks derived using this technique have been

shown to corroborate with intrinsic connectivity networks

in both health and disease. Seeley and colleagues (2009),

for example, demonstrated convergent intrinsic connectivity

network and structural covariance network patterns in

healthy individuals, which mirrored grey matter atrophy

patterns in distinct neurodegenerative disorders. However,

while some studies have examined structural covariance

networks in Alzheimer’s disease (Spreng and Turner,

2013; Montembeault et al., 2016), little is known about

its correspondence with intrinsic connectivity networks.

In addition, few studies have examined structural and

functional network changes in Alzheimer’s disease patients

that have comorbid cerebrovascular disease. Alzheimer’s

disease frequently co-occurs with cerebrovascular disease

(Toledo et al., 2013), which has emerged as the leading

cause of age-related cognitive impairment (Schneider

et al., 2009; Chen et al., 2016). On its own, cerebrovascu-

lar disease is associated with declines in executive function

(Prins et al., 2005), reduced frontal lobe metabolism

(Kuczynski et al., 2009), and disrupted functional connect-

ivity in frontoparietal regions (Schaefer et al., 2014).

Together, Alzheimer’s disease and cerebrovascular disease

are proposed to have additive effects on cognitive decline

(Zekry et al., 2002; Iadecola, 2010; Attems and Jellinger,

2014; Kalheim et al., 2017). For the same clinical severity

of dementia, patients with pure Alzheimer’s disease ex-

hibited more severe Alzheimer’s disease pathology (amyl-

oid-b and tau) than those comorbid with cerebrovascular

disease (Goulding et al., 1999; Zekry et al., 2002; Toledo

et al., 2013). However, it is unknown whether the additive

effects of Alzheimer’s disease and cerebrovascular disease

would be observed in functional connectivity and structural

covariance network changes at different stages of the dis-

ease as well.

In view of this gap, our study sought to use both intrinsic

functional connectivity and structural covariance approaches

to compare large-scale brain network changes between

prodromal and clinical Alzheimer’s disease patients with

and without cerebrovascular disease. We focused particularly

on two higher-order cognitive networks, DMN and ECN.

Given the proposed additive effects of Alzheimer’s dis-

ease and cerebrovascular disease on cognitive decline

(Goulding et al., 1999; Zekry et al., 2002), we predict

that Alzheimer’s disease patients with and without cerebro-

vascular disease would feature divergent connectivity

changes across the networks. Specifically, given the same

clinical severity, Alzheimer’s disease patients with cerebro-

vascular disease would feature greater cerebrovascular dis-

ease-related changes in the ECN and less Alzheimer’s

disease-related changes in the DMN than those without

cerebrovascular disease. Further, we predict that connectiv-

ity changes in the prodromal stages of Alzheimer’s disease

would mirror that of Alzheimer’s disease. Finally, given the

correspondence between structural covariance networks

and intrinsic connectivity networks (Seeley et al., 2009),

we expect that structural covariance networks would ex-

hibit similar changes to those observed for intrinsic con-

nectivity networks.
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Materials and methods

Participants

Participants from five groups [Alzheimer’s disease with cere-
brovascular disease (AD + CVD), Alzheimer’s disease without
cerebrovascular disease (AD), cognitive impairment no demen-
tia with cerebrovascular disease (CIND + CVD), cognitive im-
pairment no dementia without cerebrovascular disease (CIND)
and healthy controls] were selected from a dataset previously
described in a published case-control study (Hilal et al., 2015).
Detailed recruitment, diagnostic and inclusion/exclusion cri-
teria for Alzheimer’s disease, cerebrovascular disease, cognitive
impairment no dementia and healthy control subjects are pro-
vided in the Supplementary material. The study was approved
by the National Healthcare Group Domain-Specific Review
Board and conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all par-
ticipants in their preferred language prior to the start of the
study. All participants underwent neuroimaging as well as an
extensive clinical and neuropsychological evaluation, including
the Mini-Mental State Examination (MMSE) and a neuropsy-
chological assessment (Yeo et al., 1997), which assessed
two memory domains (verbal and visual memory) and five
non-memory domains (executive function, attention, language,
visuomotor speed and visuoconstruction).

For this study, 235 participants were selected based on the
following criteria: (i) met specific cut-offs on the Clinical
Dementia Rating (CDR) scores: 0 for healthy controls, 0.5
for CIND and CIND + CVD participants and 1–2 for AD
and AD + CVD participants; and (ii) had structural images
that were visually assessed to be free of motion and suscepti-
bility artefacts. Each group had an equal number of partici-
pants (n = 47) to ensure fair comparisons across groups for
structural covariance, and there were no differences in disease
severity and cognition between CVD and non-CVD groups at
each disease stage (Table 1). For the functional connectivity
analyses, a subset of 199 participants (of 235 participants)
whose functional images met the motion criteria (maximum
absolute displacement 53 mm, maximum relative displace-
ment 51 mm) was used (Supplementary Table 1).

Image acquisition

Participants were scanned at the Clinical Imaging Research
Centre, National University of Singapore, on a 3 T Siemens
Magnetom Tim Trio scanner using a 32-channel head
coil. The scan protocol included a T1-weighted MPRAGE
(magnetization prepared rapid gradient recalled echo) sequence
(repetition time = 2300 ms, echo time = 1.9 ms, inversion
time = 900 ms, flip angle = 9�, 192 sagittal slices, matrix
size = 256 � 256, voxel size = 1.0 � 1.0 � 1.0 mm3), a FLAIR
(fluid attenuated inversion recovery) sequence (repetition
time = 9000 ms, echo time = 82 ms, inversion time = 2500 ms,
flip angle = 180�, 48 transversal slices, matrix size = 256 � 232,
voxel size = 1.0 � 1.0 � 3.0 mm3), and a 5-min T2*-weighted
task-free functional MRI scan (T2*-weighted echo planar
sequence with repetition time = 2300 ms, echo time = 25 ms,
flip angle = 90�, field of view = 192 � 192 mm2, voxel
size = 3.0 mm isotropic, slice thickness = 3 mm, 48 axial slices,
interleaved collection).

Image preprocessing

Functional imaging

Task-free functional MRI images were preprocessed using the
Analysis of Functional NeuroImages software (Cox, 1996) and
the FMRIB (Oxford Centre for Functional MRI of the Brain)
Software Library (FSL) (Jenkinson et al., 2012), following our
previous protocol (Ng et al., 2016). The preprocessing steps
comprised: (i) removal of the first five volumes to allow for
magnetic field stabilization; (ii) motion correction; (iii) time
series despiking; (iv) spatial smoothing; (v) grand mean scaling;
(vi) bandpass temporal filtering; (vii) removal of linear and
quadratic trends; (viii) co-registration of T1 image using
boundary-based registration (Greve and Fischl, 2009) and sub-
sequent registration of the functional image to Montreal
Neurological Institute (MNI) 152 space using a non-linear
registration tool (FNIRT); and finally (ix) regression of nine
nuisance signals (white matter, CSF, global signals and six
motion parameters) from the preprocessed functional images.
To determine if global signal regression was preferred, we
calculated the global negative index for each subject, taken
as the percentage of voxels showing negative correlation
with the global signal (Chen et al., 2012). A large proportion
of our subjects (82.4%) had a global negative index of 53%,
suggesting that the global signal was representative of non-
neural noise and should be regressed out from the images.

Structural imaging

Voxel-based morphometry was applied to structural T1-weighted
images using the VBM8 toolbox (Structural Brain Mapping
Group; http://dbm.neuro.uni-jena.de/software/) for Statistical
Parametric Mapping (SPM8; Wellcome Trust Centre for
Neuroimaging; http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).
Individual grey matter volume probability maps were obtained
from T1-weighted images using an approach that included: (i)
segmentation of T1-weighted images into grey matter, white
matter, and CSF using an adaptive Maximum A Posterior
technique (Rajapakse et al., 1997), which eliminates the use of
tissue priors; (ii) creation of a study-specific template using
non-linear DARTEL (Diffeomophic Anatomical Registration
Through Exponentiated Lie Algebra) registration of the affine-
registered grey matter and white matter segments (Ashburner,
2007); (iii) registration of each grey matter/white matter prob-
ability map to the customized template in MNI standard space;
(iv) modulation by multiplying voxels with the non-linear
component of the Jacobian determinant to account for individual
brain volumes; and (v) smoothing on the normalized grey matter
images by an isotropic 8 mm Gaussian kernel.

Image analyses

Functional connectivity analyses

Individual-level intrinsic connectivity networks were obtained
using a seed-based approach following our previous work
(Zhou et al., 2012) (Supplementary Fig. 1). First, mean time
series of two 4-mm spherical regions of interest were extracted
from each participant’s preprocessed functional images. These
regions of interest corresponded to core DMN and ECN
regions and were selected from the peak foci of intrinsic con-
nectivity networks reported in previous literature: left posterior
cingulate cortex (DMN; MNI coordinates: –7, –43, 33)
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(Sridharan et al., 2008) and right dorsolateral prefrontal

cortex (ECN; MNI coordinates: 44, 36, 20) (Seeley et al.,
2007) (Supplementary Fig. 2). Pearson’s correlation was

then computed between each voxel’s spontaneous BOLD

(blood oxygen level-dependent signal) time series and the aver-
age time series from each region of interest, and converted to

z-scores using Fisher’s r-to-z transformation. Separate second-

level, random effects analyses for each region of interest were

subsequently performed using the Biological Parametric
Mapping toolbox (Casanova et al., 2007) on individual z-

score maps to identify voxels showing group differences in

intrinsic connectivity networks. To restrict the analyses to
within-network group differences, group-averaged network

maps were derived by performing a one-sample t-test on the

z-score maps of healthy controls for each region of interest.
Results from the analyses were then masked with the network

maps and thresholded at a height threshold of P5 0.01 and a

cluster-extent threshold of P50.05. Age, gender, years of edu-

cation, handedness, ethnicity and voxelwise grey matter maps
(for atrophy correction) were included as covariates, and

groups were modelled as separate covariates in the analyses.
To ensure that the results are unaffected by differences in

methodology, we repeated our analyses using (i) non-paramet-

ric statistical methods; (ii) functional images without global
signal regression; and (iii) network masks derived from an

independent healthy elderly dataset (n = 78) as described

previously (Ng et al., 2016). Detailed information on these
additional analyses is given in the Supplementary material.

We additionally examined if these functional connectivity
changes were associated with hippocampal volume and white

matter lesion measures in clinical and prodromal Alzheimer’s

disease patients. Mean bilateral hippocampal grey matter

volumes (Alzheimer’s disease marker) were extracted from
the normalized preprocessed grey matter images using the
mask defined in the automated anatomical labelling template
(Tzourio-Mazoyer et al., 2002), and white matter lesions
(cerebrovascular disease marker) were quantified using the
age-related white matter changes scale (Kapeller et al., 2003).
Mean functional connectivity z-scores of clusters that showed
DMN and ECN differences between clinical Alzheimer’s dis-
ease patients and controls (DMN: AD 5HC; ECN:
AD + CVD4HC) were also extracted. After regressing out
nuisance covariates (age, gender, education, handedness,
ethnicity), residuals of functional connectivity measures
were then correlated with hippocampal/white matter lesion
markers in clinical (AD and AD + CVD) and prodromal
Alzheimer’s disease patients (CIND and CIND + CVD) separ-
ately. As age-related white matter changes scores have a
skewed distribution, correlation analyses with age-related
white matter changes scores were performed using two-tailed
Spearman’s correlation tests, while correlation analyses with
hippocampal grey matter volumes were performed using two-
tailed Pearson’s correlation tests.

Structural covariance analyses

Similar to the functional connectivity analyses, structural co-
variance analyses were performed using a seed-based approach
with the same DMN and ECN regions of interest used in the
functional connectivity analyses (Seeley et al., 2009; Zielinski
et al., 2010). Mean grey matter volumes of the two 4-mm
spherical regions of interest were first extracted from each par-
ticipant’s preprocessed grey matter image. Separate regression
analyses for each region of interest were then performed by
entering mean region of interest grey matter volumes as the

Table 1 Participant demographic, clinical and neuropsychological characteristics

AD + CVD AD CIND + CVD CIND HC P-value

(n = 47) (n = 47) (n = 47) (n = 47) (n = 47)

Age, years 79.09 (5.80)a,b,c,d 75.21 (7.81)a,b,c 70.43 (8.11) 69.96 (8.81) 68.57 (5.14) 50.001*

Gender, M/F 16/31 17/30 24/23 22/25 22/25 0.375

Handedness, R/L 47/0 47/0 47/0 46/1 47/0 0.404

Ethnicity, C/M/I/O 34/8/5/0 38/6/1/2 35/6/3/3 39/1/7/0 43/1/3/0 0.019*

Education, years 4.68 (4.90) 4.62 (5.14) 6.40 (4.31) 7.47 (5.32) 9.96 (4.49) 50.001*

MMSE 16.17 (4.53)a,b,c 16.62 (5.17)a,b,c 23.6 (3.46)a 24.34 (3.36)a 27.47 (2.03) 50.001*

Global CDR 1–2 1–2 0.5 0.5 0 -

CDR-SB 7.30 (3.09)a,b,c 6.21 (2.24)a,b,c 1.31 (0.96)a 1.03 (0.63)a 0.00 (0.00) 50.001*

(n = 35) (n = 37) (n = 42) (n = 43) (n = 41)

Executive function –0.946 (0.929)a,b,c –0.782 (1.006)a,b,c 0.074 (0.672)a 0.369 (0.551)a 0.812 (0.375) 50.001*

Attention –0.696 (0.865)a,b,c –0.765 (1.098)a,b,c 0.054 (0.722)a 0.282 (0.557)a 0.777 (0.500) 50.001*

Language –1.000 (0.763)a,b,c –0.844 (0.884)a,b,c 0.053 (0.505)a 0.237 (0.493)a 0.932 (0.508) 50.001*

Verbal memory –0.964 (0.336)a,b,c –0.943 (0.571)a,b,c –0.109 (0.708)a –0.023 (0.780)a 1.066 (0.548) 50.001*

Visual memory –1.009 (0.523)a,b,c –1.004 (0.580)a,b,c –0.049 (0.570)a –0.017 (0.636)a 1.171 (0.465) 50.001*

Visuoconstruction –0.927 (0.827)a,b,c –0.749 (0.972)a,b,c –0.053 (0.641)a 0.297 (0.594)a 0.857 (0.419) 50.001*

Visuomotor speed –0.877 (0.703)a,b,c –0.830 (0.795)a,b,c 0.011 (0.722)a 0.288 (0.679)a 0.866 (0.464) 50.001*

�A significant difference between groups.
aA significant difference from the healthy control group.
bA significant difference from the CIND group.
cA significant difference from the CIND + CVD group.
dA significant difference from the AD group.

C = Chinese; CDR = Clinical Dementia Rating; CDR-SB = clinical dementia rating – sum of boxes; F = female; HC = healthy controls; I = Indian; L = left; M = Malay; M = male;

MMSE = Mini-Mental State Examination; O = others; R = right.
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covariate of interest, group as the grouping variable, and age,
gender, education, ethnicity and handedness as confounding
variables. Following previous methods (Montembeault et al.,
2016), we conducted specific contrasts to identify clusters with
significant group differences in regression slopes (‘structural
association’). Resultant maps were thresholded at a height
threshold of P5 0.001 and a cluster-extent threshold of
P50.05. To examine if these results were related to grey
matter atrophy, group comparisons of grey matter volumes
were additionally performed (Supplementary material).
Resultant atrophy maps were subsequently overlaid on the
group structural association difference maps to identify regions
of overlap between structural covariance changes and grey
matter atrophy. To ensure that the results remain unaffected
by changes in methodology, the analyses were also repeated
using non-parametric statistical methods (Supplementary
material).

Results

Group differences in functional
intrinsic connectivity networks

Both intrinsic connectivity networks featured divergent con-

nectivity changes between cerebrovascular disease and non-

cerebrovascular disease groups. In the DMN, AD patients

exhibited widespread functional connectivity decreases in

core posterior regions of the network compared to controls,

including the bilateral precuneus and posterior cingulate

cortex, and right angular gyrus. By comparison,

AD + CVD patients showed only connectivity decreases in

the left cerebellum crus, while CIND and CIND + CVD pa-

tients demonstrated no DMN connectivity changes relative

to controls (Fig. 1A and Supplementary Table 3). In agree-

ment with these findings, functional connectivity decreases

in the posterior DMN were also found in AD patients

compared to AD + CVD patients (Fig. 2A).

AD and AD + CVD patients also showed dissociations in

ECN connectivity, particularly in the frontal regions (Figs

1B, 2B and Supplementary Table 4). Compared to controls,

AD patients exhibited reduced functional connectivity in

both lateral parietal and lateral prefrontal regions of the

ECN. In contrast, while AD + CVD patients similarly

showed reduced parietal connectivity relative to controls,

they instead showed increased frontal connectivity compared

to controls and AD patients. More interestingly, these con-

nectivity changes were recapitulated in CIND and

CIND + CVD patients. CIND patients displayed reduced

parietal connectivity, while CIND + CVD patients displayed

reduced parietal connectivity and increased frontal connect-

ivity in the ECN relative to controls. Similarly, CIND + CVD

patients showed increased frontal functional connectivity

compared to CIND patients (Fig. 2B).

Similar results were obtained using (i) non-parametric stat-

istical methods (Supplementary Fig. 3 and Supplementary

Tables 5, 6, 9 and 10); (ii) functional images without

global regression (Supplementary Fig. 4 and Supplementary

Tables 7–10); and (iii) network maps generated from an in-

dependent healthy elderly dataset as masks (Supplementary

Figs 5 and 6, and Supplementary Tables 11 and 12), thereby

suggesting that our results are largely unaffected by methodo-

logical differences.

Association with hippocampal grey
matter volumes and age-related
white matter changes scores

Across AD + CVD and AD patients, greater mean hippo-

campal grey matter volumes correlated with higher DMN

(r = 0.257, P = 0.032) (Fig. 3A) and higher frontal ECN

functional connectivity z-scores (r = 0.266, P = 0.026),

while higher age-related white matter changes scores corre-

lated with higher frontal ECN (� = 0.298, P = 0.013)

(Fig. 3B) but not DMN functional connectivity z-scores

(� = 0.185, P = 0.127). In comparison, mean hippocampal

grey matter volumes or age-related white matter changes

scores in CIND + CVD and CIND patients did not correlate

with DMN or ECN functional connectivity z-scores

(P4 0.05).

Structural covariance network com-
parisons between Alzheimer’s disease
patients with and without cerebro-
vascular disease

We found divergent changes in structural association be-

tween AD and AD + CVD patients that partly resembled

the functional connectivity changes (Fig. 4 and

Supplementary Tables 13 and 14). In the DMN, AD pa-

tients featured greater structural association in posterior

brain regions (left superior and middle occipital gyrus,

cuneus and precuneus; right lingual gyrus, hippocampus,

calcarine gyrus and parahippocampal gyrus) compared to

controls (Fig. 4A). Superimposition of this contrast over the

same contrast performed for the functional connectivity

analysis revealed that some of these brain regions were in

close proximity to regions showing DMN functional con-

nectivity differences between AD patients and controls (Fig.

4A). In contrast, AD + CVD patients showed no change in

the structural association of the DMN compared to

controls.

As for the ECN, AD + CVD patients showed increased

structural association in lateral parietal and prefrontal cor-

tices compared to controls (Fig. 4B). Several regions were in

close proximity or overlapped with regions showing ECN

functional connectivity changes in AD + CVD patients (Fig.

4B). AD patients, in contrast, showed no change in the

structural association of the ECN compared to controls.

We repeated the above analyses using non-parametric

statistical methods and obtained similar results. Details of

these results are provided in Supplementary Fig. 7 and

Supplementary Tables 15 and 16.

Network changes in AD with and without CVD BRAIN 2017: Page 5 of 11 | 5

Downloaded from https://academic.oup.com/brain/article-abstract/doi/10.1093/brain/awx224/4160421/Influence-of-cerebrovascular-disease-on-brain
by National University of Singapore user
on 20 September 2017

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awx224#supplementary-data


Discussion
In this study, we examined the changes in functional

connectivity and structural covariance of two higher-order

cognitive networks in prodromal and clinical stages of

Alzheimer’s disease with and without cerebrovascular

disease. As hypothesized, we found differential functional

connectivity and structural covariance changes between

cerebrovascular disease and non-cerebrovascular disease

groups. Specifically, DMN functional connectivity was

reduced in AD but not in AD + CVD patients. Conversely,

AD + CVD patients showed greater ECN connectivity in

frontal regions compared to both controls and AD patients.

Importantly, these ECN connectivity changes were recapitu-

lated at the prodromal stage. Higher DMN and ECN func-

tional connectivity z-scores also correlated with greater

hippocampal volumes and white matter lesions in clinical

Alzheimer’s disease patients, respectively. Supporting the

functional connectivity findings, we found similar divergent

structural covariance changes in the ECN and DMN be-

tween the two groups: AD patients showed only increased

DMN structural association, while AD + CVD patients

showed only increased ECN structural association com-

pared to controls. Our findings highlight the differential

structural and functional network disruptions in the two

disorders, thereby implying that the pathology of cerebro-

vascular disease groups differs from non-cerebrovascular

disease groups and is likely to reflect a network

degeneration pattern of more cerebrovascular disease and

less Alzheimer’s disease phenotype.

Divergent default mode network
changes in Alzheimer’s disease
patients with and without cerebro-
vascular disease

In agreement with previous studies (Greicius et al., 2004;

Zhou et al., 2010), AD patients showed reduced left poster-

ior cingulate cortex-based functional connectivity in the pos-

terior DMN compared to both controls and AD + CVD

patients. By comparison, reductions in posterior DMN

Figure 1 Patients with and without cerebrovascular disease feature divergent changes in DMN and ECN functional con-

nectivity compared to controls. Group functional connectivity difference maps, overlaid on the MNI template brain, highlight regions showing

increased (hot colour) or decreased functional connectivity (cold colour) in patient groups compared to healthy controls for each intrinsic

connectivity network. (A) In the DMN, AD patients showed reduced connectivity in key posterior regions of the default mode network, whereas

AD + CVD patients showed only connectivity decreases in the left cerebellum crus. No significant changes, however, were found in CIND and

CIND + CVD patients compared to controls. (B) In the executive control network, AD patients exhibited reduced connectivity in both frontal

and parietal regions of the network, while AD + CVD patients showed reduced connectivity in the parietal regions but increased connectivity in

the frontal regions. These divergent changes in the executive control network were also largely recapitulated in CIND and CIND + CVD patients.

Results are displayed at a height threshold of P5 0.01 and a cluster-extent threshold of P5 0.05. Colour bars indicate t-scores. HC = healthy

controls.
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connectivity were conspicuously absent in AD + CVD pa-

tients. In parallel, AD, but not AD + CVD patients, showed

greater structural association of the DMN (seeded at left

posterior cingulate cortex) in posterior brain regions com-

pared to controls. Core DMN regions, including the poster-

ior cingulate cortex, precuneus, prefrontal and temporal

cortices, have been linked to autobiographical and episodic

memory retrieval (Spreng et al., 2009) and are among the

first to show elevated amyloid deposition (Mintun et al.,

2006; Sheline and Raichle, 2013), both of which are hall-

marks of Alzheimer’s disease. Additionally, higher DMN

functional connectivity z-scores across clinical Alzheimer’s

disease patients correlated with greater hippocampal grey

matter volumes, another well-known marker of

Alzheimer’s disease. The lack of functional connectivity

and structural covariance disruptions in DMN in

AD + CVD patients thus suggests that the Alzheimer’s dis-

ease pathology of these patients may be less severe than that

of AD patients with similar clinical severity.

We did not find any DMN functional connectivity

changes in CIND and CIND + CVD patients compared to

controls. Additionally, no association was found between

mean grey matter hippocampal volumes and DMN func-

tional connectivity z-scores in these patients. While reduced

DMN connectivity has been frequently found in patients at

prodromal stages of Alzheimer’s disease (Rombouts et al.,

2005; Bai et al., 2008; Zhou et al., 2008), there are also

reports of increased frontal connectivity (Qi et al., 2010;

Damoiseaux et al., 2012) and even increased posterior

DMN connectivity in these patients (Esposito et al.,

2013), suggesting the presence of a compensatory mechan-

ism. The mixed functional connectivity changes in pro-

dromal Alzheimer’s disease patients, coupled with the

relative heterogeneity of the CIND and CIND + CVD par-

ticipants in our sample (i.e. not only amnestic impairment),

could have therefore resulted in a lack of DMN changes

and a lack of association between DMN connectivity and

hippocampal grey matter volumes in these patients.

Divergent ECN changes in prodromal
and clinical Alzheimer’s disease
patients with and without cerebro-
vascular disease

Divergent connectivity changes of the ECN between AD

and AD + CVD patients, on the other hand, suggest the

involvement of cerebrovascular disease pathology in pa-

tients with cerebrovascular disease. AD patients showed

reduced frontal and parietal functional connectivity in

the ECN compared to controls. In contrast, while

AD + CVD patients similarly showed reduced functional

connectivity between the right dorsolateral prefrontal

cortex and parietal cortices compared to controls, they

instead exhibited prefrontal functional connectivity in-

creases relative to both controls and AD patients.

Increased frontal ECN functional connectivity in

AD + CVD and AD patients also correlated with increased

age-related white matter changes scores (i.e. more severe

cerebrovascular disease pathology) and increased grey

matter hippocampal volumes (i.e. less severe Alzheimer’s

disease pathology), further supporting the divergence be-

tween Alzheimer’s disease and cerebrovascular disease

pathology. In parallel, the ECN showed greater structural

association in the lateral parietal and prefrontal cortices in

AD + CVD patients, but no changes in AD patients com-

pared to controls. These greater ECN connectivity disrup-

tions in AD + CVD patients support the idea that

cerebrovascular disease is associated with frontoparietal

executive dysfunctions (Prins et al., 2005; Kuczynski

Figure 2 Direct comparisons between patients with and

without cerebrovascular disease reveal distinct intrinsic

functional connectivity patterns. Group functional connectivity

difference maps, overlaid on the MNI template brain, indicate regions

showing functional connectivity differences between patients with

and without cerebrovascular disease for each intrinsic connectivity

network. (A) In the DMN, AD patients showed reduced (cold

colour) functional connectivity in key posterior DMN regions,

including the precuneus, posterior cingulate cortex and angular

gyrus, compared to AD + CVD patients. (B) In the ECN, AD + CVD

patients exhibited increased (hot colour) connectivity in the frontal

regions compared to AD patients. This increase (hot colour) in

frontal connectivity was also observed in CIND + CVD patients

compared to CIND patients. Results are displayed at a height

threshold of P5 0.01 and a cluster-extent threshold of P5 0.05.

Colour bars indicate t-scores.
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et al., 2009), and thus suggest the involvement of more

extensive cerebrovascular disease-related changes in

AD + CVD patients.

Our findings of decreased parietal ECN functional connect-

ivity in both AD and AD + CVD patients are also consistent

with past reports of decreased ECN functional connectivity in

Alzheimer’s disease (Brier et al., 2012; Wang et al., 2015) and

decreased parietal functional connectivity in small vessel dis-

ease (Schaefer et al., 2014). However, while other studies

have reported decreased frontal functional connectivity in

small vessel disease (Schaefer et al., 2014) and mixed demen-

tia patients (Kim et al., 2015), we instead found increased

frontal ECN functional connectivity in AD + CVD patients.

This difference in findings could be due to differences in pa-

tient group (inclusion of patients with cortical infarcts in our

study versus subcortical cerebrovascular disease in previous

studies) and methodology (right dorsolateral prefrontal

cortex-based connectivity in our study versus independent

component analysis and graph theory approaches in previous

studies). Moreover, another study has reported increased

inter-regional frontal functional connectivity for the slow-

four frequency band in vascular dementia patients compared

to controls (Zhang et al., 2013). Further, we found an asso-

ciation between higher ECN functional connectivity z-scores

and greater age-related white matter changes scores in clinical

Alzheimer’s disease patients. Given that increased frontal

functional connectivity has also been reported in patients

with mild cognitive impairment and Alzheimer’s disease and

suggested to act as a compensatory mechanism (Qi et al.,

2010; Agosta et al., 2012), our observation of increased

right dorsolateral prefrontal cortex—frontal connectivity

may hence indicate a compensatory increase in local ECN

frontal connectivity to cope with the increasing severity of

cerebrovascular disease. Future research could be done to

probe the origins of these connectivity changes and examine

if these changes are indeed compensatory.

Importantly, ECN functional connectivity changes of pa-

tients at the prodromal stage largely mirrored those observed

at the clinical stage. As with AD and AD + CVD patients,

CIND patients exhibited reduced ECN functional connectiv-

ity in parietal regions, while CIND + CVD patients showed

reduced parietal ECN functional connectivity but increased

frontal ECN functional connectivity compared to controls

and CIND patients. Our results indicate that differential

changes in ECN connectivity between cerebrovascular disease

and non-cerebrovascular disease groups, particularly within

frontal regions, are present even at prodromal stages of

Alzheimer’s disease. However, given that we did not observe

an association between frontal ECN connectivity and age-

related white matter changes scores in prodromal patients

(CIND and CIND + CVD), it is likely that the compensatory

mechanism described above becomes more prominent at a

later disease stage where there is possibly greater interaction

between cerebrovascular disease and Alzheimer’s disease

pathology. Nevertheless, in view that both AD + CVD and

CIND + CVD patients showed increased right dorsolateral

prefrontal cortex functional connectivity to frontal regions,

our findings further support frontal ECN hyperconnectivity

as a distinctive feature of patients with cerebrovascular

disease.

Taken together, our findings suggest that cerebrovascular

disease and non-cerebrovascular disease groups exhibit di-

vergent functional connectivity and structural covariance

changes in the DMN and ECN, implying that different

Figure 3 Higher DMN functional connectivity z-scores are associated with greater hippocampal grey matter volumes and

higher ECN functional connectivity z-scores are associated with age-related white matter changes scores in Alzheimer’s

disease patients with and without cerebrovascular disease. (A) Across AD and AD + CVD patients, higher left posterior cingulate cortex-

based DMN functional connectivity z-score residuals correlated with greater hippocampal grey matter volume residuals. (B) In contrast, higher

right dorsolateral prefrontal cortex-based ECN functional connectivity z-score residuals correlated with higher age-related white matter changes

total score residuals. Age, gender, education, handedness and ethnicity were controlled for in all analyses. DLPFC = dorsolateral prefrontal

cortex; GM = grey matter; FC = functional connectivity; PCC = posterior cingulate cortex.
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pathologies may underlie the two groups. More specifically,

AD + CVD patients appear to be associated with more ex-

tensive cerebrovascular disease-related and less Alzheimer’s

disease-related network changes than AD patients at the

same level of dementia severity, which is in agreement

with the idea that the effects of Alzheimer’s disease and

cerebrovascular disease are additive (Zekry et al., 2002;

Attems and Jellinger, 2014).

Correspondence between functional
connectivity and structural covar-
iance network changes

Interestingly, some of the structural covariance findings

showed close proximity or even overlapped with the

functional connectivity findings (Fig. 4), implying some cor-

respondence between structural covariance and functional

connectivity. This is consistent with previous studies show-

ing that each neurodegenerative disorder targets a specific

neural network with good functional and structural corres-

pondence in health (Seeley et al., 2009), i.e. brain regions

with structural covarying linkage might also be functionally

connected with one another. It has been proposed that

structural covariance is partly influenced by functional con-

nectivity (Alexander-Bloch et al., 2013a), with evidence

that functional connectivity accounts for a large proportion

of the variance of structural covariance in humans

(Alexander-Bloch et al., 2013a, b). However, despite the

similarities, there remain differences between the functional

connectivity and structural covariance findings. Some

studies have similarly reported limited correspondence

between intrinsic connectivity networks and structural

covariance networks (Liao et al., 2013; Clos et al., 2014),

possibly reflecting differences in noise, measurement

error and biological processes underlying these networks

(Clos et al., 2014).

In addition, grey matter atrophy is likely to influence the

structural covariance changes observed in our study. Both

AD and AD + CVD patients showed extensive grey matter

atrophy throughout the brain (Supplementary Fig. 8), and

there is significant overlap between structural covariance

changes and grey matter atrophy for both AD and

AD + CVD patients (Supplementary Fig. 9). The similarity

between structural covariance and atrophy patterns might

in turn explain why we found increased structural covari-

ance in patients, rather than decreased structural covari-

ance, as reported in previous studies where participants

may be at a relatively early disease stage and have less

severe grey matter atrophy (Spreng and Turner, 2013;

Montembeault et al., 2016). Therefore, changes in the

structural covariance networks of our AD and AD + CVD

patients possibly reflect a combination of correlated grey

matter atrophy as well as changes in functional

connectivity.

Limitations and future directions

There remain several limitations in this study. First, subjects

were not age or education-matched. However, we con-

trolled for the effects of age and education in all the ana-

lyses. Second, our study is a cross-sectional study. Future

longitudinal studies would be better equipped to track in-

dividual-level changes in functional connectivity and struc-

tural covariance networks as the disease progresses with

time. Third, as we are using a seed-based approach, our

results should be interpreted as changes in connectivity to

the seed region as opposed to whole-network connectivity

derived from independent component analysis. Finally, as

no amyloid imaging was performed, we are unable to es-

tablish whether patients in this study have substantial

amounts of amyloid-b.

Figure 4 Alzheimer’s disease patients with and without

cerebrovascular disease feature divergent changes in

structural covariance networks compared to controls.

Group structural association difference maps, indicating regions

showing increased (hot colour) structural association in patient

groups compared to healthy controls for each network, are super-

imposed on the group functional connectivity difference maps

(red colour: patients4 controls; blue colour: patients5 controls).

(A) In the DMN, AD patients showed increased structural associ-

ation in posterior regions, which are located close to key posterior

default mode network regions showing reduced functional con-

nectivity in AD patients compared to controls (HC). AD + CVD

patients, in contrast, did not show any significant changes compared

to controls. (B) In the ECN, AD + CVD patients showed increased

structural association in regions including the frontal and parietal

cortices, which overlapped to some extent with regions showing

functional connectivity changes in AD + CVD patients compared to

controls. By comparison, AD patients did not show any significant

changes in structural association. Results are displayed at a height

threshold of P5 0.01 and a cluster-extent threshold of P5 0.05.

Colour bars indicate t-scores. FC = functional connectivity;

SC = structural covariance.
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In conclusion, we found divergent functional connectivity

and structural covariance network changes between cere-

brovascular disease and non-cerebrovascular disease

groups. Specifically, AD patients showed reduced posterior

DMN functional connectivity, while AD + CVD patients

showed greater frontal ECN functional connectivity.

Importantly, ECN functional connectivity changes in AD

and AD + CVD patients were largely mirrored in CIND

and CIND + CVD patients, respectively, suggesting that

functional connectivity changes are present even at pro-

dromal stages of Alzheimer’s disease. Additionally, higher

DMN functional connectivity z-scores correlated with

greater hippocampal volumes, while higher ECN functional

connectivity z-scores correlated with greater white matter

lesions in AD and AD + CVD patients. In parallel, AD pa-

tients showed increased DMN structural association in the

posterior regions, while AD + CVD patients showed

increased ECN structural association in the frontal and par-

ietal regions compared to controls. Our findings thus sup-

port the idea that cerebrovascular disease groups have

more cerebrovascular disease-related and less Alzheimer’s

disease-related network disruptions than non-cerebrovascu-

lar disease groups at the same level of dementia severity.

Further developed, the combination of structural and func-

tional network imaging assays could shed more light on the

differential network phenotype between cerebrovascular

disease and non-cerebrovascular disease groups.
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