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Regional cortical thinning, demyelination
and iron loss in cerebral small vessel disease

Hao Li,* Mina A. Jacob," Mengfei Cai,»? ®Marco Duering,** Maxime Chamberland,’
David G. Norris,” Roy P. C. Kessels,®”'® Frank-Erik de Leeuw,’ José P. Marques”’
and Anil M. Tuladhar®

The link between white matter hyperintensities (WMH) and cortical thinning is thought to be an important pathway
by which WMH contributes to cognitive deficits in cerebral small vessel disease (SVD). However, the mechanism be-
hind this association and the underlying tissue composition abnormalities are unclear. The objective of this study is
to determine the association between WMH and cortical thickness, and the in vivo tissue composition abnormalities
in the WMH-connected cortical regions.

In this cross-sectional study, we included 213 participants with SVD who underwent standardized protocol including
multimodal neuroimaging scans and cognitive assessment (i.e. processing speed, executive function and memory).
We identified the cortex connected to WMH using probabilistic tractography starting from the WMH and defined the
WMH-connected regions at three connectivity levels (low, medium and high connectivity level). We calculated the
cortical thickness, myelin and iron of the cortex based on T,-weighted, quantitative R1, R2* and susceptibility
maps. We used diffusion-weighted imaging to estimate the mean diffusivity of the connecting white matter tracts.
We found that cortical thickness, R1, R2* and susceptibility values in the WMH-connected regions were significantly
lower than in the WMH-unconnected regions (all Porrectea < 0.001). Linear regression analyses showed that higher
mean diffusivity of the connecting white matter tracts were related to lower thickness (8= —0.30, Pcorrectea < 0.001),
lower R1 (8=—0.26, Pcorrectea = 0.001), lower R2* (8= —0.32, Peorrectea < 0.001) and lower susceptibility values (8=-0.39,
Peorrectea < 0.001) of WMH-connected cortical regions at high connectivity level. In addition, lower scores on processing
speed were significantly related to lower cortical thickness (8 = 0.20, Pcorrectea = 0.030), lower R1 values (8 = 0.20, Peorrectea
=0.006), lower R2* values (8= 0.29, Porrectea = 0.006) and lower susceptibility values (8=0.19, Pcorrectea = 0.024) of the
WMH-connected regions at high connectivity level, independent of WMH volumes and the cortical measures of
WMH-unconnected regions.

Together, our study demonstrated that the microstructural integrity of white matter tracts passing through WMH is
related to the regional cortical abnormalities as measured by thickness, R1, R2* and susceptibility values in the con-
nected cortical regions. These findings are indicative of cortical thinning, demyelination and iron loss in the cortex,
which is most likely through the disruption of the connecting white matter tracts and may contribute to processing
speed impairment in SVD, a key clinical feature of SVD. These findings may have implications for finding intervention
targets for the treatment of cognitive impairment in SVD by preventing secondary degeneration.
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Introduction

Cerebral small vessel disease (SVD) is a disease that affects small
vessels of the brain and is the leading cause of vascular cognitive
impairment and dementia.* The features of SVD seen on MRI in-
clude white matter hyperintensities (WMH), lacunes of presumed
vascular origin, and cerebral microbleeds (CMBs), with WMH being
the most common and prominent MRI marker. Many studies have
shown an association between WMH and cortical thinning.>®
However, the mechanism behind this association, as well as the tis-
sue composition changes underpinning the decreased cortical
thickness, are complex and poorly understood.

Secondary neurodegeneration has been proposed as a potential
mechanism through which WMH may contribute to thinning of the
regional cortex connected to WMH, thereby influencing the clinical
status of SVD.? Studies in other subcortical ischaemic lesions, such
as incident lacunes and subcortical infarcts, have shown that re-
gional cortical thinning occurred in areas connected to the initial le-
sion as a result of degeneration of the connecting white matter
tracts, providing evidence for secondary neurodegeneration.®’ In
WMH, this mechanism was also partly supported by the Mayer
et al.® study, which examined the association between WMH con-
nectivity and cortical thickness. Specifically, the probabilities that
WMH and the cortex are connected through white matter tracts,
defined as WMH connectivity, showed a negative association with
cortical thickness in their study. However, this study was con-
ducted on a community-based population and did not assess the
link between reduced cortical thickness and the microstructural
damage of the white matter tracts connecting WMH and cortex.
These limitations constrain the generalizability of their findings
in the SVD population and weaken the evidence supporting the
proposed mechanism.

In addition to cortical thinning, other tissue changes in the
WMH-connected cortex may occur, including changes in the mye-
lin density and iron deposition. Quantitative MRI (QMRI), such as
quantitative R1 (1/T;) maps, quantitative R2* (1/T,*) maps and
quantitative susceptibility maps (QSM), could provide specific
indices of in vivo tissue composition.® Previous combined
histopathology-MRI studies have demonstrated that the R1 value
is mainly positively correlated with myelin'’; the R2* value is posi-
tively correlated with both myelin and iron™"; and the susceptibility
value is mainly positively correlated with iron and negatively corre-
lated with myelin.*? Therefore, the combination of R1, R2* and sus-
ceptibility indexes allows us to accurately probe the myelin density

and iron deposition in the cortical tissue. So far, to the best of our
knowledge, no study has in vivo measured cortical myelin and
iron in regions connected to WMH using the combination of quan-
titative R1, R2* maps and QSM in SVD.

The goal of this study was to employ a multimodal neuroima-
ging approach to systematically assess the cortical abnormalities
in the WMH-connected regional cortex, as well as their associations
with microstructural damage of the connecting white matter tracts
in SVD patients. We hypothesized that measures of thickness, mye-
lin and iron in the cortical regions connected to WMH are related to
the microstructural integrity of the white matter tracts connecting
the WMH and the cortex. To test our hypothesis, we used a range of
advanced MRI methodologies, including high-resolution T;-maps,
quantitative R1, R2* susceptibility maps and diffusion-weighted
images (DWI) for probabilistic tractography, to specifically measure
the cortical thickness, myelin content and iron deposition in the
WMH-connected regional cortex. We tested the relations between
these measures in the WMH-connected cortical regions and the
mean diffusivity (MD) values of the connecting white matter tracts
and related the effects of these measures in the WMH-connected
cortical regions to cognitive performance.

Materials and methods

Data were derived from the Radboud University Nijmegen
Diffusion tensor and Magnetic resonance imaging Cohort (RUN
DMQC) study, which is an ongoing prospective study that aims to in-
vestigate the causes and clinical consequences of sporadic SVD.
Detailed information on the RUN DMC study has been described
previously.’ In brief, the participants were included in 2006 based
on the following criteria: (i) age between 50 and 85 years; (ii) cerebral
SVD on MRI (defined as WMH or lacunes); and (iii) cognitive or mo-
tor symptoms that could be attributed to SVD. After the baseline
data collection, follow-ups were conducted in 2011, 2015 and
2020. We included 230 participants who participated in the third
follow-up assessment (2020), based on the availability of
Magnetization Prepared 2 Rapid Acquisition Gradient Echoes
(MP2RAGE), multi-echo gradient echo (GRE) and multi-shell DWI se-
quences to perform a cross-sectional analysis. Of the 230 partici-
pants, 17 participants were excluded due to the lack of required
MRI scans (n=7), low quality of MRI images (n=2), and obvious
head movements (n=8) (Supplementary Fig. 1). The study was
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approved by the Medical Review Ethics Committee Region
Arnhem-Nijmegen, and written informed consent was obtained
from all participants.

All participants underwent a detailed cognitive assessment. For
this study, we used cognitive data covering three cognitive do-
mains: processing speed, executive function, and memory. The
raw scores of each cognitive test were standardized as z-scores
and then used to compute a compound score for each cognitive do-
main. Details of these cognitive tests and the calculation of com-
pound scores per cognitive domain are provided in
Supplementary Table 1.

Participants underwent MRI scanning on a 3 T MRI scanner
(MAGNETOM Prisma; Siemens Healthineers) with a 32-channel
head coil, including the following sequences: MP2RAGE to con-
struct robust T;-weighted (T;W) image and quantitative R1 maps,
3D multi-echo GRE providing magnitude and phase images to cre-
ate susceptibility weighted image (SWI), R2* (1/T,*) maps and
QSM, 3D fluid-attenuated inversion recovery (FLAIR) image and
multi-shell DWI. Detailed parameters for each sequence were pro-
vided in the Supplementary material and described previously.*?

We used a validated 3D U-net deep learning algorithm to automat-
ically segment WMH on registered and bias-corrected T; and FLAIR
images.™ All segmented WMH masks were visually inspected. The
lacunes located within or at the edge of WMH were excluded from
the WMH mask. T;W images were segmented into grey matter,
white matter, and CSF using unified segmentation from the
SPM12 toolbox. To avoid misclassifying WMH as grey matter, these
segmented grey matter, white matter and CSF images were cor-
rected using the WMH mask. The intracranial volume (ICV) was cal-
culated as the sum of the grey matter, white matter and CSF
volumes. WMH volumes were corrected for the ICV.

We performed visual assessments of SVD markers (WMH, la-
cunes and CMBs) on MRI in accordance with the Standards for
Reporting Vascular changes on neuroimaging (STRIVE).! Given the
absence of perivascular space (PVS) information in our cohort, we
did not include PVS in the SVD assessment. WMH was scored using
a modified Fazekas scale (mild WMH: Fazekas score 0-1, moderate
WMH: Fazekas score 2, severe WMH: Fazekas score 3).%°
Subsequently, a simple SVD score consisting of WMH, lacunes
and CMBs was generated to assess the total SVD burden.® In this
simple SVD score, 1 point was respectively assigned for the WMH
Fazekas score >2, the number of lacunes >3, the presence of
CMBs, as described in a previous study.’®"”

Multi-shell diffusion MRI data were preprocessed for denoising and
Gibbs artefact removal using tools from MRtrix 3.0 (http:/www.
mrtrix.org) and subsequently corrected for head motion, eddy
currents-induced distortions, susceptibility-induced distortions
(topup), intensity bias using the Functional Magnetic Resonance
Imaging of the Brain Software Library (FSL; v6.0.1) and the
Advanced Normalization Tools (ANTs, v 2.1.0)."®?? Next, we used
the Bedpostx function within FSL to estimate the voxel-wise multi-
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fibre directions based on the ball-and-two-sticks model.?*

Subsequently, tensor fit for the processed diffusion image (only
b=0and b =1000 s/mm? image) was executed using the dtifit func-
tion within FSL to produce the fractional anisotropy (FA) and MD
images for each participant.

Probabilistic tractography was performed using the probtractx2
function within FSL software with the default parameters. WMH
mask was employed as the seed mask and the white matter-grey
matter boundary derived from Freesurfer (version 7.1.0) as the tar-
get mask, producing the ‘fdt_path’ images. In the cortical part of the
‘fdt_path’ image, each voxel value represents the numbers of
streamlines connecting cortex and WMH. Subsequently, voxel va-
lues in cortical part of the ‘fdt_path’ image were normalized by div-
iding the total number of streamlines sent out from the seed masks
(5000 times per voxel), resulting in a probability map of the cortex
connected to WMH. This map was further thresholded at three le-
vels (low, medium and high), as described in the Supplementary
material and previous studies.®’ Lower connectivity levels are
more susceptible to noise and may lead to false-positive tracts,
whereas higher levels are more specific but might eliminate subor-
dinate connectivity. It is crucial to emphasize that the term ‘con-
nectivity level’ in our study refers solely to the connectivity
profile of the cortex (i.e. the connectivity probability to WMH),
and does not function as a surrogate marker for white matter
microstructural integrity. The cortical regions connected by the
tracts were identified as WMH-connected regions. Cortex outside
the connected region was defined as WMH-unconnected regions
and employed as a control representing the global tissue compos-
ition abnormalities unrelated to the WMH (Fig. 1A).®” Details are
provided in the Supplementary material.

MP2RAGE images were processed to create the robust T;W image,
using a homemade MATLAB (R2016b; MathWorks, Natick, MA)
script,?* which has the advantage of combining the unbiased tissue
contrast, while enabling robust and reproducible tissue segmenta-
tion.?® The robust T;W image was fed into the standard ‘recon-all’
processing pipeline within Freesurfer to reconstruct the cortical
surface and estimate cortical thickness. The resulting CSF-grey
matter boundary (pial surface) and grey matter-white matter
boundary (white matter surface) were visually inspected to avoid
obvious reconstruction errors. Cortical thickness was measured
as the distance between the pial surface and the white matter sur-
face. Notably, given the non-uniform distribution of cortical thick-
ness across the brain regions and the certain connectivity patterns
of the WMH to the cortex,®2° it will be hard to attribute any poten-
tial thinner cortical thickness detected in the WMH-connected re-
gions to the remote effects of WMH or the interregional
differences of cortical thickness. To minimize this effect, we calcu-
lated the mean cortical thickness of each brain region using the
Desikan-Killiany atlas, which parcellates the cortex into 68 regions
based on the morphological features.”’” We then normalized the
interregional differences by dividing the value of each vertex in
the cortical thickness map by the average cortical thickness of the
corresponding cortical region of the study population (Fig. 1C and
Supplementary Fig. 2). The normalized cortical thickness map
was subsequently smoothed to improve the signal-to-noise ratio.
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Figure 1 Study design and methods. (A) Probabilistic tractography was performed from white matter hyperintensities (WMH) to the white/grey matter
boundary to determine the WMH-connected regions (dark green colour), the WMH-unconnected regions (beige colour) and the connecting white mat-
ter tracts (light green colour). (B) The cortical terminations of the connecting white matter tracts were projected to the ‘fsaverage’ surface template and
then averaged across the study population, which represents the connectivity probability originating from WMH. Colour bars indicate the vertex-wise
probabilities of the regions connected to the WMH at different threshold levels. (C) Correction for the interregional differences of cortical thickness, R1,
R2* susceptibility values at the vertex level. The top row shows the averaged cortical thickness, R1, R2* and susceptibility map of the study population;
the middle row illustrates the different brain regions having a different cortical thickness, R1, R2* and susceptibility values; and the bottom row shows the
interregional differences after correction by dividing the value of each vertex in cortical thickness/R1/R2*/susceptibility maps by the mean values of the
thickness/R1/R2*/susceptibility on the corresponding brain regions of the study population.

The smooth size was set at a 10 mm full-width at half-maximum
(FWHM) Gaussian kernel,?® as larger smoothing levels reduce the
spatial resolution of surface-based cortical measurements.?
Finally, the mean cortical thickness in the WMH-connected and
WMH-unconnected regions was calculated from the normalized-
smoothed cortical thickness map.

Surface-based R1 mapping analysis

MP2RAGE images were processed to obtain the quantitative T; map

using an in-house MATLAB script.*°

The quantitative R1 map was
created by taking the reciprocal of the T; map and scaling that in

mHz (ms™"). The R1 map and the robust T; image are intrinsically
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aligned since they are from the same data (i.e. MP2RAGE image).
Next, the R1 map was registered to the ‘fsaverage’ surface template
and sampled along the cortex at the 50% depth from the pial surface
to the white matter surface. Resampled cortical R1 maps were visually
checked. Given that myelination is known to differ across brain re-
gions,* similar steps to the cortical thickness described above were
performed to normalize the interregional differences of R1 (Fig. 1C).
The normalized R1 map was then smoothed using a 10 mm FWHM
Gaussian kernel and subsequently used to calculate the mean R1 va-
lues in the WMH-connected and WMH-unconnected regions.

R2* map was obtained from the multi-echo GRE images, by approxi-
mating the integration of the magnitude decay using a closed-form
solution based on the trapezoidal rule. This step was achieved using
an in-house MATLAB toolbox (https:/github.com/kschan0214/
r2starmapping).>> The R2* map was registered to the corresponding
robust T;W image using ‘bbregister’ function within Freesurfer.*®
Given that previous studies have shown that the values of R2* are typ-
ically 15 s~ for grey matter,** exceedingly low for CSF and ~30 s~* for
white matter,’" a threshold range from 5s™* to 30 s™* was therefore
applied in the R2* map to reduce the partial volume effects from white
matter and CSF, as described in the previously study.>® Then, follow-
ing the similar processing steps described in the above R1 mapping
analysis, the R2* map was then registered to the ‘fsaverage’ surface
template, sampled along the cortex, normalized for the interregional
differences, smoothed using a 10 mm FWHM Gaussian kernel and fi-
nally used to calculate the mean R2* values in the WMH-connected
and WMH-unconnected regions.

QSM was reconstructed from the multi-echo GRE images using the
SEPIA toolbox.>® The reconstruction process included: removing non-
brain tissue, the combination of multi-echo phases, phase unwrap-
ping, the background magnetic field removal and the calculation of
susceptibility values using CSF as a reference region.””** QSM was
then registered to the corresponding robust T;W image, and then to
the ‘fsaverage’ surface template, sampled along the cortex, as de-
scribed in the above R2* map analysis. Of note, the cortical suscepti-
bility included both positive and negative values. We, therefore,
took the exponentials of the value of each vertex in the cortical sus-
ceptibility map and the exponentials of the average susceptibility of
the 68 cortical regions of the study population to keep all values >0,
which we termed ‘converted susceptibility’ (xconv = €xp(x)). Next, the
value of each vertex in the converted cortical susceptibility map
was divided by the average converted susceptibility values of the cor-
responding cortical region to normalize for the interregional differ-
ences (Fig. 1C) resulting in a region-normalized QSM map. Lastly,
the normalized QSM map was smoothed using a 10 mm FWHM
Gaussian kernel and then used to calculate the mean susceptibility
values in the WMH-connected and WMH-unconnected regions.

The connectivity map obtained from the probability tractography
above was normalized by dividing the total number of streamlined
samples and then thresholded at 2 x 107 to achieve the best bal-
ance between removing potentially noisy fibre tracts and minimiz-
ing any false negative pathways.*’ The thresholded tracts were
visually inspected to ensure their accuracy and specificity. Then,
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mean MD values for the tracts connecting WMH and the cortex
were extracted, and were used as a proxy of white matter micro-
structural integrity. The MD index was chosen over other diffusion
metrics because it is less affected by the crossing fibres and has
shown the strongest association with cognitive impairments in
SVD. %243

Continuous variables were tested for normality distribution using
the Anderson-Darling method and described by mean (standard
deviation, SD) or median (interquartile ranges, IQRs), according to
their distribution.

To evaluate cortical abnormalities in the WMH-connected region-
al cortex, we first compared the four cortical metrics (i.e. cortical
thickness, R1, R2* and susceptibility values) of WMH-connected re-
gions with those of their corresponding WMH-unconnected regions
at three connectivity levels using paired t-tests. Next, we compared
the four cortical metrics of WMH-connected regions across three con-
nectivity levels (i.e. low level versus medium level, low level versus
high level, medium level versus high level) using three times paired
t-tests. We employed three separate paired t-tests instead of analysis
of covariance (ANCOVA), because our focus was on pairwise compar-
isons between cortical metrics at different connectivity levels rather
than determining if there is an overall difference among the three
connectivity levels.

To investigate the relations between microstructural damage of
the connecting white matter tract and the cortical abnormalities of
the WMH-connected regions, we employed linear regression ana-
lyses. Linear regression models were established using the mean
MD values of the connecting white matter tracts as the main inde-
pendent variables and all cortical metrics (i.e. cortical thickness, R1,
R2* and susceptibility values) of WMH-connected regions in three
connectivity levels as the dependent variables. Adjustments were
made for age, sex and the areas of WMH-connected regions. The in-
clusion of the areas of WMH-connected regions in the model was
essential due to its variability among participants, which may sub-
sequently impact the calculation of the mean values of the cortical
metrics. In addition, given that previous studies have demon-
strated an association between WMH volumes and cortical thick-
ness,>> we also performed linear regression analyses to test the
relation between WMH volumes and the cortical metrics of the
WMH-connected regions, using the same covariates.

To link the cortical abnormalities of WMH-connected region
with the cognitive performance, we employed linear regression
models. Each cortical metric of the WMH-connected regions at
each connectivity level was employed as the independent variable
and cognitive score in each domain (i.e. processing speed, executive
function and memory) as the dependent variable. To minimize po-
tential confounding effects on cognitive function, we employed two
models with different adjustments. Model 1 included age, years of
education, areas of WMH-connected regions, WMH volumes and
corresponding cortical metrics of WMH-unconnected regions.
Model 2 included the mean MD values of the connecting white mat-
ter tracts as an additional adjustment based on Model 1. In these
linear regression models, WMH volumes and the mean MD values
of the connecting white matter tracts were included as covariates
due to their potential effects on cognitive function in SVD.****
The cortical metrics of WMH-unconnected regions were included
as control for the global tissue composition abnormalities unre-
lated to WMH, such as normal ageing and comorbid Alzheimer’s
disease pathologies, as included in previous studies.®’
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Furthermore, to test if the abnormalities of WMH-connected re-
gions mediated the effects of microstructural damage of the connect-
ing white matter tract on cognitive performance, we employed
structural equation model (SEM) using the ‘lavaan’ package in
R. Specifically, we first assessed two latent variables, separately repre-
senting global cortical abnormalities of WMH-connected and
WMH-unconnected regions, using confirmatory factor analysis (CFA).
Following this, we performed mediation analysis with the mean MD
values of the connecting white matter tract as the initial variable, the
latent variable representing the global cortical abnormalities of the
WMH-connected regions as the mediator, and processing speed as
the outcome variable. We adjusted for age, years of education, areas
of WMH-connected regions, WMH volumes, and global cortical abnor-
malities in WMH-unconnected region in the mediation analysis. 10 000
bootstrapping samples were used to estimate the 95% confidence
interval (CI) and determine statistical significance. Note that the CFA
and mediation analyses were only performed at the high connectivity
level, as the cortical abnormalities of the WMH-connected regions at
this level were the most representative. Processing speed was selected
as the only outcome variable based on the results of linear regression
analyses between cortical abnormalities in WMH-connected regions
and cognitive performance described earlier.

For group comparisons, outliers were identified as values out of
the 1.5x IQRs and removed. For all linear regression models, the de-
pendent variables that did not meet a normal distribution were
transformed using the Yeo-Johnson approach to approximate a
normal distribution,*® and the outliers with a Cook’s distance four
times greater than the group mean were discarded to prevent out-
lier bias.*” Multicollinearity was also assessed in all linear regres-
sion models using variance inflation factors (VIFs), with values of
VIFs >10 indicating strong multicollinearity.*® For CFA model, the
comparative fit index (CFI), root mean square error of approxima-
tion (RMSEA), and standardized root mean residual (SRMR) were
employed as the indicators of model fit.** An acceptable model fit
was determined by CFI values >0.90, RMSEA values <0.08, and
SRMR values <0.08.*°

All statistical analyses were performed using R software (ver-
sion 4.1.1) and the significance level was set at a two-tailed
P-value < 0.05. The Hommel-Hochberg method was employed to
perform the correction for multiple comparisons.>®

First, to confirm specific relations between the cortical measures of
WMH-connected regions and the microstructural damage of the
connecting white matter tracts or the WMH volumes, we performed
linear regression analyses between the mean MD values of the con-
necting white matter tracts and the four cortical metrics of
WMH-unconnected regions, as well as between WMH volumes
and the four cortical metrics of WMH-unconnected regions.

Second, to address the potential partial volume effects for R1,
R2* and susceptibility values in cortical regions with cortical thin-
ning, we retested the group differences of R1, R2* and susceptibility
values between the WMH-connected and WMH-unconnected re-
gions at three connectivity levels and the group differences of R1,
R2* and susceptibility values of the WMH-connected regions across
three connectivity levels using ANCOVA, while adjusting for cor-
tical thickness. We also retested the relations between the WMH
volumes/mean MD values of the connecting tracts and the R1, R2*
and susceptibility values of WMH-connected regions, while add-
itionally adjusting for the cortical thickness of WMH-connected
regions.

H. Lietal.

Results

A total of 213 participants were included in the present study, with
a median age of 73 years (IQR, 69-79), and 95 were female (44.6%).
Detailed information on demographic data, cognitive function
and neuroimaging characteristics were provided in Table 1 and
Supplementary Table 2.

The cortical regions connected to WMH as determined by probabilis-
tic tractography at three connectivity levels were averaged across all
participants and visualized on the ‘fsaverage’ surface. As shown in
Fig. 1B, higher connectivity probabilities with WMH were observed
in the frontal and occipital regions at all three connectivity levels.
The Desikan-Killiany atlas was applied to the probability map to iden-
tify the connectivity probabilities of each brain region at three con-
nectivity levels. For the high connectivity level, the top-five ranking
of cortical regions with higher connectivity probabilities to WMH
were frontal pole, pars triangularis, pars opercularis, superior frontal
and pericalcarine (Supplementary Table 3).

Compared with the WMH-unconnected regions, the cortical thick-
ness, R1, R2* and susceptibility of WMH-connected regions showed
significantly lower values at all connectivity levels (Porrectea < 0.001,
Figs 2-5). The comparisons between the three connectivity levels
showed that the WMH-connected regions with higher connectivity
levels had more pronounced lower cortical thickness, R1, R2* and
susceptibility values (Peorrectea < 0.001, Figs 2-5).

Higher WMH volumes were related to lower cortical thickness of
the WMH-connected regions at the low (8=—0.25, Porrectea = 0.006)
and medium (8=-0.23, Porrectea = 0.046) connectivity levels
(Supplementary Table 4); higher MD values of the connecting white

Table 1 Demographic, clinical and imaging characteristics of
the study cohort

n=213

Demographic
Age, years, median (IQR)
Female, n (%)
Education, years, median (IQR)
Vascular risk factors
Hypertension, n (%) 139 (65.3%
Diabetes, n (%) 29 (13.6%
Hypercholesterolaemia, n (%) 114 (53.5%
(

73.0 (69.0-79.0)
95 (44.6%)
10.0 (10.0-15.0)

22

Smoking history, n (%) 136 (63.8%
Cognition function

Processing speed, median (IQR) 0.3 (-0.9-1.2)

Executive function, median (IQR) 0.1 (-0.3-0.5)

Memory, median (IQR) -0.1(-1.4-1.1)
SVD markers

Simple SVD score, median (IQR) 0.0 (0.0-1.0)

WMH volumes, ml, median (IQR) 4.1 (1.81-10.7)

Normalized WMH, %, median (IQR) 0.3(0.1-0.7)

Lacunes, n (%) 54 (25.4%)

CMBs, n (%) 79 (37.1%)

(

Brain volume, ml, mean (SD) 1084.8 (116.6)

CMBs = cerebral microbleeds; IQR = interquartile range; SD = standard deviation;
SVD = small vessel disease; WMH = white matter hyperintensities.
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Figure 2 Comparison of cortical thickness between WMH-connected regions and WMH-unconnected regions, and between different connectivity
levels. Four participants were identified as outliers, resulting in 209 participants included. (A-C) Compared with the WMH-unconnected regions,
the cortical thickness in the WMH-connected regions showed significant decreases at all connectivity levels. (D) The WMH-connected regions with
higher connectivity levels had more pronounced lower cortical thickness values. ***Pcorrectea < 0.001. WMH = white matter hyperintensities.

matter tracts were significantly related to lower cortical thickness,
lower R1 and R2* values of the WMH-connected regions at
three connectivity levels and related to lower susceptibility values
of the WMH-connected regions at high connectivity level
[B=(-0.389, —0.143), Pcorrected Values < 0.05, Fig. 6].

Cortical thickness, R1, R2* and susceptibility in the
connected regions and cognitive function

Lower scores on processing speed, but not any of the other cogni-
tive domains, were significantly related to lower cortical thickness,
lower R1 values, lower R2* values and lower susceptibility values of
the WMH-connected regions at three connectivity levels (Table 2).
After additionally adjusting for the MD values of the connecting
white matter tracts (Model 2): the relations between processing

speed and R1, R2" values of the WMH-connected regions at three
connectivity levels, and the relations between processing speed
and susceptibility values of the WMH-connected regions at the me-
dium and low connectivity levels remained significant; the rela-
tions between processing speed and cortical thickness of the
WMH-connected regions and the relation between the processing
speed and susceptibility values of the WMH-connected regions at
high connectivity level were not significant (Supplementary
Table 5).

Two latent variables were separately used to assess the global
cortical abnormalities of the WMH-connected regions or the
WMH-unconnected regions; both showed great model fit
(Supplementary Table 6). The mediation analysis showed that the
global cortical abnormalities of WMH-connected regions signifi-
cantly mediated the relations between the MD values of the
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Figure 3 Comparison of R1 values between different WMH-connected regions and WMH-unconnected regions, and between different connectivity
levels. Nine participants were identified as outliers, resulting in 204 participants included. (A-C) Compared with the WMH-unconnected regions,
the R1 values in the WMH-connected regions showed significant decreases at all connectivity levels. (D) The WMH-connected regions with higher con-
nectivity levels had more pronounced lower R1 values. **Peoprecteq < 0.001. WMH = white matter hyperintensities.

connecting white matter tracts and the processing speed (indirect
effect=-0.09, P-values=0.011, direct effect=-0.04, P-values=
0.595, Supplementary Fig. 3).

Sensitivity analyses

In contrast to the WMH-connected regions, the mean MD values of
the connecting white matter tracts were not related to the cortical
thickness, R1 and R2* values of the WMH-unconnected regions across
three connectivity levels. However, at medium and high connectivity
levels, higher MD values of the connecting white matter tracts were
significantly correlated with higher susceptibility values of the
WMH-unconnected regions (Supplementary Table 7). Furthermore,
at the low connectivity level, higher WMH volumes were related
to reduced cortical thickness of the WMH-unconnected regions
(Supplementary Table 8).

After adjusting for cortical thickness, the results for group dif-
ferences in R1, R2* and susceptibility values between the
WMH-connected and WMH-unconnected regions and between
the WMH-connected regions across three connectivity levels and
for the relations between the WMH volumes/mean MD values of
the connecting tracts and the R1, R2* and susceptibility values of
WMH-connected regions remained largely unchanged
(Supplementary Fig. 4 and Supplementary Table 9).

Discussion

In the present study, we employed a multimodal neuroimaging study
to systematically assess the cortical abnormalities connected to
WMH in SVD. We found that (i) white matter tracts passing through
WMH showed a specific connectivity pattern to the cortex, with
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Figure 4 Comparison of R2* values between WMH-connected regions and WMH-unconnected regions, and between different connectivity levels. Five
participants were identified as outliers, resulting in 208 participants included. (A-C) Compared with the WMH-unconnected regions, the R2* values in
the WMH-connected regions showed significant decreases at three connectivity levels. (D) The WMH-connected regions with higher connectivity le-
vels had more pronounced decreases in R2* values. **Pgyrected < 0.001. WMH = white matter hyperintensities.

higher connectivity probabilities to the frontal and occipital regions;
(ii) compared to WMH-unconnected cortical regions, WMH-
connected cortical regions showed significantly lower thickness, R1,
R2* and susceptibility values; (iii) higher MD of the connecting white
matter tracts were related to lower cortical thickness, R1, R2* and sus-
ceptibility values in the WMH-connected regions; (iv) lower cortical
thickness, R1, R2* and susceptibility values in the WMH-connected re-
gions were significantly and specifically related to lower scores on
processing speed; and (v) these cortical abnormalities of the
WMH-connected regions mediated the relations between MD values
of the connecting white matter tracts and processing speed. Taken to-
gether, our results suggest that WMH is related to changes in the con-
nected cortex (e.g. cortical thinning, demyelination and iron loss),
most likely through the disruption of connecting white matter tracts.
These cortical tissue changes may lead to processing speed

impairment, a key clinical feature of SVD.>* These findings advance
our understanding of the mechanisms of cognitive impairment in
SVD.

In our study, WMH displayed a higher connectivity probability to
the frontal and occipital regions. This finding corroborates the Mayer
et al® study, showing a similar connectivity pattern of WMH to the
cortex. Notably, that same employed a different tractography ap-
proach (whole-brain tractography) and focused on a community-
based population, as opposed to the SVD population in the present
study. Nevertheless, our findings confirmed the robustness of the
connectivity pattern of WMH (of presumed vascular origin) to the cor-
tex across different tractography methods and populations. However,
itis worth noting that WMH resulting from other pathologies, such as
in multiple sclerosis or Alzheimer’s disease, may have different con-
nectivity patterns,®>>* which requires further investigation.
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Figure 5 Comparison of susceptibility values between WMH-connected regions and WMH-unconnected regions, and different connectivity levels.
Eleven participants were identified as outliers, resulting in 202 participants included. (A-C) Compared with the WMH-unconnected regions, the sus-
ceptibility values in the WMH-connected regions showed significant decreases at three connectivity levels. (D) The WMH-connected regions with high-
er connectivity levels had more pronounced decreases in susceptibility values. **Pcorrected < 0.001. WMH = white matter hyperintensities.

We found that compared to WMH-unconnected regions,
WMH-connected regions showed a significantly lower cortical
thickness. Cortical thinning was more pronounced in cortical re-
gions with a higher probability connected to the WMH. This finding
is in line with a previous study, which showed that a higher con-
nectivity probability between WMH and the cortex was associated
with a reduced cortical thickness.? Moreover, we found that higher
MD values of the connecting white matter tracts were specifically
related to lower cortical thickness of WMH-connected regions,
butnot to that of the WMH-unconnected regions. This pattern of re-
gional cortical thinning linked to the microstructural integrity of
connecting tracts strengthens the suggestion that cortical thinning
occurs, at least partially, as a result of secondary neurodegenera-
tion of white matter tracts between WMH and the cortex.
This mechanism is further substantiated by the finding that sub-
cortical ischaemic lesions could induce regional connected cortical

alterations remote from the lesions through disruption of white
matter tracts in studies involving cerebral autosomal dominant ar-
teriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) or stroke participants.®’ In addition, we found that high-
er WMH volumes were significantly related to lower cortical thick-
ness of WMH-unconnected regions, which may be explained by
other cortical pathological processes accompanying WMH, such
as cortical microinfarction, increased blood-brain barrier perme-
ability, and inflammation.>*

Furthermore, we found that, compared to the WMH-unconnected
regions, the R1 and R2* values were significantly lower in
WMH-connected regions that were associated with higher MD values
of the connecting white matter tracts. These findings are suggestive
of cortical demyelination of the connected cortex. No studies have
previously examined cortical myelination changes in SVD. In mul-
tiple sclerosis, however, the demyelination of the cortex is well
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Figure 6 Relations between MD of connecting white matter tracts and the mean thickness, R1 and R2*, susceptibility values of the WMH-connected
regions. In the top row, the higher mean diffusivity (MD) of the connecting white matter tracts was related to the lower thickness of the
WMH-connected regions at three connectivity levels. In the second row, the higher MD of the connecting white matter tracts was related to lower R1
values of the WMH-connected regions at three connectivity levels. In the third row, the higher MD of the connecting white matter tracts was related
to lower R2* values of the WMH-connected regions at three connectivity levels. In the fourth row, the higher MD of the connecting white matter tracts
was related to lower susceptibility values of the WMH-connected regions at the high connectivity level; Peoyrectea Values represent P-values corrected for
multiple comparisons using the Hommel-Hochberg method. WMH = white matter hyperintensities.

established.”® A longitudinal study in multiple sclerosis reported
that microstructural damages of white matter tracts at baseline pre-
dicted myelin loss in the connected cortical regions at the 2-year
follow-up.”” This evidence strengthened our hypothesis that WMH
can lead to cortical demyelination through secondary degeneration
of the connecting white matter tracts. In addition, it can be speculated
that the cortical thinning observed in the WMH-connected region
may not solely arise from neuronal loss but also from reduction in
myelinated fibres.

We also found decreased susceptibility values in the WMH-
connected regions compared with the WMH-unconnected regions.

Given that susceptibility values have demonstrated a predominant
positive correlation with iron and a negative correlation with mye-
lin,"> the decreased susceptibility values observed in the
WMH-connected regions strongly indicate iron loss. Similar iron
loss in the cortex has been found in multiple sclerosis.®®*®
Furthermore, multiple sclerosis patients with long disease duration
showed decreased iron concentration in the thalamus, whereas
those with short disease duration or diagnosed as clinically isolated
syndrome did not exhibit such changes.*>®° Given that oligoden-
drocytes store most of the iron and that iron is involved in various
metabolic processes,®’ the iron loss during the progression of the
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Table 2 Relation between cortical thickness, R1, R2*, and susceptibility values of the WMH-connected regions and cognitive function

Processing speed

Executive function Memory

B P-corrected value B P-corrected value B P-corrected value

Cortical thickness of the WMH-connected regions

High level 0.20 0.030 -0.07 0.988 -0.02 0.896

Medium level 0.28 0.030 0.02 0.988 0.06 0.896

Low level 0.33 0.030 0.33 0.170 0.08 0.896
R1 of the WMH-connected regions

High level 0.20 0.006 0.02 0.988 0.01 0.896

Medium level 0.25 0.002 0.06 0.988 0.08 0.896

Low level 0.26 0.006 0.10 0.988 0.10 0.896
R2* of the WMH-connected regions

High level 0.29 0.006 -0.17 0.459 -0.03 0.896

Medium level 0.43 <0.001 -0.27 0.180 0.04 0.896

Low level 0.42 0.001 -0.23 0.261 0.04 0.896
Susceptibility value of the WMH-connected regions

High level 0.19 0.024 -0.04 0.988 -0.04 0.896

Medium level 0.23 0.010 0.00 0.988 —-0.04 0.896

Low level 0.27 0.010 0.06 0.988 -0.05 0.896

All models were adjusted for age, education years, the areas of white matter hyperintensities (WMH)-connected regions, the WMH volumes, and the cortical changes of the
WMH-unconnected regions. P-values were corrected using the Hommel-Hochberg method. P-values in bold represent P-corrected value < 0.05.

disease may signify a reduction in oligodendrocyte density or de-
pletion of iron due to repair of oligodendrocytes.>® Studies with
long-term follow-up and histology data are required to verify
whether iron level of the WMH-connected regions decreases with
time in SVD patients.

Besides, we found a positive relationship between susceptibility
values of the WMH-unconnected regions and MD values of the con-
necting white matter tracts, which was unexpected. This finding
suggests that there are mechanisms other than secondary degener-
ation of the connecting white matter tracts that can lead to cortical
iron abnormalities in SVD. For example, a previous study found in-
creased R2* values at the site of the acute micro-cortical infarcts,*
and studies in CADASIL reported that an increased blood-brain bar-
rier permeability was associated with increased susceptibility va-
lues in the cortex.°> Further work is warranted to better
understand these observations.

Lastly, we found that decreased thickness R1, R2* and susceptibil-
ity values in WMH-connected regions were related to lower scores on
processing speed, independent of global tissue composition abnor-
malities unrelated to WMH. Moreover, these global cortical abnor-
malities of the WMH-connected regions mediated the relations
between microstructural damage of the connecting white matter
tract and processing speed. This relation could be explained by a dis-
tinctive connectivity pattern of WMH to the cortex and specific tissue
changes of WMH-connected regions. Previous studies in SVD have ar-
gued that the effects of lesions in the frontal subcortical network are
mediated by frontal cortical changes (i.e. cortical thinning) and in
combination underlie processing speed deficits.**** In addition, cor-
tical demyelination and obstructed remyelination (i.e. suggested by
iron loss) in the connected cortical regions may also be contributing
factors to processing speed deficits in SVD. Myelinating oligodendro-
cytes contribute to cortical information processing through their dual
role of accelerating impulse propagation and supplying metabolic
support to the spiking axons.®® Our findings, combined with the
fact that processing speed is the earliest and the most prominent cog-
nitive domain affected,”**® highlight the significance of cortical path-
ologies caused by secondary degeneration in determining cognitive
deficits in SVD. Interventions targeting the secondary degeneration

of the cortex and the myelin repair might ameliorate the cognitive
impairment in SVD.

The strengths of our study include a deeply phenotyped cohort
sample of SVD with comprehensive and detailed cognitive data. In
addition, we used a state-of-the-art multimodal neuroimaging ap-
proach for identification of WMH-connected cortical regions and
the in vivo cortical histopathological measurements. Futhermore,
we corrected the non-uniform distribution of cortical thickness,
myelin and iron across brain regions by dividing the thickness,
R1, R2* and susceptibility values of each vertex in the cortical
maps by the average values of the corresponding metrics of the cor-
responding cortical region of the study population. This method al-
lowed us to compare changes between different cortical regions
(i.e. the WMH-connected regions and unconnected regions) within
one subject, thereby excluding cortical changes caused by other
factors, such as normal ageing and global brain atrophy. Lastly,
we excluded the lacunes located within or at the edge of WMH
from the WMH mask, thereby minimizing the potential confound-
ing effects of lacunes on the cortical abnormalities.®

Several limitations should be acknowledged. First, the availabil-
ity of MP2RAGE, multi-echo GRE, and multi-shell DWI images en-
abled us to comprehensively assess the cortical abnormalities but
limited us to only use the third follow-up data from the RUN DMC
cohort and to only conduct cross-sectional analyses. Future longi-
tudinal data are needed to test the directionality of the observed re-
lations between the microstructural damage of connecting white
matter tracts and cortical measures in the WMH-connected cortex,
but also the speculated iron dynamic changes with the disease pro-
gression. Second, our cohort lacked age-matched healthy controls.
We performed comparisons between changes in WMH-connected
regions and WMH-unconnected regions within one subject. This
limited the interpretation of our results, since the observed cortical
differences between WMH-connected and WMH-unconnected re-
gions may come from the non-uniform distribution of cortical fea-
tures across brain regions, even though we have minimized this
effect through the normalization. Third, in the context of cortical
thinning in the WMH-connected regions, the measures of R1, R2*
and susceptibility could be more vulnerable to contamination
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from CSF or white matter signals (i.e. the increased partial volume
effects). To minimize this effect, we applied a threshold range
[(5-30)1/s] in the R2* map to exclude signals from CSF or the white
matter. We also repeated the analyses involving R1, R2* and suscep-
tibility values while adjusting for cortical thickness, which did not
alter our main findings. Fourth, the tissue composition probed by
gMRI are based on the different contributions of various compo-
nents to the magnetic time and/or susceptibility. Beyond the mye-
lin and iron, R1, R2* and susceptibility values are also affected by
other sources, such as the cell density or other trace elements.®”
Further histopathological and longitudinal studies are required to
confirm our results. Lastly, our cohort lacked data regarding en-
larged PVS, an emergent and promising MRI marker in SVD.®® The
assessment of PVS should be included in future SVD studies.

Conclusion

In conclusion, our study demonstrated that the microstructural in-
tegrity of white matter tracts passing from WMH is related to re-
gional cortical abnormalities as measured by thickness, R1, R2*
and susceptibility values in the connected cortical regions. These
findings indicate cortical thinning, demyelination and iron loss in
the cortex, which is most likely through the disruption of the con-
necting white matter tracts, and these cortical abnormalities may
contribute to processing speed dysfunction in SVD. These findings
highlight the role of secondary degeneration in determining cor-
tical thinning, histopathological changes, and deficits in processing
speed and may have implications for finding intervention targets
for the treatment of cognitive impairment in SVD by preventing
secondary degeneration.
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