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ARTICLE INFO ABSTRACT

Keywords: Cerebral small vessel disease (SVD) is the primary cause of vascular cognitive impairment and is associated with
Diffusion tensor imaging decline in executive function (EF) and information processing speed (IPS). Imaging biomarkers are needed that
Cognitive decline can monitor and identify individuals at risk of severe cognitive decline. Recently there has been interest in

Cerebral small vessel disease
Biomarker
Diffusion segmentation

combining several magnetic resonance imaging (MRI) markers of SVD into a unitary score to describe disease
severity. Here we apply a diffusion tensor image (DTI) segmentation technique (DSEG) to describe SVD related
changes in a single unitary score across the whole cerebrum, to investigate its relationship with cognitive change
over a three-year period.

98 patients (aged 43-89) with SVD underwent annual MRI scanning and cognitive testing for up to three
years. DSEG provides a vector of 16 discrete segments describing brain microstructure of healthy and/or da-
maged tissue. By calculating the scalar product of each DSEG vector in reference to that of a healthy ageing
control we generate an angular measure (DSEG 6) describing the patients' brain tissue microstructural similarity
to a disease free model of a healthy ageing brain. Conventional MRI markers of SVD brain change were also
assessed including white matter hyperintensities, cerebral atrophy, incident lacunes, cerebral-microbleeds, and
white matter microstructural damage measured by DTI histogram parameters. The impact of brain change on
cognition was explored using linear mixed-effects models. Post-hoc sample size analysis was used to assess the
viability of DSEG 6 as a tool for clinical trials.

Changes in brain structure described by DSEG 6 were related to change in EF and IPS (p < 0.001) and
remained significant in multivariate models including other MRI markers of SVD as well as age, gender and
premorbid IQ. Of the conventional markers, presence of new lacunes was the only marker to remain a significant
predictor of change in EF and IPS in the multivariate models (p = 0.002). Change in DSEG 6 was also related to
change in all other MRI markers (p < 0.017), suggesting it may be used as a surrogate marker of SVD damage
across the cerebrum. Sample size estimates indicated that fewer patients would be required to detect treatment
effects using DSEG 6 compared to conventional MRI and DTI markers of SVD severity.

DSEG 6 is a powerful tool for characterising subtle brain change in SVD that has a negative impact on
cognition and remains a significant predictor of cognitive change when other MRI markers of brain change are
accounted for. DSEG provides an automatic segmentation of the whole cerebrum that is sensitive to a range of
SVD related structural changes and successfully predicts cognitive change. Power analysis shows DSEG 6 has
potential as a monitoring tool in clinical trials. As such it may provide a marker of SVD severity from a single
imaging modality (i.e. DTIs).

Abbreviations: SVD, cerebral small vessel disease; DSEG, diffusion tensor image segmentation algorithm; EF, executive functions; IPS, information processing speed
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1. Introduction

Cerebral small vessel disease (SVD) is a disease of the small per-
forating arteries and capillaries and results in tissue damage to the
subcortical grey matter (GM) and white matter (WM) (Pantoni, 2010).
SVD presents clinically with lacunar strokes (a result of blockage of the
perforating arteries) and is the primary cause of vascular cognitive
impairment (Wardlaw et al., 2013b). The course of SVD is hetero-
geneous and individuals may remain stable for a period of time or
demonstrate a rapid decline in cognitive function (Lawrence et al.,
2015). A goal of MRI research in SVD is to develop imaging biomarkers
that can predict which individuals are at risk for greater decline, in
order to target interventions at those who will benefit most.

MRI methods have been applied to measure brain changes and
predict decline in function in SVD (Wardlaw et al., 2013a, 2013b). T1-
weighted images are typically used to examine whole brain atrophy as
well as atrophy of grey matter (GM); T2-weighted or fluid-attenuated
inversion recovery (FLAIR) images are used to quantify white matter
hyperintensity (WMH) volume and presence of lacunar infarcts; T2*
identify cerebral microbleeds (CMB); and diffusion tensor images (DTI)
quantify white matter (WM) microstructure. Each of these measures has
been associated with cognition in SVD, and particularly in the domains
of executive function (EF) and information processing speed (IPS),
which are affected early in the disease.

Whole brain atrophy is a feature of SVD, with the rate of volume loss
exceeding that observed in healthy ageing (Nitkunan et al., 2011).
Higher rates of atrophy are associated with increased decline in EF and
IPS over a 3-year period (Jokinen et al., 2012). WMH and lacunar in-
farcts have also been associated with cognitive difficulties in SVD
(Benisty et al., 2009; Benjamin et al., 2015; van den Heuvel et al., 2006;
Lawrence et al., 2013; Schmidt et al., 2012). CMB have demonstrated a
weak association with EF in SVD (Patel et al., 2013; Yamashiro et al.,
2014). Decreased fractional anisotropy (FA) and increased mean dif-
fusivity (MD) in normal appearing white matter is associated with
poorer performance in EF and IPS, and associations with cognition are
stronger for DTI metrics than for WMH, lacune volume and brain vo-
lume (Baykara et al., 2016; Nitkunan et al., 2008; O'Sullivan et al.,
2004 & Tuladhar et al., 2015).

The relationships reported between single imaging biomarkers of
SVD and cognition are often weak and research has suggested that
combining multiple MRI metrics may provide the most accurate pre-
dictions of cognitive decline. For example, Baune et al. (2009) have
shown that the presence of both WMH and incident lacunes has a larger
negative impact on IPS and episodic memory (EM) than the presence of
just one type of lesion. Supporting this, Jokinen et al. (2011) reported
independent contributions of WMH and incident lacunes in predicting
decline in EF and IPS. As MRI markers of SVD are often co-occur in
individuals, recent efforts have been made to combine them into a
unitary score of SVD burden (Huijts et al., 2013; Klarenbeek et al.,
2013; Staals et al., 2015; Staals et al., 2014). Huijts et al. (2013) and
Staals et al. (2014) used a score of SVD burden in which the presence of
WMH, CMB, perivascular spaces and lacunar infarcts was summed to
create a score between 0 and 4. Huijts et al. found that increased SVD
burden as measured by this accumulation score was related to EF, IPS,
EM and global cognition in participants at risk of SVD. Staals et al.
(2015) used the same SVD burden score in a cohort of older participants
and found that increases in combined MRI features of SVD were related
to poorer general cognitive performance. They extended these findings
by performing latent variable modelling to show that the four MRI
features formed a unitary SVD construct and this latent construct was
also related to cognitive performance.

However, multimodal MRI metrics require both longer scanning
time (which may be uncomfortable for patients with SVD especially as
cognitive difficulties increase) and complex post-processing (Wardlaw
et al., 2013a, 2013b). For a biomarker to be effective it should provide
good predictive validity, be easy to acquire, and be useful across
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different scanners or sites (for use in multi-centre trials). Here, we
propose a framework for the application of a whole cerebrum diffusion
tensor image segmentation technique (Jones et al., 2014) that focuses
on one imaging modality and, simultaneously includes isotropic and
anisotropic diffusion metrics. The framework: i) provides information
on whole brain microstructure that usefully describes a summary score
related to brain tissue changes in SVD, ii) produces metrics that are
associated with cognitive difficulties in SVD, and iii) provides useful
predictive information regarding cognitive decline. In this study we
apply a diffusion tensor image segmentation technique (DSEG) to a
longitudinal sample of patients with SVD to examine differences in
brain tissue diffusion profiles across the whole cerebrum, and associa-
tions with cognition. We hypothesise that across the cerebrum the
percentage of DSEG segments representing healthy tissue will decrease
over time, while segments representing damaged tissue will increase.
We hypothesise that these changes will be related to change in EF and
IPS. Finally we postulate that subject specific levels of GM atrophy and
WM microstructural decline will be reflected in a summary metric,
which will be significantly associated with decline in EF and IPS.

2. Methods
2.1. Participants

2.1.1. SVD participants

Patients presenting with symptomatic SVD were recruited as part of
the St George's Cognition And Neuroimaging in Stroke (SCANS) study.
Recruitment occurred between 2007 and 2010 at three stroke services
in hospitals covering a geographically contiguous area in South London,
UK; St George's Hospital, King's College Hospital and St Thomas'
Hospital. This data set has been described previously (Benjamin et al.,
2015; Lambert et al., 2015; Lawrence et al., 2013; Zeestraten et al.,
2016). Inclusion criteria comprised of a clinical lacunar stroke syn-
drome (Bamford et al., 1987) with radiological evidence of an anato-
mically corresponding lacunar infarct < =1.5cm diameter. In addi-
tion, inclusion criteria required confluent regions of WMH as graded
two or more on the modified Fazekas scale (Fazekas et al., 1987; Hassan
et al., 2003) and fluency in English sufficient to enable cognitive
testing. Exclusion criteria were: contra-indications to undergo MRI
scanning, any cause of stroke other than SVD (e.g. large artery stroke
and cardioembolic stroke), current or history of central nervous system
or major psychiatric disorder excluding migraine and depression, and
any cause of white matter disease other than SVD. When new clinical
strokes occurred during follow-up, patients remained eligible for the
study providing the stroke was lacunar. Patients were recruited at least
three months after last stroke occurrence to avoid the influence of any
acute ischaemic effects on cognitive performance and MRI measures.

Patients were followed up annually with repeat MRI and cognitive
testing for three years. At each follow-up visit, repeat recording of
cardiovascular risk factors and blood pressure measurements was per-
formed. The study was approved by the Wandsworth (London) research
ethics committee and all patients provided written informed consent.
The study was registered with the UK clinical research network (http://
public.ukern.org.uk/, study ID: 4577).

2.1.2. Available SVD data

At baseline a total of 121 patients were recruited. Of these 103 at-
tended more than one cognitive assessment. Eighteen patients only
attended one assessment due to death (n = 7), formal study withdrawal
(n = 6), house move (n = 1), lost to follow-up (n = 2) and withdrawal
from full neuropsychological testing (n = 2). Of the 103 patients who
attended cognitive assessments more than once, MRI and neu-
ropsychological data at multiple time points was available for 98 SVD
patients (mean age = 68.42, SD = 9.98, range = 43-88, male = 65).
Demographic baseline characteristics of the 98 patients who attended
one or more follow-up are described in Table 1.
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Table 1
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Cerebral small vessel disease baseline risk factors and cognitive scores. A comparison between the longitudinal cohort and those that left the study after baseline assessment. Mean

(standard deviation) or total (percentage) are shown.

Longitudinal cohort (n = 98)

Baseline only (n = 23) Test statistic

Age (years) 69.0 (9.93)

Male sex 65 (66.3%)
Hypertension 91 (92.9%)
Statin therapy 84 (85.7%)
Diabetes 19 (19.4%)
Body mass index (kg/mz) 27.0 (5.19)
Current smoker 33 (33.7%)
Time since stroke (weeks) 26 (13.16)
Executive function z-scores —0.77 (1.00)
Information processing speed z-scores —0.74 (0.89)

74.2 (7.76)
13 (56.5%)
21 (91.3%)
19 (82.6%)

t(40.8) = — 2.7, p = 0.009
OR = 1.51, p = 0.500
OR = 0.81, p = 0.700
OR = 0.79, p = 0.700

5 (21.7%) OR = 1.15, p = 0.800
27.1 (3.08) t(44.7) = — 0.1, p = 0.900
9 (39.1%) p = 0.800

104 (16.31) Z = —1.82,p = 0.069
—1.5(0.91) t(34.6) = 3.40, p = 0.002
— 1.1 (1.00) t28.5) = 1.60, p = 0.120

Significant results are shown in bold.

2.1.3. Healthy ageing data

MRI data acquired was also available for a sample of healthy older
adults. Participants were recruited to the St. George's Neuropsychology
and Imaging in the Elderly (GENIE) longitudinal study. MRI data acquired
at the third assessment was acquired using the same acquisition protocol
on the same scanner as the SVD data. Full details of this sample have been
described previously (Charlton et al., 2006; Charlton et al., 2013; Charlton
et al., 2010). Briefly, 112 participants aged 50-90 years (mean age 69; 55
male) were recruited via local family doctors by random sampling, and
were screened for MRI contraindications and prior psychiatric or neuro-
logical disorders; all spoke English as their first language. At the third time
point (data included in the current DSEG analysis), good quality MRI data
was available for 52 participants (mean age = 72.31, SD = 9.97, ran-
ge = 53-91 years; male, n = 34) using the MRI acquisition as for the SVD
data. The healthy ageing MRI data was included in the study to provide
sufficient information for the DSEG technique to identify both healthy and
damaged tissue in the DTI segmentation. Healthy ageing data was in-
cluded to improve characterisation of the (p, q) space by providing a larger
spectrum of diffusion profiles reflecting healthy to damaged brain tissue.
The inclusion of healthy ageing controls in the DSEG processing also al-
lowed for the use of a healthy ageing brain as the reference point in order
to calculate DSEG 0 (see Section 2.4.6). No group comparisons between
healthy ageing and SVD patients were performed in this study. For group
comparisons see Lawrence et al. (2013) where it was reported that there
were no differences in age or gender between the SCANS and GENIE co-
horts.

2.2. Magnetic resonance image acquisition

MR images were acquired using a 1.5-Tesla GE Signa HDxt system
(General Electric, Milwaukee, WI, USA) with maximum gradient am-
plitude of 33 mT/m and a proprietary head coil. To standardise head
position, patients were placed in a neutral position in the head coil with
an alignment marker at the nasal bridge. To minimise head movement
foam pads and a Velcro strap across the forehead were used. Total
imaging time was approximately 45 min during which the following
scan sequences, all providing whole head coverage, were obtained: 3D
T1-weighted spoiled gradient recalled echo, FLAIR, T2*-weighted gra-
dient recalled echo and single shot spin echo planar diffusion-weighted
imaging (Benjamin et al., 2015; Lawrence et al., 2013; Zeestraten et al.,
2016). Although the DSEG method described here relies on only DTI,
other imaging modalities are included for comparison purposes.

DTI were acquired wusing the following parameters: -
acquisition matrix = 96 X 96, field of view (FOV) = 240 x 240 mm?,
TE = 93.4ms, TR = 15,600 ms, 55 slices without any slice gaps to
provide an isotropic voxel resolution of 2.5 x 2.5 x 2.5 mm®, max-
imum b value = 1000 s mm ™ 2. Diffusion-weighted spin echo planar
images were acquired with no diffusion weighting for eight acquisitions
(i.e. b= 0smm™?) followed by 25 non-collinear diffusion gradient
directions and the negative of those diffusion gradient directions.
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Axial FLAIR images: acquisition matrix = 256 X 192, FOV = 240
X 240 mm?, TI = 2200ms, TE = 130 ms, TR = 9000 ms; slices = 28,
slice thickness = 5mm providing a voxel resolution of 0.45 X 0.45
X 5mm?®,

Spoiled gradient echo recalled T1-weighted (SPGR) 3D coronal se-
quence: image acquisition matrix = 256 X 192, FOV = 240 x 240 mm?,
TE = 5ms, TR = 11.5 ms, flip angle = 18°, slices = 176 coronal slices,
slice thickness = 1.1 mm, providing isotropic voxel resolution of 1.1 mm?®,

Axial T2*-weighted gradient echo: acquisition matrix = 256 X 192,
FOV = 240 x 240 mm? TE = 30 ms, TR = 300 ms, flip angle = 15°, 28
slices, slice thickness = 5 mm.

2.3. Magnetic resonance image analysis

2.3.1. Diffusion-weighted image pre-processing

Following realignment of diffusion-weighted images to remove eddy
current distortions using the FSL Linear Image Registration Tool
(FLIRT, FMRIB Software Library, www.fmrib.ox.ac.uk/fsl) (Jenkinson
and Smith, 2001), the acquired positive and negative diffusion gradient
direction images (b = 1000 s/ymm?) were geometrically averaged to
eliminate gradient cross-terms (Neeman et al., 1991). The eight images
without diffusion weighting (b = 0 s/mm?) were co-registered and
averaged to give a T2-weighted echo planar image, henceforth referred
to as the by image. Diffusion tensor maps were computed at each voxel
using FSL DTIfit and isotropic p and anisotropic ¢ maps were calculated
for input to the DSEG algorithm (as described in Section 2.4.2).

The b0 images were skull stripped using FSL brain extraction soft-
ware (BET: (Smith, 2002)) and the resulting brain mask applied to the p
and g maps. The cerebellum was removed using an automated pipeline:
i) a study specific template was generated by transforming the by image
of a representative subject (defined as the participant with the median
ventricular CSF volume) into the Montreal Neurological Institute stan-
dard space (i.e. MNI152 T;-weighted image) using a non-linear trans-
form computed using Advanced Normalisation Tools (ANTS: (Avants
et al., 2009)); ii) a mask covering the cerebellum and infratentorial
brain stem was manually drawn over the study specific template using
ITK-SNAP (Yushkevich et al., 2006); iii) each subject by image was non-
linearly registered to the study specific template using ANTS and the
inverse of this deformation field was used to warp the cerebellum mask
into each individual native subject space; iv) any p and q voxels covered
by the native space cerebellum masks were removed.

2.3.2. Diffusion segmentation (DSEG) technique

Despite the prevalent use of DTI metrics, particularly FA as a marker
of WM microstructure, the FA measurement does have limitations. Due
to the way in which FA is calculated, proportional differences in the
Euclidian magnitude of a tensor and the magnitude of its anisotropic
component will result in the same FA value (Green et al., 2002) and
consequently a given FA value will not be unique. This introduces a
certain level of ambiguity in the interpretation of FA values for
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Fig. 1. The result of DSEG segmentation of the whole brain in the SCANS SVD cohort. (a) Shows the 2D histogram of p and q profiles from the whole longitudinal cohort, including healthy
ageing individuals. (b) Shows the segmented (p, q) space. (c) Represents the 2D-histogram of p and q values for different tissue classes (GM: red, WM: blue, CSF: green & WMH: white). (d)
Shows the probability maps showing the location in standard space that each segment is most likely to be found in the cerebrum, grouped into GM (grey box), WM (white box), CSF
(dashed white line box), GM/CSF boundary (yellow box) and damaged tissue segments (red box). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

comparisons between participants, different tissue types or regions of
interest. An alternative diffusion tensor decomposition represents iso-
tropic (p) and anisotropic (q) components of the tensor as described by
Pierpaoli and Basser (1996) and these are calculated as follows:

p= J3MD, D)
q = /(b — MDY + (J, — MD)* + (As — MD)?, %)
where
h+h+A
Mp=2T22773
3 3

Here, p is a scaled measure of the mean diffusivity and q is a mea-
sure of the deviation of the principal diffusivities from isotropy. These
measures may be visualised in a 2D Cartesian plane, the (p, q) space, in
which p and g have units in mm? s~ ! (Pefia et al., 2006) in a way that
allows for differentiation of the diffusion properties of GM, WM tissue
and cerebrospinal fluid (CSF).

Using this alternative (p, q) space representation of DTI data, Jones
et al. (2014) developed and applied a novel DTI segmentation algo-
rithm, DSEG. DSEG uses a k-medians cluster analysis to segment DTI
data into 16 segments based on the magnitudes of the isotropic (p) and
anisotropic (q) diffusion metrics for each voxel. Each segment describes
a unique diffusion profile that represents the tissue microstructural
properties of each voxel assigned to that segment. This allows differ-
ences in the underlying isotropic and anisotropic diffusion character-
istics to be determined and compared between segments. The location
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of each segment can be used to identify brain regions with similar
diffusion properties.

Once the segmentation is complete, the number of voxels assigned
to each segment and/or the percentage of cerebral volume assigned to
each segment can be computed, allowing the composition diffusion
characteristics of the whole brain to be displayed as a spectrum for a
given DTI dataset. This spectral information provides a signature dif-
fusion profile containing information pertaining to GM and WM tissue,
CSF, and also includes regions with diffusion profiles that deviate from
those of healthy tissue. By considering the DSEG spectra as 16-dimen-
sional vectors it is possible to calculate a summary metric as the scalar
product, 6, between individuals. This summary metric can describe
inter-subject differences in whole brain diffusion with respect to a re-
ference brain, identified based on either behavioural or MRI measures.

In the present study, DSEG was performed simultaneously for all
participants from the GENIE and SCANS studies using p and q maps as
described by Jones et al. (2014). DSEG performs a k-medians clustering
of the probability density function (i.e. 2D histogram) of p and q and is
represented in (p, q) space. A k-medians algorithm was used (as op-
posed to k-means) as the 2D histogram of p and g values were non-
Gaussian allowing the cluster centroids to be defined by the median.

Asin Jones et al. (2014) k = 16 clusters are segmented. Each cluster
provides a different characteristic diffusion property ranging from low
anisotropy and isotropy (i.e. low p and q values mainly found in grey
matter), high anisotropy and low isotropy (usually found in white
matter) to high anisotropy and low isotropy (usually found in CSF).
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Age matched SVD Subject (56 years)

DSEG map

Fig. 2. Two examples of how DSEG colour maps are generated using the scaled rank scores of signal from T2-weighted, p and q images. (a) Represents the DSEG map of the youngest
healthy subject (56 years) used as the reference brain in DSEG 0 calculations. (b) Represents age-matched subject with SVD (56 years). The orange arrow shows how the corpus callosum
is represented by segment 8 while the red arrows highlight areas identified as WMH on FLAIR images represented by segments 15 and 16. The green arrow indicates greater volume of
CSF space in the sulci in the SVD patient compared to the control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

However, it is important to note that the DSEG is not an explicit tissue
type segmentation and instead clusters voxels with similar diffusion
properties. The choice of k = 16 clusters is pragmatic and is based on a
optimising a balance between s separation of (p, q) space while
avoiding over complication and statistical power issues by having too
many segments. This is described in detail by (Jones, 2012).

The following steps describe the application of k-medians clustering
to p and q maps:

Step 1: Histograms of p and q were computed using all brain voxels
from the cross-sectional GENIE and longitudinal SCANS data. High and
low intensity noise was removed from each distribution by computing
the 1st and the 99.99th percentiles and assigning values below and
above these thresholds to zero or one, respectively. Voxels surviving
this threshold were then scaled between zero and one, resulting in non-
Gaussian p and q histograms of the whole data set (Fig. 1a).
Step 2: p and q maps are considered as a set of observations (X7, X5,

. X,) where each observation is a 2D vector in (p, q) space. K-
medians clustering partitions the observations into k disjoint subsets
S;, where j = (1, 2, ... k) by minimising the within-cluster sum of
squares objective function,

K

T=270 301X, — P,

Jj=1 nes;

4

where X, is a vector representing the nth data point and yj; is the geo-
metric centroid (i.e. median) of the data points in S;. The initial clusters
were defined by separating the (p, q) space into k clusters of roughly
equal size according to median and quartile values of p and q. These
initial segments reflect the non-Gaussian structure present in the p and
q histograms (Fig. 1a).
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The following two steps are repeated to iteratively assign all voxels
to one of k clusters and then recalculate cluster centroids.

Step 3: Each voxel was assigned to the nearest cluster centroid in (p,
q) space. As a result voxels are partitioned into k clusters given
below at the tth iteration,

SO =X 1% — w0 < 1X; — w1l forall i%i € {1,...,k}. (5)

Step 4: Median p and q values are recalculated.

The DSEG algorithm is terminated when there is no longer any
movement of voxels between clusters or at 250 iterations, at which
point voxel classification of diffusion properties across the different
segments is stable. The resulting segmentation of (p, q) space is re-
presented in the Voronoi plot shown in Fig. 1b. Fig. 1c shows the (p, q)
histogram distributions for voxels separated by the following tissue
classes as segmented using methods described by Lambert et al. (2015);
GM (red), WM (blue), WMH (white) and CSF (green). Comparison of
Fig. 1b and ¢ show how the DSEG segments map onto these basic tissue

types.

2.3.3. DSEG probability maps

DSEG maps were transformed into the study specific template space
and the mean spatial placement of each segment was calculated over
the whole cerebrum to provide maps showing the likelihood of diffu-
sion profiles being located in each brain voxel (i.e. a spatial probability
map). These probability maps are shown in Fig. 1d and add support to
the interpretation of DSEG segments having diffusion profiles that re-
present different tissue types.
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2.3.4. DSEG colour maps

DSEG maps were visualised using a unique RGB colour scheme to
display the relative magnitude of p and q metrics and T2-weighting
(obtained from the by, maps) in each segment (Jones et al., 2014). The
median values for p, ¢ and T2-weighting within each segment were
ranked from 1 (lowest) to 16 (highest) and the rank scores were used to
generate RGB colours by assigning T2-weighting to the red channel, p to
the green channel and g to the blue channel. Colour maps were vi-
sualised using MRIcro (Rorden and Brett, 2000). Fig. 2 illustrates how
isotropic and anisotropic diffusion measures are combined with in-
formation from T2-weighted images and visualised for the youngest
healthy subject (Fig. 2a: age 56 years from the GENIE study) and an age
matched SVD patient (Fig. 2b: age 56 years). DSEG colour maps provide
visual information about the diffusion properties within the tissue mi-
crostructure at each voxel. Orange arrows in Fig. 2 indicate the highly
organised corpus callosum, which is characterised by high anisotropy
and low isotropy as represented by segment 8 on the Voronoi plot
(Fig. 1b) and the highlighted area for the segment 8 probability map
(Fig. 1d). Red arrows indicate WMH regions (identified on FLAIR) on
the DSEG colour map (Fig. 2b). These WMH regions are characterised
by grey colours (segments 15 and 16 on the Voronoi plot, Fig. 1b) and
represent white matter regions with lower anisotropy and higher iso-
tropy than healthy white matter tissue.

2.3.5. DSEG whole brain spectra

To generate individual DSEG spectra for each participant, the
number of cerebrum voxels within each DSEG segment was determined
and the percentage contribution of each segment to the total cerebrum
volume was calculated. This provides a subject specific diffusion profile
referred to as a DSEG spectrum.

2.3.6. DSEG summary metric
The angle, 6, between two vectors A = (ay,ds,...,a16) and B =
(b1,bs,...,b16) may be given by the scalar product,

()

Eq. (6) provides a summary metric for the difference between two DSEG
spectra that are represented by vectors A and B.

To ensure the metrics may be compared across subjects, vector A,
was chosen to represent the DSEG spectrum representing the ‘least
damaged’ brain. This reference brain was identified using an iterative
algorithm. Initially, 6 was calculated between a randomly selected
DSEG spectrum (labelled vector A) and each remaining spectrum in the
dataset (labelled vector B). The spectrum with maximum 6 was iden-
tified and relabelled as vector A. The process was repeated until vector
A oscillated between two DSEG spectra (i.e. the spectra of the “least”
and “most damaged” individuals). We identified vector A to represent
the “least damaged” individual. This corresponded to the DSEG spec-
trum of the youngest participant in the GENIE sample (aged 56 years).
Vector B was then used to represent the DSEG spectra for each in-
dividual at each time point in order to calculate 6 for all individuals at
each time point. The scalar product method is similar to the functional
correlation measures used in several resting state functional MRI stu-
dies (Van Dijk et al., 2010).

A-B
[IAIIIBII

0=

(6)

2.4. Conventional image analysis

To allow comparison of the performance of the DSEG 6 measure to
conventional imaging biomarkers in SVD several measures were de-
termined from the T1-weighted, FLAIR and T2*-weighted images as
well as conventional DTI histogram measures. Measures included total
cerebral volume (TCV), white matter hyperintensity lesion load (WMH
load), number of lacunes and number of cerebral microbleeds (CMB).
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2.4.1. Structural pre-processing

A longitudinal tissue segmentation pipeline optimised to our
symptomatic SVD cohort was performed to obtain tissue probability
maps for GM, normal appearing white matter (NAWM), WMH and CSF
from FLAIR and T1-weighted images. This is described in detail in
Lambert et al. (2015) and Zeestraten et al. (2016) and provides total
cerebral volume, WMH load and number of lacunes.

2.4.2. Total cerebral volume

Volumes of GM, NAWM and WMH were calculated in the native
space from a hard segmentation of the tissue probability maps. For each
participant and time point TCV in millilitres was calculated as the sum
of GM, NAWM and WMH volumes.

2.4.3. WMH load

WMH load for each patient and time point was calculated as the
percentage of WMH volume within the TCV. WMH volume was calcu-
lated from the hard segmentation of the tissue probability maps. The
performance of the final semi-automated binary thresholding of the
WMH tissue probability maps segmentation maps provided an intra-
class correlation coefficient of 0.99 across a subset of 20 randomly se-
lected patients by two raters, EAZ and CL.

2.4.4. Lacunes

A consultant neuroradiologist (ADM) evaluated T1-weighted and
FLAIR scans for lacunes. To ensure an underlying SVD aetiology of la-
cunes and exclusion of perivascular spaces the lacunes were defined as
CSF filled cavities of 3-15 mm in diameter with a surrounding rim of
FLAIR hyperintensity (Wardlaw et al., 2013a, 2013b). Follow-up scans
for each patient were registered to a group average template, as de-
scribed in Lambert et al. (2015), allowing accurate identification of
incident lacunes. Lacune numbers at each time point were determined.
Lacune reliability metrics were checked across a subset of 20 randomly
selected patients assessed by the consultant neuroradiologist (ADM)
and an additional rater (EAZ) and provided an intra-class correlation
coefficient of 0.99.

2.4.5. Cerebral microbleeds

CMB were defined as homogeneous round focal areas <10 mm in
diameter of low signal intensity on T2*-weighted GRE images. Only
CMB meeting the Brain Observer Microbleed Rating Scale (BOMBS)
(Cordonnier et al., 2009) criteria for “certain” CMB were analysed.
Presence and number of new CMB were noted for all patients. All
baseline CMB were identified by a single consultant neuroradiologist
(ADM). CMB on follow-up were identified by a single rater (EAZ). Using
scans of a subset of 10 randomly selected patients that were assessed by
both raters the intra-class correlation coefficient was 0.99.

2.4.6. Conventional DTI histogram measures

Conventional DTI measure histograms were also computed for
whole brain WM (including both NAWM and WMH) as described in
Zeestraten et al. (2016). These included histogram measures calculated
for the mean diffusivity (MD) and fractional anisotropy (FA) metrics.
Normalised histograms were computed in a composite mask containing
NAWM and WMH. The WM tissue masks (in the native T1-weighted
image space) were co-registered to the b0 image using FMRIB Non-
linear Image Registration Tool (FNIRT) (Andersson et al., 2007). Based
on a diffusivity threshold, spurious CSF voxels within the WM masks
were removed (i.e. voxels with MD > 0.0026 mm? s~ *. Histograms of
MD (range 0-0.004 mm?s~ 1, bin width 0.000004 mm?s~!) and FA
(range 0-1, bin-width 0.001) histograms were computed and median
and normalised peak frequency (i.e. normalised peak height, NPH). The
NPH of MD has previously been identified as the most stable and sen-
sitive DTT histogram measure to change of tissue microstructure in SVD
(Zeestraten et al., 2016).
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2.5. Cognitive assessment

A battery of standardised neuropsychological tasks sensitive to the
cognitive impairments seen in SVD was carried out annually. Details of
the full assessment have been published previously (Lawrence et al.,
2013, 2015) but this study will only consider the domains shown to be
most severely affected in SVD, namely EF and IPS (Lawrence et al.,
2013; Pantoni, 2010; Zhou and Jia, 2009) EF was measured by the Trail
Making Test, part B (Reitan, 1958), Letter Fluency (Delis et al., 2001),
and the modified Wisconsin Card Sorting Test (categories completed
and perseverative errors) (Nagahama et al., 2003). IPS was measured
by Digit Symbol Substitution (Wechsler, 1997), the Grooved Pegboard
Test (Klove, 1963; Mitrushina et al., 2005), and the BIRT Memory and
Information Processing Battery (BMIPB) Speed of Information Proces-
sing test: Participants were presented with a series of five two-digit
numbers and asked to identify the second to highest number in each
series. The measure derived from this test is the total of correctly
completed series within a four minute time limit, corrected for by the
time it takes to complete a matching motor task (Coughlan et al., 2007).
Individual measures were age-scaled using published normative data,
converted to z-scores and a mean composite cognitive domain score
was calculated within each domain (EF and IPS). Parallel test forms
were employed for two tests to reduce learning effects: the B-MIPB
speed of information processing task (4 forms) and single letter verbal
fluency (annually alternating F-A-S and B-H-R). All other tasks were
identical at each assessment. Premorbid intelligence (IQ) was assessed
using the National Adult Reading Test-restandardised (NART) (Nelson
and Willison, 1991) and the Mini Mental State Exam (MMSE) (Folstein
et al., 1975) was used as a dementia screening tool.

2.6. Statistical analysis

Baseline differences between patients who remained in the study
and those who left the study have been described before in Lawrence
et al. (2015). Analysis is replicated here. Welch's t-tests was used for
continuous variables, Fisher's exact test for categorical data (i.e.
smoking status) and odds-ratios for 2 X 2 categorical data.

Linear mixed-effects (LME) models were applied using MLwiN
(Rasbash et al., 2009) and used to assess the effects of time on change in
cognition, DSEG, DTI and structural markers. LME models were used
due to the hierarchical nature of the data, with each parameter having
multiple measurements per subject. The trajectories of each measure for
each individual were modelled as a linear trend across the follow-up
period as a function of time since baseline cognitive testing or scanning.
The intercept and slope of each participant's linear trajectory were al-
lowed to vary with both fixed and random effects. Fixed effect variation
was accounted for by time, and random effect variation allowed for
remaining inter-individual differences. The average fixed effects slopes
of time represent the average annualised change rate for a given mea-
sure. The change rates for each measure (cognitive or imaging) were
evaluated using the Wald test, which assesses the goodness of fit be-
tween the observed values and the expected values (i.e. the modelled
slope). The Wald test takes on a y? distribution, which is used to cal-
culate the statistical significance of each model.

LME models were also used to assess the relationships between
change in individual DSEG segmented and the whole cerebrum DSEG 6.
Further LME models were used to assess the relationships between the
effects of change in imaging measures on cognitive domains, with fixed
effect variation being accounted for by change in MRI measures with
time. The average fixed effects slopes of MRI measures represent the
average annualised change rate for a given cognitive domain related to
one unit change in the MRI measure. Univariable models assessed the
impact of MRI markers on cognitive domains in the first instance and
those markers that were significantly related to change in cognition
were included in a set of multivariable analyses. This was to ensure that
only markers that are independently related to cognitive change were
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included in multivariable models. Covariates including age, gender and
time since stroke were also only included if there were significantly
related to EF or IPS in univariable analysis. For the secondary, multi-
variable analysis, a more conservative significance level was set using
Bonferroni correction for multiple comparisons.

Post-hoc sample size estimations were performed for DSEG 0 to
assess its potential use in a clinical trial setting. Sample size estimates
for the number of patients required at each time point in a 3-year an-
nual testing trial was calculated using the longpower statistical package
in R (version 3.02: www.R-project.org) (Liu and Liang, 1997). The
minimum sample sizes that were required to detect a change in the rate
of DSEG 6 were estimated for effect sizes of 30%, 25%, 20% and 15%. A
balanced trial was assumed with a power of 80% and a = 0.05.

3. Results

3.1. Baseline comparison between longitudinal cohort and those who did not
return for follow-up

Table 1 shows the baseline characteristics of the longitudinal cohort
(n = 98) compared to all patients who did not attend follow-up testing
(n = 23). The longitudinal cohort was significantly younger (mean
age = 69.00, S.D. = 9.93) than the dropout group (mean age = 74.20,
S.D. = 7.76). The longitudinal cohort also performed significantly
better in EF tasks (mean EF = —0.77, S.D. = 1.0) compared to the
dropout group (mean EF = —1.50, S.D. = 0.91). There were no other
significant differences in baseline characteristics between the long-
itudinal cohort and the dropout group.

3.2. Brain tissue characterisation using DSEG maps

The final segmentation of (p, q) space can be seen in Fig. 1b and p
and g median values for each DSEG segment are given in Supplemen-
tary Table 1. Fig. 1b and the accompanying probability maps in Fig. 1d
suggest that segments 1-4 represent GM and have characteristic diffu-
sion signatures with low p (isotropy) and low g (anisotropy). WM is
represented by segments 5-8, and have diffusion signatures with low p
and increasing g, identifying increasingly organised microstructure. For
example, more densely packed axons or uniform axonal orientation are
represented by segment 8 in the corpus callosum and the corticospinal
tracts. The CSF is represented by segments 9-11 with high isotropy
diffusion signatures. Segments 12-16 include voxels at tissue bound-
aries: segments 12-14 are at the boundary of cortex and CSF space and
segments 15-16 are located at the border between WM and the lateral
ventricles. These segments are likely to include tissue partial volume
effects that may suggest GM (segments 1-4) and WM (segment 5-7)
atrophy. We define segments 12-16 as intermediate segments as they
represent diffusion characteristics that deviate from healthy tissue sig-
natures (i.e. with higher p and lower g than healthy white matter seg-
ments) and may indicate damaged or abnormal tissue.

3.3. DSEG spectra

Figs. 3 and 4 illustrate DSEG spectra for the reference brain (dotted
line) and an example of one individual who changed little (Fig. 3) or
changed substantially (Fig. 4) over the three year study period. As can
be seen in Fig. 3a, the spectra profile of the SVD patients deviates from
the healthy ageing reference spectra particularly in segments 1-4 (re-
lating to GM) and segments 5-6 (relating to WM). However spectra of
the segments do not demonstrate a substantial change over the 4
available time points, as can be seen in the stability of DSEG 6 (Fig. 3c).
Fig. 3b illustrates the spectra within WMH which is substantially dif-
ferent between the reference brain and the SVD patient. The differences
in WMH spectra are particularly pronounced in segments 5-8 (relating
to WM), but also in segment 2 (relating to deep GM) and segment 15 (at
the boundary of lateral ventricles). Fig. 4 illustrates an individual who
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Fig. 3. An example of an individual who did not show steep increases in DSEG 6. At baseline this patient was 61 years old, 2.25 years since time of stroke, had an EF z-score of — 1.79 and
an IPS z-score of — 0.90. (a) Represents the DSEG spectra of the whole cerebrum at each time point and can be compared to the spectrum of the reference brain. The spectra show minimal
change, suggesting brain microstructure stability in this individual over time. (b) The spectra extracted from WMH show minimal change over time. In these graphs, the Reference brain
spectrum is indicated by the black dotted line, Baseline by the green line, Time 1 by the orange line, Time 2 by the blue line and Time 3 by the red line. (c) Example axial DSEG slices are
shown using the radiological convention at each time point with the corresponding DSEG 6 value. As suggested by the spectra, changes in the DSEG images are minimal. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

changed substantially over the study period. Not only does the spectra
of this individual differ from the reference spectra (Fig. 4a) in most
segments with the exception of segment 8 (representing highly orga-
nised corticospinal tracts), spectra also changed from baseline to Time
3. This difference is also observed in the summary metric DSEG 6
(Fig. 4c). Spectra within WMH differ substantially from the reference
spectra particularly in segments 5-8 (representing WM) and segments
15-16 (boundary segments, see Fig. 4b), and also demonstrated sub-
stantial increase longitudinally. Table 2 shows the relationship between
change in DSEG segments as a percentage of total cerebrum volume and
the summary metric, DSEG 6. It can be seen that an increase in DSEG 6
is associated with a decrease in healthy GM (segments 1-4) and WM
(segments 5-7) and an increase in CSF space (segments 9-11), partial
volume tissue at the border of GM and CSF (segments 12-14), and an
increase in WMH related damage (segments 15 & 16). As such DSEG 6
successfully describes changes in microstructure over a three-year
period in one measure.

3.4. Linear mixed effect models of cognitive and brain structural decline
over three years

Table 3 shows the fixed effects results of LME models of change in
cognition and imaging metrics over time. As time was measured in
years, the beta values indicate the average annual change for each
variable. Using this conservative estimation, neither EF nor IPS showed
significant decline over a three-year period. In contrast, all MRI markers
demonstrated a significant decline over three years. DSEG 0 declined
significantly, suggesting a decrease in whole brain microstructural

health causing the difference between individual DSEG spectra and that
of the reference brain becomes smaller. Decreases in WM micro-
structural integrity are apparent with significant decreases in MD NPH
and FA median and an increase in MD median. FA NPH did not change
significantly. WMH load increased over time while TCV decreased with
time, indicating increased levels of atrophy. In total 74 new lacunes
were observed in 27 patients, with a single new lacune being found in
10 patients, two new lacunes in nine patients and three or more in eight
patients. There were 173 new CMBS found in 35 patients with a single
new CMB found in 10 patients, 2-5 new CMBs found in 14 patients and
six or more CMBs found in 11 patients. New lacunes and CMB were log
transformed due to non-normal distributions in order to allow the in-
clusion of these metrics in LME models.

Table 4 shows the relationship between change in DSEG 6 and
change in conventional markers of SVD and DTI histogram measures
related damage in LME models. DSEG 6 was significantly associated
with all conventional markers and DTI histogram measures suggesting
that as DSEG 6 increases there are higher rates of atrophy, WMH load,
incident lacunes, CMB and a decline in WM microstructure.

3.5. Univariable linear mixed effect models of the impact of change in brain
structure on change in cognition

Initial assessment of the impact of brain change on decline in cog-
nition was carried out using univariable LME models. Tables 5 and 6
show the results for EF and IPS in which the beta values are related to
the predicted change in a given cognitive domain for every unit change
in the MRI marker. For example, one degree increase in DSEG 6 is
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Fig. 4. An example of an individual who exhibited a steep increase in DSEG 6 over time. At baseline this patient was 65 years old, 2.31 years since time of stroke, had an EF z-score of
—1.03 and an IPS z-score of — 0.14. (a) Represents the DSEG spectra at each time point compared to the reference brain spectra. The spectra change each year, becoming more different
to the reference. (b) The spectra extracted from WMH show change over time indicating an increase in the volume of WMH. In these graphs, the Reference brain spectrum is indicated by
the black dotted line, Baseline by the green line, Time 1 by the orange line, Time 2 by the blue line and Time 3 by the red line. (¢) Example axial DSEG slices are shown using the
radiological convention at each time point with the corresponding DSEG 6 value. As suggested by the spectra, changes in the DSEG images are substantial. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 Table 3
LME results showing the relationships between annual change in DSEG segments and Linear mixed effect models of change in cognition and magnetic resonance imaging
change in DSEG 6. Beta values represent the average change in DSEG 6 given a percentage biomarkers over a period of three years. Beta values represent the average annual rate of
unit change for each segment. S.E. = standard error. change for each variable, S.E. = standard error.
Segment Beta S.E. P Beta S.E. x%p
1 (GM) -1.173 0.097 146.533, < 0.001 Cognitive variables
2 (GM) 1.278 0.220 33.861, < 0.001 EF —-0.016 0.021 0.582, 0.445
3 (GM) —2.357 0.090 685.551, < 0.001 1PS —0.005 0.019 0.079, 0.779
4 (GM) —0.388 0.270 2.058, 0.151, <0.001 DSEG
5 (WM) —-3.505 0.253 192.017, <0.001 0 1.168 0.085 190.149, <0.001
6 (WM) —-3.163 0.385 67.163, < 0.001 DTI histogram measures
7 (WM - 1874 0.443 17.941, < 0.001 MD NPH -317 x10~*  3.11le x 10~7  142.355, <0.001
8 (WM) —-0.435 0.637 0.466, 0.495 . 21 e ~,
9 (CSF) 2.411 0.173 194.149, < 0.001 MD median (mm~s 5.29 x 1077 5.09 x 1076 108.047, <0.001
FA NPH 6.84 x 10 5.08 x 10 0.018, 0.893
10 (CSF) 2.412 0.187 165.851, <0.001 FA median —0.002 0.0004 28.802, <0.001
11 (CSF) 1.255 0.255 24.202, <0.001 ? :
12 (GM/CSF border) 0.872 0.361 5.840, 0.016 Conventional MRI measures
13 (GM/CSF border) 3.351 0.300 124.895, < 0.001 WMH load 0.773 0.064 145.748, <0.001
14 (GM/CSF border) 3.149 0.245 164.563, < 0.001 TCV (ml) —13,830.838 810.366 291.296, < 0.001
15 (Damaged tissue) 2.028 0.171 140.636, < 0.001 Lacunes 0.019 0.004 17.703, <0.001
16 (Damaged tissue) 4.097 0.547 56.182, < 0.001 CMB 0.034 0.005 38.004, <0.001
Significant results shown in bold, after Holm-Bonferroni correction. Significant results shown in bold.

predicted to be associated with a change of — 0.047 z-scores in EF. Thus MD NPH, MD Median, FA NPH, FA median, new lacunes and CMBs.

increases in DSEG 0 will have a negative impact on EF performance Both cognitive domains were related to premorbid IQ; IPS was also
over time. Change in EF was also related to change in MD NPH, MD related to sex, but neither domains were related to age or years since
median, FA median, TCV, and new lacunes. IPS was related to DSEG 0, stroke.
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Table 4

Univariable linear mixed effect models of change in DSEG 6 related to change in con-
ventional magnetic resonance imaging biomarkers of SVD and DTI histogram measures
over a period of three years.

Beta S.E. P
DTI histogram measures
MD NPH —1169.333 140.115 69.648, < 0.001
MD median (mm?s~ ') 81,309.227 8070.304 101.508, < 0.001
FA NPH 4813.334 857.420 31.514, <0.001
FA median (mm?*s™ ") - 28.673 11.997 5.712, 0.017
Conventional MRI markers
WMH load 0.479 0.136 12.341, <0.001
TCV (ml) 1.48 x 107 % 5.40 x 10~° 7.492, 0.006
Lacunes 5.015 1.255 15.967, < 0.001
CMB 2.636 1.037 6.470, 0.011

Significant results shown in bold.
S.E. = Standard error.

3.6. Multivariable linear mixed effect models of change in MRI biomarkers
related to cognitive change

All MRI markers that were significantly (p = 0.05, uncorrected)
related to a cognitive domain in univariable analysis were subsequently
entered into a multivariable analysis in order to assess the relative
contribution of each marker to cognitive change when all other markers
are controlled for. A multivariable LME model was created for EF and
IPS in turn, in which MRI markers and premorbid IQ, age and years
since stroke were included if they were significantly related to each
cognitive domain.

3.6.1. EF

The multivariable model for EF is shown in Table 5. It can be seen
that the only MRI markers to remain significant in the multivariable
model after correction for multiple comparisons was DSEG 6 and
number of new lacunes. A degree change in DSEG 6 predicted a — 0.036
z-score change in EF. New lacunes was related to a — 0.544 change in
EF, though the direct impact of each new lacune is unclear due to log
transformation of the data. Premorbid IQ was also related to change in
EF, where a unit increase in premorbid IQ predicted slower rate of
change in EF by 0.043 z-scores.

3.6.2. IPS

The multivariable model for IPS (shown in Table 6), demonstrated
that DSEG 6, and new lacunes were the only MRI markers significantly
related to IPS after correction for multiple comparisons. A degree

Table 5

Neurolmage: Clinical 16 (2017) 330-342

increase in DSEG 6 predicted — 0.031 z-score change in IPS. A unit
change in lacunes predicted a change of — 0.509 z-score in IPS. A unit
difference in premorbid IQ related change in IPS, where a unit increase
in premorbid IQ predicted slower rate of change in IPS by 0.019 z-
scores.

3.7. Post-hoc sample size estimates for DSEG 6

Table 7 shows the results of the post-hoc sample size estimates for
DSEG 6 compared to the best performing conventional and diffusion
imaging markers of SVD progression previously reported in the same
SCANS data over 3-years (Benjamin et al., 2015 & Zeestraten et al.,
2016). Sample size estimates for DSEG 6 are considerably lower than
those of MD NPH and WMH volume. For example, DSEG 6 requires a
sample size of 73 to detect a 30% change in SVD progression compared
to 128 for MD NPH and 124 for WMH volume. This means that 41%
fewer patients are required within a clinical trial for which a 30%
change is expected when using the DSEG 6 marker compared to WMH
volume and 42% fewer compared to MD NPH.

4. Discussion

In this study we demonstrate that a novel DTI segmentation, DSEG,
is a sensitive marker to assess the degree of brain damage in SVD.
Although DSEG has been previously applied to the study of brain tu-
mours, we demonstrate that it is also sensitive to subtle and gradual
brain changes observed in SVD. DSEG spectra demonstrate sensitivity to
individual differences in baseline measures as well as detecting differ-
ences in the rates of change over a three-year period. Segments most
associated with tissue characteristics of GM and WM are shown to de-
viate from those characteristics of a healthy reference brain in SVD,
even when the patient then remains stable over the subsequent three-
year follow-up. For a patient with SVD who declines substantially over
the follow-up period, the DSEG spectra demonstrate proportional
changes in most segments, with a decrease in healthy GM and WM and
an increase in WMH associated damage and CSF filled space. As such,
DSEG can detect brain tissue changes characteristic of SVD.

As well as providing information about tissue diffusions character-
istics in spectra, DSEG also provides a summary metric (DSEG 0) that
characterises microstructural information derived from the whole
brain. As with DSEG 6, other standard MRI measures including those
from DTI histograms were sensitive to detect brain changes over the
three-year follow-up. In contrast, cognitive function measured by EF
and IPS did not demonstrate a significant decline in this analysis. This is
in keeping with a previous report of no cognitive decline in patients

Univariable and multivariate linear mixed effect models of executive function change related to change in magnetic resonance imaging biomarkers.

EF Univariable models Multivariable MRI and 1Q
Beta (S.E.) 1vop Beta (S.E.) x5 p
DSEG 60 —0.047 (0.010) 23.205, <0.001 —0.036 (0.011) 11.208, < 0.001

MD NPH 79.6 (28.400) 7.860, 0.005 23.288 (38.009) 0.375, 0.540
MD Med (mm?s™ 1) —4.91 x 10° (1.86 x 10°) 6.980, 0.008 3232.074 (2881.822) 1.258, 0.262
FA NPH —123.073 (227.579) 0.295, 0.0587

FA Med (mm?s~ 1) 4.999 (2.551) 3.840, 0.050 —0.531 (3.973) 0.018, 0.894
WMH load —0.051 (0.027) 3.488, 0.062

TCV (ml) 2.17 x 107 °(8.84 x 1077) 6.060, 0.014 1.01 x 107 ° (6.74 x 1077) 2.236, 0.135
Lacunes - 0.606 (0.210) 8.302, 0.004 —0.544 (0.175) 9.613, 0.002
CMB —0.328 (0.172) 3.636, 0.057

Age —0.012 (0.010) 1.286, 0.257 a a

IQ 0.045 (0.005) 76.880, <0.001 0.043 (0.005) 90.733, <0.001
Sex —0.284 (0.219) 1.681, 0.194

Years stroke —0.037 (0.021) 3.058, 0.080 4 a

Significant results shown in bold.
S.E. = standard error.
@ Indicates variable was not included in multivariable model.
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Table 6
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Univariable and multivariate linear mixed effect models of information processing speed change related to change in magnetic resonance imaging biomarkers.

1PS Univariable models Multivariable MRI and IQ

Beta (S.E.) xz, P Beta (S.E.) xz, P
DSEG 6 —0.029 (0.008) 14.5, <0.001 —0.031 (0.010) 10.648, 0.001
MD NPH 60.842 (22.958) 7.023, 0.008 3.071 (34.759) 0.008, 0.930
MD Med (mm?s~ 1) — 3528.697 (1503.716) 5.510, 0.019 7063.002 (2775.184) 6.477, 0.011
FA NPH —591.526 (180.716) 10.714, < 0.001 —496.639 (212.073) 5.484, 0.019
FA Med (mm?s~ 1) 4.796 (2.041) 5.523, 0.019 5.869 (3.437) 2.916, 0.088
WMH load —0.033 (0.022) 2.311, 0.128 @ b
TCV (ml) 7.99 x 1077 (7.1 x 1077) 1.270, 0.260 @
Lacunes —0.715 (0.160) 19.934, <0.001 —0.509 (0.165) 9.497, 0.002
CMB —0.275 (0.143) 3.719, 0.054 0.028 (0.144) 0.037, 0.847
Age 0.015 (0.008) 3.665, 0.056 “ @
(0] 0.021 (0.005) 17.778, < 0.001 0.018 (0.004) 19.578, <0.001
Sex —0.482 (0.163) 8.733, 0.003 —0.337 (0.137) 6.087, 0.014
Years stroke —0.022 (0.025) 0.809, 0.368 @ @

Significant results shown in bold.
S.E. = standard error.
@ Indicates variable was not included in multivariable model.

Table 7

The predicted minimum sample size for a hypothetical trail of three-year duration as-
suming a balanced design with DSEG measurements taken annually to test a hypothetical
treatment effect of 30, 25, 20 and 15% on the rate of DSEG 6 change. For comparison, MD
NPH and WMH volume values are also shown, taken from Benjamin et al. (2015) and
Zeestraten et al. (2016).

Hypothetical treatment effects

30% 25% 20% 15%

DSEG 6 sample size 73 104 163 290
MD NPH (Zeestraten et al., 2016) 128 185 325 578
WMH volume (Benjamin et al., 2015) 124 178 279 496

with lacunar stroke followed for an average of three-years (Pearce et al.,
2014). This may reflect the fact that MRI measures are more sensitive to
decline in SVD patients when compared to cognitive measures. Alter-
natively, after the initial brain pathology that results in ‘caseness’ re-
garding the lacunar infarct condition and accompanying cognitive
deficit, there may be a period in which there are further white matter
brain changes, but cognition remains relatively stable. Additionally, the
lack of longitudinal cognitive decline may also reflect in part learning
effects when cognitive measures are repeatedly administered in long-
itudinal studies (Dikmen et al., 1999; Ferrer et al., 2005; Ferrer et al.,
2004; Wilson et al., 2006).

One difference between the present study and previous investiga-
tions presenting derivations and investigation of total SVD burden
scores is that we present a single measure derived from a single imaging
modality rather than measures obtained from different MRI markers of
SVD. For example, (Huijts et al., 2013; Klarenbeek et al., 2013, and
Staals et al. (2014, 2015) previously used information from lacunar
infarcts, WMH, CMB and enlarged perivascular spaces to obtain SVD
burden scores. Our SVD burden score, DSEG 6, was related to all four
conventional MRI markers of SVD used in this study (WMH load, TCV -
representing cerebral atrophy, new lacunes and CMB), with an increase
in DSEG 0 being associated with higher SVD burden as measured by
these markers. Furthermore, our SVD burden score was related to WM
tissue microstructural histogram measures. An additional benefit of the
DSEG technique, as also for the technique of Staals et al. (2015) which
generated a latent variable from the full range of SVD markers, is that
we also construct a summary variable that is not derived from dichot-
omised scores for SVD burden.

In this study linear mixed effects models were used as they allow for
powerful exploration of the relationships between several hierarchical
variables with multiple measures. LME allow for random variation at

340

the individual level while fixed effects of time are taken in to account.
This is in contrast to our previous paper using the SCANS cognitive data
(Lawrence et al., 2015) in which three-year change was explored using
linear regression analysis in which significant decline in EF was found.
The rigorous statistical tests employed in the current study did not find
significant decline in EF but this is likely due to the more conservative
estimates of change imposed by LME analysis. However LME did allow
full exploration of the relationships between change in brain markers
and individual differences in gradients of cognitive function change
despite the observation of no significant decline over the testing period.
Despite the lack of a significant decline in cognitive function, univari-
able analysis demonstrated strong associations between change in MRI
markers and change in cognition. For both EF and IPS, change in DSEG
0, standard DTI histogram metrics, and lesion measures (WMH load,
lacunes, CMB), were associated with change in cognition. These results
are in agreement with previous reports of change, with changes in DTI
metrics, atrophy and incident lacunes being related to longitudinal
decline in cognitive scores that measure attention, processing speed, EF
and episodic memory (Jokinen et al., 2011, 2012; van Uden et al.,
2015; van Norden et al., 2012). However, multivariable analyses de-
monstrate that DSEG 6 remained a significant predictor of change in EF
and IPS while standard MRI measures provided no further information,
with the exception of new lacunes. Premorbid IQ contributed sig-
nificantly to models for both EF and IPS suggesting a strong link be-
tween cognitive reserve (Stern, 2002) and subsequent impact of SVD on
cognitive change. As premorbid IQ was positively related to cognition,
this suggests that the more cognitive reserve present before onset of
disease, the less the disease will affect cognition i.e. cognitive reserve
serves as a protecting factor against cognitive decline.

In the LME models presented here, DSEG 6 provides a very stable
measure of microstructural brain change, as is shown by the highly
significant goodness of fit (as assessed by the Wald test). As a result,
when DSEG 0 is considered in conjunction with other less stable MR
markers in multivariable analysis, it provides the strongest predictor of
cognitive change, in part because it has less noise in the model than
other MR variables. In post-hoc sample size analysis, DSEG 6 provided
low sample size estimates ranging from 73 patients to detect a 30%
treatment effect and 290 patients to detect a 15% treatment effect. This
was compared to the sample size estimates for WMH volume and MD
NPH, reported previously for the same SCANS patient sample over the
same testing period (3-years). The results for these metrics were com-
pared to DSEG O because they provided the optimum sample size me-
trics for conventional MRI markers and DTI histogram markers of SVD
progression (Benjamin et al., 2015 & Zeestraten et al., 2016). Compared
to these, DSEG 0 could detect the same change with 41-42% fewer
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patients in a clinical trial. These results suggest DSEG 6 can be used as a
clinical tool with a high degree of confidence that it will be sensitive to
changes in SVD related brain structure.

The stability of DSEG 0 is likely the result of all analysis being
carried out in DTI native space across the entire cerebrum whereas DTI
histogram measures rely on a hard segmentation of WM tissue that is
dependent on a co-registration with a structural T1-weighted image and
accurate automatic segmentation of GM and CSF boundaries, this will
introduce noise in the data by including partial volume voxels at the
border of the WM tissue mask images. DSEG is also an automatic seg-
mentation technique and thus avoids any noise associated with manual
segmentation and identification errors for WMH, lacunes and CMB.
These results are similar to a recent report of a novel marker of SVD
using the peak width of the skeletonised mean diffusivity (PSMD:
Baykara et al., 2016) in which the DTI-derived marker demonstrated
the strongest relationship with IPS in comparison to WMH volume,
lacune volume and brain volume. However, DSEG may have the benefit
of using information from the whole cerebrum (rather than WM only)
and of incorporating both isotropic and anisotropic diffusion informa-
tion rather than just MD. Furthermore, DSEG does not require any
transformations of DTI data onto a skeletonised mean MD map,
avoiding the introduction of noise through co-registration errors.

A limitation of the current analysis is that spatial information de-
scribing the location of SVD pathology has not been taken into account.
It has already been highlighted by Staals et al. (2015) that SVD burden
scores tend to neglect location information related to lacunes and CMB
which have been shown to be important when exploring relationships
between SVD markers and cognitive decline (Benisty et al., 2009; Poels
et al., 2012). Future application of DSEG should address this by ex-
amining DSEG 6 metrics by brain region or by combining DSEG with
voxel based analysis. However, the current study demonstrates that
DSEG provides a measure of SVD severity across the whole cerebrum,
using a single imaging modality, without the need for co-registration of
images across time points or into standard space, which would be ne-
cessary for more complex spatial analysis.

A further limitation is that the longitudinal cohort examined in this
study is younger and less cognitively impaired compared to those pa-
tients who dropped out of the study after baseline testing. This suggests
that there may be a selective attrition effect (Salthouse, 2009) in which
patients who are least effected by the disease are more likely to remain
in the study. This has implications for the generalizability of these re-
sults to all patients of SVD and suggests that the findings presented here
are most applicable to those in the earlier or less severe stages of the
disease. However, as DSEG 6 has been shown to be sensitive to SVD
progression in these “less affected” individuals, it is likely to be a useful
tool in more severe cases of SVD as well.

As DSEG is related to all conventional MRI markers of SVD con-
sidered in the present study and is significantly associated with EF and
IPS in predictive models, it may be used as a surrogate marker of SVD
severity. By reducing whole cerebrum information to a single measure,
DSEG 6 can be used as a tool that avoids statistical power limitations
due to multiple comparisons on a voxel or regional basis. DSEG mea-
sures have previously been shown to have good between site reprodu-
cibility (Jones et al., 2014), making DSEG 6 a promising tool for large
multi-site studies of SVD. Furthermore, sample size estimates suggest
that DSEG 6 has potential as a clinical tool, capable of detecting the
effects of potential interventions with a high degree of confidence.
Taken together, the promising performance of DSEG suggests that it
could be a powerful tool for clinical trials, monitoring, and predicting
disease progression in SVD patients as it shows strong relationships
with the cognitive domains affected most by the disease.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2017.08.016.

Neurolmage: Clinical 16 (2017) 330-342

Acknowledgements

This research was funded by UK Charity Research into Aging (Grant
#374). The SCANS research study was supported by a Wellcome Trust
grant (081589). AJL was supported by a project grant from Alzheimer's
Research UK (ARUK-PG2013-2; ARUK-EXT2015B-1). We acknowledge
the support of the English National Institute of Health Research (NIHR)
Clinical Stroke Research Network for assistance with recruitment, we
are grateful for support from the Cambridge University Hospital
Comprehensive NIHR Biomedical Research Unit, and NIHR Senior
Investigator award support (Hugh Markus).

References

Andersson, J.L.R., Jenkinson, M., Smith, S., 2007. Non-linear Registration Aka Spatial
Normalisation. FMRIB Technical Report TR0O7JA2. FMRIB Technical Report
TRO7JA2.

Avants, B.B., Tustison, N., Song, G., 2009. Advanced Normalization Tools (ANTS).
Insight J.

Bamford, J., Sandercock, P., Jones, L., Warlow, C., 1987. The natural history of lacunar
infarction: the Oxfordshire community stroke project. Stroke 18 (3), 545-551.

Baune, B.T., Roesler, A., Knecht, S., Berger, K., 2009. Single and combined effects of
cerebral white matter lesions and lacunar infarctions on cognitive function in an
elderly population. J. Gerontol. A Biol. Sci. Med. Sci. 64 (1), 118-124.

Baykara, E., Gesierich, B., Adam, R., Tuladhar, A.M., Biesbroek, J.M., Koek, H.L., et al.,
2016. A novel imaging marker for small vessel disease based on skeletonization of
white matter tracts and diffusion histograms. Ann. Neurol. 80 (4), 581-592.

Benisty, S., Gouw, A.A., Porcher, R., Madureira, S., Hernandez, K., Poggesi, A., et al.,
2009. Location of lacunar infarcts correlates with cognition in a sample of non-dis-
abled subjects with age-related white-matter changes: the LADIS study. J. Neurol.
Neurosurg. Psychiatry 80 (5), 478-483.

Benjamin, P., Zeestraten, E.A., Lambert, C., Chis Ster, I.C., Williams, O.A., Lawrence, A.J.,
et al., 2015. Progression of MRI markers in cerebral small vessel disease: sample size
considerations for clinical trials. J. Cereb. Blood Flow Metab. 1-8.

Charlton, R.A., Barrick, T.R., McIntyre, D.J., Shen, Y., O'Sullivan, M., Howe, F.A., et al.,
2006. White matter damage on diffusion tensor imaging correlates with age-related
cognitive decline. Neurology 66 (2), 217-222.

Charlton, Schiavone, F., Barrick, T.R., Morris, R.G., Markus, H.S., 2010. Diffusion tensor
imaging detects age related white matter change over a 2 year follow-up which is
associated with working memory decline. J. Neurol. Neurosurg. Psychiatry 81 (1),
13-19.

Charlton, R.A., Barrick, T.R., Markus, H.S., Morris, R.G., 2013. Verbal working and long-
term episodic memory associations with white matter microstructure in normal aging
investigated using tract-based spatial statistics. Psychol. Aging 28 (3), 768-777.

Cordonnier, C., Potter, G.M., Jackson, C.A., Doubal, F., Keir, S., Sudlow, C.L.M., et al.,
2009. Improving interrater agreement about brain microbleeds: development of the
Brain Observer MicroBleed Scale (BOMBS). Stroke 40 (1), 94-99.

Coughlan, A.K., Oddy, M., Crawford, J.R., 2007. The BIRT Memory and Information
Processing Battery (B-MIPB). The Brain Injury Rehabilitation Trust (BIRT),
Wakefield, UK.

Delis, D.C., Kaplan, E., Kramer, J.H., 2001. Delis-Kaplan Executive Function Scale. The
Psychological Corporation, San Antonio, TX.

Dikmen, S.S., Heaton, R.K., Grant, 1., Temkin, N.R., 1999. TestReitan neuropsychological
test battery. J. Int. Neuropsychol. Soc. 5 (04), 346-356.

Fazekas, F., Chawluk, J.B., Alavi, A., Hurtig, H.I., Zimmerman, R.A., 1987. MR signal
abnormalities at 1.5 T in Alzheimer's dementia and normal aging. Am. J. Roentgenol.
149, 351-356.

Ferrer, E., Salthouse, T.A., Stewart, W.F., Schwartz, B.S., 2004. Modeling age and retest
processes in longitudinal studies of cognitive abilities. Psychol. Aging 19 (2),
243-259.

Ferrer, E., Salthouse, T.A., McArdle, J.J., Stewart, W.F., Schwartz, B.S., 2005.
Multivariable modeling of age and retest in longitudinal studies of cognitive abilities.
Psychol. Aging 20 (3), 412-422.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. Mini-mental state: a practical method
for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12 (3),
189-198.

Green, H.A.L., Pena, A., Price, C.J., Warburton, E.A., Pickard, J.D., Carpenter, T.A.,
Gillard, J.H., 2002. Increased anisotropy in acute stroke. A possible explanation.
Stroke 33 (6), 1517-1521.

Hassan, A., Hunt, B.J., O'Sullivan, M., Parmar, K., Bamford, J.M., Briley, D., et al., 2003.
Markers of endothelial dysfunction in lacunar infarction and ischaemic leukoaraiosis.
Brain 126 (2), 424-432.

van den Heuvel, D.M.J., ten Dam, V.H., de Craen, A.J.M., Admiraal-Behloul, F., Olofsen,
H., Bollen, E.L.E.M.,, et al., 2006. Increase in periventricular white matter hyper-
intensities parallels decline in mental processing speed in a non-demented elderly
population. J. Neurol. Neurosurg. Psychiatry 77 (2), 149-153.

Huijts, M., Duits, A., Van Oostenbrugge, R.J., Kroon, A.A., De Leeuw, P.W., Staals, J.,


http://dx.doi.org/10.1016/j.nicl.2017.08.016
http://dx.doi.org/10.1016/j.nicl.2017.08.016
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0005
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0005
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0005
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0010
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0010
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0015
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0015
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0020
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0020
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0020
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0025
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0025
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0025
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0030
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0030
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0030
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0030
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0035
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0035
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0035
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0040
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0040
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0040
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0045
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0045
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0045
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0045
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0050
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0050
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0050
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0055
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0055
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0055
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0060
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0060
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0060
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0065
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0065
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0070
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0070
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0075
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0075
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0075
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0080
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0080
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0080
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0085
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0085
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0085
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0090
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0090
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0090
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0095
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0095
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0095
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0105
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0105
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0105
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0105
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0110

O.A. Williams et al.

2013. Accumulation of MRI markers of cerebral small vessel disease is associated
with decreased cognitive function. A study in first-ever lacunar stroke and hy-
pertensive patients. Front. Aging Neurosci. 5, 72.

Jenkinson, M., Smith, S., 2001. A global optimisation method for robust affine registra-
tion of brain images. Med. Image Anal. 5 (2), 143-156.

Jokinen, H., Gouw, A.A., Madureira, S., Ylikoski, R., Van Straaten, E.C.W., Van Der Flier,
W.M.,, et al., 2011. Incident lacunes influence cognitive decline the LADIS study.
Neurology 76 (22), 1872-1878.

Jokinen, H., Lipsanen, J., Schmidt, R., Fazekas, F., Gouw, A.A., van der Flier, W.M., et al.,
2012. Brain atrophy accelerates cognitive decline in cerebral small vessel disease: the
LADIS study. Neurology 78 (22), 1785-1792.

Jones, T., 2012. A Novel Magnetic Resonance Diffusion Tensor Imaging Segmentation and
Visualisation Technique for Brain Tumour Diagnosis and Surveillance. St. George's
University of London.

Jones, T.L., Byrnes, T.J., Yang, G., Howe, F.A,, Bell, B.A,, Barrick, T.R., 2014. Brain tumor
classification using the diffusion tensor image segmentation (D-SEG) technique.
Neuro-Oncology, noul59.

Klarenbeek, P., van Oostenbrugge, R.J., Rouhl, R.P.W., Knottnerus, I.L.H., Staals, J.,
2013. Ambulatory blood pressure in patients with lacunar stroke. Stroke 44 (11),
2995-2999.

Klove, H., 1963. Clinical neuropsychology. In: Forster, F.M. (Ed.), The Medical Clinics of
North America. Saunders, New York.

Lambert, C., Sam Narean, J., Benjamin, P., Zeestraten, E., Barrick, T.R., Markus, H.S.,
2015. Characterising the grey matter correlates of leukoaraiosis in cerebral small
vessel disease. Neurolmage: Clinical 9, 194-205.

Lawrence, A.J., Patel, B., Morris, R.G., MacKinnon, A.D., Rich, P.M., Barrick, T.R.,
Markus, H.S., 2013. Mechanisms of cognitive impairment in cerebral small vessel
disease: multimodal MRI results from the St George's cognition and neuroimaging in
stroke (SCANS) study. PLoS One 8 (4), e61014.

Lawrence, A.J., Brookes, R.L., Zeestraten, E.A., Barrick, T.R., Morris, R.G., Markus, H.S.,
2015. Pattern and rate of cognitive decline in cerebral small vessel disease: a pro-
spective study. PLoS One 10 (8), e0135523.

Liu, G., Liang, K.-Y., 1997. Sample size calculations for studies with correlated observa-
tions. Biometrics 937-947.

Mitrushina, M., Boone, K.B., Razani, J., D'Elia, L.F., 2005. Handbook of Normative Data
for Neuropsychological Assessment, 2nd ed. Oxford University Press, New York.

Nagahama, Y., Okina, T., Suzuki, N., Matsuzaki, S., Yamauchi, H., Nabatame, H.,
Matsuda, M., 2003. Factor structure of a modified version of the Wisconsin card
sorting test: an analysis of executive deficit in Alzheimer's disease and mild cognitive
impairment. Dement. Geriatr. Cogn. Disord. 16 (2), 103-112.

Neeman, M., Freyer, J.P., Sillerud, L.O., 1991. A simple method for obtaining cross-term-
free images for diffusion anisotropy studies in NMR microimaging. Magn. Reson.
Med. 21 (1), 138-143.

Nelson, H.E., Willison, J.R., 1991. National Adult Reading Test (NART): Test Manual, 2nd
ed. NFER-Nelson.

Nitkunan, A., Barrick, T.R., Charlton, R.A., Clark, C.A., Markus, H.S., 2008. Multimodal
MRI in cerebral small vessel disease: its relationship with cognition and sensitivity to
change over time. Stroke 39 (7), 1999-2005.

Nitkunan, A., Lanfranconi, S., Charlton, R.A., Barrick, T.R., Markus, H.S., 2011. Brain
atrophy and cerebral small vessel disease. A prospective follow-up study. Stroke 42
(1), 133-138.

O'Sullivan, M., Morris, R.G., Huckstep, B., Jones, D.K., Williams, S.C.R., Markus, H.S.,
2004. Diffusion tensor MRI correlates with executive dysfunction in patients with
ischaemic leukoaraiosis. J. Neurol. Neurosurg. Psychiatry 75 (3), 441-447.

Pantoni, L., 2010. Cerebral small vessel disease: from pathogenesis and clinical char-
acteristics to therapeutic challenges. The Lancet Neurology 9 (7), 689-701.

Patel, B., Lawrence, A.J., Chung, A.W., Rich, P., Mackinnon, A.D., Morris, R.G., et al.,
2013. Cerebral microbleeds and cognition in patients with symptomatic small vessel
disease. Stroke 44 (2), 356-361.

Pearce, L.A., McClure, L.A., Anderson, D.C., Jacova, C., Sharma, M., Hart, R.G.,
Benavente, O.R., 2014. Effects of long-term blood pressure lowering and dual anti-
platelet treatment on cognitive function in patients with recent lacunar stroke: a
secondary analysis from the SPS3 randomised trial. The Lancet Neurology 13 (12),
1177-1185.

342

Neurolmage: Clinical 16 (2017) 330-342

Pena, A., Green, H.A., Carpenter, T.A., Price, S.J., Pickard, J.D., Gillard, J.H., 2006.
Enhanced visualization and quantification of magnetic resonance diffusion tensor
imaging using the p:q tensor decomposition. Br. J. Radiol. 79 (938), 101-109.

Pierpaoli, C., Basser, P.J., 1996. Toward a quantitative assessment of diffusion anisotropy.
Magn. Reson. Med. 36 (6), 893-906.

Poels, M.M.F., Ikram, M.A., van der Lugt, A., Hofman, A., Niessen, W.J., Krestin, G.P.,
et al., 2012. Cerebral microbleeds are associated with worse cognitive function the
Rotterdam Scan Study. Neurology 78 (5), 326-333.

Rasbash, J., Charlton, C., Browne, W.J., Healy, M., Cameron, B., 2009. MLwiN Version
2.1. Centre for Multilevel Modelling. University of Bristol.

Reitan, R.M., 1958. The validity of the Trail Making Test as an indicator of organic brain
damage. Percept. Mot. Skills 8, 271-276.

Rorden, C., Brett, M., 2000. Stereotaxic display of brain lesions. Behav. Neurol. 12 (4),
191-200.

Salthouse, T.A., 2009. Major Issues in Cognitive Aging. Vol. 49 Oxford University Press.
Schmidt, R., Berghold, A., Jokinen, H., Gouw, A.A., van der Flier, W.M., Barkhof, F., et al.,
2012. White matter lesion progression in LADIS frequency, clinical effects, and

sample size calculations. Stroke 43 (10), 2643-2647.

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17 (3),
143-155.

Staals, J., Makin, S.D.J., Doubal, F.N., Dennis, M.S., Wardlaw, J.M., 2014. Stroke subtype,
vascular risk factors, and total MRI brain small-vessel disease burden. Neurology 83
(14), 1228-1234.

Staals, J., Booth, T., Morris, Z., Bastin, M.E., Gow, A.J., Corley, J., et al., 2015. Total MRI
load of cerebral small vessel disease and cognitive ability in older people. Neurobiol.
Aging 36 (10), 2806-2811.

Stern, Y., 2002. What is cognitive reserve? Theory and research application of the reserve
concept. J. Int. Neuropsychol. Soc. 8, 448-460.

Tuladhar, A.M., van Norden, A.G.W., de Laat, K.F., Zwiers, M.P., van Dijk, E.J., Norris,
D.G., de Leeuw, F.-E., 2015. White matter integrity in small vessel disease is related to
cognition. NeuroImage: Clinical 7, 518-524.

Van Dijk, K.R., Hedden, T., Venkataraman, A., Evans, K.C., Lazar, S.W., Buckner, R.L.,
2010. Intrinsic functional connectivity as a tool for human connectomics: theory,
properties, and optimization. J. Neurophysiol. 103 (1), 297-321.

van Norden, A.G., de Laat, K.F., van Dijk, E.J., et al., 2012. Diffusion tensor imaging and
cognition in cerebral small vessel disease: the RUN DMC Study. Biochim. Biophys.
Acta 1822, 401-407.

van Uden, . W.M., van der Holst, H.M., Tuladhar, A.M., van Norden, A.G.W., de Laat, K.F.,
Rutten-Jacobs, L.C.A,, et al., 2015. White matter and hippocampal volume predict the
risk of dementia in patients with cerebral small vessel disease: the RUN DMC study.
Journal of Alzheimer's Disease: JAD.

Wardlaw, J.M., Smith, E.E., Biessels, G.J., Cordonnier, C., Fazekas, F., Frayne, R., et al.,
2013a. Neuroimaging standards for research into small vessel disease and its con-
tribution to ageing and neurodegeneration. The Lancet. Neurology 12 (8), 822-838.

Wardlaw, J.M., Smith, C., Dichgans, M., 2013b. Mechanisms of sporadic cerebral small
vessel disease: insights from neuroimaging. The Lancet Neurology 12 (5), 483-497.

Wechsler, D., 1997. Wechsler Adult Intelligence Scale-III. The Psychological Corporation,
San Antonio, TX.

Wilson, R.S., Li, Y., Bienias, L., Bennett, D.A., 2006. Cognitive decline in old age: se-
parating retest effects from the effects of growing older. Psychol. Aging 21 (4),
774-789.

Yamashiro, K., Tanaka, R., Okuma, Y., Shimura, H., Ueno, Y., Miyamoto, N., et al., 2014.
Cerebral microbleeds are associated with worse cognitive function in the non-
demented elderly with small vessel disease. Cerebrovascular Diseases Extra 4 (3),
212-220.

Yushkevich, P.A., Piven, J., Hazlett, H.C., Smith, R.G., Ho, S., Gee, J.C., Gerig, G., 2006.
User-guided 3D active contour segmentation of anatomical structures: significantly
improved efficiency and reliability. Neurolmage 31 (3), 1116-1128.

Zeestraten, E.A., Benjamin, P., Lambert, C., Lawrence, A.J., Williams, O.A., Morris, R.G.,
et al., 2016. Application of diffusion tensor imaging parameters to detect change in
longitudinal studies in cerebral small vessel disease. PLoS One 11 (1), e0147836.

Zhou, A., Jia, J., 2009. Different cognitive profiles between mild cognitive impairment
due to cerebral small vessel disease and mild cognitive impairment of Alzheimer's
disease origin. J. Int. Neuropsychol. Soc. 15 (06), 898-905.


http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0110
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0110
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0110
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0115
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0115
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0120
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0120
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0120
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0125
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0125
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0125
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0130
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0130
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0130
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0140
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0140
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0140
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0145
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0145
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0145
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0150
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0150
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0155
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0155
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0155
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0160
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0160
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0160
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0160
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0165
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0165
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0165
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0170
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0170
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0175
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0175
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0180
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0180
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0180
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0180
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0185
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0185
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0185
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0190
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0190
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0195
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0195
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0195
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0200
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0200
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0200
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0205
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0205
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0205
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0210
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0210
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0215
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0215
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0215
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0220
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0220
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0220
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0220
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0220
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9000
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9000
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9000
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0225
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0225
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0230
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0230
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0230
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0235
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0235
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0240
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0240
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0245
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0245
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0250
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0255
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0255
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0255
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0260
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0260
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0265
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0265
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0265
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0270
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0270
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0270
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9200
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9200
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0275
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0275
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0275
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0285
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0285
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0285
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf9100
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0280
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0280
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0280
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0280
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0290
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0290
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0290
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0295
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0295
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0300
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0300
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0305
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0305
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0305
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0310
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0310
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0310
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0310
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0315
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0315
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0315
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0320
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0320
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0320
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0325
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0325
http://refhub.elsevier.com/S2213-1582(17)30205-X/rf0325

	Diffusion tensor image segmentation of the cerebrum provides a single measure of cerebral small vessel disease severity related to cognitive change
	Introduction
	Methods
	Participants
	SVD participants
	Available SVD data
	Healthy ageing data

	Magnetic resonance image acquisition
	Magnetic resonance image analysis
	Diffusion-weighted image pre-processing
	Diffusion segmentation (DSEG) technique
	DSEG probability maps
	DSEG colour maps
	DSEG whole brain spectra
	DSEG summary metric

	Conventional image analysis
	Structural pre-processing
	Total cerebral volume
	WMH load
	Lacunes
	Cerebral microbleeds
	Conventional DTI histogram measures

	Cognitive assessment
	Statistical analysis

	Results
	Baseline comparison between longitudinal cohort and those who did not return for follow-up
	Brain tissue characterisation using DSEG maps
	DSEG spectra
	Linear mixed effect models of cognitive and brain structural decline over three years
	Univariable linear mixed effect models of the impact of change in brain structure on change in cognition
	Multivariable linear mixed effect models of change in MRI biomarkers related to cognitive change
	EF
	IPS

	Post-hoc sample size estimates for DSEG &#x003B8;

	Discussion
	Acknowledgements
	References




