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ABSTRACT

Background and purpose: Mechanisms underlying cognitive impairment in patients with small vessel disease
(SVD) are still unknown. We hypothesized that cognition is affected by the cumulative effect of multiple SVD-
related lesions on brain connectivity. We therefore assessed the relationship between the total SVD burden on
MR, global brain network efficiency, and cognition in memory clinic patients with vascular brain injury.
Methods: 173 patients from the memory clinic of the University Medical Center Utrecht underwent a 3 T brain
MRI scan (including diffusion MRI sequences) and neuropsychological testing. MRI markers for SVD were rated
and compiled in a previously developed total SVD score. Structural brain networks were reconstructed using
fiber tractography followed by graph theoretical analysis. The relationship between total SVD burden score,
global network efficiency and cognition was assessed using multiple linear regression analyses.

Results: Each point increase on the SVD burden score was associated with 0.260 [—0.404 - -0.117] SD units
decrease of global brain network efficiency (p < .001). Global network efficiency was associated with in-
formation processing speed (standardized B = —0.210, p = .004) and attention and executive functioning
(B = 0.164, p = .042), and mediated the relationship between SVD burden and information processing speed
(p = .027) but not with executive functioning (p = .12).

Conclusion: Global network efficiency is sensitive to the cumulative effect of multiple manifestations of SVD on
brain connectivity. Global network efficiency may therefore serve as a useful marker for functionally relevant

SVD-related brain injury in clinical trials.

1. Introduction

Small vessel disease (SVD) is a common cause of cognitive decline
and dementia (Gorelick et al., 2011). However, the mechanisms un-
derlying cognitive impairment in SVD remain largely unknown. A
proposed mechanism is that SVD-related lesions (such as white matter
hyperintensities (WMH), lacunes, cerebral microbleeds (CMB), and
perivascular spaces (PVS)) affect structural brain connectivity and
thereby the efficiency of the brain network to process information. Due
to recently developed techniques, we can now estimate the efficiency of
the brain network using diffusion MRI and graph theory analyses.
Several studies have shown that global network efficiency is related to
reduced processing speed and executive functioning in patients with

SVD (Reijmer et al., 2013; Reijmer et al., 2015; Lawrence et al., 2014;
Tuladhar et al., 2016). In these studies, associations between network
efficiency and cognition were found to be stronger than between in-
dividual MRI markers of SVD and cognition (Patel and Markus, 2011).
One reason for the strong associations between network efficiency and
cognition, could be a sensitivity of network efficiency to the cumulative
effect of multiple types of SVD-related injury on brain connectivity (Sun
et al., 2014). In previous studies a total SVD burden score was used to
capture these multiple types of SVD-related injury (Huijts et al., 2013;
Staals et al., 2014; Staals et al., 2015). To date, the association between
increasing SVD burden and brain network efficiency has not yet been
assessed in memory clinic patients. In the current study, we used a
previously developed total SVD score that combines various well-
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Fig. 1. Flowchart of construction of SVD burden score and structural network reconstruction.

Panel 1 depicts the calculation of the total small vessel disease burden score. One point is added to the score for the presence for (1) Deep WMH (Fazekas grade = 2)
or perivascular WMH (Fazekas grade 3), (2) Presence of microbleeds, (3) Presence of lacunes, and (4) > 10 perivascular spaces. Panel 2 depicts (A) The coregistration
of an Automated Anatomical Labeling atlas (AAL) template, consisting of 90 cortical and subcortical brain regions to (B) the whole-brain Constrained Spherical
Deconvolution (CSD)-based tractography, (C) For any two regions of the AAL template, it was established if a connection was present. Each connection was
multiplied by the mean fractional anisotropy (FA) of that connection, resulting in a 90 X 90 weighted connectivity matrix. (D) The weighted connectivity matrix can
be viewed as a graph composed of nodes (brain regions) and edges (white matter connections). Network measures such as global network efficiency were calculated

on individual structural brain networks.

established MRI markers of SVD (Huijts et al., 2013; Staals et al., 2014;
Staals et al., 2015) to test the relationship between SVD, global network
efficiency, and cognition. We expected that with increasing SVD burden
(i.e. a higher SVD burden score), global network efficiency would de-
crease. Secondly, we hypothesized that global network efficiency
mediates the association between total SVD score and cognition (i.e.
processing speed and executive functioning).

2. Methods
2.1. Study population

Patients in the current study were recruited from the memory clinic
at the University Medical Center Utrecht (UMC Utrecht) between
September 2009 and December 2013. This study sample has been de-
scribed in detail earlier (Boomsma et al., 2017). In short, all patients
that presented with cognitive complaints and vascular brain injury on
MRI (i.e. possible VCI) were eligible to participate. In order to capture
the whole spectrum of possible VCI, we defined no threshold for cog-
nitive impairment or specific patterns of vascular brain injury. Vascular
brain injury was operationalized as (Boomsma et al., 2017): either (1)
WMH with a Fazekas scale grade = 2, (2) Fazekas scale grade 1 com-
bined with two or more vascular risk factors (hypertension, hypercho-
lesterolemia, diabetes mellitus, obesity or current smoking) (3) pre-
sence of =1 lacunar infarcts, (4) presence of =1 non-lacunar infarct (5)
presence of =1 cerebral microbleeds or (6) presence of =1 in-
tracerebral haemorrhage. All markers were rated according to the
STRIVE criteria (Wardlaw et al., 2013). Absence or presence of possible
co-existing neurodegenerative disorders did not play a role in the se-
lection of patients (Boomsma et al., 2017). Patients with a primary
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etiology other than vascular brain injury or an etiology other than
neurodegeneration were excluded. All patients underwent a one-day
evaluation consisting of an interview, a physical and a neurological
examination, neuropsychological assessment and a brain MRI scan.
During the interview and physical examination, information on edu-
cation, smoking, medical history, use of medication, BMI and blood
pressure was collected. In total, 173 patients were included in the
analyses. The study was approved by the institutional review board of
the UMC Utrecht. All patients provided informed consent prior to any
research procedures.

2.2. MRI data acquisition

All patients underwent a brain MRI scan using a Philips 3 T scanner
(Achieva, Philips, Best, the Netherlands). The standardized MRI pro-
tocol included the following transversal 2D sequences (48 slices, voxel
size: 0.96 x 0.96 x 3.00 mm®): T2-weighted (repetition time (TR)/
echo time (TE): 3198/140 ms), T2*-weighted (TR/TE: 1653/20 ms),
and fluid-attenuated inversion recovery sequence (FLAIR; TR/TE/
Inversion time: 11000/125/2800 ms). The MRI protocol also included a
3D T1-weighted sequence (192 slices, voxel size:
1.00 x 1.00 x 1.00mm® TR/TE: 7.9/4.5ms), and a diffusion-
weighted sequence 48 slices, voxel size: 1.72 X 1.72 X 2.50 mm?®, TR/
TE: 6600/73 ms, 45 gradient directions with a b-value of 1200 s/mm?
and one with a b value of 0 s/mm?(number of signal averages = 3).

2.3. Small vessel disease burden on MRI

MRI images were rated for the presence of WMH of presumed vas-
cular origin, lacunes of presumed vascular origin, CMB, and basal
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