1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2023 June 01.

Published in final edited form as:
Neurobiol Dis. 2022 June 01; 167: 105671. doi:10.1016/j.nbd.2022.105671.

Connectomic-Genetic Signatures in the Cerebral Small Vessel
Disease

Raquel Gutiérrez-Zafiiga®P, Ibai Diez®¢, Elisenda Bueichek(?, Chan-Mi Kim2, William
Orwig?°, Victor Montal®4d, Blanca FuentesP, Exuperio Diez-Tejedor?, Maria Gutiérrez
FernandezP, Jorge Sepulcre?.¢”

aGordon Center for Medical Imaging, Department of Radiology, Massachusetts General Hospital
and Harvard Medical School, Boston, Massachusetts, USA

bDepartment of Neurology and Stroke Centre, Neurological Science and Cerebrovascular
Research Laboratory, La Paz University Hospital, Neuroscience Area of IdiPAZ Health Research
Institute, Universidad Auténoma de Madrid, Madrid, Spain

CAthinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and
Harvard Medical School, Charlestown, Massachusetts, USA

dMemory Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau, Biomedical
Research Institute Sant Pau, Universitat Autonoma de Barcelona, Barcelona, Spain.

Abstract

Small vessel disease (SVD) is a disorder that causes vascular lesions in the entire parenchyma of
the human brain. At present, it is not well known how primary and secondary damage interact

to give rise to the complex scenario of white matter (WM) and grey matter (GM) lesions. Using
novel cross-sectional and longitudinal connectomic approaches, we unveil the bidirectional nature
of GM and WM changes, that is, primary cortical neurodegeneration that leads to secondary
alterations in vascular border zones, and WM lesions that lead to secondary neurodegeneration

in cortical projecting areas. We found this GM-WM interaction to be essential for executive
cognitive performance. Moreover, we also observed that the interlocked degeneration of GM

and WM over time associates with prototypical expression levels of genes potentially linked to
SVD. Among these connectomic-genetic intersections, we found that the Androgen Receptor (AR)
protein coding gene, is a particularly central candidate gene that might confer key vulnerability
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for brain lesion development in SVD. In conclusion, this study advances in the understanding
of the bidirectional relationships between GM and WM lesions, primary and secondary vascular
neurodegeneration, and sheds light on the biological mechanisms which underlie the genetic
signatures of SVD.
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Introduction

Small vessel disease (SVD) is a disorder of the small brain arterioles and capillaries

that causes lesions in the brain parenchyma, including white matter (WM) and grey

matter (GM) (Ter Telgte et al., 2020; Viswanathan et al., 2006; Wardlaw et al., 2019).

WM hyperintensities (WMH) of presumed vascular origin, lacunar stroke, microbleeds,
microinfarcts, dilated periventricular spaces, or superficial siderosis form the SVD lesions’
spectrum. These lesions are related to a high risk of stroke (both ischemic and hemorrhagic),
and the development of a wide variety of motor, sensory, and cognitive impairments
(Wardlaw et al., 2019). WMH is one of the most well-characterized features of the

SVD neuroimaging manifestations; it is a validated biomarker and it is correlated with

SVD clinical syndromes in the aging population (Li et al., 2018). It is hypothesized that
leukoaraiosis could also lead to neurodegeneration in distributed areas (e.g., spatially distant
from the original WM lesion), impacting both GM and WM remotely and impairing the
whole-brain network functionality (Wardlaw et al., 2019). The leading hypothesis is that the
cortical damage is caused by secondary degeneration after the loss of long WM tracts, and
some studies have successfully correlated the degree of cortical atrophy with the amount

of WMH (Habes et al., 2018; Lambert et al., 2016; Rizvi et al., 2018). Interestingly,
primary vascular damage within the GM has also been suggested in recent studies of
cortical microinfarcts (Ter Telgte et al., 2020), particularly relevant in genetic forms of
SVD, such as CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy; that is caused by mutations in the NOTCH3 gene(Viswanathan

et al., 2006). This proposed bidirectional relationship between GM and WM pathology,
despite introducing complexity to the study of SVD, also presents exciting new challenges
to develop frameworks for elucidating its primary and secondary damage mechanisms
implicated in this pathology.

At present, the etiology of the SVD is not well understood. The most reported abnormality
in the SVD is a diffuse arteriopathy affecting the smaller perforating vessels that display
histopathological changes in the vascular-cell integration without consensus about where
the primary damage occur (arteriolar smooth muscle cell, endothelium, pericytes and/or
blood-brain barrier (BBB); Figure 1-1)(Craggs et al., 2014). It has been hypothesized that
the perforating vessels arteriopathy causes chronic ischemia in WM due to a reduction

in cerebral perfusion and cerebral autoregulation with primary affectation of the mural
vessel cells (mostly, smooth muscle cells)(Craggs et al., 2014; Markus, 2008). Other recent
hypothesis suggests that diffuse intrinsic microvascular arteriopathy manifests throughout
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the brain as endothelial dysfunction (Wardlaw et al., 2019). The endothelial dysfunction
increases BBB permeability and leads to leakage of plasma material into the vessel wall,
causing inflammation and loss of structure and integrity of the WM, both at the microscopic
level (only seen with advanced MRI) and macroscopic level producing leukoaraiosis (Li
etal., 2018; Wardlaw et al., 2019). The lack of identifiable causal triggers in sporadic

SVD (compared to genetically associated forms) — along with multiple susceptibility genes
identified in GWAS studies and complex relationships between vascular risk factors in aging
populations- make it challenging to disentangle specific vascular vulnerability within the
GM or/and the WM of the human brain (e.g. vascular regulation in pial, perforant, terminal
arteries/capillaries, or other postulated BBB factors)(Paternoster et al., 2009; Tan et al.,
2017; Tran et al., 2016; Xu et al., 2010).

In this study, we aimed to analyze the interacting and degenerating patterns of WM and

GM in SVD in vivo, using novel MRI graph-theory analytical approaches in cognitively
normal participants. Graph-based analysis in neuroimaging is generally used to evaluate

the complex network relationships between brain areas (Diez et al., 2020; Hu et al.,

2015; Sepulcre et al., 2018) Here, we integrate weighted-degree and link-level analyses

to quantify the centrality influence of specific cerebral areas (voxels), as well as to
characterize connectivity strength relationships in the brain’s network architecture of GM
and WM intersecting neurodegeneration. We also implement a graph theory strategy to
study the longitudinal neurodegenerative changes between WM and GM in SVD. Finally, to
improve the biological knowledge of connectomic findings, we used GM-WM connectomic
phenotypes and genomic brain-wide gene expression atlas, the Allen Human Brain Atlas
(AHBA; (Shen et al., 2012)), in searching of molecular correlates of vascular degeneration
vulnerability. This strategy has improved our understanding of individual brain differences
(Xin et al., 2018), brain plasticity (Ortiz-Teran et al., 2017), cortical organization (Bueicheku
et al., 2020; Diez et al., 2020) and neurogenetic contributions to neurological diseases,
including dementia (Sepulcre et al., 2018), among others (Diez and Sepulcre, 2021; Fornito
et al., 2019). The overall approach of this study helped us: 1) to bridge the gap between

the brain phenotypes and the specific genetic factors involved in SVD and 2) to validate the
biological plausibility of the cortical maps for GM and WM primary or secondary vascular
neurodegeneration.

Methods

Participants

We used two independent MRI datasets to investigate the network relationships between GM
neurodegeneration and clinically silent WM lesions (flow chart in Figure 1-11): the Open
Access Series of Image Study (OASIS 3; (LaMontage et al., 2019)(Dataset 1) and the stage
2 data of the Cambridge Center for Ageing and Neuroscience (Cam-CAN project; (Shafto

et al., 2014)(Dataset 2). For our study, we considered the whole spectrum of WMH - as

a proxy to cerebral SVD. Briefly, the OASIS 3 dataset includes 703 participants between

42 and 95-year-old with normal cognition (controls), that we used in this analysis. Medical
history and cognitive assessment were revised for each participant included. Patients with

a previous history of stroke or neurological conditions different from SVD were excluded.
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Within the control subjects, we only selected the stable cognitive participant, with a mean
centiloid values of amyloid deposition at baseline less than 10 and less than 2 rate of
growth in the follow up (LaMontage et al., 2019), to avoid the inclusion of preclinical
Alzheimer Disease. We use 2 subsets of participants: one subset for the cross-sectional
study and for the longitudinal study (that includes participants within the cross-sectional
subset with at least one follow-up MRI session with a mean of 4.5 (+/- 2.38) years

between baseline and follow-up); and another one for the cognitive analysis, which was non
overlapped with the cross-sectional subset. The cognitive evaluation included the following
tests: MiniMental State Examination (MMSE), logical memory from Weschler Memory
test (WMT) immediate and delayed (units recall and time elapse), digit span forward and
backward (units and longest length), trail making A and B, one-minute verbal fluency

test (animals and vegetables), Boston naming test, and Weschler Adult Intelligence Scale
(WAIS)-R Digit Symbol test. Then, Dataset 2 was used for validation/replication purposes.
Briefly, the Cam-CAN project is a community-based prospective study to analyze the
influence of age in the structure and function of the brain across the lifespan. It includes
700 participants older than 18-year-old without cognitive decline (MMSE > 24) and without
history of neurological conditions such stroke, neurodegenerative diseases, brain tumor,
multiple sclerosis, or epilepsy. We use this cohort for the cross-sectional validation analysis,
as follow-up MRIs were not available.

Image Acquisition and Preprocessing

For the Dataset 1 and Dataset 2, we used the images obtained in 3T MRIs. High resolution
structural sequences, including T1-weighted images, were acquired in both protocols.

For CAM-Can subjects, a TIM Trio 3T (Siemens Medical Solutions USA, Inc) with 32

coils was used to acquire a Magnetization Prepared Rapid Gradient Echo (MP-RAGE)
sequence (TR=2250ms; TE=2.99; FA=9u and 1mm isotropic voxel) (Shafto et al., 2014).
For OASIS-3, a TIM Trio 3T (Siemens Medical Solutions USA, Inc) with 20 coils was used
to acquire a MP-RAGE sequence TR=2400ms; TE=3.1ms; FA=8u and 1mm isotropic voxel)
(LaMontage et al., 2019).

We used the T1 sequence in both cohorts to perform voxel-based morphometry (VBM)
analysis and spatial detection of WM lesions; reflecting irreversible axonal damage in

the white matter and avoiding the inclusion of potentially transient lesions in T2 and
T2-FLAIR sequences (Al-Janabi et al., 2019) and in agreement with the STandards for
Reporting Vascular changes on nEuroimaging (STRIVE) consensus (Wardlaw et al, 2013).
An optimized VBM protocol (Good et al., 2001) carried out with FSL tools (Douaud et al.,
2007; Smith et al., 2004) was used to study GM and WM maps. First, structural images were
brain-extracted and GM-segmented before being registered to the MNI 152 standard space
using non-linear registration (Andersson et al., 2007). The resulting images were averaged
and flipped along the x-axis to create a left-right symmetric, study-specific GM template.
Second, all native GM images were non-linearly registered to this study-specific template
and “modulated” to correct for local expansion (or contraction) due to the non-linear
component of the spatial transformation. The modulated GM images were then smoothed
with an isotropic Gaussian kernel with a sigma of 3 mm. Finally, we use the modulated GM
partial volume estimation maps derived from VBM to identify WM lesions. Further details
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about the process could be found in Supplementary Figure 1. Briefly, while WM shows
partial volume estimates values close to 0, WM lesions that are visually hypointense in the
T1 show higher partial volume estimates than normal WM. An optimal threshold for WM
lesion and normal WM separation in our data was observed at 0.2 partial volume estimate.
Thus, voxel in the WM that reached a higher PVE value than 0.2 were considered as WM
lesion. Each resulting WM lesions map was registered into the MNI152 standard space and
down-sampled to 6mm. Individual lesion maps were automatically extracted by using a PVE
algorithm for WM lesion segmentation in T1-MRIs (see example in Supplementary Figure
1). Lesion frequency map for all the subjects was computed as the sum of lesions at the
voxel-level (Figure 1-111).

Cross-sectional Analysis

1. Structural connectivity analysis—Whole brain GM and WM lesions maps
underwent specific analysis to investigate voxel-level network relationships (Figure 1-1V).
First, we compute a partial correlation coefficient to create association matrices using all
between (not within) GM and WM voxels’ pairs across the sample of individuals. The
association matrices were controlled by age, brain size, whole brain GM mean density and
WM lesions mean density using partial correlation. We focused on negative coefficients,

as our investigation targeted the inverse association between GM signal intensity and WM
lesions (the more WM lesions, the less GM volume). Association matrices were corrected
using a false discovery rate (FDR) at g-level < 0.05 (Benjamini and Hochberg, 1995). An
additional analysis corrected by sex and the diagnosis of hypertension were performed in
the Dataset 1 and shown in supplementary material. Using these association matrices, we
computed the weighted degree of GM-WM lesions relationships by summing all coefficients
(Figure 2-1 and 2-11) obtaining two matrices: one for the degree from each GM voxel to
WM lesions connections and another one from each WM lesions voxel to GM connections.
Additionally, we visualize the connectivity profiles and topology distributions of given GM
of WM voxels (those with the highest weighted degree) (Figure 2-111) using a seed-based
approach.

2. GM-WM lesions Bipartite Interactions and Modularity—An interesting aspect
of GM and WM connections, in the context of the appearance of network neurodegeneration
and WM lesions, is whether they form close interacting neighborhoods (also known as
communities or modules). We know that, for instance, within WM, voxels tend to cluster
together to form specific areas or conglomerates of WM lesions. However, it is not well-
known whether GM and WM form tight interacting modules interacting between them.

In this analysis, we investigate GM-WM modules by searching first for robust bipartite
network motifs among the GM-WM association matrices (Figure 3-1) using a MATLAB
toolbox for bipartite network analysis (Flores et al., 2016). First, we identified quadrangle
motifs by selecting nodes that connects to other nodes directly (1-Step connectivity), and
indirectly in 3-steps. This strategy allowed us to obtain GM-WM modules that showed close
neighborhood relationships, disregarding GM-WM connections without graph neighborhood
properties. Second, we applied LP-BRIM bipartite modularity algorithm to visualize all
different communities within that GM-WM network. Third, a WM degree map was
computed counting the number of GM voxels related to that white matter voxel that were
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assigned to different communities normalized by the total amount of links of that WM
voxel. Finally, we perform a Pearson correlation analysis between each motifs’ cluster (GM
and WM together, GM and WM alone) and the punctuation in the cognitive test described
before. The analysis was adjusted by age and the years of education.

Longitudinal Neuroimaging Connectivity Analysis

We investigated the temporal and spatial relationship, simultaneously, between GM and
WM lesions using network science tools, as previously done (Sepulcre et al., 2018). We
developed a longitudinal weighted-degree analysis (also known as hubs) to investigate the
temporal relationships between the GM and WM lesions. We used the longitudinal data of
Dataset 1 for this analysis. We calculated the GM and WM lesions maps in time 1 and
time 2 and computed the association matrices between all voxels of GM signal in time 1
and WM lesions in time 2 and GM signal in time 2 and WM lesions in time 1; as well as
WM lesions in time 1 and GM in time 2 and WM lesions in time 2 and GM in time 1.

The association matrices were controlled by age, brain size, the time between the first and
the second MRI, whole brain GM mean density and WM lesions mean density using partial
correlation. We subtracted the correlation between time 1 and time 2 (Figure 4-1). Links
surviving a false discovery rate (FDR) at g-level < 0.05 were used. We obtained weighted
degree maps to visualize GM and WM hubs in both relationships, namely, GM1-to-WM2
and WM1-to-GM2 temporal interactions (Figure 4-1/11/111).

Neuroimaging-Genetics Analysis

To gain biological insights about brain connectomic findings, we investigated the spatial
cerebral similarities between our GM1-to-WM2 and WM1-to-GM2 cortical maps and
protein-coding genetic profiles using the AHBA. The AHBA is a unique publicly available
database that provides whole-brain, high- resolution genome-wide expression values (Shen
et al., 2012). The complete transcriptome dataset consists of 58,692 measurements of gene
expression of 20,737 genes in 3,702 brain samples obtained from 6 individuals (French and
Paus, 2015). We used a surface anatomical transformation (French and Paus, 2015) of the
AHBA data based on the 68 cortical regions of the Desikan—Killiany atlas (Desikan et al.,
2006), which covers the entire cortex and uses individual vectors of the median cortical
expression of protein-coding genes across 68 cortical regions. To find gene expression
profiles putatively associated to vascular damage vulnerability, we performed a spatial
similarity analysis between the discovered connectomic phenotypes from the longitudinal
analysis (GM maps for GM1 to WM2 and WM1 to GM2 and AHBA data by means

of MATLAB in-house—developed code based on a linear regression approach (MATLAB
R2019b; The MathWorks Inc.) (Bueicheku et al., 2020; Diez and Sepulcre, 2018). Later, we
focused our investigations on genes that showed high spatial similarity with our longitudinal
GM-WMH connectomic map (statistically significant R-values were retained using a 95%
threshold for the confidence interval (£2 SD), assigning positive R-values to the GM1-WM?2
map and negative R-values to the WM1-GM2 map). The neurogenetics analysis led to two
sets of genes (one on the positive and another one in the negative tail of the histogram;
Figure 5-1) that expressed which protein-coding genes have a biological relevance in the
GM-WM relationships. From the obtained gene set, we used four specific approaches to
characterize its biological meaning: 1) we searched for previously reported genes (a priori
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Results

genes) related to vascular functionality or SVD (bibliographic review); 2) we performed fold
enrichment analyses for Gene Ontology biological processes (Ashburner et al., 2000; The
gene Onthology Consortium, 2021) and Reactome pathways; 3) we explored potential single
cell gene expression patterns (of pericytes, smooth muscle cells, vascular fibroblast-like
cells or microglia) of a priori genes related with the risk of SVD obtained in the spatial
similarity analysis using a mouse molecular atlas of brain vasculature (He et al., 2018;
Vanlandewijck et al., 2018); and 4) we used Genemania (Mostafavi et al., 2008) gene-gene
network interactions from co-expressions, colocalizations, genetic interactions, pathways,
predicted physical interactions and shared proteins domains and Cytoscape (Lopes et al.,
2011) software to perform an interactome analysis, including centrality assessments (degree
and closeness centrality), to confirm which genes obtained in the spatial similarity analysis
(in both left and right tail of the histogram) play a central role in the GM-WM lesions
connectomic-genetic interactions.

Connectivity Interactions Between Grey Matter and White Matter Lesions

We found that GM and WM lesions showed significant connectivity relationships across
the human brain (Figure 2). For example, there are GM regions in orbitofrontal cortex,
dorsolateral frontal cortex, insula and anterior cingulate cortex -in both, Dataset 1 and
Dataset 2 cohorts-, where volumetric signal in GM is heavily associated by the occurrence of
WM lesions in the supratentorial space (Figure 2-11; upper row). As for WM areas, there are
leukoaraiotic regions in supratentorial WM, in middle cerebral artery (MCA) and anterior
cerebral artery (ACA) watershed territories -in both cohorts- that are negatively related to
GM volume across the cortical mantle, meaning that the more lesions in WM, the less
volume of GM (Figure 2-11; bottom row). Our seed-based analysis confirmed local regional
specificity between WM lesions and GM interactions, such as frontal WM and GM, as well
as more widespread WM lesions and GM relationships, such as fronto-parietal WM lesions
and GM volume changes mostly in frontal lobes (Figure 2-111). For the Dataset 1, the voxel
with highest weighted degree in WM is located in MCA-ACA left border-zone region; and
is highly connected with left dorsolateral frontal cortex. The voxel with highest weighted
degree in GM is in the cingulate cortex; and is highly connected with spread voxels of
WM, mostly located in MCA-ACA watershed zones. For the Dataset 2 cohort, the results
were similar for the projections from WM to GM (adding insula as cortex target) but the
highest weighted degree region of GM was the supramarginal gyrus, also highly connected
with supratentorial watershed WM. Finally, we observed the adjustment by the diagnosis of
hypertension did not significantly change the GM and WM lesions weighted degree maps
(Supplementary Figure 1).

Cognition and Connectivity Neighborhoods of Grey Matter and White Matter Lesions

Using a bipartite modularity analysis, we observed 4 main modules of highly stable voxels
of GM volumetric changes and WM lesions (Figure 3-11): 1) module one, in which the
GM of medial temporal lobes and fronto-basal regions interacts with prefrontal WM tracts;
2) module 2 in which prefrontal and frontal lateral GM interacts with supratentorial WM;
3) module 3, with GM located in insula and prefrontal cortex interacts with WM tracts of
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prefrontal lobes and 4) module 4, with medial frontal cortex interacting with tiny regions of
WM in frontal lobes.

We observed that GM-WM lesions modules, that is combined systems integrating GM

and WM at the same time, explain the cognitive performance of the sample, particularly

in the WAIS-R, VEG and Trail B scores (correlations and scatterplots in Figure 3-111;
FDR-corrected) for modules 1 and 3 (involving the GM-WM connections in frontal and
temporal lobes) without significant association with modules 2 and 4 (involving mostly the
connections of supratentorial WM with the prefrontal and frontal lateral cortex). We did
not find any significant FDR-corrected correlation with cognitive test when GM or WM
modules are taken independently.

Temporal Interactions from Grey Matter to White Matter Lesions (and vice versa)

Our longitudinal analysis not only corroborated areas of high GM-WM lesions connectivity
degree found in the cross-sectional study but also discovered that specific regions in the
brain display predominant vulnerability for GM1-to-WM2 or WM1-to-GM2 degeneration
(Figure 4). We observed two distinctive progression patterns: 1) one in which GM volume
changes, in areas such as the dorsolateral frontal cortex, pre and post Rolandic gyrus,
supplementary motor area and some cingulate areas, that lead to the eventual appearance

of secondary WM lesions located in supratentorial WM, in watershed regions of MCA

and ACA (Figure 4, yellow cortical areas in 1, and right column in 111), and 2) another

one in which WM lesions, particularly in the inferior fronto-occipital fasciculus, produce
subsequent cortical degeneration on areas such as temporal pole, anterior cingulate cortex,
insula, orbitofrontal cortex and inferior temporal ACA (Figure 4, blue cortical areas in I,
and left column in 111). Finally, we observed the adjustment by the diagnosis of hypertension
did not significantly change the GM1-to-WM2 and WM1-to-GM2 maps (Supplementary
Figure 1).

Neurogenetic Signatures of Grey Matter and White Matter Network Degeneration

The biological mechanism that drives GM and WM alterations in SVD are likely to

be interdependent or even causally related. Our cross-sectional and longitudinal findings
described specific connectomic phenotypes that support that view. Consequently, we
investigated whether these connectomic phenotypes display biological potential at the SVD
mechanistic level. Thus, we performed a spatial cerebral similarity analysis with the AHBA.
Interestingly, the GM1-to-WM2 phenotype identified a gene set of 683 protein-coding
genes, in which several a priori genes have been associated to SVD and vascular smooth
muscle cells, namely AR, CNN1, CSF3, ITGA8 and MYLK2 genes (Figure 5-1). Moreover,
we analyzed this entire set of genes from the GM1-to-WM2 phenotype (or GM1-to-WM2
related genes) and we observed significant fold enrichments in ionic transmembrane
transport, cardiac conduction and electrical cell communication functionalities (Figure 5-1/
I1), genetic domains that are known to be related not just to cardiac cells but also to vessels
cells (e.g. smooth muscle cells).

The WM1-to-GM2 phenotype showed significantly cortical similarity with 476 genes in
which we identified IL1-b, IL-6 and TRIBE3 as potentially relevant for SVD pathology.
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However, the entire set of genes associated to this type of connectivity pattern did not reach
any fold enrichment significance. The complete lists of genes (for GM1-to-WM2 and for
WM1-to-GM2) with their description are included in Supplementary Material.

Next, we used a single-cell database to verify whether AR, CNN1, ITGA8 and MYLK 2 are
specifically expressed in brain vascular cells (pericytes, smooth muscle cells and vascular
fibroblast-like cells). Among these four genes, only CNN1 and AR display high cellular
specificity for arteriolar smooth muscle cells (Figure 5-111). Finally, we used the entire gene
set of 683 genes obtained from the GM1-to-WM2 connectivity map and an interactome
analysis to investigate whether any of them play central roles from independent data of
gene-gene network interactions. We found that only AR displayed a central interactomic
role in this genetic network (both degree centrality and closeness centrality; Figure 5-1V)
suggesting a core role in the overall GM-WM lesions connectomic-genetics. Figure 5-V
shows the cortical spatial similarity between AR gene (i.e., brain regions linked to the
expression of this gene) and GM1-to-WM2 connectomic phenotype (Figure 5-V).

Discussion

The brain pathology of SVD beyond the accumulation of WM lesions is poorly understood.
Diffuse arteriopathy of the GM and WM perforating vessels due to dysfunctional cerebral
blood flow regulation has been postulated as a key factor in the development of SVD
(Promjunyakul et al., 2018). The current study aimed to close the gap in understanding the
complex relationship of GM and WM pathological changes from the viewpoint of cerebral
connectomics. We hypothesize that alterations in GM and WM do not occur in isolation
but in modular coordination to arise final SVD phenotypes. Particularly, we speculate that
WM lesions and GM neurodegeneration both share the ability to be the primary source of
vascular-molecular dysfunctions, in which secondary degeneration might occur in distant
areas of WM or GM, depending on the primary source. This multilayer interdigitation of
primary and secondary damage makes graph theory an ideal framework to disentangle them.

Previous studies have shown that WMH could cause structural connectivity alterations
related to SVD. Habes et al. show that normal aging and WMH cause different affectation
patterns of GM: WMH could primarily affect the orbitofrontal cortex and temporal pole
(Habes et al., 2016). Liu et al., using a measure of density fiber, found less density fiber

in frontal, temporal, and parietal regions related to SVD in cognitively normal subjects

(Liu et al., 2020). Using novel cross-sectional and longitudinal graph theory metrics, we
find converging evidence similar to those structural connectivity descriptions. Critically, we
provide new data about the bidirectional nature of GM and WM interactions. Our results
show that GM changes can lead to secondary WM degeneration in vascular border zones
areas (irrigated by pial arteries of MCA and ACA), whereas WM lesions can lead to
secondary GM degeneration in cortical projecting areas. Moreover, we found this GM-WM
communication is organized in close and stable connectivity neighborhoods; a network
organization feature that seems critical for an adequate cognitive performance. In fact,

we observed that the GM-WM connectivity neighborhoods are related with cognition,
particularly with the executive function, which affectation is the main feature of vascular
cognitive decline (O’Brien and Thomas, 2015). Previous studies of structural and functional
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connectivity in SVD have shown that the global brain network is altered, and this alteration
mediates the results in cognitive scores (Lawrence et al., 2014). Here we go one step further
and saw that connectivity modules between GM and WM (and not isolated GM or WM
regions) are key in this SVD-cognitive relationship.

The pathophysiology interpretation of SVD has evolved over the years, from the chronic
hypoperfusion as the central hypothesis of brain damage to the endothelium and BBB
disruption as critical points of the disease (Wardlaw et al., 2019). Recent studies have
shown that vascular reactivity is impaired in the cerebral vasculature before developing the
disease (Sam et al., 2016; Shi et al., 2020), supporting the hypothesis of chronic vascular
impairment with global brain hypoperfusion. Some other studies have pointed out that
WMH might be just the consequence of altered cerebral blood flow somewhere else (Shi

et al., 2016). Moreover, others have suggested that BBB alterations in WMH could be the
primary cause of cerebral damage (Mufioz Maniega et al., 2017; Wardlaw et al., 2017).
However, studies developed in spontaneously hypertensive stroke-prone rats models show
credible evidence that vascular wall damage with narrowing of the arterioles (Jandke et al.,
2018) and an alteration of the vascular reactivity seems to be an early causal phenomenon
(in which an initial vasodilatation and increase of oxygen exchange eventually compromises
and evolves into vasoconstriction and reduction of oxygen exchange). Interestingly, wall
damage activates the inflammatory response that leads to the BBB break (Mencl et al.,
2013). Moreover, neuropathological studies have found that these primary local effects
produce changes in distant areas of the brain. For instance, it has been observed glial
apoptosis in cortical-subcortical WM junctions remotely to focal ischemic areas in the
CADASIL brain (Viswanathan et al., 2006). This suggests that secondary degeneration from
local lesions either GM or WM can potentially affect distant regions, creating a complex
network of interacting cerebral degeneration. Our connectomic findings correspond with
these observations. On one hand, we found that primary GM changes can lead to WM
lesions in border vascular zones, meaning that the primary affectation of the pial arteries

in the GM might induce vascular and molecular dysfunctionality in distal capillaries within
vascular-vulnerable zones of the human brain. On the other hand, we also found that the
primary WM lesions in association fasciculus, such as the fronto-occipital fasciculus, can
lead to secondary GM degeneration in projecting areas at the frontal lobe, with little effect
of hypertension. Thus, our results suggest that there are more pathological factors behind the
sporadic SVD than the chronic hypoperfusion theory behind the appearance of WM lesions.
In light of the GM-WM bidirectional causal damage interactions found in this study, we
believe that sporadic SVD is the result not only of primary WM lesions with secondary
degeneration of cortical areas, but also the occurrence of primary mis-regulation of cerebral
blood flow in GM pial arteries that infringe damage toward downstream and distal artery
territories.

The diversity of underlying pathologies and vascular risk factors related to SVD make its
genetic background a complex scenario which remains largely unclear (ladecola, 2013). In
this study, the integration of neuroimaging connectivity SVD phenotypes and transcriptomic
data from the AHBA has helped us to identify several genetic signatures that might shed
light for future studies. Particularly, we found that AR, CNN1, MYLK2 and ITGA8 gene
expression levels are highly similar to the SVD-related map which primary longitudinal
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degeneration of in situ GM led to secondary vascular damage in distant WM. We also
observed that the entire genetic profile was highly enriched on genetic functionalities

that are putatively related to smooth muscle cells and their biological processing domains
(ion transmembrane transport and electrical conduction). These findings point to plausible
causative roles of cortical alterations in the SVD pathological mechanisms. Interestingly,
among the 4 candidate genes, AR (gene coding for the androgen receptor protein) stood

out as the most central interactomic role in a genetic network. AR has been identified
previously in GWAS studies of vascular dementia, with almost 4-times higher risk of
vascular dementia when present (Schrijvers et al., 2012). There is an increasing number

of studies that demonstrate the role of AR in the vascular damage (Son et al., 2010), and
vascular risk factors as hypertension (Huang et al., 2016). The AR gene is highly expressed
in vascular smooth muscle cells (Son et al., 2010) and the activity of androgen/AR signaling
were pointed as risk factors of hypertension and stroke (Huang et al., 2016). The results of
our study complement the existing evidence, as the AR gene was significantly expressed in
those cortical regions that lead to degeneration in the WM and confirm our hypothesis of
primary vascular damage in GM that might cause WM lesions. Regarding the reverse pattern
-primary vascular damage in WM leading to secondary GM degeneration- we identified
several brain damage and inflammatory related genes associated to (IL6, IL1b and TRIBE3
genes). This proinflammatory genetic profile did not reach any significant fold enrichment
and therefore, they seem less conclusive compare to our findings with the AR centered

gene set, however, it deserves future investigations. For instance, IL6 and IL1b are both
implicated in the inflammatory cascade, codifying proinflammatory cytokines and both are
well-known ischemic damage biomarkers; both are related to the outcome of ischemic stroke
(Martinez-Sanchez et al., 2014; Ramiro et al., 2018). Recently, Staszewski et al. found that
IL-6 relates to the radiological progression of small vessel disease (Staszewski et al., 2018)).
Moreover, in brain hypoperfusion models, animals with lower levels of I11b and 116 had
lower necrotic cells in the hippocampal cells and better performance in the cognitive test
(Ishida et al., 2020). These findings support the idea that IL6 and IL1b genes in cortical
areas can explain in part some of the secondary degeneration process occurring in SVD.

In conclusion, using graph theory-based analysis and connectomic-genetic approaches, this
study has led us to interpret SVD as a bidirectional degeneration process between GM and
WM lesions. This framework opens new venues to understand the underlying interactomic
mechanism in which the SVD develops as well as to investigate key pathophysiology
features associated to its molecular background. Importantly, our findings support the central
role of AR for the brain lesion vulnerability and network breakdown in the context of SVD.
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Highlights

We unveiled the bidirectional nature of neurodegeneration (ND) and vascular
damage (VD) in the cerebral small vessel disease (SVD).

We described that ND-VD bidirectional connectomics are key to understand
cognitive performance.

The ND-VD connectomics led us to characterize cortical expression levels of
candidate genes linked to SVD.

We discovered that the Androgen Receptor (AR) protein coding gene is a
central gene that confer vulnerability for brain lesion development of SVD.

This study advances our understanding of the primary and secondary damage,
biological mechanisms, and genetic signatures of SVD.
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Figure 1.
I. The theoretical diagram shows the hypothesis for the SVD damage, with primary

affectation of the cerebral blood flow regulation in perforant arteries from cortex to white
matter in the vascular border zones. I1. Flow chart of the participants included in both
datasets. I11. Detection of WM lesions in the T1 MRI sequences of both cohorts following
by the creation of a WM lesion frequency map (the brightest the color, the higher the
frequency of the lesions with a maximum of 100 for Dataset 1 and 40 for Dataset 2). For
each Dataset, the age range is described. IV. WM-GM brain graph. First, GM and WM data
were voxel-level extracted, being each voxel a node of the graph. Then, we create a Pearson
correlation matrix between each GM and WM node and each significant negative correlation
(after FDR correction) between GM and WM in understand as an edge, so we can construct
a GM-WM connectivity graph.
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Figure 2.
I. GM and WM graph analysis. Here, we calculate the weighted degree as the sum of the

correlations for each node of GM (top) and each node of WM (bottom). 11. Weighted degree
centrality maps for GM and WM of Dataset 1 (A) and Dataset 2 (B): GM regions most
influenced by WM lesions are located in orbitofrontal cortex, dorsolateral frontal cortex,
insula and anterior cingulate cortex (the highest weighted degree centrality). For WM lesions
maps, those regions most connected with GM are located in supratentorial white matter

in middle cerebral artery (MCA) and anterior cerebral artery (ACA) watershed territories.
111. Seed based analysis: for both cohorts, the WM lesions voxel with highest weighted
degree was located in border zone areas, projecting with the highest correlation coefficient
in dorsolateral frontal cortex and insula. The voxel of highest weighted degree in GM

were located in cingulate cortex for OASIS and supra marginal gyrus for CAM-CAN, both
projecting with the highest correlation coefficient widespread in supratentorial WM.
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Figure 3.
GM-WM Bipartite Interactions and Modularity. I. GM-WM bipartite graphs: we computed

the network distances between all bipartite graph nodes (left). Then, we identified
quadrangle motifs by selecting nodes that connects to other nodes directly (1-Step
connectivity), and indirectly in 3-steps (right). Il. Location of modules of GM (blue) and
WM (yellow) interconnected. I11. Pearson correlation matrix between modules and cognitive
test. We found a negative correlation with trail B and module 1 and positive correlations
between module 1 and 3 and WAIS-R; and between VEG and module 1. The correlations
are shown with 95% confidence interval. Logimem. Logical memory immediate; Digitf:
digit spam forward total number of trial correct; Digitflen. Digit spam forward length;
Digitb. digit spam backward total number of trial correct; Digitblen: Digit spam backward
length; Animals. Category fluency test animals; VEG: Category fluency test vegetables;
Trail A: Trail making test part A; 7rai/ B. Trail making test part B; WA/S: WAIS-R Digit
Symbol; Memunits: Logical memory delayed, units recall; Memtime. time between logical
memory test; Boston.: Boston naming test; MMSE. MiniMental State Exam.
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Figure 4.
Longitudinal GM-WM connectivity. I. First, we calculate the weighted degree for GM and

WM in time 1 and in time 2. We subtracted the correlations (time 1 minus time 2) and
obtained maps for GM and WM. Those regions with positive correlations mean that the
causal relationships go from time 1 to time 2 and negative correlations mean the causal
relationship go from time 2 to time 1. Il. Cortical maps for GM hubs: in orange (positive
correlations) are shown the cortical areas that lead to secondary degeneration of the WM and
in blue (negative correlation) are shown the cortical areas secondary degenerated due to the
presence of WM lesions. I11. WM maps for WM hubs: in orange (positive) are shown the
WM zones that cause degeneration in the GM, mostly located in the inferior front occipital
tract and in blue (negative) are shown the WM areas affected by primary vascular damage
from GM, mostly border zone between MCA and ACA. For GM and WM maps, we show
the statistically significant weighted-degree t-statistic maps.
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Figure 5.

I. Spatial similarity analysis between the discovered connectomic phenotypes (longitudinal
GM maps) and AHBA data. In the histogram are represented the 20,737 genes identified in
the AHBA (Y-axis) in our cortical map (X-axis). The genes founded beyond +/- 2SD were
considered significantly correlated with our map. Interestingly, we found in the positive tail
of the histogram genes that was previously associated with the SVD. Il. Fold enrichment
analysis after FDR correction for the genes significantly associated with the risk of SVD
(>2SD); that shows the implication of these genes in cell communication, muscle conduction
and ion channels and transports. I11. Single gene expression for the genes related with the
risk of SVD, with high expression in smooth muscle cells and pericytes. IV. Interactomic
analysis of the a priori set of SVD genes, showing that AR had a top centrality (both degree
centrality and closeness centrality). V. Spatial similarity analysis for the AR gene and the
longitudinal cortical map; showing its most expression in motor and sensitive primary areas
and motor supplementary area in both hemisphere, regions identified in the longitudinal
cortical map as causative of WM lesions.
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