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ABSTRACT

Emerging evidence from lesion-symptom mapping (LSM) studies suggested that regional white matter lesions
(WML) on strategic white matter (WM) fiber tracts are significantly associated with specific cognitive domains,
independent of global WML burden. However, previous LSM investigations were mostly carried out in disease
cohorts, with little evidence from community-based older individuals, making findings difficult to generalize.
Moreover, most LSM studies applied a threshold to the probabilistic atlas, leading to the loss of information and
threshold-dependent findings. Furthermore, it is still unclear whether associations between regional WML and
cognition are independent of global grey matter (GM) and WM volumes, which have also been linked to cog-
nition. In the current study, we undertook a region of interest (ROI) LSM study to examine the relationship
between regional WML on strategic WM tracts and cognitive performance in a large community-based cohort of
older individuals (N = 461; 70-90 years). WML were extracted using a publicly available pipeline, UBO Detector
(https://cheba.unsw.edu.au/group/neuroimaging-pipeline). Mapping of WML to the Johns Hopkins University
WM atlas was undertaken using an automated TOolbox for Probabilistic MApping of Lesions (TOPMAL), which
we introduce here, and is implemented in UBO Detector. The results show that different patterns of brain
structural volumes in the ageing brain were associated with different cognitive domains. Regional WML were
associated with processing speed, executive function, and global cognition, independent of total GM, WM and
WML volumes. Moreover, regional WML explained more variance in executive function, compared to total GM,
WM and WML volumes. The current study highlights the importance of studying regional WML in age-related
cognitive decline.

1. Introduction

cognition and neuropathology, the vast majority of studies investigating
the relationship of WML with cognition have focused on global WML,

Cerebral small vessel disease (CSVD) is the most common cere-
brovascular dysfunction, and one of the leading causes of dementia and
strokes in older adults (Pantoni, 2010). As an ischemic biomarker of
CSVD, the accumulation of white matter lesions (WML) has been closely
associated with cognitive decline (Prins and Scheltens, 2015). In ad-
dition, WML have been found to be prominent in both middle aged
(Wen et al., 2009) and general ageing (Maniega et al., 2015) popula-
tions. However, due to technical limitations and the historical per-
spective of global effects of cerebral structural degeneration on

disregarding location information (Biesbroek et al., 2017).

With the growing acknowledgement that periventricular (PVWML)
and deep (DWML) WML have different albeit overlapping etiologies
and risk factors (Sachdev, 2005), and that lobar WML are associated
with characteristic cognitive domains (van der Vlies et al., 2013), stu-
dies have started to investigate localized WML in relation to cognition
and neuropathology. Finer mapping of WML to strategic white matter
(WM) fiber tracts, and lacunar infarcts onto subcortical structures, has
also been examined in more recent lesion-symptom mapping (LSM)
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studies (Biesbroek et al., 2017). In these studies, processing speed and
executive function have been commonly associated with CSVD-related
lesions on two strategic WM tracts, anterior thalamic radiation (ATR)
and forceps minor (Biesbroek et al., 2016; Duering et al., 2011). Ad-
ditionally, processing speed has also been associated with cingulate
cortex, forceps major and corticospinal tract (CST) (Duering et al.,
2013; Duering et al., 2011), and executive function has been linked
with lesions on superior longitudinal fasciculus (SLF) (Biesbroek et al.,
2013). Available studies have also suggested associations of memory
with forceps minor and forceps major tracts (Biesbroek et al., 2016;
Duering et al., 2011).

Studies investigating the relationships of lesions on different stra-
tegic WM tracts with cognitive domains, have been undertaken in
several different cohorts, including disease cohorts of individuals di-
agnosed with cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL), arterial diseases,
stroke, and CSVD. Findings from the two community-based studies
which examined LSM were inconsistent (Duering et al., 2014; Smith
et al., 2011). This makes drawing conclusions from available findings
tenuous and needing caution. Moreover, although some studies have
taken into account the probability of the WML voxels belonging to each
WM tract (Duering et al., 2014; Duering et al., 2013), others have ap-
plied a 10%-25% threshold to binarize the probability atlases
(Benjamin et al., 2014; Biesbroek et al., 2016; Duering et al., 2011)
which ignores the information contained in the probabilities, and may
make any conclusions dependent on the choice of threshold. In addi-
tion, it is still unknown if the relationships between regional WML and
cognition are independent of the association between grey matter (GM)
volumes and cognition, given that WML and GM atrophy share similar
risk factors and are significantly correlated with each other (Raji et al.,
2012; Wen et al., 2006).

In this study, we examined the relationship of WML burden on
strategic WM tracts with cognitive domains, including processing
speed, executive function, memory, language and visuo-spatial func-
tion, as well as diagnostic classifications [mild cognitive impairment
(MCI) vs. cognitively normal (CN)], in a large community-based cohort
of non-demented older adults. WML maps were generated from a fully
automated pipeline for WML segmentation, UBO Detector (Wen et al.,
2009), we recently made freely available at https://cheba.unsw.edu.
au/group/neuroimaging-pipeline. The mapping of WML burden to
strategic WM tracts atlas was undertaken by TOPMAL (TOolbox for
Probabilistic MApping of Lesions), an extension of UBO Detector which
is described in the current paper. We hypothesized that WML burden on
strategic WM tracts would not contribute equally to different cognitive
domains, and that the association of regional WML with cognition was
independent of global structural deficit, including global GM and WM
atrophy.

2. Materials and methods
2.1. Study sample

The study sample was drawn from Sydney Memory and Ageing
Study (Sydney MAS), a community-based study of non-demented older
adults aged 70-90 years at baseline living in Sydney, Australia (Sachdev
et al., 2010). Individuals were excluded if they had a previous diagnosis
or current evidence of dementia, mental retardation, psychotic disorder
including schizophrenia or bipolar disorder, multiple sclerosis, motor
neuron disease, developmental disability, or progressive malignancy.
1037 participants were finally included in the baseline of Sydney MAS.

Five hundred and thirty-nine of the 1037 participants received MRI
scans. Since insufficient English skill may significantly confound the
performance in neuropsychological tests, we further excluded 73 par-
ticipants with non-English speaking background (i.e. not speaking
English in the conversational level since the age of < 10 years).
Therefore, 466 participants were included in the current study.
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2.2. MRI acquisition

Two hundred and forty of the 466 scans were acquired from a
Philips 3T Intera Quasar scanner (Philips Medical Systems, The
Netherlands), whereas the remaining 226 participants were scanned on
a Philips 3T Achieva Quasar Dual scanner. A dummy variable in-
dicating scanner has been used in all statistical analyses to account for
any scanner differences. The two scanners were set to the same scan-
ning parameters:

2.2.1. T1-weighted MRI

Repetition time (TR) = 6.39ms, echo time (TE) = 2.9ms, flip
angle = 8°, matrix size = 256 X 256, FOV (field of
view) = 256 X 256 X 190, and slice thickness = 1 mm with no gap in
between, yielding 1 X 1 x 1 mm? isotropic voxels.

2.2.2. T2-weighted Fluid Attenuated Inversion Recovery (FLAIR) sequence

TR = 10,000 ms, TE = 110 ms, inversion time (TI) = 2800 ms, ma-
trix size = 512 x 512, slice thickness = 3.5 mm without gap, and in
plane resolution = 0.488 x 0.488 mm.

2.3. Neuropsychological assessment and diagnostic classification

The component tests of the five cognitive domains, namely pro-
cessing speed, executive function, memory, visuo-spatial function, and
language, in Sydney MAS have been described previously (Sachdev
et al., 2010), and summarized in Supplementary Table 1. Raw scores
were converted to quasi z-scores using the baseline mean and standard
deviation (SD) values for a healthy reference group which consists of
723 healthy Sydney MAS participants who were fluent in English before
10years old and free of dementia, neurological and psychiatric dis-
orders, and central nervous system (CNS) medications at baseline.
Domain scores were calculated by averaging z-scores of the component
tests with the exception of the visuo-spatial domain represented by a
single test. A global cognition score was calculated by averaging the
domain scores. All domain and global cognition scores were standar-
dised so that the reference group had means and SDs of 0 and 1.

The diagnosis of MCI was made according to international con-
sensus criteria (Petersen, 2004; Winblad et al., 2004): 1) a subjective
complaint of decline in memory or other cognitive function; 2) cogni-
tive impairment as shown by performance 1.5 standard deviation (SD)
below published normative values; 3) normal or minimally impaired
functional activities as determined by informant ratings on the Bayer-
ADL scale (Hindmarch et al., 1998); 4) no diagnosis of DSM-IV de-
mentia. CN participants had a performance on all neuropsychological
test measures which was above the impairment criterion above. The
diagnosis of dementia was made by an expert panel of clinicians ac-
cording to DSM-IV criteria, using information from a clinical interview,
comprehensive neuropsychological test battery, informant-based report
of instrumental activities of daily living and neuropsychiatric symp-
toms, and MRI. Participants with the diagnosis of dementia were ex-
cluded. In the 466 participants included in the current study, 293 were
classified as CN and 173 were diagnosed with MCI.

2.4. WML segmentation

T1-weighted and FLAIR scans of the 466 participants were pro-
cessed with UBO Detector (https://cheba.unsw.edu.au/group/
neuroimaging-pipeline) for the segmentation of WML regions. The al-
gorithm has been described previously (Wen et al., 2009). Briefly,
FLAIR images were registered to T1, and then warped to Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra (DARTEL)
space. After non-brain tissue removal, FMRIB's Automated Segmenta-
tion Tool (FAST) was applied to FLAIR data to generate candidate
clusters. A supervised learning algorithm, k-nearest neighbours (k-NN),
was used to determine WML clusters. Default settings with k = 5 and
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probability threshold of 0.7 were used for the WML segmentation in the
current study. Results were manually checked for segmentation quality.
Five scans were excluded due to significant scanner artefacts.

2.5. WML mapping to strategic WM tracts using TOPMAL

TOPMAL is a toolbox to map CSVD-related lesions to brain atlases,
including John Hopkins University (JHU) WM Tractography Atlas (Hua
et al., 2008) and Harvard-Oxford Subcortical Structural Atlas (Desikan
et al., 2006). The output can be directly used for region of interest (ROI)
LSM analyses (Biesbroek et al., 2017).

TOPMAL was developed as an extension of UBO Detector (https://
cheba.unsw.edu.au/group/neuroimaging-pipeline) which is an auto-
mated pipeline for WML extraction. It can also be applied to the ana-
tomical mapping of other types of CSVD-related lesions, such as lacunar
infarcts, dilated perivascular space, and microbleeds. In the current
study, we used TOPMAL to map WML to JHU WM atlas. The WML
masks from UBO Detector were in a standard space (DARTEL space)
(Ashburner, 2007), which enables further analyses regarding the loca-
tion of lesions. Flow field map was applied to JHU WM atlas to bring it
to DARTEL space, and the resultant atlas was then applied to WML
maps derived from UBO Detector. The resultant image contained the
regions of WML overlapping with strategic WM tracts on JHU WM atlas.

2.5.1. Lesion loading calculation
In TOPMAL, the lesion loading takes into account the probability of

each WML voxel belonging to the WM tract. Each voxel has a series of
probabilities, treated here as weights, which represent the likelihood of
the voxel belonging to each of the WM tracts. Using these weights,
TOPMAL calculates, for each WM tract:

Nvox
absolute WML loading = Z WML; *WMTprob;

i=1
where N,y is the number of voxels in the MRI scan; WML; denotes
whether voxel i is WML or non-WML (i.e. 1 or 0); and WMT _prob; is the
probability of voxel i belonging to the WM tract.

Nvox
i=1

WML; +WMT prob,

N\)OX
o1 WMT prob,

absolute loading

Nvox -
o1 WMT prob,

fractional loading =

Fractional loading for a WM tract is defined to be the standardised
absolute WML loadings, which takes into account the weights of all
voxels with respect to the tract. This quantity is useful for within-sub-
ject between-tracts comparisons of WML loadings. TOPMAL also re-
turns, for each strategic WM tract, the number of WML voxels for which
the probability of belonging to the WM tract is greater than 0
(Nwwmrtrwme)- In addition, TOPMAL also calculates total void loadings to
indicate the sum of WML loadings for voxels not belonging to strategic
WM tracts in the JHU WM atlas (see Supplementary Text for more
details).

2.6. Total GM and WM volumes

The standard FreeSurfer processing pipeline (Fischl et al., 2002) was
applied to T1-weighted scans for brain tissue segmentation, and total,
cortical and subcortical GM volumes as well as total WM volumes were
calculated. The segmentation was manually checked and edited fol-
lowing the procedures described on https://surfer.nmr.mgh.harvard.
edu/fswiki/Edits.

2.7. Statistical analyses

The association between WML and cognition was assessed using the
absolute WML loadings, as defined above. For total GM and WM vo-
lumes as well as cortical and subcortical GM volumes, the effects of
intracranial volume (ICV) and scanner were removed by regression,
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with the residuals being used in the following analyses. For total WML,
PVWML and DWML volumes calculated in DARTEL space, adjustment
was made only for scanner, but not ICV. All results were reported in raw
p-values. Those survived Bonferroni correction for multiple tests for the
20 WM tracts were also marked and reported. Mathematical equations
of the applied statistical models have been included in the
Supplementary Text.

Regression analyses were carried out to examine the relationships of
global structural measures (total, cortical and subcortical GM, total
WM, total WML, PVWML and DWML volumes) and WML loadings on
strategic WM tracts with cognitive domain scores (processing speed,
language, executive function, visuo-spatial function, and memory
scores, as well as global cognition score). In each instance, the cognitive
domain score was the dependent variable while a global volume or
regional WML loading measure (adjusted for scanner and ICV if ap-
propriate) was the independent variable. Additionally, demographic
variables were taken into account by including age, sex and years of
education as covariates. Association is tested using the standard Wald
test for whether the coefficient of the neuroimaging index is equal to 0
(i.e. no association) or not. For those indices found to be significantly
associated with cognition, hierarchical regression analyses were then
carried out, to examine the additive effect of each of these neuroima-
ging indices on cognition in addition to demographic factors. Changes
in R? and the corresponding p-values are reported for comparison.

Similarly, to investigate differences between CN and MCI, logistic
regression models were used. In this case, the dependent variable was
CN or MCI (coded as 0 and 1 respectively). The independent variables
were again each of the neuroimaging measures and demographic
variables. Significant of differences was determined using the Wald test
for whether the coefficient of the neuroimaging index is equal to 0 or
not in the regression model.

Fractional WML loadings were used for between-tracts comparisons.
Specifically, we used a one-way repeated measures ANCOVA to de-
termine if the mean level of fractional WML loadings differed between
the 20 strategic WM tracts in the JHU WM atlas, adjusting for demo-
graphic factors (age, sex and education level) and scanner. Specifically,
we tested the null hypothesis that y; = us = ... = s, where y; is the
mean fractional WML loadings for the WM tract i, against the alter-
native that they are not all equal. After testing for overall differences,
post-hoc comparisons between each of the pairs of WM tracts were then
conducted, using the Bonferroni correction for multiple comparisons.

3. Results
3.1. Characteristics of the study sample

The characteristics of the study sample are summarized in Table 1.
The age range was 70-90 years, and the duration of education ranged
from 3 to 24 years. The output from TOPMAL for Sydney MAS has been
summarized in Supplementary Table 2. Total void loadings were, on

Table 1
Characteristics of Sydney MAS participants.
N 461"
Age (years) 78.26 *+ 4.65
Sex (%Female) 56.1
Years of education (years) 11.79 *= 3.60
Whole brain WML volume (mm?) 19,400.83 + 19,057.11
NART predicted IQ 108.04 + 9.83
MMSE" 28.61 + 1.25

@ Five hundred and thirty-nine participants were scanned at the baseline of
Sydney MAS. Of the 539 participants, 73 participants with non-English
speaking background were excluded from the current study. Five scans were
further excluded due to significant scanner artefact.

> MMSE scores were adjusted for age and years of education. NART — na-
tional adult reading test; MMSE — mini-mental state examination.
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Table 2
The associations of global measures with cognition.
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Processing speed Language Executive function Visuo-spatial ability Memory Global cognition CN vs. MCI*
B p B p B p B p B p B p B SE p

Total GM * 0.205 <0.001¢ 0.170 0.001¢ 0.113 0.024 0.278 <0.001Y 0.074 0.120 0.236 <0.001Y —1.6E-5 3.0E-6 < 0.001¢
Cortical GM * 0.167 0.001¢ 0.139 0.005¢ 0.096 0.053 0.281 <0.001¢  0.060 0.200 0.209 <0.001Y —1.9E-5 4.0E-6 < 0.001¢
Subcortical GM  0.130 0.005¢ 0.122 0.009 0.060 0.198 0.154 0.001¢ 0.051 0.244 0.154 <0.001Y —7.5E-5 2.2E-5 0.001¢
Total WM * 0.248 <0.001¢ 0.067 0.178 0.113 0.021 0.179 < 0.001¢ —0.024 0.603 0.176 <0.001Y —5.0E-6 3.0E-6 0.067
Total WML ° —0.172 < 0.001¢ —-0.078 0.095 —-0.187 <0.001Y —0.080 0.073 —0.011 0.797 —0.143 0.001¢ 8.0E-6 6.0E-6 0.132
PVWML ° —-0.161 0.001¢ -0.077 0102 -0.189 <0.001° -0.087 0.055 —-0.011 0.800 -0.141 0.001° 1.7E-5  1.2E-5 0.147
DWML " —-0.152 0.001¢ —-0.066 0.154 —0.157 0.001¢ —0.060 0.175 —0.011 0.804 -0.122 0.004° 1.2E-5 9.0E-6 0.186

GM - grey matter; WM — white matter; WML — white matter lesions; PVWML - periventricular WML; DWML — deep WML.
2 Residuals after regressing out the effects of scanner and intracranial volume (ICV) were used.
b Residuals after regressing out the effects of scanner were used as WML volumes generated by UBO Detector has accounted for ICV.
€ 290 CN and 171 MCI participants.
d Significant after Bonferroni correction.

Table 3

The associations of WML loadings on strategic white matter fiber tracts with cognitive domains.
Strategic white matter tracts Processing speed Language Executive function Visuo-spatial Memory Global cognition CN vs. MCI*

B p B p B p B p B p B p B SE p

1ATR —0.188 < 0.001" —0.082 0.081 —0.198 <0.001° —0.091 0.045 —0.032 0.474 —0.159 < 0.001° 0.002 0.001 0.094
rATR —0.172 <0.001" -0.093 0.051 -0.174 <0.001° —0.097 0.034 —0.004 0.932 —0.147 0.001° 0.002 0.001 0.132
1CST —0.212 <0.001" —-0.098 0.036 —0.220 <0.001° —0.108 0.016 —0.029 0.513 —0.182 < 0.001°> 0.006 0.003 0.042
rCST -0.201 <0.001" -0.107 0.021 -0.198 <0.001° -0.124 0.005 -0.049 0.276 —0.184 < 0.001" 0.007 0.003 0.030
1CCG —0.109 0.017 —0.013 0.783 -0.128 0.005 —0.031 0.487 -0.023 0.608 -—0.083 0.054 0.008 0.007 0.290
rCCG —0.135 0.003 —0.045 0.334 -0.116 0.011 —0.099 0.025 0.005 0.907 -0.108 0.011 0.020 0.018 0.285
1ICH —-0.057 0.217 —0.037 0.426 —0.019 0.677 —0.089 0.044 -0.046 0.298 -—0.062 0.149 —0.001 0.069 0.987
rCH —0.155 0.001" —0.094 0.044 -0.129 0.006 —0.118 0.008 —0.085 0.058 —0.157 < 0.001° 0.089 0.043 0.036
FMa —0.105 0.025 —-0.036 0.441 -0.077 0.101 —0.122 0.007 0.007 0.882 —-0.092 0.036 0.001 0.001 0.443
FMi -0.157 0.001° -0.071 0.128 -0.163 <0.001° -0.067 0.138 0.003 0.951 -0.126 0.004 0.001 0.001 0.174
1IFOF —0.121 0.009 -0.042 0.370 —0.147 0.002" —0.085 0.057 -0.002 0.960 -0.110 0.011 0.001 0.001 0.506
rIFOF —0.153 0.001° —0.049 0.296 -0.125 0.007 —0.121 0.007 0.016 0.718 —0.121 0.005 0.001 0.001 0.328
1ILF —0.084 0.071 —0.008 0.868 —0.085 0.067 —0.076 0.088 0.024 0.592 -0.064 0.141 —0.001 0.002 0.803
rILF —0.122 0.008 —0.030 0.511 -0.099 0.032 —-0.112 0.012 0.009 0.835 —0.098 0.023 0.002 0.002 0.533
ISLF —0.164 <0.001" —0.060 0.193 —0.175 <0.001° —0.085 0.057 —0.028 0.523 —0.138 0.001° 0.001 0.001 0.185
rSLF —0.197 <0.001" -0.082 0.078 —0.205 <0.001° —0.078 0.080 —0.028 0.534 —0.157 < 0.001°> 0.002 0.001 0.033
1UF —0.132 0.004 -0.069 0.138 —0.165 <0.001° -0.059 0.183 —0.028 0.535 —0.125 0.004 0.006 0.004 0.187
rUF —0.144 0.002" —0.087 0.065 -—0.115 0.015 —0.100 0.027 -0.024 0.589 -0.118 0.007 0.017 0.011 0.126
ISLFT —0.163 <0.001" —0.059 0.201 -0.174 <0.001° —0.090 0.042 —0.025 0.571 —0.139 0.001° 0.003 0.002 0.172
rSLFT -0.195 <0.001" -0.079 0.089 -0.196 <0.001° -0.068 0.128 —0.021 0.635 —0.148 0.001" 0.006 0.003 0.026

1ATR - left anterior thalamic radiation; rATR - right anterior thalamic radiation; ICST - left corticospinal tract; rCST - right corticospinal tract; 1ICCG - left cingulum
(cingulate gyrus); rCCG - right cingulum (cingulate gyrus); 1CH - left cingulum (hippocampus); rCH - right cingulum (hippocampus); FMa - forceps major; FMi -
forceps minor; 1IFOF - left inferior fronto-occipital fasciculus; rIFOF - right inferior fronto-occipital fasciculus; 1ILF - left inferior longitudinal fasciculus; rILF - right
inferior longitudinal fasciculus; 1SLF - left superior longitudinal fasciculus; rSLF - right superior longitudinal fasciculus; 1UF - left uncinate fasciculus; rUF - right
uncinate fasciculus; ISLFT - left superior longitudinal fasciculus (temporal part); rSLFT - right superior longitudinal fasciculus (temporal part).

& 290 CN and 171 MCI participants.
b Significant after Bonferroni correction.

average, over five times greater than the sum of WML loadings on
strategic WM tracts (range 2.08-26.99).

3.2. The associations of global measures with cognition

All tested global structural measures were associated with proces-
sing speed and global cognition after Bonferroni correction (Table 2).
Higher total GM volume, especially in cortical regions, was associated
with better performance in language, whereas more WML, including
both PVWML and DWML, was linked to poorer executive function.
Higher total GM volume, including both cortical and subcortical GM
regions, and total WM volume were associated with better visuo-spatial
function, after Bonferroni correction. CN participants had higher vo-
lumes in GM, including both cortical and subcortical regions, but not in
WM or WML, compared to MCI participants. Memory was not asso-
ciated with any of the examined global structural measures.

17

3.3. The associations of WML loadings on strategic WM tracts with
cognition

The relationships between WML loadings on strategic WM tracts
and cognitive domains are summarized in Table 3. Processing speed
and executive function shared mostly common strategic WM tracts with
higher WML loadings being associated with poorer performance. These
common tracts include forceps minor, as well as bilateral ATR, CST and
SLF including the temporal part. Processing speed was also associated
with the hippocampal part of cingulum on the right hemisphere (right
CH), right inferior fronto-occipital fasciculus (IFOF), and right uncinate
fasciculus (UF), whereas executive function was additionally associated
with IFOF and UF on the left hemisphere. Higher WML loadings on
bilateral ATR, CST and SLF (including temporal part), as well as right
CH were also associated with worse global cognition. Language, visuo-
spatial function, memory, and CN/MCI classification were not
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Table 4
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The associations between regional WML loadings and cognitive performance after adjusting for global volumetric measures.

Additional covariate

Total GM Cortical GM Subcortical GM Total WM Total WML PVWML DWML
B p B p B p B p B p B p B p
Processing speed IATR -0.167 < 0.001* -0.170 < 0.001* -0.201 < 0.001* -0.147 0.002* -0.153 0.097 -0.188 0.033 -—0.161 0.017
rATR —-0.142 0.003* —0.147 0.002* —-0.187 < 0.001* -0.130 0.006 —-0.086 0.272 -—0.118 0.169 —-0.121 0.049
1CST -0.185 < 0.001* -0.190 < 0.001* -0.210 < 0.001* -0.166 < 0.001* -0.202 0.008 -0.218 0.003* -0.199 0.002*
rCST -0.176 < 0.001* -0.180 < 0.001* -0.205 < 0.001* -0.163 < 0.001* -0.196 0.022 -0.190 0.007 —0.204 0.005
rCH —-0.126 0.007 —0.130 0.005 —0.157 0.001* -0.118 0.010 —-0.071 0.252 —0.082 0.229 —0.103 0.054
FMi —0.138 0.003* —0.141 0.002* —-0.166 < 0.001* -0.121 0.008 —0.068 0.307 -—0.083 0.244 —0.102 0.068
rIFOF -0.123 0.008 —0.128 0.007 —0.155 0.001* -0.114 0.013 0.015 0.887 —0.056 0.558 —0.084 0.252
ISLF —-0.135 0.003* —0.140 0.003* —-0.159 < 0.001* -0.129 0.005 —0.061 0.535 —0.105 0.098 —-0.136 0.171
1SLF -0.166 < 0.001* -0.172 < 0.001* -0.194 < 0.001* -0.160 < 0.001* -0.187 0.031 -0.169 0.008 —0.226 0.006
rUF —-0.115 0.015 —-0.119 0.012 —0.154 0.001 —0.095 0.044 —0.046 0.474 -—0.061 0.349 —0.082 0.146
ISLFT -0.133 0.004* —0.138 0.003* —0.158 0.001* —0.130 0.004* —-0.062 0.493 -0.103 0.111 —0.121 0.158
rSLFT -0.162 < 0.001* -0.169 < 0.001* -0.190 < 0.001* -0.156 0.001* —0.168 0.036 —0.165 0.010 -—0.194 0.008
Executive function IATR -0.189 < 0.001* -0.190 < 0.001* -0.204 < 0.001* -0.185 <0.001* -0.137 0.135 -0.136 0.122 0.082 0.685
rATR -0.162 0.001* —0.164 0.001* —-0.182 < 0.001* -0.159 0.001* —0.057 0.471 -0.046 0.593 —0.119 0.052
1CST -0.210 < 0.001* -0.212 < 0.001* -0.219 < 0.001* -0.207 <0.001* -0.192 0.011 -0.186 0.010 -0.209 0.001*
rCST -0.188 < 0.001* -0.190 < 0.001* -0.200 < 0.001* -0.186 < 0.001* -0.141 0.100 -0.133 0.058 —0.189 0.009
FMi —0.154 0.001* —0.155 0.001* —-0.168 < 0.001* -0.150 0.001* —0.057 0.387 -—0.047 0.507 —0.107 0.056
IIFOF -0.138 0.003* —0.139 0.003* —0.149 0.001* —-0.135 0.004* 0.122 0.254 0.020 0.803 —0.052 0.514
ISLF -0.163 < 0.001* -0.165 < 0.001* -0.173 < 0.001* -0.162 < 0.001* -0.049 0.617 -0.089 0.155 —0.171 0.090
rSLF -0.194 < 0.001* -0.197 < 0.001* -0.204 < 0.001* -0.193 < 0.001* -0.172 0.048 -0.148 0.020 —0.245 0.003*
1UF —0.155 0.001* —-0.157 0.001* —-0.168 < 0.001* -0.152 0.001* —0.068 0.285 -—0.081 0.157 —0.108 0.073
ISLFT -0.162 0.001* -0.165 < 0.001* -0.172 < 0.001* -0.162 < 0.001* -0.054 0.552 -0.087 0.175 —0.149 0.087
rSLFT -0.184 < 0.001* -0.187 < 0.001* -0.194 < 0.001* -0.183 < 0.001* -0.133 0.100 -0.129 0.044 -—0.189 0.010
Global cognition IATR -0.131 0.002* —0.133 0.002* -0.171 < 0.001* -0.129 0.003* —-0.132 0.124 -0.142 0.087 —0.145 0.022
rATR -0.110 0.012 —-0.112 0.012 -0.163 < 0.001* -0.117 0.008 —0.082 0.266 —0.092 0.255 —0.112 0.051
1CST —0.146 0.001* —0.149 0.001* -0.179 < 0.001* -0.150 0.001* —0.185 0.010 -0.183 0.007 —0.184 0.002*
rCST -0.151 < 0.001* -0.154 < 0.001* -0.187 < 0.001* -0.157 < 0.001* -0.220 0.006 -—0.185 0.005* -0.219 0.001*
rCH —-0.122 0.005* —0.123 0.005* -0.159 < 0.001* -0.132 0.002* —0.110 0.060 -0.118 0.065 —-0.127 0.012
ISLF —0.103 0.016 —0.105 0.014 —0.132 0.002* —0.114 0.008 —0.058 0.507 -—0.082 0.165 —-0.134 0.132
1SLF —0.119 0.006 —-0.122 0.005* —-0.153 < 0.001* -0.131 0.002* -0.126 0.113 -0.117 0.050 -—0.172 0.022
ISLFT -0.102 0.017 —-0.105 0.015 —0.133 0.002* —0.116 0.007 —0.065 0.433 -—0.083 0.166 —-0.123 0.115
rSLFT -0.107 0.013 —-0.110 0.011 —0.143 0.001* —-0.121 0.005* —-0.096 0.195 -—0.101 0.092 —0.133 0.048

1ATR - left anterior thalamic radiation; rATR - right anterior thalamic radiation; ICST - left corticospinal tract; rCST - right corticospinal tract; rCH - right cingulum
(hippocampus); FMi - forceps minor; 1IFOF - left inferior fronto-occipital fasciculus; rIFOF — right inferior fronto-occipital fasciculus; ISLF — left superior longitudinal
fasciculus; rSLF — right superior longitudinal fasciculus; 1UF — left uncinate fasciculus; rUF - right uncinate fasciculus; ISLFT — left superior longitudinal fasciculus
(temporal part); rSLFT - right superior longitudinal fasciculus (temporal part). The B and p-values of associations significant at the level of p < 0.05 were shown in

bold. Those remained significant after Bonferroni correction were marked with “*”.

associated with WML loadings on any of the examined strategic WM
tracts after Bonferroni correction.

Accounting for total WML volumes in additional to demographic
factors attenuated some associations between regional WML and cog-
nitive domains, but the ones of WML loadings on bilateral CST and right
SLF (including temporal part) with processing speed, left CST and right
SLF with executive function, as well as bilateral CST with global cog-
nition, were still significant at the level of p < 0.05 (Table 4). All as-
sociations of WML loadings on strategic WM tracts with cognition
survived further adjustment for total, cortical and subcortical GM vo-
lumes as well as total WM volume (all p < 0.05), suggesting that the
associations were independent of GM and WM atrophy.

3.4. Different contribution of regional WML and global measures to
cognition

For the cognitive domains that were significantly associated with
both regional WML loadings and global structural measures, hier-
archical regression analyses were undertaken to test how much var-
iance in these cognitive domain scores was explained by regional WML
loadings and global measures (Table 5). Total WM volumes explained
the highest proportion (5.2%) of variance in processing speed scores
among all the regional and global measures. This was followed by the
4.3% of variance explained by left CST and 3.9% by right CST. Ex-
ecutive function was only associated with WML measures, and regional
WML loadings explained more variance in executive function than
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global WML volumes. Specifically, WML loadings on left CST accounted
for the most variance (4.6%) in executive function scores, followed by
right SLF (4.1%). For global cognition, 4.5% of the variance were ac-
counted for by total GM volume, with more contribution from cortical
(3.6%) than subcortical (2.3%) region. Total GM volumes (6.3%),
especially cortical GM volumes (6.5%, subcortical 2.3%), accounted for
more variance in visuo-spatial function than total WM (2.7%).

3.5. Between-tracts comparison of WML fractional loadings

Forceps major showed the greatest fractional WML loadings among
the 20 strategic WM tracts, whereas right cingulum (cingulate gyrus)
had the least fractional loadings (Fig. 1). Bonferroni p-values of the
pair-wise comparisons of WML fractional loadings among the 20 stra-
tegic WM tracts are shown in Supplementary Table 3.

4. Discussion

In a community-based cohort of 461 older individuals, we examined
the associations of WML loadings on strategic WM tracts with cognitive
domains and diagnostic classifications (MCI vs. CN), and compared
them with the relationships of total WML, GM and WM volumes with
cognition. The findings suggested that regional WML were in-
dependently associated with poorer performance in processing speed
and executive function as well as worse global cognition. Different
patterns of brain structural measures corresponded with performance in
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Hierarchical regression analyses for the comparison of the additive effects between regional and global measures to cognition.

Cognition = demographics + regional/global measure

Regional WML Total GM Cortical GM Subcortical GM Total WM Total WML PVWML DWML
WMT AR? p AR? p AR? p AR?> p AR?> AR? p AR?> p AR p
Processing speed 1ATR 0.034 < 0.001 0.034 < 0.001 0.023 0.001 0.016  0.005 0.052 < 0.001 0.028 < 0.001 0.024 0.001 0.023 0.001
rATR 0.027 < 0.001
1ICST  0.043 < 0.001
rCST 0.039 < 0.001
rCH 0.023 0.001
FMi  0.023 0.001
rIFOF  0.022 0.001
ISLF 0.026 < 0.001
rSLF 0.038 < 0.001
rUF  0.019 0.002
ISLFT 0.026 < 0.001
rSLFT 0.037 < 0.001
Executive IATR 0.037 < 0.001 NS NS NS NS NS NS NS NS 0.034 < 0.001 0.034 <0.001 0.024 0.001
function rATR 0.028 < 0.001
ICST 0.046 < 0.001
rCST 0.038 < 0.001
FMi  0.025 < 0.001
IIFOF  0.021 0.002
ISLF 0.030 < 0.001
rSLF 0.041 < 0.001
IUF 0.026 < 0.001
ISLFT 0.030 < 0.001
rSLFT 0.037 < 0.001
Global cognition IATR 0.024 < 0.001 0.045 < 0.001 0.036 <0.001 0.023 <0.001 0.026 < 0.001 0.020 0.001 0.019 0.001 0.015 0.004
rATR  0.020 0.001
1ICST 0.032 < 0.001
rCST  0.033 < 0.001
rCH 0.024 < 0.001
ISLF  0.019 0.001
rSLF 0.024 < 0.001
ISLFT 0.019 0.001
rSLFT 0.021 0.001

1ATR - left anterior thalamic radiation; rATR - right anterior thalamic radiation; ICST - left corticospinal tract; rCST - right corticospinal tract; ICCG - left cingulum
(cingulate gyrus); rCCG - right cingulum (cingulate gyrus); 1CH — left cingulum (hippocampus); rCH - right cingulum (hippocampus); FMa - forceps major; FMi -
forceps minor; 1IFOF — left inferior fronto-occipital fasciculus; rIFOF — right inferior fronto-occipital fasciculus; 1ILF — left inferior longitudinal fasciculus; rILF — right
inferior longitudinal fasciculus; 1SLF - left superior longitudinal fasciculus; rSLF — right superior longitudinal fasciculus; 1UF - left uncinate fasciculus; rUF - right
uncinate fasciculus; ISLFT - left superior longitudinal fasciculus (temporal part); rSLFT - right superior longitudinal fasciculus (temporal part). NS — These asso-
ciations between global volumetric measures and cognition were not statistical significant after Bonferroni correction (refer to Table 2). The AR? and corresponding
p-values for the associations accounting for the most variances in cognition scores were shown in bold.

different cognitive domains in ageing population.

Regarding the associations between regional WML loadings on
strategic WM tracts and cognition, the current findings suggest that
processing speed and executive function share similar WML distribution
patterns, including significant associations with WML loadings on for-
ceps minor, as well as bilateral ATR, CST and SLF (including temporal
regions) after Bonferroni correction. Processing speed was also asso-
ciated with WML loadings on CH, IFOF and UF on the right hemisphere,
whereas executive function was additionally associated with IFOF and
UF on the left hemisphere. Greater WML on bilateral ATR, CST and SLF
including temporal regions, as well as right CH was also associated with
poorer global cognition. All the associations between regional WML and
cognition were independent of global GM and WM volumes. The re-
lationships of processing speed with bilateral CST and right SLF in-
cluding temporal part, executive function with left CST and right SLF,
as well as global cognition with bilateral CST, were also independent of
total WML volumes.

These findings suggest that in community-dwelling older in-
dividuals, the distribution of WML associated with processing speed
and executive function was similar to that found in disease cohorts
(Biesbroek et al., 2017), by showing the associations of ATR and forceps
minor with processing speed, and ATR, forceps minor and SLF with
executive function. The current study highlights additional involvement
of bilateral CST and SLF, as well as CH, IFOF and UF on the right
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hemisphere in age-related decline in processing speed, as well as bi-
lateral CST, and left UF and IFOF in executive function decline. CST is a
major tract critical for sensorimotor function, and responsible for
sending movement information from motor, somatosensory and par-
ietal cortices to spinal cord. A longitudinal study of population-based
older individuals using diffusion tensor imaging (DTI) showed de-
creased WM microstructural integrity was associated with worse per-
formance in perceptual speed (Lovden et al., 2014), which was sup-
ported by a few cross-sectional investigations, such as (Madden et al.,
2012). As a primary motor pathway, CST is also crucial for executive
function. SLF is an association fiber tract connecting frontal, occipital,
parietal and temporal lobes. Studies have suggested the association of
SLF with processing speed (Turken et al., 2008). UF is another long
association tract connecting limbic system to orbitofrontal cortex. IFOF
connects frontal lobe with occipital and temporal lobes. Both UF and
IFOF are crucial association tracts for the ventral intra-hemispheric
transfer of information between frontal and occipital, temporal and
parietal cortices (Hau et al., 2016). Deficit of WM microstructural in-
tegrity on left UF has been associated with worse executive function in
individuals with temporal lobe epilepsy (Diao et al., 2015). However,
the relationship in an ageing population has not been previously re-
ported. The current finding suggested that processing speed tended to
be more associated with the ventral connection between frontal lobe
and the rest of the cortices on the right hemisphere, whereas executive
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Fig. 1. Comparison of WML fractional (standardised) loadings among the 20
strategic WM tracts. 1 — left anterior thalamic radiation; 2 - right anterior
thalamic radiation; 3 - left corticospinal tract; 4 — right corticospinal tract; 5 —
left cingulum (cingulate gyrus); 6 — right cingulum (cingulate gyrus); 7 - left
cingulum (hippocampus); 8 - right cingulum (hippocampus); 9 - forceps major;
10 — forceps minor; 11 — left inferior fronto-occipital fasciculus; 12 — right in-
ferior fronto-occipital fasciculus; 13 — left inferior longitudinal fasciculus; 14 —
right inferior longitudinal fasciculus; 15 - left superior longitudinal fasciculus;
16 - right superior longitudinal fasciculus; 17 — left uncinate fasciculus; 18 -
right uncinate fasciculus; 19 - left superior longitudinal fasciculus (temporal
part); 20 — right superior longitudinal fasciculus (temporal part).

function was more linked to the connection on the left. However, the
hemispheric differences were not statistically significant (p > 0.05).

The current study showed that processing speed was linked to all
examined measures, including GM, WM and WML volumes, with total
WM volumes accounting for the most variance in processing speed
scores. Language domain and CN/MCI classification were only asso-
ciated with GM volume, with greater impact of cortical GM on language
function, and higher volumes in both cortical and subcortical GM re-
gions in CN compared to MCI. Both GM and WM volumes, but not WML
volumes, were associated with visuo-spatial function, whereas execu-
tive function was only associated with WML, but not GM or WM, vo-
lumes. Global cognition was associated with all examined global vo-
lumetric measures. Total GM volumes, especially cortical GM volumes,
explained more variance in visuo-spatial function than total WM vo-
lumes. Total GM volumes also accounted for more variance in global
cognition. WML loadings on strategic WM tracts, especially bilateral
CST as well as left ATR and right SLF including the temporal part, ex-
plained more variance in executive function than global WML volumes.
In summary, the loss of WM had the most contribution to processing
speed, whereas GM atrophy was more associated with performance in
language, visuo-spatial, and global cognition, as well as CN/MCI clas-
sification. Individuals with greater WML, especially regional WML on
bilateral CST, left ATR and right SLF (including temporal part), showed
poorer performance in executive function. Since the changes in dif-
ferent brain structural indices are not simultaneous in ageing (Jiang
et al., 2014), the distinct associations of age-related cerebral structural
degeneration with cognitive domains may underlie asynchronous de-
cline in cognitive domains during ageing (Park and Reuter-Lorenz,
2009), which needs longitudinal studies to confirm.

We also found significantly unequal distribution of WML loadings
across strategic WM tracts after taking into account of the size of each
tract, with the most WML burden accumulations on forceps major and
the least on right cingulum (cingulate gyrus region). Tract-specific WM
degeneration in age population has been reported before using DTI data
(de Groot et al., 2015), although the distribution is not fully consistent
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with the current finding. The accumulation of WML on forceps major
may indicate the age-related deficit of the splenium of corpus callosum
(Pekala et al., 2003). The cingulum is critical for cognitive health in
ageing (Metzler-Baddeley et al., 2012). The intactness of cingulum re-
gion may be due to the fact that the community-based participants used
in the current study were generally experiencing relatively healthy
ageing. In addition, the current finding indicated that the previously
observed age-related decrease in the volume of cingulum (Mann et al.,
2011) may not be of ischemic origin.

The current study did not replicate the results from the only com-
munity-based study examining the association of regional WML with
memory (Smith et al., 2011). The major differences in the study design
of the two studies may contribute to the inconsistency of the conclu-
sion. Smith et al.'s study was carried out on the voxel basis, whereas the
current study is a ROI-based investigation. We grouped WML loadings
according to strategic WM tracts as our aim was to investigate whether
WML accumulations on these tracts were associated with cognition,
while in Smith et al.'s study, the voxel-wise analysis was carried out
without a specific hypothesis on WM tracts and therefore was not
mapped to any WM tractography atlases. The findings from Smith
et al.'s voxel-wise analysis were summarized by lobar segmentations,
and therefore may not be directly comparable to the current findings.

On average, total void loadings were over five times greater than
total WML loadings on strategic WM tracts, suggesting that available
JHU WM atlas was not sufficient to conduct a comprehensive LSM
study. One of the reasons may be the lack of short WM tracts in the
atlas, and this may also partially contribute to the current findings of
WML on long tracts being associated with age-related cognitive decline.
With the increased accessibility of state-of-the-art MRI techniques,
especially ultra-high field, multi-shell and multi-slab DTI with high
resolution (Wu et al., 2016), more detailed WM tractography becomes
possible (Azadbakht et al., 2015). This will undoubtedly lead to more
accurate and comprehensive, and therefore more clinically meaningful
lesion mapping.

Another limitation of the current study is that there is an overlap
between the component tests of processing speed and executive func-
tion. Trail Making Test A used to assess processing speed is highly
correlated with Trail Making Test B used for executive function. In
addition, component tests of processing speed and executive function
domains are timed. These factors may partially explain the overlap of
current findings for processing speed and executive function.

In conclusion, we found different patterns of brain structural vo-
lumes were associated with different cognitive domains in a commu-
nity-dwelling sample of older individuals. In addition, we identified
independent associations of regional WML on strategic WM tracts with
cognitive performance, especially in processing speed and executive
function domains. The findings emphasize the association of regional
WM deficit with cognitive decline, and the importance of studying the
distribution of structural lesions in ageing and neuropathology.
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