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Resumo

As redes estruturais cerebrais modulares e hierdrquicas sdao especialmente bem adaptadas
a integracao funcional de processos neuronais locais que sustentam a cognicdo. De fato,
padroes alterados de conectividade anatémica ou funcional foram evidenciados em muitas

doencas cognitivas e afetivas, que foram definidas como sindromes de "desconexao".

A hipdétese central no presente estudo € que a conectividade estrutural restringe, mas nao
determina a conectividade funcional, e essa relacdo é a base do desempenho cognitivo. Além
disso, as rupturas nas redes estruturais e funcionais estdo relacionadas a deficiéncias cog-
nitivas. Portanto, ao estudar as redes estruturais e funcionais cerebrais, podemos entender
melhor como o cérebro funciona e sua relacdo com a cogni¢do. Procuramos, entdo, responder
a essas perguntas avaliando como a conectividade estrutural esta relacionada a conectivi-
dade funcional e a cognicao em participantes saudédveis e como alteracdes de conectividade

cerebral se relacionam com o desempenho cognitivo em participantes clinicos.

Nesse contexto, avaliamos a localizacao e integracao funcional em resposta a execucao de
uma tarefa cognitiva, o Teste de Modalidades de Simbolos-Digitos (Symbol Digit Modalities
Test, SDMT), que avalia a velocidade de processamento da informacao (VPI), adaptada ao
ambiente de ressonancia magnética (RM). Mais especificamente, nosso objetivo foi investigar
como as regioes dentro da rede cerebral de VPI interagem funcionalmente umas com as outras,
estudando a conectividade efetiva, definida como a forma como uma regiao influencia ou
causa atividade em outra durante um determinado processo neural e sua conectividade
estrutural. Para fins de aplicacao clinica, os pacientes com doenca cerebral de pequenos vasos
(DCPV) sao de grande interesse, dado seu impacto na satide publica global, sua classificacao
como Sindrome de desconectividade, e as questdes em aberto sobre os danos estruturais
e funcionais da conectividade que a doenca causa, além da alta incidéncia de déficit de
VPI. Nesse caso, avaliamos VPI com uma variagdo do SDMT: a Tarefa de Substituicao de
Letras-Digitos (Letter-Digit Substitution Test, LDST).

Foi possivel constatar que a rede estrutural restringe, mas ndo determina a rede funcional de
VPI nos participantes saudéveis jovens. Além disso, ao avaliarmos a rede funcional de VPI
durante a execu¢ao do SDMT, a ativacao e conectividade funcional de n6s da rede de modo
padrado (Default Mode Network, DMN), importante para a satide cognitiva, foi suprimida
durante a realizacao do teste de VPI. Além disso, o n6 pré-ctineo esquerdo (BA 7) apresentou
comportamento modulatério dependente do contexto experimental. Avaliando as associ-
acoes entre conectividade estrutural e funcional com escores de LDST em pacientes com
DCPYV, os achados sugeriram que DCPV deve ser considerada uma sindrome global e nao
localizada. Os efeitos de mediacao da conectividade funcional da rede sensério-motora entre
alesao e os escores do LDST apontam o papel desta rede como uma importante rede fun-

cional afetada neste grupo clinico. Usando uma abordagem de mapeamento lesdo-sintoma



chamada “Brain disconnectome mapping”, descobriu-se que as associacoes entre probabili-
dade de desconexao e escores de LDST envolveram édreas cerebrais amplas em pacientes com
DCPV ndo dementes. Além disso, efeitos distintos foram observados conforme a carga de
lesdo e sua distribuicdo topogréfica. Ambos os estudos com pacientes DCPV, embora com
metodologias diferentes, apontam para o achado geral de que a DCPV é uma sindrome de

desconectividade com amplo impacto pelo cérebro.

Assim, com o desenvolvimento do presente trabalho, investigamos a dindmica das redes
funcionais, sua relacao com redes estruturais e desempenho cognitivo em VPI em individuos
saudéaveis, com os achados sugerindo que a rede estrutural restringe mas ndo determina a rede
funcional. Também avaliamos as alteracdes de conectividade relacionadas ao desempenho
de tarefas de VPI em DCPYV, cujos resultados apontam para a importancia de avaliar os efeitos
da lesdes focais na conectividade cerebral para compreender a heterogeneidade de desfechos

clinicos.

Palavras-chave: conectividade cerebral, imagens por ressonancia magngética funcional, ima-
gens por tensor de difusao, Teste de Modalidades de Simbolos-Digitos, Tarefa de Substituicao

de Letras-Digitos, Doenca Cerebral de Pequenos Vasos.



Abstract

Modular and hierarchical brain structural networks are especially well adapted to the func-
tional integration of local neuronal processes that underpin cognition. Altered anatomical
or functional connectivity patterns were evidenced in many cognitive and affective diseases,

defined as "disconnectivity" syndromes.

The central hypothesis in the present study is that structural connectivity constrains but
does not determine functional connectivity, and this relationship is the basis of cognitive
performance. Furthermore, disruptions in structural and functional networks are related
to cognitive impairments. Therefore, by studying the brain structural and functional net-
works, we can better understand how the brain works and its relationship to cognition. We
then sought to answer these questions by assessing how structural connectivity is related
to functional connectivity and cognition in healthy participants and how changes in brain

connectivity relate to cognitive performance in clinical participants.

We evaluated the location and functional integration in response to executing a cognitive task,
the Symbol Digit Modalities Test (SDMT), which evaluates the information processing speed
(IPS), adapted to the MRI environment. More specifically, we aimed to investigate how regions
within the IPS brain network interact functionally, studying effective connectivity, defined as
how one region influences or causes activity in another during a given neural process and
its related structural connectivity. For clinical application purposes, cerebral small vessel
disease (cSVD) patients are of great interest given their impact on global public health, their
classification as Disconnectivity Syndrome, and the open questions about the structural and
functional disruptions of connectivity that the disease causes and the high incidence of IPS
deficit, here evaluated with a variation of the SDMT: the Letter-Digit Substitution Test (LDST).

It was possible to verify that the structural network restricts but does not determine the
functional network of IPS in young, healthy participants. In addition, when evaluating the
IPS functional network during SDMT execution, activation and functional connectivity of
nodes in the default mode network (DMN), essential for cognitive health, was suppressed
during the performance of the IPS test. In contrast, the left precuneus (BA 7) node showed
a modulatory behavior dependent on the experimental context. Assessing the associations
between structural and functional connectivity with LDST scores in patients with cSVD, the
findings suggested that cSVD should be considered a global rather than a localized syndrome.
The mediation effects of the functional connectivity of the sensorimotor network between
the lesion and the LDST scores point to the role of this network as another critical functional
network affected in this clinical group. Using a lesion-symptom mapping approach called

"Brain disconnectome mapping,” the associations between the probability of disconnection



and LDST scores involved large brain areas in non-demented cSVD patients. Lesion load and
its topographical distribution affected the cSVD patients differently. Both studies with cSVD
patients, although with different methodologies, point to the general finding that cSVD is a
syndrome of disconnection with a broad impact on the brain.

Thus, with the development of the present work, we investigated the dynamics of functional
networks, their relationship with structural networks, and cognitive performance in IPS in
healthy individuals. The findings suggest that the structural network constrains but does
not determine the functional network. We also evaluated connectivity alterations related to
the performance of IPS tasks in cSVD, whose results point to the importance of assessing
the effects of focal lesions on brain connectivity to understand the heterogeneity of clinical

outcomes.

Keywords: brain connectivity, functional MRI, diffusion tensor imaging, Symbol Digit Modali-

ties Test, Letter Digit Substitution Test, cerebral Small Vessel Disease
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1 General Introduction

1.1 The brain structure-function paradox

Modular and hierarchical brain structural networks are especially well adapted to
the functional integration of local neuronal processes that underpin cognition (1). Altered
anatomical or functional connectivity patterns were evidenced in many cognitive and affec-
tive diseases, defined as "disconnectivity" syndromes (2). Furthermore, spontaneous activity
measures indicate functional connectivity patterns comparable to structural patterns, imply-

ing that structural networks impose constraints on functional networks (3).

However, how complex functioning comes from a brain with a relatively unchange-
able structure remains a major puzzle in neuroscience (4, 5). As a result, understanding the
nature of brain networks requires mapping the degenerate structure-function (many-to-one)
relationship. In addition to understanding the nature of brain functioning, we will be able to

understand the impact of brain damage on cognition and evaluate the effects of interventions.

1.2 Brain Connectivity

Complex brain networks are topologically organized in a non-trivial way (small world
architecture and modular structure) that supports the efficient processing of information
in the brain. Brain connectivity (structural or functional) is usually represented by a binary
network whose topological organization can be evaluated using graph theory (6). Approaches
based on graph theory model the brain as a complex network graphically represented by a
collection of nodes (anatomical regions, for example) and connections (the temporal corre-
lation between the signals of the regions defined by the nodes). In the virtual graph, nodes
indicate anatomical elements (e.g., brain regions), and connections represent the relationship
between nodes (e.g., connectivity). After the network modeling procedure, several theoretical
measures of the graphs can be used to investigate the organizational mechanism behind
the relevant networks. By statistical analysis of network properties, we can find possible

neuromarkers of brain disease (7).

Structural connectivity (SC) or anatomical connectivity is a concept that aims to de-
scribe the white matter connections that link cortical regions. This structural network can
be studied using diffusion tensor imaging and diffusion spectrum imaging (8). Diffusion
Tensor Imaging (DTI) is a magnetic resonance imaging (MRI) technique that measures the
anisotropic diffusion of water molecules in tissues that provide useful structural informa-
tion about the white matter and the orientation of neural tracts, providing a view of the

micro-architecture of these tracts (9). This method has been promising in understanding and
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investigating neuronal tracts and structural connectivity between human brain regions (10).
However, there is still a lot to understand about the brain structure and how it conditions its

functionality.

Concerning functional connectivity (FC), we refer to the interregional synchrony of
low-frequency fluctuations in the MRI signal (11). FC is of great value, considering its biologi-
cal basis and its description of organizing the brain into functional networks. A functional
network can be broadly defined as a set of brain regions that are consistently synchronous;
the functional connectivity between two or more areas being due to synchronization within
or between networks. In the context of neuroimaging, the functional connectivity framework
provides researchers with opportunities to formulate and test hypotheses about functional
networks, using methods such as seed-based correlation or the temporally and spatially

Independent Component Analysis (ICA) (12).

MRI-FC studies are primarily performed using functional MRI (fMRI) based on the
Blood Oxygenation Level Dependent (BOLD) contrast. It is correlated with the spontaneous
neural activity of a brain region through neurovascular coupling, thus being considered
as physiologically significant (13). BOLD contrast is based on the difference in magnetic
susceptibility of hemoglobin molecules, which depends on their oxygenation state. When in
the presence of a stimulus or task, neural activity occurs, causing a local demand for oxygen to
produce energy, which is supplied by blood vessels through increased local cerebral blood flow
(CBF). As the increase is greater than necessary, there is a decrease in the oxygen extraction
fraction (OEF), causing an increase in the MRI signal weighted in relaxation time T2* (14).
As the BOLD signal comes from large vessels, there is low spatial specificity regarding the
neuronal activity. On the other hand, due to its sensitivity and temporal resolution, fMRI is

useful in functional studies with or without tasks (15).

Measurements of spontaneous activity by BOLD-fMRI reveal patterns of functional
connectivity that are similar to structural connectivity measured by DTI, suggesting that
structural networks constrain functional networks in the resting state. However, task-related
responses that require context-sensitive integration reveal a divergence between function
and structure that appears to rest mainly on long-distance connections (16). The functional
network architecture identified in resting state is present during task performance and may
plausibly reflect the routes through which activity flows during cognitive task performance.
In short, neuronal interactions represent the dynamics of fixed structural connectivity that
underlies cognition and behavior. This divergence between function and structure is perhaps

the brain most intriguing property and invites intensive research.

Thus, in addition to SC and FC, it is of interest to study effective connectivity, defined
as how one region influences or causes activity in another during a particular neural process
(17). The assessment of effective connectivity over time may indicate the occurrence of

adaptive neuroplasticity (18).
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1.3 Information Processing Speed, Symbol Digit Modalities Test
(SDMT), and Letter Digit Substitution Test (LDST)

Information Processing Speed (IPS) is defined as "the amount of time required to
process a set of information or the amount of information that can be processed in a given
unit of time" (19). Many cognitive functions require sufficient processing speed to execute
relevant operations the allowed timeframe; delayed IPS often underlies attention deficits. IPS
can be assessed by the Symbol Digit Modalities Test (SDMT) (20, 21, 22). The SDMT consists
of a key at the top of the test paper with nine symbols and nine corresponding numbers.
Below the key, there is a random sequence of symbols, and below each symbol, there is a
blank space. In the written version, the participant must write the number corresponding to
the symbol as faster as possible. In the oral SDMT, the participant must say the corresponding

number.

A meta-analysis reported the brain regions associated with the performance of the
SDMT adapted for the MRI environment (23).It showed activation in bilateral middle frontal
gyrus (Brodmann Area (BA) 6), left superior parietal lobule (BA 7), left precuneus (BA 7),
left inferior frontal gyrus (BA 9), right cuneus (BA 17), left lingual gyrus (BA 17) and left
declive (part of the cerebellum). Since IPS underlies other cognitive functions such as working
memory, attention, and immediate visual memory (24, 25), we cannot just study IPS simply
by mapping the individual areas involved but rather the connectivity between these areas.
SDMT is interesting for such an application, as it is a robust and straightforward task, and its
execution does not allow the use of different strategies by different subjects, better isolating
the processing speed (26). Thus, functional and effective connectivity of the brain regions
activated with the SDMT task were investigated in healthy subjects (27).

As previously described in the literature, FC studies revealed a highly linked network
for IPS, involving the recruitment of frontoparietal regions involved to selective attention
processes, occipital areas related to visual attention, and the cerebellum (21, 22). TThe ac-
tivation of the areas associated with top-down attention management, such as the middle
and superior frontal gyrus and the superior and inferior parietal gyrus, and of mechanisms of
response selection, such as the posterior cingulate gyrus and the supplementary motor area
(28) were also reflected in the findings. Activation in the temporoparietal and inferior frontal
cortices might also be linked to detecting behavior-relevant inputs (29). The effective con-
nectivity analysis identified a probable network architecture, with information propagating
serially from the cuneus, passing through the lingual gyrus and the declive. Then, it bifurcates
to the superior parietal lobe and the precuneus, converges to the inferior frontal gyrus and

bifurcates again to the bilateral middle frontal gyrus.

To create more specific measures of IPS, the Letter Digit Substitution Test (LDST)
(30) was made from SDMT and Digit Symbol Substitution Test (DSST) (31). During the LDST
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performance, the participant must associate a letter to the digit. Unlike the other two tests, in
which the participant must learn the exposed abstract symbols, in LDST the letters and digits
are previously known. So, LDST is less dependent on complex visual and memory processes
and, therefore, more specific on the IPS. It has been applied in cerebral small vessel disease
studies (32, 33).

1.4 Cerebral Small Vessel Disease

Cerebral small vessel disease (cSVD) is a syndrome of significant impact on public
health worldwide, with pathological, clinical, and imaging findings associated as a result of
pathologies that lead to the perforation of arterioles, capillaries, and cerebral venules (34).
cSVD is commonly associated with aging and may present as a stroke, dementia, cognitive
decline, gait impairment, or mood disturbances, or it may have few or no symptoms. cSVD
causes up to 45% of dementia cases and represents about 20% of all strokes worldwide. 25%
are ischemic (or lacunar) stroke, of which 20% end in disabled patients (35). cSVD often
coexists with neurodegenerative diseases and can exacerbate physical and cognitive deficits,
particularly in IPS and executive functions (32, 36, 34). Given the difficulty in visualizing cSVD-
related pathologies in vivo, the diagnosis of cSVD has been heavily based on neuroimaging,
including white matter hyperintensity (WMH) (37), recent small subcortical infarcts (RSSI),
lacunes of presumed vascular origin (38), microbleeds (39), perivascular spaces (40) and brain
atrophy (34).

MRI techniques such as DTI and BOLD-fMRI are expected to contribute to the un-
derstanding of the pathophysiology of white matter lesions (and of cSVD in general) and
their clinical correlates (37) through studies of structural and functional brain connectivity.
Recently, researchers have demonstrated an association between global and local disruption
of brain structural networks with diffusion markers and an increase in overall cSVD severity or
burden of patients with a first transient ischemic attack or stroke (41). On the other hand, func-
tional neuroimaging studies reported reduced functional connectivity in cSVD distributed
networks. Three networks that are commonly affected are the Default Mode Network (DMN),
the Dorsal Attention Network (DAN), and the Frontoparietal Control Network (FPCN). They
all play an important role in attention directed by goals and executive functions (42, 43).
Studies have reported that reduced functional connectivity within the FPCN, DAN, and DMN
was related to an increased degree of cognitive impairment (44, 45). Evidence suggests that
cognitive impairments due to cSVD result from disruption of frontal-subcortical circuits and
long association fibers that, in turn, impair communication among crucial neural networks
responsible for cognitive control or attention, such as DMN, FPCN, and DAN (43). However,
there is still a lot to understand about the damage to the brain structure due to cSVD and how

it alters brain functionality and cognition conditioned to the affected brain areas.
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Therefore, in this work, we first investigated the dynamics of functional networks,
their relationship with structural networks, and the cognitive performance of IPS in healthy
individuals. Then, we assessed the different outcomes in a clinical group with cSVD from em-
pirical data obtained with multimodal magnetic resonance imaging and neuropsychological

assessment.

We organized the thesis based on the studies that we performed. In chapter 2, we
present the general and specific goals of the work. In chapters 3 and 4, we present the method-
ology and results of two studies on young, healthy participants. In the first one, we investigated
the brain structural-functional connectivity relationship underlying the IPS. Then, we focused
on the non-classical behavior of the DMN regions during an IPS task. Both studies were

already published.

In chapter 5, we present the results of a systematic review on the use of contrast-
agent-free, state-of-the-art MRI on cSVD to investigate from lesions to connections and
cognition. Here, we focused on DTI and BOLD-fMRI. However, the full article submitted for
publication also included other MRI techniques. In chapters 6 and 7, we present the results
of two studies of a clinical group with non-demented cSVD individuals from empirical data.
In the first one, we investigated the WMH effects on cortical thickness, brain networks, and
IPS through a mediation study. Then, we assessed the neural substrates of IPS deficits using a

brain disconnectome mapping method.

Finally, chapter 8 shows our general conclusions and future steps.
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2 Objectives

The general objective was to investigate the dynamics of functional networks, their
relationship with structural networks and cognitive performance in IPS in healthy individ-
uals, and the connectivity disruptions related to IPS performance in a clinical group with
cSVD. We used empirical data obtained with multimodal magnetic resonance imaging and

neuropsychological assessment. Our specific goals include:

* To investigate the dynamics of the IPS functional network, its relationship with the
structural network, and the cognitive performance of IPS in healthy individuals based

on multimodal MRI and neuropsychological evaluation.

» To investigate the activation and functional connectivity of the DMN regions in young,
healthy controls during the performance of the SDMT task adapted for the BOLD-fMRI

experiment.

* To evaluate the previous findings of cSVD effects using brain imaging performing a
systematic review of the use of contrast-agent-free state-of-the-art MRI on cSVD, from

the effects on brain connectivity to the clinical outcomes.

* To investigate the effects of WMH load and distribution patterns on cortical thickness,
structural and functional connectivity, and LDST performance in cSVD patients and
whether the association between lesion and IPS is mediated by brain connectivity

and/or cortical thinning.

* To investigate WMH lesion anatomy that results in impaired IPS in cSVD patients

without dementia using a lesion-symptom mapping approach.
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3 Brain Structural-Functional Connectivity Relationship Underly-
ing the Processing Speed

3.1 Introduction

Human cognition and behavior emerge from dynamic neuronal interactions on a
brain structural architecture. Nevertheless, the convergence (or divergence) between dynamic
functional connectivity (FC) and structural connectivity (SC) is still a pivotal and challenging
question (4). The central hypothesis is that the anatomic architecture constrains the neural

network dynamics, but does not determine it (46, 47).

Studies have found moderate to strong correlation between SC and FC measures
obtained from multimodal magnetic resonance imaging (MRI) (48); others have inferred
resting-state FC from SC, showing consistent results corroborating the hypothesis that struc-
ture influences, but does not determine brain function (48). The comprehension about the
structure—function relationship is essential to clarify the normal neural mechanisms and
provide biomarkers of the healthy aging process (49, 50), and the so-called disconnectivity

syndromes (2), such as schizophrenia and dementia (51).

The structure—function relationship studies have relied on neuroimaging techniques
such as multimodal MRI and sophisticated computational data modeling, with additional
contributions from neuropsychological tests to provide information about cognition (4). SC
describes the white matter connections between cortical regions and can be studied using
diffusion tensor imaging (DTI) and diffusion spectrum imaging (10). DTI is an MRI technique
that measures anisotropic diffusion of water molecules in tissues, providing useful structural

information about the white matter, such as the orientation of the neural tracts (52).

Reconstruction of DTI includes model-based and model free methods. The model-
free method, generalized q-sampling imaging (GQI), quantifies the density of diffusing water
at different orientations, providing a spin distribution function. The GQI method was then
generalized, originating the q-space diffeomorphic reconstruction method considering group
analysis in a specific template space (53). The study of structure-function relationship using
the GQI method is interesting once it presented the highest number of valid bundles in
a worldwide competition concerning the human structural connectome mapping using

diffusion tractography, which involved 96 distinct submissions from 20 research groups (54).

Regarding FC, we refer here to the interregional synchronization of low-frequency
fluctuations in MRI signal based on the blood oxygenation level-dependent (BOLD) contrast
(11). It correlates with spontaneous neural activity of a brain region through the neurovascular

coupling and is thus considered to be physiologically significant (13).
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BOLD contrast is based on the difference in magnetic susceptibility of hemoglobin
molecules, which depends on their oxygenation state. When in the presence of a stimulus
or task, neural activity occurs, causing local oxygen demand for energy production, which is
supplied by the blood vessels through increasing local cerebral blood flow. As the increase
is greater than the demand, there is a decrease in the oxygen extraction fraction, causing an
increase in T2*-weighted MRI signal (14). As the BOLD signal comes from vessels larger than
capillaries, there is low spatial specificity regarding the neuronal activity. In contrast, because
of its sensitivity and temporal resolution, BOLD-MRI is useful in functional studies with or
without tasks (15).

FC s of great value considering its biological basis and its description in terms of brain
organization in functional networks. A functional network can be broadly defined as a set
of brain regions that show consistent synchronous activity, with FC between two or more
regions due to synchronization within or between networks. FC is also studied using the
effective connectivity (EC) concept, a complementary approach that relies on the biophysics

of context-sensitive neuronal mechanisms.

EC is defined as how one region influences or causes activity in another during the
particular neural process (17). It can be modeled using dynamic causal modeling (DCM)
that estimates and makes inferences over the neuronal coupling and its changes due to the
controlled experimental disturbance (55). It uses a realistic coupled neurovascular model
and estimates its parameters such as those from the bilinear neural state: the endogenous
connectivity, the modulatory connectivity, and the driving inputs. DCM presents advantages
over similar methods due to its more plausible generative model of measured brain responses,

once it considers their nonlinear and dynamic nature (55).

In this context, we evaluated the brain functional integration in response to the ex-
ecution of a cognitive task, the Symbol Digit Modalities Test (SDMT) (20), which evaluates
information processing speed (IPS), adapted to the MRI environment (27, 23). IPS was chosen
because several cognitive functions require sufficient speed for relevant operations to be
performed within the allowed timeframe; delayed IPS usually underlies attention deficits (18).
Therefore, we investigated the dynamics of the IPS functional network, its relationship with
the structural network, and the cognitive performance of IPS in healthy individuals based on
multimodal MRI and neuropsychological evaluation. We hypothesize that SC constrains but
does not determine FC, and their relationship is closely related to IPS cognitive performance
assessed by the SDMT.

3.2 Methods

Participants and cognitive evaluation

Fourteen right-handed Portuguese speakers, both genders (nine men, five women),



Chapter 3. Brain Structural-Functional Connectivity Relationship Underlying the Processing Speed 29

with a mean age of 28 — 7 years (range: 18-43 years), asymptomatic for neurological and psy-
chiatric disorders, were recruited. The research ethics committee of the institution approved
the study. Exclusion criteria were abuse of alcohol or illicit drugs verified by the CAGE ques-
tionnaire (56); sensory or motor problems that could interfere with task performance, verified
by the 9-Hole Peg Test (57); previous experience with cognitive tests for 6 months; language
other than Portuguese; psychiatric disorders; presence of partial or total carotid stenosis,
unilateral or bilateral; presence of injury from stroke or brain tumor; MRI contraindications;

claustrophobia; myopia; and pregnancy.

The cognitive evaluation was performed by a neuropsychologist or supervised trainee
to investigate differences within the group. The oral and written versions of the SDMT (Lezak
et al., 2012) were administered according to the manual instructions. In brief, the SDMT
(20) presents a key of numbers paired with symbols, followed by rows of symbols to which
the participant provides the correct numbers as rapidly as possible, orally (0SDMT) or writ-
ten (WSDMT). The higher the SDMT score, the better the information processing speed

performance.

Image acquisition

MRI was performed on a 3T system (Philips Achieva, The Netherlands), using a full-
body transmission coil and a dedicated 32-channel head coil for signal reception. BOLD
images were acquired using a 2D echo-planar imaging (EPI) sequence with the following
parameters: time of repetition (TR)/time of echo (TE) = 2000/30 ms, flip angle = 80°, matrix =
80 - 80, field-of-view (FOV) = 240 - 240 mm? , number of slices = 31, slice thickness = 4 mm, gap
between slices = 0.5 mm, number of repetitions = 165 (during task) and 200 (during resting

state).

Diffusion-weighted imaging was acquired using a spin-echo sequence with EPI read-
out, and the following parameters: TR/TE = 9300/54 ms, pixel size = 2 - 2 mm?, slice thickness
=2 mm, EPI factor = 67, FOV = 256 - 256 mm?, acquisition matrix = 128 - 128 pixels, 60 slices,
33 diffusion gradients (32 with b = 1000 s/mm? and 1 with b = 0), and overplus = no. For
anatomical reference, images were acquired using a T1-weighted gradient-echo sequence
with the following parameters: TR/TE = 7/3 ms, flip angle = 8°, matrix = 240 - 240, FOV = 240 -

240 mmz2, number of slices = 160, and slice thickness = 1 mm.

SDMT task for fMRI

The block-designed paradigm consisted of five 30-sec blocks of task intercalated by six
30-sec blocks of control. The task was an adaptation of the SDMT test. As previously described,
the participants should associate numbers with corresponding symbols based on a “response
key.” During each task block, a symbol was displayed every 2 sec, totaling 15 symbols per

block. During control blocks, a number was displayed every 2 sec, totaling 15 numbers per
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block, and the participant should silently read the displayed number (23).

The commands were developed in PsychoPy (58), and presented on a monitor posi-
tioned in front of the MRI machine. The participant viewed the monitor through a mirror
system coupled to the head coil. Before image acquisition, all participants were instructed to
perform the task inside the MRI environment. Details about the task adaptation are available

in a previous study (23).

Image processing and analysis

Functional images. Functional image preprocessing was performed using the Statisti-
cal Parametric Mapping (SPM12), and included reorientation using the anterior commissure
as reference point for the origin; slice time correction; realignment for correction of motion
artifacts; coregistration with anatomical images; normalization to Montreal Neurological In-
stitute (MNI) space; and spatial smoothing using a Gaussian filter (full width at half maximum

=6 mm).

Statistical parametric maps were obtained for each subject and the group, using the
General Linear Model with a boxcar regressor convolved with a canonical hemodynamic
response function (p-FDR < 0.01, cluster size [k] = 50 voxels). Based on a previous meta-
analysis (23) and the obtained activation maps, a task-related template was created using
the WFU PickAtlas Toolbox (59), and included eight regions: left and right middle frontal gyri
(MFG, Brodmann area [BA] 6), left superior parietal lobule (SPL, BA 7), left precuneus (BA 7),
left inferior frontal gyrus (IFG, BA 9), right cuneus (BA 17), left lingual gyrus (BA 17), and left
declive (portion of cerebellum). More details about the activation maps and the regions of

interest were previously reported (23).

We used the CONN toolbox (60) to assess the FC among regions during task perfor-
mance. First, to remove unwanted fluctuations in BOLD signal, we used motion correction
residual and their first-time derivatives, global signals of white matter and cerebrospinal
fluid, and finite impulse response task timing, as regressors (61). We performed a region of
interest (ROI)-to-ROI analysis considering the task-related templates. A correlation matrix
was obtained from the bivariate correlation between the time series of each ROI. Correlation

values were considered significant for p < 0.05, corrected for false discovery rate (FDR).

We used the DCM12 implemented in SPM12 to assess EC and investigate the best
network model considering task-positive regions. Task-related regions were inserted as nodes
in three models for the EC analysis. The first model was created based on the FC analysis,
considering bidirectional connections (top-down and bottom-up) and signal propagation
from visual, through cognitive, up to motor regions. The second and third models considered
only top-down and bottom-up connections, respectively, of the first model. For each node,

we considered the principal component extracted from the set of time series of all voxels that
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constitute each ROI. Intrinsic connections were considered within and between each region
(node).

For DCM, we used parametric regressors for “all SDMT” contrast as a single input, and
“SDMT minus control” contrast as a modulator of EC (62). The first regressor (“all SDMT minus
implicit baseline”) modeled nonspecific information-processing effects relative to baseline,
whereas the second regressor (“SDMT minus control”) modeled information-processing
effects during SDMT performance. Such regressors were orthogonal to each other. We used
Bayesian model selection (BMS) to choose the best model and obtain EC parameters (endoge-
nous connections, modulations, and driving inputs). The BMS determines the most likely
random effects model among a set of hypotheses about the mechanisms that generated the

observed data considering between-subjects heterogeneity.

The model evidence or the probability that the data are explained by the model is
approximated by the negative variational free energy as an optimal compromise between
accuracy and complexity of a model and is used to compare among alternative models (63).
The best model was chosen based on the expected probability and exceedance probability.
The former represents the probability that a specific model generated the data of a randomly
chosen subject, and the latter represents the probability that a model is more likely than the
other models (64).

Endogenous and modulatory connectivity parameters of the winning model were
correlated with the SC metrics, described later in the text (65, 66). The endogenous (forward
and backward) and modulatory (backward) connectivity among regions are rates of change (in
units of hertz) expressing what one region causes in others due to intrinsic and experimental
conditions, respectively. If the value is positive, it is said that the connection is excitatory, with
one region causing an increase in the activity of the other region; otherwise, the connection is

inhibitory, with one region causing a suppression in the activity of the other region (67, 68).

Diffusion-weighted images. First, we performed eddy current and motion correction
(69), and extracted the brain (70) of diffusion-weighted images using the FSL (71). Then,
using DSI Studio, we reconstructed the images in the MNI space using q-space diffeomorphic
reconstruction (53) to obtain the spin distribution function (65). A diffusion sampling length
ratio of 1.25 was used. The restricted diffusion was quantified using restricted diffusion
imaging (66) and a deterministic fiber tracking algorithm (72) was used with a quantitative
anisotropy (QA) threshold of 0.0455 (73).

We performed a preliminary study to determine the best angular threshold setting that
gives similar results as the tractography atlas (74), testing for 40°, 50°, 60°, 70°, and 80°. The
step size was 0.5 mm. Then, the fiber trajectories were smoothed by averaging the propagation
direction with a percentage of the previous one. The percentage was randomly selected from

0% to 95%. Tracks with a length <10 or >400 mm were discarded. A total of 106 seeds were
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placed.

We calculated several SC metrics for each tract linking two cortical regions from task-
related template: number, volume, and length of the tracts; fractional anisotropy (FA); axial
(AD), radial (RD), and mean diffusivities (MD) in unit of 10~3mm2/s; QA and normalized
quantitative anisotropy (NQA); isotropic diffusion component (ISO); and density of restricted

diffusion (RDI) and nonrestricted diffusion (nRDI) given a displacement distance (65, 66).

Statistics

Demographic variables, neuropsychological scores, and BOLD metrics were evaluated
with the Shapiro-Wilk normality test ( p < 0.05). Once they presented normal distribution,
parametric Pearson’s correlation was performed among the described structural, functional,
and cognitive measures. Otherwise, we used the nonparametric Spearman correlation. More-
over, SC measures of each tract were obtained and correlated with EC measures from the
respective cortical regions pair. Both SC and EC measures from each tract/associated cortical
regions pair were correlated with both written and oral SDMT scores. We considered signif-
icant correlations at p < 0.05. We also used the Bonferroni’s method to correct for multiple

comparisons.

3.3 Results

Demography and neuropsychological evaluation

The sample consisted of 14 participants (5 women) with a mean age of 28 + 7 years.
Most of them (78.6%) had >12 years of education (17 + 4 years). Mean scores of wWSDMT and
oSDMT were 55.6 — 7.71 and 59.2 — 12.1, respectively, which are consistent for cognitively
healthy subjects.

Brain connectivity

The statistical parametric map for the whole group showed activations in all regions
of the task-related template. Task-based FC patterns showed interactions among all regions
of the network (Figure 1). Random effects BMS considering the three models and based on
modulatory parameters showed that the top-down model (Figure 2, model 3) presented the
highest expected probability (0.415) and exceedance probability (0.585).
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Figure 1 - Functional connectivity analysis using bivariate Pearson’s correlation and task-
related regions. SDMT coactivation matrix: the ellipsoid shape is related to the
correlation strength; circles represent low correlation, whereas ellipses represent
high correlation. Asterisks indicate significant correlations for p-FDR < 0.05. MFG,
middle frontal gyrus; SDMT, Symbol Digit Modalities Test; SPL, superior parietal
lobule.
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Figure 2 — Results of Bayesian model selection. Bar charts show the expected model prob-
abilities (a) and exceedance probabilities (b) of bidirectional (1), bottom-up (2),
and top-down (3) models. (c) The top-down model was the winner. BA, Brodmann
area; Cun, right cuneus (BA 17); Dec, left declive; IFG, left inferior frontal gyrus
(BA 9); IMFG, left middle frontal gyrus (BA 6); LG, left lingual gyrus (BA 17); Prec,
left precuneus (BA 7); tMFG, right middle frontal gyrus (BA 6); SPL, left superior
parietal lobule (BA 7).
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For the structural analysis, we obtained the tracts from a preliminary study (Supple-
mentary Table S1) using the HCP1021 tractography atlas to identify the fibers passing through
every two ROI pairs from which task-based FC survived the FDR correction. All pairs of ROIs
were connected by at least one tract, except for the left declive with the left IFG. Moreover, the

corpus callosum tract connected most of the regions.

IPS structural and EC relationship

The correlations between SC and EC parameters showed significant associations in-
volving interactions among 19 pairs of cortical regions. When considering only statistically
significant associations after correcting for multiple comparisons, we mainly observed cor-
relation of endogenous backward EC metrics with the tract length, MD, AD, and RDI from
five cortical pairs (Table 1 and Figure 3). Moreover, most of these associations involved the

precuneus or the declive.

IPS SC and SDMT performance relationship

When considering only statistically significant associations after correcting for mul-
tiple comparisons, we found negative correlations between the scores of the SDMT and
diffusivity metrics of the corpus callosum connecting six pairs of cortical regions (Table 2 and

Figure 4).

When considering associations without multiple comparisons and for p < 0.05, the
correlations between SC parameters and cognitive scores showed significant associations
involving interactions among 19 pairs of cortical regions. The associations presented a consis-
tent pattern: tract’s physical characteristics such as volume and number correlated positively
with cognitive scores, whereas MD, RD, AD, and NQA presented negative associations with
both oSDMT and wSDMT scores. It was not possible to identify a correlation pattern of
FA and tract length with cognitive scores due to a similar number of positive and negative

correlations.

IPS EC and SDMT performance relationship

We found only one significant association after correcting for multiple comparisons
using a less restricted p-value (p < 0.15): endogenous backward connections between left
declive and right cuneus correlated with oSDMT scores. However, when considering no
correction for multiple comparisons, the correlations between EC parameters and cognitive
scores showed significant associations involving interactions mainly among 6 of the 22 pairs of
cortical regions: right cuneus with left declive, left precuneus, and right MFG, and left lingual
gyrus with left SPL. The corpus callosum tract appeared in five connections. Modulatory
connections showed mainly positive associations with both scores, whereas endogenous

connections correlated mainly negatively with cognitive scores.
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Figure 3 — Associations between (a) mean diffusivity and endogenous backward measures
of the right cuneus (BA 17) and left declive considering the corpus callosum and
cerebellum tracts, (b) tract length and endogenous backward measures of the
left precuneus BA (7) and left middle frontal gyrus (BA 6) considering the corpus
callosum tract, (c) tract number and endogenous backward measures of the left
inferior frontal gyrus (BA 9) and left middle frontal gyrus (BA 6), considering the left
corticostriatal pathway tract, and (d) RDI_02L mean and endogenous backward
measures of the left lingual gyrus (BA 17) and left declive considering the left inferior
longitudinal fasciculus. Cortical pairs, their related tract, sample number, r and
p-values are shown. *Is statistically significant at p < 0.1 after multiple comparison
correction using the Bonferroni method. **Is statistically significant at p < 0.05 after
multiple comparison correction using Bonferroni method.

Structural-functional connectivity relationship underlying IPS performance

When considering only statistically significant associations after correcting for multi-
ple comparisons, the following structural-functional significant relationship was associated
with oSDMT performance: endogenous backward connections between left declive and right

cuneus correlated with AD measurement of corpus callosum tract (5a).

When considering associations without such a correction, the following structural-functional
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Table 1 — Correlations Between Structural and Effective Connectivity Measures. AD, axial
diffusivity; BA, Brodmann area; FA, fractional anisotropy; ISO, isotropic diffusion
component; MD, mean diffusivity; nRDI, density of nonrestricted diffusion in
a displacement L; r, Pearson correlation coefficient; RDI, density of restricted
diffusion; q, Spearman correlation coefficient. *Statistically significant at p < 0.1
after multiple comparison correction using Bonferroni method.

Cortical Regions Pair

Tracts

Effective connectivity parameters

Structural Connectivity Measures

(Statistics)

right Cuneus (BA 17) - left
Declive

left Lingual Gyrus (BA 17)
- left Declive

left Precuneus (BA 7) - left
Inferior Frontal Gyrus (BA
9)

left Precuneus (BA 7) - left
Middle Frontal Gyrus (BA
6)

left Inferior Frontal Gyrus
(BA9) - left Middle Frontal
Gyrus (BA 6)

corpus callosum

cerebellum

left inferior longitudinal

fasciculus

corpus callosum

left cerebellum

left u fiber (n = 8)

corpus callosum

left cortico striatal path-
way

Endogenous Backward
Endogenous Backward

Endogenous Backward

Endogenous Backward

Endogenous Backward

Endogenous Forward

Endogenous Backward

Endogenous Backward

MD (r = 0.76, p = 0.002)!

AD (r=0.73, p = 0.003)!

MD (r=0.72, p = 0.004)!
RDI_02 (r=0.77, p = 0.001)2
RDI_04 (r=0.77, p = 0.001)2
RDI_06 (r=0.77, p = 0.001)?
RDI_08 (r = 0.77, p = 0.001)2
RDI_10 (r = 0.77, p = 0.001)2
RDI_12 (r = 0.77, p = 0.001)2
nRDI_02 (r = 0.77, p = 0.001)2
nRDI_04 (r = 0.77, p =0.001)2
nRDI_06 (r = 0.77, p = 0.001)2
RDI_02 (r=0.71, p = 0.004)!
RDI_04 (r = 0.71, p = 0.004)!
RDI_06 (r=0.71, p = 0.004)!
ISO (r=0.72, p = 0.003)!
RDI_02 (r = 0.73, p = 0.003)!
RDI_04 (r =0.73, p = 0.003)’
RDI_06 (r = 0.73, p = 0.003)!
RDI_08 (r =0.73, p = 0.003)*
RDI_10 (r = 0.73, p = 0.003)!
RDI_12 (r=0.73, p = 0.003)"
nRDI_02 (r =0.73, p = 0.003)’
nRDI_04 (r = 0.72, p = 0.003)!
ISO (p = 0.90, p = 0.002)?
RDI_02 (p = 0.90, p = 0.002)?
RDI_04 (p = 0.90, p = 0.002)2
RDI_06 (p = 0.90, p = 0.002)2
RDI_08 (p = 0.90, p = 0.002)2
RDI_10 (p = 0.90, p = 0.002)2
RDI_12 (p = 0.90, p = 0.002)%
nRDI_02 (p = 0.90, p = 0.002)2
nRDI_04 (p = 0.90, p = 0.002)?
nRDI_06 (p = 0.95, p = 0.000)2

Tract length (r = 0.75, p = 0.002)2

Tract number (r=0.71, p = 0.0035)2

[1] Statistically significant at p < 0.1 after multiple comparison correction using Bonferroni method.
[2] Statistically significant at p < 0.05 after multiple comparison correction using Bonferroni method..

significant relationships were associated with oSDMT performance: endogenous backward

connections between left declive and right cuneus correlated with MD and AD measures of

corpus callosum tract (5a), and MD, AD, and RD values of right u fiber tract (5b); endogenous

forward connectivity between right cuneus and left precuneus correlated with AD and RD

measures of corpus callosum (5c¢); modulatory connectivity values between right cuneus and

left precuneus correlated with RD values of right cingulum tract (5d). Moreover, the correla-

tion of the endogenous forward connectivity between right cuneus and left precuneus with
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Figure 4 — Associations between (a) axial diffusivity and oSDMT scores, (b) axial diffusivity and
wSDMT scores, (c) mean diffusivity and wSDMT scores, and (d) tract length and
oSDMT scores. Cortical pairs, their related tract, sample number, 1, and p-values
are shown. o, oral; w, written.

AD measures of the corpus callosum tract (5a), and right u fiber tract (5a), showed significant

association with the wSDMT performance.

3.4 Discussion

We investigated the dynamics of functional networks in response to the execution of
an MRI-adapted cognitive task (SDMT), which evaluates IPS, their relationship with structural
networks, and cognitive performance in healthy individuals, based on empirical data obtained

from multimodal MRI and neuropsychological evaluation.

The dynamics of functional networks were studied using BOLD-fMRI data and DCM,
which allows specifying models of EC among selected brain areas, to estimate their parameters
(endogenous and modulatory connections) and compare hypotheses (67). Our winning

model among the tested hypotheses was the one with top-down modulations. Top-down
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Table 2 — Correlations Between Structural Connectivity Measures and SDMT. o, oral; RD,
radial diffusivity; SDMT, Symbol Digit Modalities Test; w, written.

Structural Connectivity Measures

Cortical Regions Pair Tracts Neuropsychological measures (Statistics)

right Cuneus (BA 17) - left

. _ 1
Dedlive corpus callosum oSDMT AD (r=-0.71, p = 0.0035)
left Lingual Gyrus (BA 17) . _ _ 1
left Declive vermis wSDMT FA (r=0.77, p=0.002)

MD (r =-0.91, p = 0.000) 2
corpus callosum oSDMT AD (r=-0.80, p =0.001) 2
RD (r = -0.86, p = 0.000)2
MD (r = -0.75, p = 0.002) !

left Lingual Gyrus (BA 17)
- left Precuneus (BA 7)

wSDMT AD (r=-0.73, p = 0.003) |
left Declive - left Superior =~ middle cerebellar pedun- B B 2
Parietal Lobule (BA 7) cle (n=9) wSDMT Tract volume (p = 0.93, p = 0.000)
left Superior Parietal Lob-
ule (BA 7) - right Middle  corpus callosum oSDMT Tract length (r = -0.73, p = 0.003) !

Frontal Gyrus (BA 6)

left Inferior Frontal Gyrus

(BA 9) - right Middle corpus callosum (n=10) wSDMT
Frontal Gyrus (BA 6)

MD (r = -0.86, p = 0.001) 2
RD (r =-0.88, p = 0.001) 2

[1] Statistically significant at p < 0.1 after multiple comparison correction using Bonferroni method.
[2] Statistically significant at p < 0.05 after multiple comparison correction using Bonferroni method..

visual attention is described as a voluntary process that selects internally and focuses upon a
particular thing of interest (29), as the association between the symbols and the number in
the SDMT task. Studies suggest that the prefrontal cortex and areas in the posterior parietal
cortex are the source regions related to not only the top-down process but also the bottom-up

process (75).

The top-down and bottom-up processes have been widely considered as two systems
responsible for attentional demands, both being critical for efficient information processing
(76). It can be the reason behind the considerable exceedance probability involving bottom-
up and bidirectional models, even if the top-down model was the dominant one in our study.
Moreover, intersubject variability regarding strategies to achieve goal-directed behavior may

explain that result.

Our results about the IPS structural and EC relationship show a positive association
between the diffusion parameters and tract features between two cortical regions and the
effects on endogenous connections across these regions. On the contrary, lower diffusivity
parameters and lower tract characteristics tend to cause inhibitory effects in intrinsic con-
nections. As an exploratory analysis, results suggest a step further in the understanding of
structure—function relationship. As diffusivity and tracts features decrease, both the excitatory
additive changes in endogenous connections and the inhibitory influences in intrinsic con-
nections among regions increase. This is due to the modulation impinged by the experimental

conditions.

Different methodologies were previously used to assess SC and its relationship with



Chapter 3. Brain Structural-Functional Connectivity Relationship Underlying the Processing Speed 40

Figure 5 — Individual deterministic tractography results regarding structural-functional corre-
lates related to SDMT performance. (a) Corpus callosum tract crossing right cuneus
(BA 17) and left precuneus (BA 7), (b) right u fiber tract crossing right cuneus (BA
17) and left precuneus (BA 7), (c) corpus callosum tract crossing right cuneus (BA
17) and left declive and (d) right cingulum tract crossing right cuneus (BA 17) and
left precuneus (BA 7). Anatomical masks of the right cuneus (yellow), left precuneus
(orange), and left declive (pink) are represented. Tracts’ colors represent their direc-
tionality. L, lateral; P, posterior; S, superior.

function and cognition. Huang and Ding (77) reported that conditional Granger causality
(GC) correlated significantly with the weight of the edges of the structural network, suggesting
that observed using metrics obtained from deterministic tractography within resting-state
networks, although no convergence with resting-state FC changes was found (78). Resting-
state FC was shown to be constrained by the large-scale anatomical structure using fiber

counts among 66 cortical regions (48).

Graph analysis using fiber bundles FA, MD, AD, and RD connectivity matrices showed
that children with the highest intellectual abilities present strong inter- and intrahemispheric
white matter integrity (79). In our study, we considered DCM as the measure of EC, which

is complementary to the GC (80). GC characterizes EC with a generic inferential approach,
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whereas DCM focuses on specific models previously selected, describing hidden dynamics
from observations. Our choice relies on the fact that DCM englobes a biologically plausible
background (81), providing a more reliable interpretation of our results. Concerning the struc-
tural measures, we decided to evaluate diffusion parameters with neurobiological background

and wide application in clinical studies.

Moreover, our study provides a methodology wherein SC analysis is performed be-
tween cortical regions related to the performance of a cognitive task, assessed by the statistical
parametric map (in opposition to the inclusion of all cortical regions or fiber bundles from
atlas) and inserted in functional and EC analysis of task-based data (in contraposition to the
usual resting-state data). Although some studies reported associations between structure and
function and others between structure and cognition, we were able to identify associations
among structure-function—cognition, providing a more complete method of analysis of such

a challenging question.

Moreover, recent studies have reported altered measures of SC, such as MD, RD, and
AD in different diseases. Increased MD, RD, and AD values were found when comparing
progressive supranuclear palsy—Richardson’s syndrome patients with Parkinson’s disease
patients, conditions with complicated diagnostic accuracy due to its similar clinical symptoms
(82). Another study stated that MD is an essential correlate of cognition and predictor of motor

impairment in Parkinson’s disease, allowing its stratification (83).

Higher MD in specific white matter regions was significantly correlated with Alzheimer’s
disease stage, clinical severity (84), and preceding dementia symptoms (85). RD correlated
positively with worse sleep quality scores, whereas both MD and RD were associated with
increased depressive symptoms in individuals with mild traumatic brain injuries when com-
pared with healthy controls (86). Higher MD values also correlated with aging (78). Therefore,
once MD, RD, and AD correlated significantly with both functional and cognitive measures
in our healthy group and presented associations with various conditions reported in recent
publications even with various methodologies, we suggest that the methodology we used can

be a useful tool to investigate diseases that presents alterations in diffusivity measures.

Notably, both diffusivity measurements (such as MD, AD, and RD) and density mea-
surements (such as QA, ISO, RDI, and nRDI), and tract features (tract volume and length)
correlated significantly with EC metrics and cognitive score. Diffusivity measurements are
more sensitive to identify pathological conditions, whereas density measurements are better
to detect individual and physiological differences (53). In clinical applications, it can be useful
to detect the structural intactness using the diffusivity measurements and to evaluate the SC
using density measurements, once the latter quantifies the total amount of diffusing water
(53).

Regarding the structural-functional connectivity correlates of IPS performance, we

found associations related to the connection between the right cuneus, left precuneus, and left
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declive. It was previously shown that the posterior part of precuneus has strong connections
with the cuneus, related to visual information processing (87). In addition, the precuneus is
considered “pivotal for conscious information processing” (88), once its disruption has been
linked to impaired consciousness pathophysiological conditions such as vegetative state,

Alzheimer’s disease, and schizophrenia (88).

It was also shown that the posterior lobe of the cerebellum is responsible for visual
perceptual learning (89). The visual information processing requires coordinated processing
in time to enable appropriate behavior. Once the categorization of visual images is related to
many stages, it can be affected by any of the processing stages (90). Then, perceptual learning
can improve visual processing speed, and due to the many stages of processing, it can also
improve nontrained visual functions. Our findings suggest the importance of such areas in
IPS performance, suggesting that interindividual variability in SDMT scores can be related to

the structural-functional connectivity differences.

Despite the interesting findings, our study also has some limitations. Regarding our
sample size (n = 14), it was reported that in DCM studies, the number of subjects required for
a study to observe the effect of interest is similar for detecting group activation in fMRI studies
(91), with 12 volunteers providing 80% of power (92). In addition, different DCM models and
nodes can be tested to address individual variability and clinical groups. More specifically,
due to brain changes in clinical conditions, other ROIs can be part of the IPS network to
perform the task. Such changes must be considered to get more reliable EC parameters.
Finally, confounders such as age and gender can also be included in future analyses to find

stronger associations.

Itis also important to note that our hypothesis is broad and encompasses a challenging
question in neurosciences, that is, the relationship between brain function and cognition
and its underlying structure. In this exploratory study, we also considered results without
correcting for multiple comparisons. As reported before, in cases of confirmatory studies,
which can cause a change in clinical practice or approval of a new treatment, it is more
important to guard against the possibility of false-positive results. In the case of exploratory
studies or post-hoc analysis of existing data, a strict adjustment for multiple comparisons is
less critical. Then, we also considered no correction for multiple comparisons to explore the
results. However, we also added the findings that survived such a correction to assess which

parameters best fit our general hypothesis.

Increasing the number of subjects, applying to different cognitive domains, and in
clinical groups are the next steps to make our results well grounded and allow the asking for

more precise hypotheses.
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3.5 Conclusion

Our findings suggest that IPS functional network is related to the highest SDMT scores
when its effective endogenous connections are suppressed to the detriment of modulation
caused by the experimental conditions, with the underlying structure providing low diffusivity
(as measured by MD, RD and AD) and density diffusion (as measured by NQA) environments.
Therefore, IPS SC network constrains but does not determine IPS FC network, and both are
related to the SDMT performance. Moreover, the use of neuroimaging techniques such as
multimodal MRI, sophisticated computational data modeling with increasingly plausible
neurobiological background, and neuropsychological tests seems to be useful to provide
more reliable and robust information about the structure—function—cognition relationship
assessed by cognitive tasks.

This study was already published (93).
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4 Non-classical behavior of the Default Mode Network (DMN)

regions during an Information Processing task

4.1 Introduction

The human brain at rest, when mind-wandering, shows patterns of connectivity
among distinct brain regions that seem to reflect intrinsic characteristics of neural organiza-
tion (94). In such a context, the behavior of the Default Mode Network (DMN) has aroused
interest, including its association with cognition and regulation of attention (95). The four
DMN nodes are the precuneus/posterior cingulate cortex (PCC), the medial prefrontal cortex
(mPFC), and left and right lateral parietal (LP) lobules (60). This network shows higher activa-
tion at rest and deactivation during the performance of goal-directed tasks, where behavior is
oriented toward achieving a particular goal and requires the focus and selection of relevant
information in the scenario (96). However, despite the consensus on the antagonistic role of
the DMN during task performance, recent studies have shown the opposite behavior in some
cases, with regions of the network possibly exhibiting different connectivity patterns from
and into the network as a whole (87, 97, 94, 98, 99, 100).

One of the four regions of the DMN functional template — the DMN-PCC node -
comprises portions of the PCC and precuneus in a single area (60, 94). While many studies
considered the DMN-PCC node as an indivisible structure (101, 102, 103, 104), studies have
shown structural and functional differences within this region (87, 105). Leech et al. reported
that the DMN-PCC is considered the functional core of the DMN, but presents different
connectivity pattern from the whole network. The dorsal portion of this region showed
connectivity with both DMN and task-positive networks at rest. However, as task difficulty
increases, its ventral and dorsal portions present opposite behaviors from the entire DMN
(97). Increased activation in such a region has also been reported during emotional stimulus

processing (106), autobiographical memory retrieval (107), and reward outcome (108).

Moreover, although the precuneus has presented a high rate of metabolism during the
resting state (109), it has shown connectivity patterns involving higher association regions,
suggesting an essential role in integrating both internally and externally driven information
(88). Considered as a region separated from the DMN-PCC node, the precuneus has shown a
positive association with an Information Processing Speed (IPS) task (27), the same used in
the present study. Besides, the angular gyrus, included in the DMN-LP node, is also involved
in different tasks such as visuospatial perception (110), visuospatial attention decision making
(111), imagined music performance (112), and semantic processing (113). Different functional
properties were also expressed in the left and right angular gyrus (114). Such results suggest

that the DMN regions have important multimodal cognitive roles, functional activation, and
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connectivity patterns. However, there is no consensus about what such roles and patterns are.

IPS is an individual cognitive ability defined as “the amount of time required to process
a set of information or the amount of information that can be processed in a certain unit
of time” (19). IPS-related deficits are present in several clinical and neurological diseases
(115, 116, 117, 118, 26, 119, 120, 121). Therefore, the integrity of brain regions and their
functional connections are essential for this cognitive function. The Symbol Digit Modalities
Test (SDMT), a screening neuropsychology tool created by Smith (20), is the gold-standard
to assess IPS. Due to the consensus over its easy application, shorter time, low cost, and not
exhausting for the patient (122, 22, 123), the SDMT has been used to study IPS deficits in
a variety of clinical and neurological conditions, including traumatic brain injury (TBI) in
adults (116, 118), Alzheimer’s disease (117), Parkinson’s disease (119), Huntington’s disease

(115), small vessel disease (120), depression (121), and multiple sclerosis (MS) (26).

Beyond its presence and severity evaluated by a neuropsychological test, IPS impair-
ment should be assessed regarding its brain function network. In this context, the functional
Magnetic Resonance Imaging (fMRI) based on the blood oxygenation level-dependent con-
trast (BOLD-fMRI) is a preferable technique due to its non-invasive nature and a reasonable
level of reliability (124). A recent meta-analysis reported that the bilateral middle frontal gyri
(Brodmann Area (BA) 6,) left inferior frontal gyrus (BA 9), left declive (cerebellum portion),
left superior parietal lobule (BA 7), right cuneus (BA 17), left lingual gyrus (BA 17), and left
precuneus (BA 7) are related to the performance of an adapted version of the SDMT inside the
MRI scanner (23). The four DMN nodes were also associated with SDMT task performance

within the MRI environment (27).

Optimal DMN suppression during tasks demanding external focus, such as the IPS,
has been considered essential for healthy cognition (96). However, DMN regions have shown
distinct connectivity patterns during goal-directed tasks. Therefore, we investigated the
activation and functional connectivity of the DMN regions in young, healthy controls during
the performance of the SDMT task adapted for the BOLD-fMRI experiment.

4.2 Methods

Participants

Twenty-four right-handed volunteers, mean age of 29 + 7 years (14 men, 21-43 years;
10 women, 18-35 years), native Portuguese speakers, both genders, minimum age of 18 years,
asymptomatic for neurological and psychiatric disorders, were recruited. The Research Ethics
Committees of the Faculty of Philosophy, Sciences, and Letters of Ribeirao Preto (FFCLRP),
and the Clinical Hospital, both of the University of Sao Paulo, have approved the study. Written
informed consent was obtained from all participants before their participation. Exclusion

criteria included abuse of alcohol or illicit drugs verified by the CAGE questionnaire (O’Brien,
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2008); sensory or motor problems, confirmed by the 9-HPT (57); previous experience with
cognitive tests for six months; language other than Portuguese; psychiatric disorders; the
presence of partial or total carotid stenosis, unilateral or bilateral; the presence of injury from
stroke or brain tumor; magnetic resonance imaging (MRI) contraindications; claustrophobia;

and myopia.

Cognitive evaluation

A neuropsychologist performed the cognitive assessment. The oral and written ver-
sions of the SDMT were applied according to the manual instructions. In brief, the SDMT
presents a key of numbers paired with symbols, followed by rows of symbols to which the
participant provides the correspondent numbers as rapidly as possible, orally (0SDMT) or
written (WSDMT) (20, 122). The higher the SDMT score, the better the information processing

speed performance.

Image acquisition

MRI was performed on a 3T system, using a full-body transmission coil and a ded-
icated 32-channel head coil for signal reception. BOLD images were acquired using a 2D
EPI sequence with the following parameters: TR/TE = 2000/30 ms, flip angle = 80°, matrix =
80 x 80, FOV = 240 x 240 mm2, number of slices = 31, slice thickness = 4 mm, gap between
slices = 0.5 mm, number of repetitions = 165 (during task) and 200 (during resting state). For
anatomical reference, images were acquired using a T1-weighted gradient-echo sequence
with the following parameters: TR/TE = 7/3 ms, flip angle = 8°, matrix = 240 x 240, FOV = 240 x
240 mm2, number of slices = 160, slice thickness = 1mm. Pads were used next to the patients’

heads to add comfort and reduce movement.

We acquired both task-based (section SDMT task for fMRI) and resting-state fMRI
(section Resting-state fMRI) data. Task-based data was used in both functional localization
and connectivity analysis. Resting-state data was used to compare with task condition in
functional connectivity analysis to isolate better FC effects specific to the task-state since
there is evidence that the spontaneous covariance present during the resting-state is also

present during the performance of a task (61).

SDMT task for fMRI

The block-designed paradigm consisted of five blocks of task performance (30 seconds
each) intercalated by six blocks of control (30 seconds each). The task was an adaptation
of the SDMT test, as previously described (23). Briefly, during each task block, a symbol
was displayed every 2 seconds, totaling 15 symbols per block, and the participants should
mentally associate the numbers with the corresponding symbols based on a response key.

During control blocks, a number was displayed every 2 seconds, totaling 15 numbers per block,
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and the participant should silently read the displayed number. The stimuli were designed
using PsychoPy (58) and presented on a monitor positioned in front of the MRI machine. The

participant viewed the monitor through a mirror system coupled to the head coil.

Resting-state fMRI

During the resting-state (RS) acquisition, participants were asked to stay still with their
eyes fixed on a cross and in the absence of any specific thought or intention. The acquisition

occurred before the task-based scan and lasted 6 minutes and 40 seconds.

Image preprocessing

Image preprocessing was performed using the Statistical Parametric Mapping soft-
ware SPM12 <www.fil.ion.ucl.ac.uk/spm/>. The procedure for BOLD-based images included
reorientation using the anterior commissure as the origin; slice time correction; realignment
to account for head movement during acquisition using a six-parameter (rigid body) spatial
transformation (125); and co-registration with anatomical images. T1-weighted images were
segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) (126).
Functional and structural images were normalized to the standard Montreal Neurological
Institute (MNI) space. Finally, fMRI images were smoothed using a Gaussian filter (FWHM = 6

mm).

For quality control for head motion during fMRI acquisition, we calculated frame-wise
displacement (FD), mean FD, and the root mean squared (RMS) values of the realignment
estimates (127, 128). FD provides an index for head movement from one volume to the next
and is calculated as the sum of the absolute values of the differentiated realignment estimates
at every timepoint. We used a MATLAB code from the BRAMILA pipeline v2.0 to calculate
both FD and RMS (available at <https://git.becs.aalto.fi/bml/bramila/>). We adopted the
threshold of maximum FD of 2mm or 2° (129), mean FD of 0.5mm or 0.5°, and RMS movement
of 0.5 mm or 0.5°. Subjects with any acquisition exceeding these thresholds were removed

from the analysis.

Functional localization

A statistical parametric map was obtained for the group using a one-sample t-test
General Linear Model (GLM) with a boxcar regressor convolved with a canonical hemody-
namic response function. The contrast images of task versus control were used as dependent
variables. The group-level analysis considered a voxelwise threshold of two-sided p = 0.001
(Chen et al., 2019), with 23 degrees of freedom and false discovery rate (FDR) = 10%. The ob-
tained map was masked using the SDMT task-positive templates of a previous meta-analysis
(23), and the DMN and posterior cingulate gyrus (PCG) templates of the CONN Harvard-

Oxford functional atlas (60). Once we were interested specifically in DMN nodes, we searched
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for the peak coordinates of the clusters when masking T maps with each DMN template. If
clusters were remaining under the reported statistical threshold, we reported the anatomical

composition of the clusters in percentage values. SPM12 software provided this information.

The task-positive templates were obtained with the WFU PickAtlas Toolbox (59) for
each of the following regions: left and right middle frontal gyri (1 and r MFG, BA 6), left superior
parietal lobule (I SPL, BA 7), left precuneus (I Prec, BA 7), left inferior frontal gyrus (1 IFG, BA
9), right cuneus (r cuneus, BA 17), left lingual gyrus (I lingual gyrus, BA 17) and left declive
(part of the cerebellum). The Human Atlas (AAL atlas), included in the SPM “WFU-PickAtlas”
toolbox, was used in the present study to define the task-positive templates. The coordinates
were in MNI space (130). The DMN template provided by the CONN toolbox included the
medial prefrontal cortex (mPFC) (1, 55, -3), left lateral parietal lobule (-39, -77, 33), right
lateral parietal lobule (47, -67, 29), and posterior cingulate cortex (1, -61, 38). We used the
same terminology in the present study. This template was obtained using the independent
component analysis (ICA) of 497 subjects from the HCP dataset (131). In our study, the DMN-
PCC node contains portions of the left precuneus (BA 7), a task-positive region, and PCG. The
PCG is the most ventral part of the DMN-PCC node.

Functional connectivity analysis

We used the CONN toolbox <www.nitrc.org/projects/conn,RRID:SCR_009550> to
assess FC among brain regions during RS and task performance. Based on the SPM results,
for both conditions, the templates of the task-positive network obtained from the previous
meta-analysis (Silva et al., 2018), the DMN template, except for the DMN-PCC node, and the
PCG template were used as regions of interest (ROIs). The CONN toolbox provided DMN
and PCG templates. Time courses from the mentioned ROIs were extracted. Then, to remove
unwanted fluctuations in the time courses, the motion correction residual and their first-time
derivatives, global signals of white matter and cerebrospinal fluid, and task timings and its
first-time derivatives were used as regressors. The finite impulse response (FIR) regression was
applied to the task time-series to reduce spurious correlations (61), using customized MATLAB
scripts. The FIR regression consists of fitting the cross-trial/cross-block mean response for
each time point in a set window length that is time-locked to the trial/block onset for a given
task condition. Each of the task blocks was fitted with a series of regressors, one per time
point. Each condition window length matched the duration of the event with an additional

18s (9 regressors) to account for the likely duration of the HRF (61).

Then, we performed ROI-to-ROI analyses for both RS and task conditions using the
templates mentioned above (task-related regions and DMN nodes). A correlation matrix was
obtained from the bivariate Pearson’s correlation between the time series of each ROI. Infer-
ences about individual connections were made using the standard Benjamini and Hochberg’s

FDR algorithm (132) to compute a connection-level FDR-corrected p-value for each connec-
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tion (between all pairs of ROIs). As performed in recent studies, we considered a connection-
level p-FDR < 0.05 threshold to select significant connections (with larger effects than what
we could reasonably expect under the null hypothesis) (133, 134, 135, 136, 137).

We also compared ROI-to-ROI FC between RS and task conditions using paired t-tests
(p-FDR < 0.05). This analysis was performed to isolate better FC effects specific to the task-
state since there is evidence that the spontaneous covariance present at rest is also present

during the performance of a task (61).

4.3 Results

Demographic Variables and SDMT Scores

No participant was excluded due to head motion, so the group consisted of 24 partici-
pants with a mean age of 29 + 7 years (14 men, 21-43 years; 10 women, 18-35 years). Most of
them (79.2%) had more than 12 years of education (16 + 4 years). Mean scores of wWSDMT and
oSDMT were 56.62 + 7.18 and 60.17 + 11.11, respectively, which are consistent for cognitively
healthy subjects.

Statistical Parametric Mapping

Statistical parametric maps for the group showed activations in all regions of the task-
related template for the task > control contrast (Figure 6A). The left DMN-LP and DMN-PCC

presented voxel with positive and negative values in the task > control contrast (Figure 6A).

Considering the positive values of the task > control contrast, the PCC node (Figure
7A; peak activation at 6, -40, 48 mm, MNI coordinates) comprised the right precuneus (56%),
not-labeled voxels (14.5%), left precuneus (12.2%), right cerebral white matter (10.7%), right
superior parietal lobule (6.5%) and right cuneus (0.2%). For the DMN contrast, the PCC node
(Figure 7A; peak activation at -6, -54, 26, MNI coordinates) comprised the left precuneus
(36.7%), left cerebral white matter (36.4%), left posterior cingulate cortex (19.9%), right pre-
cuneus (5.4%), and right posterior cingulate cortex (1.6%). There was an evident difference in
the activated area composition between the positive and negative values of the contrast. Com-
pared with the positive values of the task > control contrast, a smaller area of the precuneus
and part of the posterior cingulate cortex was activated for the negative values of the task >
control contrast. Based on these findings, we separated the DMN-PCC node into two regions
centered in the precuneus and posterior cingulate gyrus (PCG) to perform the functional
connectivity analysis (Figure 7B). We used PCG, instead of PCC, to highlight the different ROI.

Moreover, for the positive values of the task > control contrast, the left LP node (Figure
7A; peak activation at -28, -74, 42, MNI coordinates) comprised the left angular gyrus (40.3%),
left superior parietal lobule (23.3%), left cerebral white matter (15.7%), left middle frontal
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Figure 6 — Group statistical parametric map during the performance of the SDMT (positive
values in hot colors, and negative values in cold colors), using a voxelwise threshold
of two-sided p = 0.001, with 23 degrees of freedom and FDR = 0.1. The color bar
indicates t-values. The cerebellum was excluded for visualization purposes.

gyrus (9.8%), not-labeled voxels (6.2%), and left superior occipital gyrus (4.7%). For the
negative values of the task > control contrast, the left LP node (Figure 7A; peak activation at
-48, -72, 26, MNI coordinates) comprised the left angular gyrus (40.1%), left middle occipital
gyrus (31.2%), not-labeled voxels (25.8%), and the left cerebral white matter (2.8%). There
was a difference in the composition of the regions inside the T map masked with the DMN
LP mask, once the left middle occipital gyrus comprised a bigger area with negative than
positive values in the task > control contrast. Unlike the DMN-PCC node, we did not separate
the DMN LP because the activation region in both contrasts was small, which would make a

reliable separation of the node difficult.

Functional connectivity analysis: effects of node selection

FC results showed a fully connected network during the RS condition (p-FDR < 0.05)
(Figure 8A). Anticorrelations between visual areas and bilateral DMN-LP nodes could be
observed. During the SDMT performance, a reorganization of the functional architecture
was observed with the appearance of two anticorrelated systems (Figure 8B). The first system
is composed of the task-positive regions, while DMN nodes and PCG compose the second
system. These two systems showed anticorrelated interactions, except for the right DMN-LP
with the right MFG, and the PCG with the left precuneus. Moreover, compared to the resting-
state, the left DMN-LP and mPFC nodes showed a decreased correlation with the precuneus
and left SPL during task performance (Figure 8C). Additionally, task performance resulted

in different activation/deactivation patterns of the left precuneus when compared to the RS
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Figure 7 — (A) Tridimensional representation of the clusters resulting from the statistical para-
metric map (task > control, two-sided p = 0.001 and FDR = 0.1) masked with the
DMN template: from left to right, positively activated voxels using DMN-PCC mask,
negatively activated voxels using DMN-PCC mask, positively activated voxels using
DMN-LP mask, negatively activated voxels using DMN-LP mask. (B) Anatomical
templates of the DMN-PCC node (dark blue) and posterior cingulate gyrus (PCG)
(light green), provided by the CONN toolbox, and the left part of the precuneus
(BA 7) (dark red) from the task-related template. Posterior coronal, right, and left
sagittal views are shown.

condition. The precuneus was, at the same time, positively correlated with the left lingual
gyrus, a task-positive region, and negatively correlated with left DMN-LP and DMN-mPFC

nodes.

4.4 Discussion

We investigated the DMN functional localization during the performance of an in-
formation processing task in healthy young subjects. Functional connectivity analysis was
performed for data acquired during resting-state and task performance. We also compared
both conditions to isolate better FC effects specific to the task-state since there is evidence
that the spontaneous covariance present during the resting-state is also present during the

performance of a task (61).

Two anticorrelated systems were observed during the performance of the SDMT

task. One task-positively related control system consisted of the dorsal attention network,
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Figure 8 — Functional connectomes for the group during the (A) resting-state, (B) SDMT
performance, and (C) when comparing SDMT performance with the resting-state
condition (p-FDR < 0.05). The color bars represent t-values. 1: left; r: right; IFG:
inferior frontal gyrus; MFG: middle frontal gyrus; SPL: superior parietal lobule; Prec:
precuneus; PCG: posterior cingulate gyrus; DMN: default mode network; mPFC:
medial prefrontal cortex; LP: lateral parietal.

associated with focusing attention on external stimuli, and the frontoparietal control network,
related to executive, top-down cognitive control processes (29); and one task-negatively
related system, formed by the DMN. It is hypothesized that the antagonistic relationship
between control systems and the DMN occurs due to the competition for the use of sensory
computational resources and the positive coupling with brain networks involved in cognitive
control (96). Therefore, efficient deactivation of the DMN is considered a reliable predictor
of the ability to change from a self-referential state to a task demanding external focus,
suggesting an essential role for such a network in healthy cognitive functioning. The lack of
optimal DMN suppression is evident in several psychiatry conditions such as schizophrenia
(138) and remitted depression (139).

In the DMN-LP node, the angular gyrus has been associated with a spatial visual shift
of attention toward salient stimuli (140). Temporary impairment due to magnetic stimulation
on the left angular gyrus has been linked to reduced accuracy in distinguishing left from
right, especially when verbal labeling is required (114). In our study, functional localization
findings suggest increased activity of the left angular gyrus during the task. Due to the small
region, we did not divide it, requiring future studies to further investigating such a region.
The suppression of ventral mPFC activation during the performance of goal-directed tasks
was previously demonstrated (109). A positron emission tomography (PET) study about the
emotional interferences with attention showed a decrease of relative cerebral flow of the
inferior mPFC with higher attentional loads (141). It corroborates previous findings regarding
the role of this region in the selection processes of competitive inputs from several brain
regions, which can be linked to the theory of a default mode of brain function (109). This
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theory suggests that the decrease of oxygen extraction fraction from the baseline in some
regions during specific goal-directed behaviors means that there is an organized, baseline

default mode of brain function that is suspended during these behaviors (109).

However, parts of the DMN-PCC node were positively related to the performance of
the SDMT task. A previous neuroimaging study reported the precuneus as a centerpiece in the
human brain, essential for supporting complex cognition and behavior (94). Although part of
the precuneus is considered a portion of the DMN-PCC node, its functional connectivity with
task-positive networks increases during goal-directed tasks. On the other hand, during the
resting state and specific functions as episodic and autobiographical memory, its functional

connectivity increases with other DMN nodes (142).

Moreover, Margulies and colleagues showed connectivity-based subdivisions within
the precuneus using RS-FC analysis (87). They found three distinct patterns: (i) the an-
terior precuneus with a sensorimotor function; (ii) the central precuneus with a cogni-
tive/associative function; and (iii) the posterior precuneus connected with cortical visual
regions. Our results are consistent with such findings since we observed that the precuneus is
connected to (i) superior parietal lobule, involved in top-down goal-directed attention; (ii)
inferior frontal gyrus and bilateral middle frontal gyri, related with convergence areas for
stimulus-driven and top-down control, and (iii) lingual gyrus and cuneus, associated with
visual perception and processing. Even during attentional task performance, the precuneus
showed a multimodal integrative role, and then considered a heterogeneous structure. Our
results also suggest that the FC pattern of the precuneus is state-dependent. As previously re-
ported, it had increased FC with the control network during task performance when compared
to RS, but the FC with other DMN nodes increased at rest (94).

Additionally, the precuneus and neighboring PCG are differentiated from each other
once the latter is linked to limbic structures (87). The PCG is the most ventral part of the
DMN-PCC node, and during task performance, the PCG was positively correlated with DMN
regions. Previously, the ventral part of the PCG was also linked to the DMN and responsible
for internally directed cognition, such as memory retrieval and planning. In contrast, the

dorsal PCG has been connected to the prefrontal cortex, controlling attentional focus (95).

Our primary motivation to split the DMN-PCC into two regions was to show that this
large DMN portion comprises regions with different functional roles and connectivity behav-
iors. In summary, our results showed that the left precuneus (BA 7), during the performance
of the SDMT adapted to an fMRI experiment, is positively correlated with the IPS task-positive
network and anticorrelated with the DMN nodes, differently from the classical antagonistic
models (131, 143). In contrast, the remaining DMN-PCC subarea, the PCG, presented the
classical pattern of connectivity during the task. Once the anatomical boundary of the DMN
is not clear, our results provide some evidence that the left precuneus (BA 7) belongs partially

to the DMN-PCC region and is an adjacent context-dependent modulatory region that works
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as a transient in-between hub connecting the idling DMN to task-positive areas.

Moreover, recent studies have reported that the dorsal part of the precuneus is more
related with the dorsal attention network than with the DMN (144, 145, 146, 147). However,
although the majority of the left precuneus BA 7 ROI in our study comprises the dorsal
precuneus, its anatomical template overlaps part of the anatomical DMN-PCC node, and our
FC results showed that such a region is connected with both task-related and DMN regions
during the resting-state. During task performance, the left precuneus was connected with the
whole task-related network and with the PCG (part of the DMN-PCC node). The implications
of these results are debatable: is the left precuneus part of the DMN or not? Does it depend on
the task performed? Our results suggest that the left precuneus partially belongs to the DMN,
a slightly different statement than the ones of the studies mentioned above. Moreover, such

behavior may indicate the precuneus as a centerpiece of the DMN.

Disconnection over posterior DMN areas was related to Alzheimer’s disease (148),
mild cognitive impairment (149), attention deficit hyperactivity disorder (150), major depres-
sive disorders (151), internet gaming disorder (152, 153), obstructive sleep apnea (OSA) (154)
and temporal lobe epilepsy (155). More specifically, the precuneus was related to mental
imagery (156, 157), episodic memory retrieval (158), and conscious processes (158, 88). There-
fore, the precuneus is an essential piece to study higher cognitive function and disorders of

consciousness, such as vegetative state and minimally conscious state.

Our study has some limitations. We must consider that node selection can be explored
considering not only the regions obtained in a meta-analysis but also checking individual
differences in statistical parametric maps. Unlike the DMN-PCC node, we did not separate
the left DMN-LP node once the activated region in both contrasts was small, making a reliable
separation difficult. Additionally, we must consider different tasks to check how different

parts of the DMN are functionally connected to the network according to the task performed.

4.5 Conclusion

In conclusion, we found that the activation and functional connectivity of the DMN is,
in general, suppressed during the information processing. However, the left precuneus BA 7
presented a context-dependent modulatory behavior, working as a transient in-between hub
connecting the DMN to task-positive areas. Such findings support studies that show increased
activation and excitatory functional connectivity of DMN portions during goal-directed tasks.
Moreover, our results may contribute to defining more precise functional correlates of IPS

deficits in a wide range of clinical and neurological diseases.

This study was already published (159).
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5 Contrast-agent-free State-of-the-art Magnetic Resonance Imag-
ing on Cerebral Small Vessel Disease: from lesions to connections

and cognition.

5.1 Introduction

Cerebral small vessel disease (cSVD) is a pathological condition that affects the human
cerebrovascular system by deregulating the blood circulation through the arterioles, venules,
and the correspondent perfusing brain tissue at the capillary bed. It results in damaged
cortical and subcortical gray matter (GM) and white matter (WM) (160, 161), is considered
the most important cause of vascular cognitive impairment (VCI) (162), and is responsible for
around 20% of all strokes worldwide (163). Magnetic resonance imaging (MRI) has become
crucial in evaluating brain changes and predicting cSVD-related cognitive decline in clinical
and research settings (161, 164).

However, reports on the association between conventional MRI measures and clinical
features of cSVD are not always concordant (165). Such MRI measures cannot delineate the
heterogeneity of cSVD lesions with similar appearance and can only show part of the whole-
brain damage related to cSVD (166). Additionally, cSVD has been suggested as not a focal
lesion disease, but it also affects remote brain areas, influencing the clinical outcome (166). It
also impairs structural and functional network connectivity, disrupting efficient communi-
cation in brain networks necessary for functional performance. Such facts have motivated
the use of additional MRI acquisition and analysis models, which can disentangle differential
assessment of cSVD-related brain damage, its effects on connections and cognition, and
future clinical outcomes (167). Moreover, contrast-agent-free state-of-the-art MRI techniques
have shown subtle changes not observed with traditional imaging (168). They have also al-
lowed assessing pathophysiological processes underlying the cSVD development (169) and

the extent of the overall brain damage that leads to a disconnection syndrome (166).

The administration of gadolinium-based contrast agents (GBCAs) in MRI scans to
enhance brain lesions for diagnosis is performed million times per year (170). However, it has
been criticized for rare but dangerous nephrogenic systemic fibrosis in patients with impaired
renal function and its deposition in many organs, including the brain (170). Then, the use and
development of contrast-agent-free MRI techniques have been considered a safer alternative

without loss of potential to diagnosis and prognosis.

In terms of pathophysiological processes, it is suggested that damage to functional
units can cause cerebral blood flow (CBF) deregulation, affects cerebrovascular reactivity

(CVR), and cause blood-brain barrier (BBB) leakage, among other effects, which together
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are responsible for the cSVD-related brain injuries (164). Non-contrast MRI methods have
been developed to assess such parameters. A powerful tool in assessing perfusion-related
alterations in cSVD comes from MRI perfusion-weighted images. In that sense, arterial spin
labeling (ASL), designed to explore the water molecules in the arterial blood as an endogenous
tracer, allows a noninvasive approach to measure CBF and related parameters (171). Addition-
ally, intravoxel incoherent movement (IVIM), a diffusion-weighted imaging (DWI) technique,
can describe both perfusion and diffusion-related parameters of the brain microstructure

quantitatively without using an exogenous contrast agent (172).

Moreover, MRI methods have been used to analyze the cSVD burden effects on brain
structural and functional networks and how the disruptions contribute to the outcome. The
diffusion tensor image (DTI) has been used to evaluate cSVD due to its sensitivity to white
matter damage (165), allowing quantifying the cSVD burden and assessing the integrity of the
structural brain network. Similarly, functional MRI (fMRI) based on the blood oxygenation
level-dependent (BOLD) contrast has been considered to study the functional brain networks
in resting-state and task conditions (14, 13), and, because of its dependency on CBE it is a
reliable and reproducible method to assess cerebrovascular reactivity (CVR-BOLD) at the

tissue level (173).

Therefore, we gathered a group of researchers to prepare a review focused on the
applications of contrast-agent-free state-of-the-art MRI (ASL, DTI, IVIM, and BOLD-fMRI)
and its additional information compared to conventional MRI for the etiology, diagnosis, and
prognosis of cSVD. Considering the objectives of the present thesis, we will show the results

of the systematic review regarding the DTI and BOLD-fMRI techniques.

5.2 Methods

We followed the PRISMA-P (Preferred Reporting Items for Systematic Review and
Meta-Analysis Protocols) 2015 checklist: recommended items to address in a systematic
review protocol guidelines (174). The review parameters were delineated using the PICOS
worksheet and Search Strategy (Centre for reviews and dissemination. Systematic Reviews:
CRD’s Guidance for Undertaking Reviews in Health Care. York: University of York; 2006). The
main question of our study was: What are the applications of contrast agent-free state-of-
the-art MRI and its additional information compared to conventional MRI for the etiology,
diagnosis, and prognosis of cSVD? Online searches in PubMed and Scopus were carried
out considering the term “Cerebral Small Vessel Disease” combined with each one of the
techniques. Inclusion criteria were original publications in English between 2000 and 2021

(last search on May 15th, 2021), and with subjects of both sex, 18 years old or more.

For the Identification, the authors independently researched the articles following the

search strategy and inclusion criteria; then, they reached a consensus on which articles would
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be included in the final analysis. All the records and data selected had their title, authors’
names, year of publication, MRI technique, and main findings (about pathophysiology;, le-
sions, connections, and/or clinical outcomes) extracted using a standardized data extraction

form shared among the authors.

Then, duplicates were removed, and records were screened, i.e., non-full-text articles
such as reviews and editorials were removed. The remaining full-text articles were assessed
for eligibility. In addition to the inclusion criteria mentioned, we considered the exclusion
criteria: studies with animals, text not available, methods development, no MRI technique
used, another clinical group (instead of cSVD), trial presentation (description of future clinical
trials), and drug use as cSVD prevention. The remaining full-text articles were included in
the systematic review. The articles’ details regarding Identification, Screening, Eligibility and

Inclusion (PRISMA-P diagram flow) are described in Figure 9.

Records identified through Pubmed Records identified through Scopus
‘E database search database search
8 ASL (N=13) ASL (N=23)
& IVIM (N =5) IVIM (N =8)
E CVR (N=16) CVR (N=20)
] DTI(N = 121) DTI(N = 166)
fMRI (N=13) MR (N=43)
Records after duplicates removed
ASL (N=23)
o IVIM (N =8)
£ CVR (N=21)
g DTI (N = 169)
e MRI (N=44) Full-text articles excluded
3 DTI (N = 58) Full-text articles excluded
ASL(N=T)
Review (N = 21)
No DTI (N = 13) Review (N=4)

Editorial (N = 6)
Another clinical group (N = 6)
Text not available (N = 6)

Methods development
(N=1)
Another clinical group (N=1)

Full-text articles included in
Systematic Review
ASL (N=16)

IVIM (N =4)

CVR (N=8)

DTI(N = 110)
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Editorial (N = 2)
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Full-text articles assessed for .
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= _ IVIM(N = 4
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w CVR (N=21 ! 1 Review (N = 3)
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Figure 9 — Flow diagram of the selection process of the systematic review. For the article, we
considered five MRI methods. For the thesis purposes, we are showing the DTI and
BOLD-fMRI results.

5.3 Results

Diffusion Tensor Imaging (DTI)

Among several diffusion-weighted images (DWI) models, DTI is a proper quantitative

method in assessing in vivo white matter (WM) microstructure integrity. It measures water
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molecules’ diffusion within WM tracts using magnetic diffusion gradients applied in at least
six different directions. A diffusion tensor is then acquired, from which two quantitative
measures, fractional anisotropy (FA) and mean diffusivity (MD), are obtained. High FA and

low MD values usually reflect intact microstructural integrity (175, 176).

DTI additional contributions in comparison to conventional MRI

A cross-sectional tract-based spatial statistics (TBSS) study on the normal-appearing
white matter (NAWM) of patients with mild cognitive impairment (MCI) reported that cSVD
effects on WM go beyond the macrostructural damage visible through conventional MRI
(Figure 10A) (177). Tractography studies showed decreased fractional anisotropy (FA) and
increased mean diffusivity (MD) correlated with cognitive performance and strong association
between MD, Serum neurofilament Light chain (NfL), a blood marker to neuroaxonal damage,
and information processing speed (IPS) scores in cSVD patients (178, 179), which was also
poorly correlated with conventional MRI markers. Better performance of DTI in comparison
to conventional MRI was also observed in longitudinal studies. Changes in MD and FA of
cSVD patients were detectable over a 1-year follow-up (180). Moreover, a 9-year longitudinal
study showed that DTI could detect impaired WM microstructure preceding the conversion

into WMH years before becoming visible on conventional neuroimaging (181).

Furthermore, while MD correlated significantly with executive function tests even after
controlling for demographic variables and conventional MRI markers (182), radial diffusivity
(RD) could better predict executive dysfunction in cSVD (183). Such a strong association
between executive function and DTI parameters was confirmed by a multimodal MRI model
containing age, gender, brain volume, FA, and premorbid intelligence quotient, which explain
74% of the variance of executive function score (180). Axial diffusivity (AxD) of the posterior
frontal periventricular NAWM, right middle cingulum bundle, and mid-posterior corpus
callosum also predicted cognitive impairment in cSVD patients (184). Besides, MD of WM
lesions (WMH) and NAWM correlated with gait disturbances (185, 186), linked to higher
morbidity and mortality (187).

In longitudinal studies, FA changes in the thalamus correlated with WMH progression
among cSVD patients (188). Increased MD was also consistent with progressive degradation of
WM integrity in symptomatic cSVD (189), predicted cognitive decline (190), and was one of the
best predictors of mortality (191). Additionally, while the degree of baseline microstructural
impairment explained clinical variability in patients with similar cSVD severity (181) and
predicted incident dementia, risk of mortality, and cSVD severity (192, 193, 194), it did not
correlate with CMB (195). In contrast, other studies have questioned the advantages of using
DTI over conventional MRI since the former requires sophisticated computational processing,
is more time-consuming, and showed similar or worse results than conventional MRI in

some cases (196, 197, 198, 199, 200). However, despite the divergences, DTI has been widely
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used in cSVD. WMH was associated with two patterns of altered diffusion characteristics in
the surrounding WM tracts. A penumbra pattern with improving diffusion characteristics
was observed in lesion-free tracts distant from the WMH lesion. However, in the WMH tract,
a Wallerian-type degeneration pattern was present (201). Moreover, a study investigating
hemispheric asymmetry in cSVD found that the right hemisphere is more susceptible to

neurodegeneration and related to cognitive decline and higher mortality (138).

Brain structural networks

Furthermore, the severity of structural disruption of brain networks in cSVD was
correlated with cognitive impairment, mainly in executive functions, divided attention, IPS,
psychomotor speed, episodic memory, and global cognition assessed by the Mini-Mental
State Exam (MMSE) (202, 203, 204, 205). Such correlations were evident in highly connected
network regions (206). Cognitive impairment has been associated with functional and struc-
tural connectivity changes within brain networks, such as the default mode network (DMN),
attributed to WMH progression (207). The effect of WMH on dementia was reported to be
mediated by global network efficiency and the peripheral connections’ strength in the elderly
with cSVD (208). The brain network measurements may be regarded as a direct and inde-
pendent surrogate marker of cognitive impairment in cSVD (209). However, a recent study
found WM integrity widely abnormal in non-demented cSVD patients, while structural con-
nectivity was relatively preserved (210). Microstructural changes identified with DTI through
graph-theory analysis and network-based statistical analysis can be found during the pre-
clinical cognitive impairment (PCI) and MCI stages, suggesting that early cognitive changes
are related to a disruption pattern from peripheral to central connections (211). Measures
of network efficiency have been considered the best markers for cognitive performance and
an essential contribution to the genesis of the cognitive decline in cSVD (212). More recently,
WMH volume, structural network local efficiency, and IPS performance were interrelated,

with the structural connectivity partially mediating the effects of WMH on IPS (213).

DTI-related markers of cSVD

DTI parameters, such as the peak-width skeletonized mean diffusivity (PSMD), free
water (FW), and tissue compartment measures (FAt, MDt), have been recently proposed and
used in the assessment of cSVD. PSMD was consistently associated with IPS in genetically
defined, inherited, and sporadic cSVD cohorts and memory clinic patients, offering further
advantages of a fast and fully automated marker. It also outperformed conventional MRI
markers by explaining more cognitive variance in the IPS domain. In a longitudinal analy-
sis, PSMD values changed significantly within 18 months and offered smaller sample size
estimates than other imaging markers employed (214, 215). More recently, it was strongly

associated with conventional cSVD markers and outperformed MD in cognition prediction



Chapter 5. Contrast-agent-free State-of-the-art Magnetic Resonance Imaging on Cerebral Small Vessel Disease:

from lesions to connections and cognition. 60

(216).

Recently, a more complex yet probably more realistic FW diffusion model has been
applied in cSVD. Rather than alterations in the WM fiber organization, it was suggested that
increased extracellular water is the main contributor to diffusion changes in CADASIL and
sporadic cSVD patients (179). Increased FW also correlated with an IL-18-centered inflam-
matory network (217), was found to mediate the association between deep medullary veins
(DMV) disruption and WM integrity in cSVD (218), was related to geriatric depressive symp-
toms (219), and presented a stronger association with cognitive deficits than conventional

DTI method, showing to be a marker of cSVD-related degeneration (220).

An alternative diffusion tensor decomposition model has been developed to provide
isotropic and anisotropic tensor components. Such parameters were significantly correlated
with executive functions, IPS, and conversion to dementia in a 3-year longitudinal study
(221, 222). Conventional DTI, multi-shell diffusion imaging, and advanced diffusion modeling
were compared in cSVD patients. The multi-shell scheme and the Diffusion Kurtosis Imaging
provided metrics that correlated strongly with cognitive measures and better characterized
WM damage related to cSVD than traditional DTI (223).

Complications and outcomes of cSVD associated with DTI-derived metrics

Low FA and high MD in several WM areas (mainly NAWM) were associated with
decreased cognitive scores in cSVD in a cross-sectional TBSS study (224). Recently, WM
damage was restricted to specific segments in cSVD patients, disrupting some fibers related to
many cognitive deficits (225).Conversely, a 5-year prospective study showed no relationship
between baseline WM and NAWM microstructural integrity, measured using mean FA and
mean MD, and declined global cognitive performance after correcting multiple comparisons.
Authors suggested that other factors, rather than solely WM integrity, might be related to
cognitive impairment (226). A two-year follow-up study reported that DTI measurements
are the main predictor of clinical changes over time in CADASIL patients (227). Compared to
healthy controls, CADASIL patients showed decreased FA and increased diffusivity in several
brain areas, with these microstructural integrity changes correlated with their cognitive

performance (228).

In a multicenter study with symptomatic cSVD patients, DTI outputs and the number
of lacunes were independently associated with global cognition and Montreal Cognitive
Assessment (MoCA) scores. DTI markers solely were also independently associated with
mental flexibility and verbal fluency (229). Furthermore, working and long-term memory
abilities were reduced in cSVD patients compared to controls and were partly explained by
microstructural changes of the cingula and uncinated tracts, respectively (Figure 10B) (230).
Finally, in the elderly with cSVD, verbal memory performance was related to DTI-derived

metrics extracted from the hippocampus and cingulum, even before macrostructural changes
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could be detected, suggesting that DTI metrics may detect early microstructural abnormalities
(231, 232).
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Figure 10 — Three DTI methods applied to cSVD. (A) TBSS skeleton projections on the WMH
map are superimposed on the mean FA image (177). (B) Tractography represen-
tation of the cingula tract whose integrity loss explained memory performance
(230). (C) Group structural brain network of patients with first TIA or ischemic
stroke. In red, regions with significantly lower nodal efficiency due to the presence
of cSVD. The node size and edge width are weighted by nodal efficiency and the
number of connections (41)

MCI patients with cSVD showed microstructural abnormalities detected through DTI
in the subcortical region, periventricular, and central semiovale WM (233) and the NAWM of
the anterior corpus callosum, internal and external capsule, and periventricular WM (177).
Moreover, disruption of structural connectivity has been detected even in cognitively normal
cSVD patients, affecting mainly the prefrontal areas, whereas in MCI cSVD patients, networks
from frontal and parietal regions were disrupted (234). Interestingly, MD and FA were more
strongly associated with MoCA than MMSE scores, suggesting that the former might be
more useful as a cognitive screening tool for cSVD patients (165, 235, 224). However, the T2
relaxation time of the NAWM in cSVD patients was associated with cognition, which the DTI
metric of the NAWM failed to achieve (236).

Higher hippocampal MD correlated with an increased 5-year risk of dementia in the
elderly with cSVD (237). A preliminary study found mean FA within periventricular WMH
associated with peripheral inflammatory markers in AD patients (238). In a cross-sectional
study with midlife participants, angiopoietin 2, a circulating growth factor involved in regu-
lating vascular function, correlated with lower FA in WM tracts such as posterior thalamic

radiation, middle cerebellar peduncle, and cingulum among APOE (apolipoprotein E)-e4
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midlife carriers (239). In a multicenter study investigating six independent samples of mem-
ory clinic patients covering the entire spectrum of AD, mixed disease, and cSVD, DTI changes
were more strongly associated with cSVD than with AD markers, suggesting that DTI might
be particularly sensitive to cSVD-related pathology (240).

Besides cognitive decline, gait (lower extremities) abnormalities are also a clinical
feature of cSVD and have been investigated using DTI. Recently, it was shown that cSVD
patients with higher WMH burdens presented worse cognitive performance and balance
issues affecting their daily lives (241). One study reported that FA measured in the NAWM
mediated the negative association between WMH and gait disturbances (242). Although in
a 5-year longitudinal study, baseline GM volume and DTI-derived cSVD markers did not
correlate with gait impairment (243), progressive changes in WM volume, MD, AxD, and FA
(extracted from a skeleton of the significant WM tracts) were associated with such gait decline
in another study (244). While CADASIL patients were found to have minor impairment in gait
performance compared to controls, higher PSMD and MD (voxel-based) were associated with

shorter single task stride length (245).

Mild parkinsonian signs, including gait and balance disturbances, have been associ-
ated with the microstructural integrity of WMHs in the elderly with cSVD, measured through
FA and MD, mainly in the frontal lobe (246). Similarly, lower FA values have been found in
bilateral frontal WM tracts of cSVD patients with vascular parkinsonism (247). More recently,
the association between structural network efficiency assessed with DTI measures and gait in
cSVD patients is mediated by cognition (248). Lower regional FA was related to worse manual
dexterity (upper extremities) and increased serum ceramides in a group of asymptomatic
cSVD (249).

Finally, depression in the setting of cSVD has also been the subject of investigation.
Depression in cSVD patients has been associated with reduced white matter integrity mea-
sured through FA (250). Participants with cSVD and depressive symptoms showed damaged
microstructural integrity, measured using FA and TBSS, mainly in fronto-subcortical WM
tracts, potentially disrupting circuits involved in mood regulation (251, 252). Structural con-
nectivity was also disrupted in cSVD patients with depression (252). In MCI patients with
cSVD, decreased WM FA and increased WM MD were independently correlated with worse
Geriatric Depression Scale (GDS) score (253).

Similarly, network connectivity is related to GDS in cognitively impaired patients
and mediates the cSVD burden (WMH and lacunes) with GDS scores (254). Apathy in cSVD
patients was also correlated with microstructural disruption of WM tracts (strongest effect in
limbic association tracts) using DTI metrics, which were not associated with depression (255).
Structural network disruption in premotor and cingulate regions underlies apathy, but not
depression, in cSVD patients (256). Moreover, reduced efficiency in the reward network was

related to increased apathy in symptomatic cSVD subjects (257).
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Functional Magnetic Resonance Imaging (fMRI)

fMRI-BOLD signal reflects differences in the magnetic susceptibility of intravascular
hemoglobin, depending on whether it is bound to oxygen or not. Oxyhemoglobin is diamag-
netic, while deoxyhemoglobin is paramagnetic. An increase in regional CBF surpassing an
increase in oxygen consumption results in a reduction of deoxyhemoglobin concentration,
increasing local signal intensity in T2*-weighted images. Task-based and resting-state (RS)
fMRI have been performed to identify brain regions and their correspondent functions in the
normal brain and provide insights into the effects of diseases and injuries in the functional

organization (258).

CSVD has been associated with motor and cognitive impairment assessed by task-
based and RS fMRI. Activation in the pre-supplementary motor area (SMA), related to complex
motor tasks, has been correlated with frontal WMH load in the elderly with severe WMH
but not cognitive dysfunction. It suggests that the WMH load can disturb the functional
motor network at the early stage of the disease, even before cognitive impairment is present
(259). CSVD patients with gait impairment showed the reduced fractional amplitude of low-
frequency fluctuation (fALFF) in the left SMA and increased fALFF in the right inferior frontal
gyrus, the left caudate, and the left precuneus. They also presented lower RS functional
connectivity in the left SMA and temporal lobe (260).

MCI patients with cSVD presented lower activation in the precuneus area for a working
memory task than MCI patients without cSVD and controls. These activation differences
between MCI patients with and without cSVD, which presented similar cognitive impairments,
supports that cSVD can affect MCI patients cognitively (Figure 11A) (261). Furthermore, MCI
patients with cSVD who underwent a cognitive rehabilitation program presented increased

activation in brain circuits involved in attention and working memory (262).

In an attention-demanding test evaluated with multi-echo BOLD fMRI, subjects with
WMH showed lower activation in frontoparietal regions and temporal-parietal junctions
than healthy elderly. They also presented higher activation in the precuneus and posterior
cingulate gyrus in an executive function contrast. These results suggest that WMH may disrupt

functional brain networks that underlie salience and cognitively mediated attention (263).

CSVD patients at the initial stages of the disease presented lower resting-state func-
tional connectivity (RS-FC) in frontoparietal networks and higher in cerebellar regions than
healthy controls. Such changes correlated with WMH and cognitive impairments widely asso-
ciated with the cSVD condition (264). In patients with severe WMH load, impaired functional
and structural connectivity between the posterior cingulate cortex (PCC) and thalamus were
independent risk factors for slower IPS. In contrast, PCC-middle frontal gyrus functional
connectivity and PCC-hippocampus structural connectivity were related to memory decline
(265). Resting-state whole-brain regional homogeneity of MCI patients with cSVD correlated
significantly with MoCA and Stroop scores, distinctive in this clinical group (Figure 11B) (266).
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Both cSVD patients with and without cognitive impairment showed decreased con-
nectivity within the DMN network and weak negative connectivity between the DMN with
dorsal attention network (DAN) and frontoparietal control network (FPCN) networks. The
cSVD with cognitive impairment group showed within- and between-network alterations
of the FPCN correlated with its cognitive function, while the connectivity of the FPCN and
the DMN correlated with deep WMH volume in cSVD subjects. These findings suggest that
cognitive alterations of cSVD subjects may be mediated by the FPCN connectivity impaired
by the deep WMH burden (267).

WMHs in basal ganglia (BG) have been significantly associated with vascular cognitive
impairment (VCI). Patients with subcortical vascular MCI (SVMCI) presented higher WMHs,
mainly in caudate regions than patients with amnestic mild cognitive impairment (aMCI) and
healthy control subjects. In SVMCI patients, BG WMHs in both dorsal and ventral caudate
correlated with functional connectivity and verbal episodic memory performance, while
such correlations did not happen in aMCI patients. These findings suggest a relationship
between structural changes due to cSVD, the functional integrity of BG circuits, and episodic
memory performance in SVMCI (268). In a study with 269 elderly subjects with cSVD, the BG
resting-state functional connectivity was related to gait speed, independently of locomotor
risk factors such as WMH (269).

Moreover, the graph theory approach showed that MCI patients with cSVD presented
changes in Executive Control Network (ECN) and DMN compared to MCI patients without
cSVD. More specifically, the connectivity of the right inferior frontal gyrus of the ECN me-
diated the relationship between periventricular WMH and visuospatial processing in MCI
patients with cSVD (267). Recently, lower global efficiency of the DMN in CADASIL patients
with higher cSVD burden was reported (270). cSVD patients with lacunes on the thalamus
presented subtle changes in their functional connectome when compared to those without
thalamus lacunes and correlated with mild cognitive impairment in episodic memory and IPS,
suggesting that lacunes on the thalamus played a vital role in mediating the functional neural
changes of cSVD patients (Figure 11C) (271). In contrast, in a study comparing functional
and structural networks as markers of symptomatic cSVD severity, only structural networks

supported evidence to detect clinical and control differences (192).

Recent studies also used fMRI to investigate risk factors, genetic factors, and outcomes
of cSVD. In middle-aged adults with type 1 diabetes mellitus, brain activation changes seem
to mediate the disease with slower IPS, although it did not associate with the presence of
cSVD (272). In an event-related Go/No-go task, CADASIL patients showed lower activation
in the alerting network and areas involved in executive functions, probably related to the
presence of cSVD (273).

In a voxel-based morphometry analysis, both the MCI with and without depressive

symptoms presented decreased GM density in the left parahippocampal, right hippocampus,
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Figure 11 — Three fMRI studies applied to cSVD. (A) Group activation for different levels of
working memory load (0-back versus rest; 1-back versus rest, 2-back versus rest)
(p-FWE < 0.05) (261). (B) Significant associations between regional homogeneity
(ReHo) and cognitive performance (p < 0.05, corrected for multiple comparisons).
On the left, a negative association between ReHo and MoCA score in the left poste-
rior cerebellum. On the right, positive association between ReHo and Stroop score
in the bilateral middle cingulate cortex (266). (C) Significantly decreased brain
functional connectome nodal centralities in cSVD patients with thalamus lacunes
compared to healthy controls (p < 0.05, network-based statistics). Different-color
nodes represent different brain regions. DCG.L: left middle cingulum, DCG.R:
right middle cingulum, OLER: right olfactory, PAL.L: left pallidum, REC.L: left
rectus, REC.R: right rectus (271).

and right middle cingulate cortex (rMCC) when compared to normal controls. The increased
GM density in the rMCC correlated with rs-FC with right parahippocampal in the MCI with de-
pressive symptoms compared to the MCI without depressive symptoms (274). In Alzheimer’s
disease, the emergence of amyloid plaques is followed by forming tau-containing neurofib-
rillary tangles correlated with neurodegeneration and dementia symptoms. In an rs-fMRI
study, functional connectivity correlated with tau-PET uptake independently of the presence
of dementia symptoms, amyloid deposition assessed by amyloid-PET, or cSVD, supporting

the view that prion-like tau spreading is facilitated by neural activity (275).

Finally, the BOLD-fMRI physiological noise within WM measured as raw physiological
noise and cardiac pulsatility showed that graded increases in cardiac pulsations in NAWM are
related to both age and the presence of cSVD, independently. These measures are suggested
as a complementary dynamic measure of WM integrity to the static FLAIR anatomical images
(276). A correlation between ultrasound and fMRI measures of cerebrovascular pulsatility
was also shown. This association provided insight into the transmission of pulsatile energy
from large basal arteries at the Circle of Willis to downstream cerebrovascular beds and has

implications for the utility of cardiac-related pulsatility as a potential marker for cSVD (277).



Chapter 5. Contrast-agent-free State-of-the-art Magnetic Resonance Imaging on Cerebral Small Vessel Disease:

from lesions to connections and cognition. 66

5.4 Discussion

DWI and, more specifically, DTI is the most used technique for the diffusion assess-
ment in cSVD. The first DTI studies showed whether DTI-derived metrics such as MD and FA
could be sensitive to WM damage and correlate better with cognitive function than conven-
tional MRI imaging. MD and FA were already considered sensitive to measure WM damage
and better markers for cognitive impairment in cSVD compared to traditional MRI measures
(278, 279). Issues such as the role in the clinical management of microbleeds present in a sig-
nificant proportion of cSVD patients arose (278). Additionally, the full impact of tractography
techniques on cSVD has not been performed (279).

DTI-derived markers have been correlated with cardiovascular risk factors, with sev-
eral other MRI markers, with clinical features, including cognitive impairment. Additionally,
longitudinal findings support the hypothesis that conventional MRI markers of cSVD (e.g.,
WMH, lacunes, and microbleeds) cause cognitive decline and dementia via disruption of struc-
tural brain networks (280, 192). Therefore, DTI has provided new insights into understanding
the mechanisms of the main clinical consequences of cSVD, particularly by evaluating the
structural integrity of the cerebral WM architecture. Moreover, DTI may furnish reliable
surrogate markers to be applied in future clinical trials, investigating potential therapeutic
interventions. However, the pathophysiology underlying WM abnormalities remains incom-
pletely understood. While the interpretation that the increased MD and reduced FA result
from microstructural tissue damage is notable and cSVD has a significant role in losses of
microstructural WM integrity (281), mechanisms other than cSVD must also be considered.
WM microstructural abnormalities can be caused by ischemic damage due to cSVD and
indirect effects of cSVD, such as Wallerian degeneration. Future studies must be considered

to address this issue.

fMRI can also be a valuable tool for investigating cSVD, providing insights into the
functional networks disruption related to cSVD and cognitive decline, dementia, and mortality.
Findings reported task-based activation changes in motor (259), working memory (261, 262),
and attentional (263) brain functions in cSVD patients. RS-FC studies (264, 268, 267) indi-
cated the DAN, ECN, FPN, and DMN functional connectivity as essential markers of cSVD
functional changes. Joint analysis with structural findings (274), tau-PET intake (275), and
novel approaches (276, 277) with BOLD-fMRI also showed brain changes associated with
the occurrence of cSVD. However, only structural networks supported evidence to detect
clinical and control differences (192). Future studies must also include massive testing of the
associations among fMRI metrics and WMH, lacunes, microbleeds, and other conventional
markers and risk factors of cSVD. Finally, longitudinal studies are desirable to look for causal

relationships between functional network disruption and cSVD.

In addition to the individual contribution of each technique, it is possible to see how

they could be used together for an integrated cSVD assessment (Figure 12). The contribution
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of risk factors such as age, diabetes, hypertension, and physical inactivity in developing
the disease can be studied not only with DTI, but also ASL, CVR, and IVIM. The effects of
protective factors can also be considered with such methods. Once these conditions can lead
to small vessel impairments, affecting CBE vasoreactivity, and BBB permeability, ASL, CVR,
and IVIM can contribute mainly to the pathophysiology study. In contrast, DTI can contribute

to the understanding of lesions.

However, whether all the above imaging markers are independently associated with
cSVD outcomes or have combined effects is still an open question. Regarding mediation
effects, brain structural connectivity disruption has been suggested to mediate WMH and
cognition in cSVD patients. More specifically, it has been suggested that structural network
local efficiency partially mediates the effects of WMH volume on information processing
speed (213). Global network efficiency and the peripheral connections’ strength in the elderly
with cSVD mediates the effect of WMH on dementia (282). Additionally, it has been shown
that WMH areas present altered CVR but not CBF (283), proposing more studies, mainly longi-
tudinal, to explain the cSVD development and the relationship between these metrics and the
underlying mechanisms of the cSVD. Although the literature has not demonstrated the defini-
tive way to assess the effects of the disease on brain structure, focal lesions in the network of
structural and functional connections seem to have an essential contribution to the patient’s
clinical outcome. However, some questions remain regarding the vascular-related changes
being consequences or contributing to cSVD and their relation with cognition; whether the
DTI changes mediate the effects of traditional cSVD markers in cognition; and if the functional

changes are due to impaired flow or impaired metabolism, and their implications.

5.5 Conclusion

Although cSVD is still a challenging research topic with many open questions, contrast-
free MRI methods have been a valuable tool for addressing some of the main questions. Such
MRI methods and their related quantitative parameters are promising tools for evaluating risk
factors and applying prevention strategies, especially concerning modifiable risk factors. It
has also been applied to study pathophysiological mechanisms underlying WM damage and
promote markers for evaluating therapies. Finally, it has been used to assess damage to struc-
tural and functional brain connectivity, the first being suggested as a mediator of the effects
of structural damage on cognition. New developments and ongoing studies are essential to

delineate more accurate MRI measures for the diagnosis, prognosis, and prediction of cSVD.

This study was already published (284).
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Figure 12 — Application of contrast agent-free MRI methods in cerebral small vessel disease
(cSVD). Left box: description of research topics in cSVD. From top to bottom: risk
and protective factors that may, respectively, contribute to the onset of the disease
or to protect against it, followed by possible pathophysiological mechanisms
not yet fully elucidated, including small vessel, neurodegenerative and mixed
pathology, which translate into damage to the brain tissue, the most famous being
WMH. The damage is said to have "distant" effects, impacting brain networks,
making the disease a disconnect syndrome, which would help to understand
the heterogeneity in terms of cognitive deficits presented by patients. Right box:
description of contrast agent-free MRI techniques applied for each research topic
mentioned in the left box. Each colored octagon represents an MRI technique
previously applied and revised in the present paper, and the items represent
which variables the technique may assess regarding the disease. ASL: arterial spin
labeling. BBB: blood-brain barrier. BOLD: blood oxygen level-dependent. CBF:
cerebral blood flow. CVR: cerebrovascular reactivity. DTI: diffusion tensor imaging.
fMRI: functional magnetic resonance imaging. IVIM: intravoxel incoherent motion.
MRI: magnetic resonance imaging. WMH: white matter hyperintensity. Figure
created in the Mind the Graph platform <www.mindthegraph.com>.
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6 WMH effects on Cortical Thickness, Brain Networks, and Infor-
mation Processing Speed in non-demented Small Vessel Disease

patients: A mediation study

6.1 Introduction

Cerebral small vessel disease (SVD) is the major contributor to vascular cognitive
impairment (VCI) and dementia (162). White matter hyperintensities of presumed vascular
origin (WMH), the most common imaging feature of SVD (37), are associated with cognitive
impairment (285), especially processing speed deficits. However, these associations are gen-
erally weak and some studies showed no association with cognition. Therefore, it is unclear
if and how WMH can impact cognition. Recent studies showed more precise quantifica-
tion of micro-scale degeneration of white and gray matter, and functional and structural
brain connectivity in cSVD. Such alterations have been associated with cognitive impairment
(286, 180, 264). Several factors can justify it, including the location of the lesions (161), cortical
thinning (287, 288), and brain network disruption (289, 213, 290, 291).

WMH foci can be divided topographically in several ways. A categorization that has
been gaining strength divides WMH into deep (DWMH) and periventricular WMH (PVWMH)
(292). Studies indicate that different risk factors (293) and genetic variants (294) are associ-
ated with specific patterns of WMH distribution. Periventricular foci seem to have a greater
association with cognitive outcomes, including the digit symbol test (295) and other attention
and executive function tests (296).

Gray matter atrophy has been proposed as a possible explanation for the link between
cognitive deterioration and WMH in SVD patients (297, 298, 286). Cortical thinning has been
shown to mediate the relationship between WMHs and cognitive decline (288, 299, 300). It is
hypothesized that cortical atrophy is a distant effect of WMH (301, 302, 303), suggesting that
such alteration should be studied together with vascular pathology in cSVD.

Recent analysis of topological networks of brain circuits suggests that modular and
hierarchical structural networks are particularly suited to the functional integration of local
(functionally specialized) neuronal operations underlying cognition. Complex network theory
is particularly attractive when applied to the study of clinical neuroscience, where many
cognitive and emotional disorders have been characterized as "disconnectivity" syndromes,
as indicated by abnormal profiles of anatomical or functional connectivity between brain
regions (2). Disruptions in structural and functional brain networks have provided important
novel insights regarding the cognitive decline mechanisms in cSVD, and a recent review

suggests the disease as a disconnection syndrome (166).
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A systematic review with functional magnetic resonance imaging (fMRI) and electroen-
cephalography (EEG) studies in cSVD suggests that damage of frontal-subcortical circuits
and cholinergic fibers disrupts the connectivity among the Default Mode Network (DMN),
FrontoParietal Control Network (FPCN), and Dorsal Attention Network (DAN), which are
related to attentional control processes. It leads to deficits in IPS (291). Evidence also suggests
that cortical atrophy must be considered in future studies to address its influence on the

relationship between WMH and cognitive decline in cSVD.

Delayed IPS underlies attention deficits in many conditions and is one of the earliest
cognitive impairments in cSVD patients. In an age-related cSVD group, it was shown that
damage to frontal interhemispheric and thalamic projection fiber tracts underlying frontal-
subcortical neuronal circuits was a predictor for processing speed performance (304). In
another study, the effects of WMH on IPS were shown to be mediated by local network
efficiency (213). Cortical atrophy was shown to mediate the effects of ischemic lesion on

processing speed in cSVD patients (287).

In this study, we have three objectives. First, we investigated the relationship between
WMH and cognition, by characterizing the effect of WMH distribution on IPS measures.
Second, we aimed to better understand the relationship between WMH and cortical thickness
and brain connectivity based on functional and structural networks. Third, we assessed
whether the association between WMH and cognition is mediated by cortical thickness
and/or brain connectivity. To this end, we used the RUN-DMC (Radboud University Nijmegen
Diffusion tensor and Magnetic resonance imaging Cohort) databank consisting of 503 cSVD
patients (305) .

6.2 Methods

Study sample

The study sample was drawn from the RUN DMC (Radboud University Nijmegen Diffu-
sion tensor and Magnetic resonance imaging Cohort) study (305). 389 non-demented elderly,
aged between 50-85 years, with cSVD were included. Participants underwent a structured
questionnaire on demographics and vascular risk factors, a cognitive and motor assessment,
followed by an MRI protocol including conventional MRI, DTI, and resting-state fMRI. The

rationale and methodology have been described previously in detail (305).

MRI acquisition

Scans were acquired in a 1.5-Tesla Magnetom scanner (Siemens, Erlangen, Ger-
many). A whole-brain 3D T1W imaging was performed using a magnetization-prepared
rapid gradient-echo (MPRAGE) sequence (TR/TE/TI = 2250/3.68/850 ms; flip angle = 15°;
voxel size = 1.0 x 1.0 x 1.0 mm3). T2-weighted Fluid Attenuated Inversion Recovery (FLAIR)
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sequence was used with the following parameters: TR/TE/TI = 9000/84/2200 ms; voxel size
= 1.0 x 1.2 x 6.0 mm? (including slice gap of 1 mm). DTI was acquired with the following
parameters: TR/TE = 10100/93 ms; voxel size = 2.5 x 2.5 x 2.5 mm?; 4 unweighted scans, 30
diffusion-weighted scans, with a non-collinear orientation of the diffusion-weighting gradi-
ent, and b value = 900 s/mm?). Resting-state fMRI was acquired using a gradient-echo EPI
sequence (TR/TE = 2400/40 ms; voxel size = 3.5 x 3.5 x 4.4 mm? (including slice gap of 0.4
mm)). During resting state, participants were told not to concentrate on any particular subject

but to relax with their eyes closed. The complete scanning protocol took 31 minutes.

Neuropsychological assessment

Measurement of global cognitive function was assessed by the Mini-Mental State
Examination (MMSE) (306). Information processing speed was evaluated with the Letter-
Digit Substitution Task (LDST), a modified version of the Symbol Digit Modalities Test (SDMT)

(20). The higher the LDST score, the better the information processing speed performance.

WMH segmentation

T1-weighted and FLAIR scans were processed with UBO Detector <https://cheba.
unsw.edu.au/group/neuroimaging-pipeline> to segment WMH regions (307). Briefly, FLAIR
images were registered to T1, and then warped to Diffeomorphic Anatomical Registration
Through Exponentiated Lie Algebra (DARTEL) space. After non-brain tissue removal, FMRIB’s
Automated Segmentation Tool (FAST) was applied to FLAIR data to generate candidate
clusters. A supervised learning algorithm, k-nearest neighbours (k-NN), was used to determine
WMH clusters. Default settings with k = 5 and a probability threshold of 0.7 were used. Results
were manually checked for segmentation quality. WMH was quantified as global volume,
number of incidences (punctuate, focal, medium, and confluent), lobar volume, and lobar

volume by hemisphere.

WMH mapping to strategic WM tracts

TOPMAL is a toolbox to map cSVD-related lesions to brain atlases, including John
Hopkins University (JHU) WM Tractography Atlas (308) and Harvard-Oxford Subcortical
Structural Atlas (309). The output can be directly used for the region of interest (ROI) LSM
analyses (310). TOPMAL was developed as an extension of UBO Detector <https://cheba.
unsw.edu.au/group/neuroimaging- pipeline>, an automated pipeline for WMH extraction.
We used TOPMAL to map WMH to JHU WM atlas. The WMH masks from UBO Detector were
in standard space (DARTEL space) (311), which enables further analyses regarding the lesion
location. Flow field map was applied to JHU WM atlas to bring it to DARTEL space, and the
resultant atlas was then applied to WMH maps derived from UBO Detector. The obtained
image contained WMH regions overlapped with strategic WM tracts on the JHU WM atlas.
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Total GM and WM volumes

Gray matter (GM), white matter (WM), cerebrospinal fluid (CSF) were automatically
segmented on structure T1W images using the Statistical Parametric Mapping 12 <https:
/ Iwww.fil.ion.ucl.ac.uk/spm/> and CAT12 toolbox <https://www.neuro.uni-jena.de/vbm/>,
and surface and thickness estimation for ROI analysis in the writing options. Total intracranial
volume (TIV) was computed as the sum of GM, WM, and CSF volumes. Region-based Mor-
phometry (RBM) analysis was performed by extracting the mean cortical thickness values for
68 ROIs defined by the Desikan-Killiany (DK) atlas (309) using standard procedures for ROI
extraction. Data were entered in a statistical model to perform a multiple linear regression
analysis by defining the association between WMH volume by territory or LDST with regional
cortical thickness after controlling for age, sex and education. Statistical thresholds were set

to p < 0.01 (p-Holm Bonferroni corrected).

DTI analysis

A total of 389 diffusion MRI scans were included in the connectometry database. The
accuracy of b-table orientation was examined by comparing fiber orientations with those of a
population-averaged template (74). Affine distortion in our diffusion-weighted images from
residual eddy-currents was minimized during MR acquisition and did not require further
correction using post-processing methodology (312). The diffusion data were reconstructed in
the MNI space using gq-space diffeomorphic reconstruction (53) to obtain the spin distribution
function (65). A diffusion sampling length ratio of 1.25 was used. The output resolution in
diffeomorphic reconstruction was 2 mm isotropic. The restricted diffusion was quantified
using restricted diffusion imaging (66). The tensor metrics were calculated. The Fractional

Anisotropy (FA) values were used in the connectometry analysis.

Connectometry analysis

Diffusion MRI connectometry (313) was used to derive the correlational tractography
that has FA correlated with WMH volumes by territory and LDST scores. Firstly, a nonpara-
metric Spearman partial correlation was used to derive the correlation and the effect of age,
sex, and education. A total of 389 subjects were included in the analysis. A t-score threshold
ranging from 2 to 5 with steps of 1 was assigned and tracked using a deterministic fiber track-
ing algorithm (72) to obtain correlational tractography. A seed region was placed on the whole
brain. The tracks were filtered by topology-informed pruning (314) with four iterations. An
FDR threshold of 0.05 was used to select tracks. 4000 randomized permutations were applied
to the group label to obtain the null distribution of the track length and estimate the false

discovery rate.

Resting-state fMRI analysis
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Resting-state fMRI signals were preprocessed using the CONN toolbox version 20b
<https://www.nitrc.org/projects/conn>. Preprocessing steps included a standard pipeline
(realignment and unwarp, slice-timing correction, structural unified segmentation and nor-
malization, functional normalization, outlier detection, and smoothing with a 10-mm FWHM
Gaussian kernel). The ART algorithm <http://www.nitrc.org/projects/artifact_detect/> was
applied to detect motion during the functional scan. Time points in subjects’ images were
marked as outliers if the global signal exceeded five standard deviations from the mean or
if scan-to-scan motion deviation exceeded 0.9 mm. Those outliers, in addition to the linear
and polynomial trends of six head motion parameters, WM and CSF signal were included as
nuisance regressors during the denoising procedure in the CONN toolbox. Data were also
band-pass filtered at 0.008-0.09 Hz.

We performed seven seed-to-voxel analyses, each one corresponding to a resting-state
network (RSN) from the CONN network cortical ROIs (HCP-ICA) (60): Default Mode Network
(DMN), Sensorimotor Network (SMN), Salience Network, Dorsal Attention Network (DAN),
Fronto-parietal Network (FPN), Language Network (LAN), and Cerebellar Network. Table 3
shows the details regarding the seeds from each RSN.

Single-subject seed-to-voxel correlation maps were calculated by extracting the resid-
ual BOLD time course from each seed and computing Pearson’s correlation coefficients
between that time course and the ones of all other voxels in the brain. Correlation coefficients
were normalized to z-values via Fisher’s z-transformation. We implemented a multiple linear
regression analysis for each seed at group level by defining the association between WMH
volume by territory or LDST with functional connectivity after controlling for age, sex and
education. Statistical thresholds were set to p < 0.001 (uncorrected) at single voxel level, and

the resulting cluster(s) were thresholded to a cluster-level Family-wise error (FWE) p < 0.05.

Statistical analyses

A hierarchical multiple regression analysis was performed to examine the unique
contribution of global (total WMH, PVWMH, and DWMH) and regional (lobes, lobes by hemi-
sphere, and WMH loadings on strategic WM tracts) structural measures in the prediction of
LDST scores. An LDST score was the dependent variable in each instance, and a global volume
or regional structural measure was the independent variable. Age, sex, and education were
considered in the regression model as control variables. Firstly, we entered LDST scores as
the dependent variables and the control variables as independent variables (Model 1). Then,
we added global or regional structural volume as the independent variable (Model 2). The
independent variables were examined for collinearity before the hierarchical multiple regres-
sion analysis was performed. The variance inflation factor (all less than 10.0) and collinearity
tolerance (all greater than 0.7) suggest that the estimated betas are well established in the

following regression model. Changes in R? and the corresponding p-values were reported
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Table 3 — Resting-state networks (RSNs) from the CONN network cortical ROIs
(HCP-ICA) atlas, its seeds, and coordinates.!

Resting-state Network (RSN) Seeds (Coordinates)

Default Mode Network (DMN) DefaultMode.MPFC (1,55,-3)
DefaultMode.LP (L) (-39,-77,33)
DefaultMode.LP (R) (47,-67,29)
DefaultMode.PCC (1,-61,38)
SensoriMotor Network (SMN) SensoriMotor.Lateral (L) (-55,-12,29)
SensoriMotor.Lateral (R) (56,-10,29)
SensoriMotor.Superior (0,-31,67)
Visual Network Visual.Medial (2,-79,12)
Visual.Occipital (0,-93,-4)
Visual.Lateral (L) (-37,-79,10)
Visual.Lateral (R) (38,-72,13)
Salience Network Salience.ACC (0,22,35)
Salience.Alnsula (L) (-44,13,1)
Salience.Alnsula (R) (47,14,0)
Salience.RPFC (L) (-32,45,27)
Salience.RPFC (R) (32,46,27)
Salience.SMG (L) (-60,-39,31)
Salience.SMG (R) (62,-35,32)
Dorsal Attention Network (DAN) DorsalAttention.FEF (L) (-27,-9,64)
DorsalAttention.FEF (R) (30,-6,64)
DorsalAttention.IPS (L) (-39,-43,52)
DorsalAttention.IPS (R) (39,-42,54)
FrontoParietal Network (FPN) FrontoParietal. LPFC (L) (-43,33,28)
FrontoParietal.PPC (L) (-46,-58,49)
FrontoParietal. LPFC (R) (41,38,30)
FrontoParietal. PPC (R) (52,-52,45)
Language Network (LAN) Language.IFG (L) (-51,26,2)
Language.IFG (R) (54,28,1)
Language.pSTG (L) (-57,-47,15)
Language.pSTG (R) (59,-42,13)
Cerebellar Network Cerebellar.Anterior (0,-63,-30)
Cerebellar.Posterior (0,-79,-32)

Medial prefrontal cortex (MPFC), precuneus/posterior cingulate cortex (PCC), lateral parietal (LP); anterior cingulate
cortex (ACC), anterior insula (Alnsula), rostral prefrontal cortex (RPFC), and supramarginal gyrus (SMG), frontal eye field
(FEF), intraparietal sulcus (IPS), lateral prefrontal cortex (LPFC), posterior parietal cortex (PPC), inferior frontal gyrus
(IFG), posterior superior temporal gyrus (pSTG).

for comparison. All results were reported in raw p-values, and the ones that survived the
Bonferroni correction for multiple tests were marked.

A mediation analysis was used to test whether alterations in cortical thickness, struc-
tural or functional connectivity are on the potential causal pathway of the association between
WMH volume and IPS (Figure 13). We used bootstrapping (5000 samples) to calculate bias-
corrected 95% Confidence Interval (CI) with the PROCESS statistical package for SPSS (315).
Analyses were conducted using PROCESS model 4, N = 389. Age, sex, and education were
used as covariates. Total WMH (cited as WMH from now on), PVWMH, and DWMH vol-
umes were the independent variable; LDST scores, the dependent variable. Mediators were
regional cortical thickness, fractional anisotropy, and functional connectivity, which were
statistically significant in our previous steps. Firstly, we tested the direct association between
WMH/PVWMH/DWMH volume and LDST scores (path c). Then, we tested the association
between WMH/PVWMH/DWMH volume and the mediator (path a) and the association be-
tween WMH/PVWMH/DWMH volume and LDST scores adjusting for the mediator (path c’).
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Finally, we tested the association between the mediator and LDST adjusted for the effect of
WMH/PVWMH/DWMH on LDST scores (path b). Standardized regression coefficients were
reported when significant (p < 0.05).
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Figure 13 — Simple Mediation Model. a = the association between WMH/PVWMH/DWMH
volume and MRI metric. b = the association between MRI metric (Cortical Thick-
ness or Fractional Anisotropy or Functional Connectivity) and LDST adjusted for
the effect of WMH/PVWMH/DWMH on LDST scores. ¢’ = the association between
WMH/PVWMH/DWMH volume and LDST scores adjusting for MRI metric. ¢ =
the direct association between WMH/PVWMH/DWMH volume and MRI metric.
Age, sex, and education were included as confounders. WMH: white matter hyper-
intensity. PVWMH: periventricular WMH. DWMH: deep WMH.
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6.3 Results
Study population

Table 4 shows the general characteristics of the sample, which consisted of 389 indi-
viduals with a mean age of 65.33 + 8.72 years; 179 of the 389 participants (46%) were women,
279 (72%) had hypertension, and 42 (11%) had diabetes.

Table 4 — General characteristics of the study population. WMH = white matter hyperintensity.

Characteristic Value (n =389) Min-Max
Demographics
Age (years)! 65.33 + 8.72 49.67-85.39
Number of women (%) 179 (46%)
Number of women (%) 179 (46%)
Cardiovascular risk factors
Hypertension (%) 279 (72%)
Diabetes (%) 42 (11%)
Smoking (%) 263 (68%)
Hypercholesterolemia (%) 176 (45%)
Cardiovascular morbidity (%) 180 (46%)
Malignancy baseline (%) 41 (11%)
Body-mass index (kg/m?)! 27+4 17.7-43.4
Lifestyle fators
Cardiovascular morbidity (%)
Never (%) 126 (32%)
Former (%) 207 (53%)
Current (%) 56 (14.4%)
Cognitive scores
Mini-mental state examination total score! 28.20+1.63 22to 30
Letter-digit substitution test! 27.54 £9.68 7t055
Cognitive index! 0.029 £ 0.702 -1.57to 1.61

Cerebral small vessel disease characteristics
Total WMH volume (mm3)?
Periventricular WMH volume (mm3)?
Deep WMH volume (mm3)!

9979.65 £ 12530.76 30.38-77878.81
6701.59 £ 7933.47 20.25-36088.88
3212.98 £ 5377.02 0-47651.63

1 Means + standard deviations are shown.
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WMH associations with cortical thickness

WMH, PVWMH and DWMH volumes were negatively and significantly associated
with the cortical thickness of frontal, temporal, and occipital areas after controlling for age,
sex, and education (p < 0.01, Holm Bonferroni corrected) (Figure 14 and Table 5). The spatial
distribution pattern of associations was similar for WMH, PVWMH and DWMH volumes
(Figure 14). The cortical thickness and volume of the left transverse temporal region was
the most significantly associated with WMH, PVWMH and DWMH volumes. The number of
regions whose PVWMH volume was significantly associated with the cortical thickness was
almost double (n = 12) than that obtained with the DWMH volume (n = 7). Associations were

similar when considering the regions by hemisphere and the number of regions (Table 5).

alue
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Figure 14 — Multiple linear regression analysis results define the association between WMH
volume by territory (independent variable) and regional cortical thickness (depen-
dent variable) after controlling for age, sex, and education. Statistical thresholds
were set to p < 0.01 (p-Holm Bonferroni corrected). WMH: white matter hyperin-
tensity. PVWMH: periventricular WMH. DWMH: deep WMH.
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Table 5 - T and p-values of the associations between WMH/PVWMH/DWMH volume with
regional cortical thickness after controlling for age, sex, and education (p < 0.01,
Holm Bonferroni corrected).

WMH territory  Desikan Killiany atlas (309) region t-value p-value
Transverse temporal L -7.06 0.000000
Pars opercularis L -5.01 0.00002
Superior temporal L -4.03 0.002
Lingual L -3.93 0.001
Supramarginal L -3.56 0.01
Pars orbitalis L -3.31 0.01
WMH Pars triangularis L -3.09 0.05
Transverse temporal R -5.02 0.00003
Pars opercularis R -4.83 0.00002
Lingual R -4.18 0.001
Supramarginal R -3.51 0.003
Pars triangularis R -3.45 0.0015
Pericalcarine R -3.13 0.006
Superior temporal R -2.65 0.004
Transverse temporal L -6.70 0.000000
Pars opercularis L -5.64 0.000000
Superior temporal L -4.30 0.001
Lingual L -4.14 0.001
Pars triangularis L -3.53 0.01
PVWMH Supramarginal L -3.29 0.03
Transverse temporal R -4.88 0.00003
Pars opercularis R -4.77 0.00003
Lingual R -4.23 0.0002
Pericalcarine R -3.61 0.005
Pars triangularis R -3.49 0.02
Supramarginal R -3.46 0.01
Transverse temporal L -6.12 0.000000
Supramarginal L -3.23 0.03
Pars opercularis L -3.19 0.040
DWMH Superior temporal L -2.87 0.002
Transverse temporal R -4.25 0.00025
Pars opercularis R -3.96 0.002

Lingual R -3.33 0.01
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WMH associations with fractional anisotropy

The connectometry analysis found many tracts showing FA positively correlated with
WMH, PVWMH, or DWMH volumes (p-FDR < 0.05) after regressing out the effects of age, sex,
and education for T=2, T=3, T=4 and T = 5 (Figure 15). No significant result was found in
tracks with FA negatively correlated with WMH, PVWMH and DWMH (p-FDR < 0.05).

Figure 15 — Tracks with FA positively correlated with WMH, PVWMH and DWMH volumes,
respectivelyatT=2,T=3,T=4and T =5 (p-FDR =< 0.05). A nonparametric Spear-
man partial correlation was used to derive the correlation, and the effect of sex,
age, and education was removed using a multiple regression model. FA: Fractional
Anisotropy. WMH: white matter hyperintensity. PVWMH: periventricular WMH.
DWMH: deep WMH.

For T =2, the Corpus Callosum Body has the most significant percentage of the number
of tracts (p-FDR < 0.05) for the associations between FA and WMH, PVWMH and DWMH
(Table 6). The right Inferior Longitudinal Fasciculus and left Superior Corticostriatal complete
the top three. For T = 3, the Corpus Callosum Body remains as the first regarding the number
of tracts. The main change is substituting the right Inferior Longitudinal Fasciculus for the
right Posterior Thalamic Radiation to complete the top three. While the T becomes higher and
the analysis more specific, the Corpus Callosum loses the top position for the right Thalamic
Radiation Posterior. The Corpus Callosum and the left Posterior Thalamic Radiation remain
at the top three. Another finding is that, while the T becomes more restrictive, the top three
are responsible for a greater percentage of the total number of tracts. As an example, for
WMH associations with FA, the top three corresponds to 22.85% of the number of tracts at T =
2, while it increases to 45.64% for T = 5. For associations between PVWMH and FA, the top
three corresponds to 23.29% of the tracts at T =2, while it increases to 40.63% for T = 5. For
associations between DWMH and FA, the top three corresponds to 23.42% of the tracts at T
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=2, while it increases to 62.37% for T = 5.

Table 6 — The three tracks with the biggest percentage (%) of the number of tracts identified
in the associations between FA and LDST scores, respectively at T=2,T=3, T =4,
and T =5 (p-FDR < 0.05). A nonparametric Spearman partial correlation was used to
derive the correlation, and the effects of sex, age, and education were removed using a
multiple regression model. FA: Fractional Anisotropy. LDST: Letter-Digit Substituion

Test. L: left. R: right.

WMH

PVWMH

DWMH

9.24% Corpus Callosum Body
7.03% Inferior Longitudinal Fasciculus

9.76% Corpus Callosum Body
6.94% Inferior Longitudinal Fasciculus

9.48% Corpus Callosum Body

T=2 R R 7.65% Corticostriatal Tract Superior R
6.58% Corticostriatal Tract Superior R 6.59% Corticostriatal Tract Superior R 3,29% Inferior Longitudinal Fasciculus
12.30% Corpus Callosum Body 12.48% Corpus Callosum Body 12.54% Corpus Callosum Body

T=3 7.66% Corticostriatal Tract Superior R 8.11% Thalamic Radiation Posterior R 8.95% Corticostriatal Tract Superior R
7.18% Thalamic Radiation Posterior R 7.13% Corticostriatal Tract Superior R 8.49% Thalamic Radiation Posterior R
15.39% Corpus Callosum Body 14.42% Corpus Callosum Body 16.43% Thalamic Radiation Posterior R

T=4 11.15% Thalamic Radiation Posterior R~ 11.38% Thalamic Radiation Posterior R 14.06% Corpus Callosum Body
8.62% Thalamic Radiation Posterior L 8.26% Thalamic Radiation Posterior L 12.06% Thalamic Radiation Posterior L
18.72% Thalamic Radiation Posterior R~ 17.13% Thalamic Radiation Posterior R 34.57% Thalamic Radiation Posterior R

T=5 15.88% Corpus Callosum Body 14.14% Corpus Callosum Body 17.21% Thalamic Radiation Posterior L

11.04% Thalamic Radiation Posterior L

9.36% Thalamic Radiation Posterior L

10.59% Corpus Callosum Body




Chapter 6. WMH effects on Cortical Thickness, Brain Networks, and Information Processing Speed in

non-demented Small Vessel Disease patients: A mediation study 82

WMH associations with resting-state functional connectivity

Functional connectivity from the SMN, DMN, Visual, FPN, and DAN networks was
significantly associated with the WMH burden (Figure 16). Functional connectivity from the
SMN, Salience, Visual, DAN, FPN, and Cerebellar networks was significantly associated with
PWMH burden (Figure 16). Functional connectivity from the SMN, DMN, FPN, and DAN
was associated with DWMH burden (Figure 16). The number of RSN associated with lesion
burden was the biggest for the PVWMH (n = 6), followed by WMH (n = 5) and DWMH (n = 4).

SMN Seeds 7 DMN Seeds Salience Network Seeds Visual Network Seeds

A %

000
—

n;@

DAN Seeds FPN Seeds Cerebellar Network Seeds

WMH

PVWMH

;,"Qv , /h—\ @

( Eé s )

DWMH 7,“‘!

Figure 16 — Statistical maps from the associations between seed-to-voxel functional con-
nectivity and LDST scores after controlling for age, sex, and education. Results
were thresholded at p-uncorrected < 0.001 (voxel level) and then corrected at

the cluster level using a family-wise error (FWE) of p < 0.05. WMH: white matter
hyperintensity. PVWMH: periventricular WMH. DWMH: deep WMH.
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Hierarchical multiple regression

The global structural volumes were significantly associated with LDST scores (Table
7). No significant association was found between the number of incidences (punctuate, focal,
medium, or confluent) and LDST scores (Table 7). The associations with WMH, PVWMH, and
DWMH were negative, with total WMH volume being the most significant one (8 =-0.116, p
=0.009). Regarding regional structural volumes, when considering lobar WMH, an associa-
tion was found only between parietal WMH volume and LDST scores (p = 0.05, Bonferroni
corrected). Associations were statistically significant for bilateral parietal volume (p = 0.05,
Bonferroni corrected) when considering lobar WMH by hemisphere. When considering the
associations of WMH loadings on strategic white matter fiber tracts with LDST scores, only
the WMH loading on the left corticospinal tract survived the statistical threshold (p < 0.05,

Bonferroni corrected).

Table 7 — Associations of global measures (volume and number) with LDST scores. WMH:
white matter hyperintensity. PVWMH: periventricular WMH. DWMH: deep WMH.
LDST: Letter-Digit Substitution Test

Global structural measure B AR? R? p
WMH volume (cm3)! -0.116 1.1% 39.1% 0.009
PVWMH volume (cm3)? -0.106 0.9% 38.9% 0.019
DWMH volume (cm3)? -0.106 1.0% 39.0% 0.013
Total number of WMH incidences! -0.010 0.0% 38.0% 0.825
Number of punctuate incidences! -0.045 0.2% 38.2% 0.278
Number of focal incidences*! 0.002 0.0% 38.0% 0.968
Number of medium incidences’ -0.001 0.0% 38.0% 0.987
Number of confluent incidences! -0.15 0.0% 38.0% 0.747

! After regressing out effects of age, sex, and education level. In bold associations are statisti-
cally significant (p < 0.05).

2 After regressing out effects of age, sex, and education level. In bold associations are statisti-
cally significant after Bonferroni correction (p < 0.025).
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LDST associations with cortical thickness

Cortical thickness values from frontal, temporal, and cingulate areas were positively
and significantly associated with LDST scores after controlling for age, sex, and education (p

< 0.01, Holm Bonferroni corrected) (Figure 17 and Table 8).

0.1 0.01 0.001

Figure 17 — Multiple linear regression analysis results define the association between LDST
scores (independent variable) and regional cortical thickness (dependent variable)
after controlling for age, sex, and education. Statistical thresholds were set to p <
0.01 (p-Holm Bonferroni corrected). LDST: Letter-Digit Substitution Test.

Table 8 — T and p-values of the associations between LDST scores with regional cortical thickness
after controlling for age, sex, and education (p < 0.01, Holm Bonferroni corrected). LDST:
Letter-Digit Substitution Test.

Hemisphere Desikan Killiany atlas (309) region t p

Left Pars opercularis 3.60 0.0037
Rostral middle frontal 3.42 0.0024

Caudal middle frontal 3.40 0.006

Pars triangularis 3.18 0.037

Superior temporal 3.16 0.034

Precentral 3.15 0.003

Right Pars orbitalis 4.17 0.001
Pars opercularis 3.63 0.006

Posterior cingulate 3.62 0.01

Rostral middle frontal 3.36 0.02
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LDST Associations with fractional anisotropy

The connectometry analysis found many tracts showing FA positively correlated with
LDST (p-FDR < 0.05) after regressing the effects of age, sex, and educationforT=2,T=3,T=
4, and T = 5 (Figure 18). No significant result was found in tracks with FA negatively correlated
with LDST (p-FDR = 0.05).

Figure 18 — Tracks with FA positively correlated with LDST (p-FDR < 0.05). A nonparametric
Spearman partial correlation was used to derive the correlation, and the effect
of sex, age, and education was removed using a multiple regression model. FA:
Fractional Anisotropy. LDST: Letter-Digit Substitution Test.

For T = 2, the corpus callosum major forceps showed the biggest percentage of the
number of tracts (p-FDR < 0.05) for the associations between FA and LDST scores (Table 9).
Bilateral thalamic radiation posterior, right anterior corticostriatal tract, and corpus callosum
body complete the top five. For T = 3, the right thalamic radiation posterior became the one
with the biggest percentage of the tracts. While the T became higher and the analysis more
specific, the left thalamic radiation posterior assumed the top position. The top five were
entirely composed of thalamic radiation and callosal tracts. Another finding is that, while the
T was becoming more restrictive, the top five became responsible for a bigger percentage of
the tracts. For example, for LDST associations with FA, the top five corresponded to 52.3%
of the tracts at T = 2; it increased to 94.4% at T = 5. For T = 5, the remaining volume of tracts
was composed by 2.5% of right thalamic radiation anterior, 1.1% of right corticostriatal tract

anterior, 0.9% of right Acoustic Radiation, 0.5% of left thalamic radiation superior, 0.3% of
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corpus callosum minor forceps, 0.2% of left superior longitudinal fasciculus, 0.06% of left

cingulum parahippocampal parietal, and 0.04% of corpus callosum tapetum.
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LDST associations with Resting-state fMRI

Functional connectivity from the SMN, DMN, Language, Visual, and FPN Networks
was significantly associated with LDST scores (Figure 19, Table 10).

) SMN Network Seeds a DMN Network Seeds Language Network Seeds

Cluster -36, -96, 402

[ SMN Lateral L
W SMIN Lateral R
SMN Superior

Effect Sizes
Effect Sizes

IR
3,

n

Cluster +60, +06, -30 Cluster -36, -96, 402

07 Cluster-58,-20,-26  Cluster-28,-18, 28 Cluster -40, 408, 406

Visual Network Seeds FrontoParietal Network Seeds

Cluster 422, 22, 414 —" Cluster 16,414, 26

N Visual Medial
W Visual Occipital
Visual Lateral L

Effects Sizes

Cluster +42, 22,414 Cluster 16, +14, -26

Figure 19 — Statistical maps and Effect Size from the associations between seed to voxel func-
tional connectivity and LDST scores after controlling for age, sex and education
in one sample with 389 small vessel disease patients without dementia. Note :
Results show connectivity between the each network seeds and the voxels from
whole-brain associated with LDST scores after controlling for age, sex and educa-
tion. Results are thresholded at the voxel-level at p uncorrected < 0.001 and then
corrected at the cluster-level using a family-wise error (FWE) of p < 0.05. LDST:
Letter-Digit Substitution Test.
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Mediation Analysis

Table 11 presents the direct (path c), path a, path b, path c’, and indirect (mediation)
effects of WMH/PVWMH/DWMH and regional cortical thickness on LDST scores. The higher
the volume of lesion, the lower the LDST scores (direct effect). The higher the lesion volume,
the lower the regional cortical thickness (path a). The higher the regional cortical thickness,
the higher the LDST scores (path b). The indirect (mediation) effect of WMH and PVWMH
volumes on LDST scores was significantly mediated by the regional cortical thickness of the
bilateral pars opercularis, left pars triangularis, bilateral middle rostral frontal cortex, left
superior temporal cortex, and right posterior cingulate. The indirect effect of DWMH volume
on LDST scores was significantly mediated by the regional cortical thickness of the bilateral

pars opercularis and left superior temporal cortex.

Table 11 - Direct, path a, path b, path ¢, and indirect (mediation) effects of
WMH/PVWMH/DWMH and regional cortical thickness on LDST scores.!

Direct effect (c Indirect (media-

WM tract ath) a b c tion) effects 95%
b BCI - a*b

WMH Pars opercularis L -0.122 -0.242 0.132 -0.08 [-0.060 -0.0091]
Pars opercularis R -0.122 -0.232 0.132 -0.08 [-0.06 -0.01]
Pars triangularis L -0.122 -0.14% 0.122 -0.10? [-0.04 -0.002]
Rostral middle frontal L -0.122 -0.122 0.132 -0.102 [-0.04 -0.003]
Rostral middle frontal R -0.122 -0.132 0.132 -0.102 [-0.04 -0.003]
Superior temporal L -0.122 -0.212 0.102 -0.102 [-0.05 -0.003]

Posterior cingulate R -0.122 -0.162 0.092 -0.102 [-0.04 -0.0002]
PVWMH Pars opercularis L -0.112 -0.272 0.142 -0.07 [-0.07 -0.01]
Pars opercularis R -0.112 -0.242 0.132 -0.07 [-0.06 -0.01]

Pars triangularis L -0.112 -0.172 0.122 -0.08 [-0.045 -0.0035]

Rostral middle frontal L -0.112 -0.152 0.132 -0.09 [-0.043 -0.004]

Rostral middle frontal R -0.112 -0.152 0.132 -0.09 [-0.04 -0.0035]
Superior temporal L -0.112 -0.242 0.102 -0.08 [-0.05 -0.004]

Posterior cingulate R -0.112 -0.172 0.092 -0.092 [-0.04 -0.0001]
DWMH Pars opercularis L -0.112 -0.142 0.142 -0.092 [-0.04 -0.004]
Pars opercularis R -0.112 -0.172 0.142 -0.08 [-0.05 -0.008]
Superior temporal L -0.112 -0.142 0.112 -0.092 [-0.03 -0.002]

Analyses conducted using PROCESS model 4, N = 389. Sex was dummy coded (1 = female and 0 = male). Standardized regression
coefficients are presented; a = the association between WMH/PVWMH/DWMH volume and regional cortical thickness. b = the
association between regional cortical thickness and LDST adjusted for the effect of WMH/PVWMH/DWMH on LDST scores. ¢’ =
the association between WMH/PVWMH/DWMH volume and LDST scores adjusting for cortical thickness. ¢ = the direct association
between WMH/PVWMH/DWMH volume and regional cortical thickness. Standardized regression coefficients are also presented
for the mediation (a*b) effects. *p < 0.05. BCI = Bias corrected confidence interval (bootstrap). WMH: white matter hyperintensity.
PVWMH: periventricular WMH. DWMH: deep WMH. L: left. R : right.

Table 12 presents the direct (path c), path a, path b, path c’, and indirect (mediation)
effects of WMH/PVWMH/DWMH and FA on LDST scores. The higher the lesion volume, the
lower the LDST scores (direct effect). The higher the lesion volume, the lower the fractional
anisotropy (path a). The higher the fractional anisotropy, the higher the LDST scores (path
b). The indirect effects of WMH, PVWMH, and DWMH volumes on LDST scores were signifi-
cantly mediated by the left cingulum parahippocampal parietal, left superior longitudinal

fasciculusl, right acoustic radiation, right corticostriatal tract anterior, bilateral anterior and



Chapter 6. WMH effects on Cortical Thickness, Brain Networks, and Information Processing Speed in

non-demented Small Vessel Disease patients: A mediation study 91

posterior thalamic radiation, and corpus callosum (body, tapetum, minor forceps, and major

forceps).

Table 12 — Direct, path a, path b, path ¢, and indirect (mediation) effects of
WMH/PVWMH/DWMH and fractional anisotropy on LDST scores.!

Direct Indirect (media-
WM tract effect (c a b c tion) effects 95%
path) BCI - a*b
WMH Cingulum Parahippocampal Parietal L -0.122 -0.482 0.222 -0.013 [-0.16 -0.053]
Superior Longitudinal Fasciculusl L -0.122 -0.362 0.142 -0.01 [-0.09 -0.01]
Acoustic Radiation R -0.12% -0.40? 0.14? -0.06 [-0.098 -0.019]
Corticostriatal Tract Anterior R -0.122 -0.402 0.242 -0.02 [-0.14 -0.05]
Thalamic Radiation Anterior R -0.122 -0.412 0.242 -0.015 [-0.15 -0.05]
Thalamic Radiation Posterior L -0.122 -0.522 0.222 -0.0007 [-0.18 -0.06]
Thalamic Radiation Posterior R -0.122 -0.492 0.212 -0.01 [-0.16 -0.055]
Thalamic Radiation Superior L -0.122 -0.392 0.172 -0.05 [-0.11 -0.02]
Thalamic Radiation Superior R -0.122 -0.392 0.222 -0.03 [-0.135 -0.045]
Corpus Callosum Forceps Minor -0.122 -0.322 0.172 -0.06 [-0.09 -0.024]
Corpus Callosum Body -0.122 -0.362 0.152 -0.06 [-0.09 -0.02]
Corpus Callosum Tapetum -0.122 -0.395% 0.142 -0.06 [-0.095 -0.017]
Corpus Callosum Forceps Major -0.122 -0.492 0.212 -0.013 [-0.16 -0.05]
PVWMH Cingulum Parahippocampal Parietal L -0.112 -0.422 0.222 -0.014 [-0.14 -0.05]
Superior Longitudinal Fasciculusl L -0.112 -0.372 0.142 -0.05 [-0.098 -0.01]
Acoustic Radiation R -0.112 -0.362 0.152 -0.05 [-0.09 -0.02]
Corticostriatal Tract Anterior R -0.112 -0.422 0.252 -0.001 [-0.15 -0.06]
Thalamic Radiation Anterior R -0.112 -0.422 0.252 -0.001 [-0.15 -0.06]
Thalamic Radiation Posterior L -0.112 -0.482 0.222 -0.0004 [-0.16 -0.05]
Thalamic Radiation Posterior R -0.112 -0.452 0.2152 -0.008 [-0.15 -0.05]
Thalamic Radiation Superior L -0.112 -0.382 0.182 -0.04 [-0.115-0.024]
Thalamic Radiation Superior R -0.112 -0.392 0.232 -0.02 [-0.13 -0.045]
Corpus Callosum Forceps Minor -0.112 -0.342 0.182 -0.045 [-0.10 -0.03]
Corpus Callosum Body -0.112 -0.362 0.152 -0.05 [-0.095 -0.02]
Corpus Callosum Tapetum -0.112 -0.352 0.142 -0.055 [-0.09 -0.02]
Corpus Callosum Forceps Major -0.112 -0.44° 0.212 -0.013 [-0.14 -0.05]
DWMH Cingulum Parahippocampal Parietal L -0.112 -0.452 0.222 -0.007 [-0.15-0.05]
Superior Longitudinal Fasciculusl L -0.112 -0.272 0.142 -0.07 [-0.07 -0.009]
Acoustic Radiation R -0.112 -0.372 0.142 -0.05 [-0.09 -0.02]
Corticostriatal Tract Anterior R -0.112 -0.292 0.232 -0.04 [-0.01 -0.04]
Thalamic Radiation Anterior R -0.112 -0.332 0.242 -0.03 [-0.12 -0.04]
Thalamic Radiation Posterior L -0.112 -0.482 0.222 -0.0003 [-0.16 -0.055]
Thalamic Radiation Posterior R -0.112 -0.452 0.212 -0.01 [-0.14 -0.05]
Thalamic Radiation Superior L -0.112 -0.312 0.172 -0.05 [-0.09 -0.02]
Thalamic Radiation Superior R -0.112 -0.322 0.222 -0.04 [-0.11 -0.04]
Corpus Callosum Forceps Minor -0.112 -0.212 0.182 -0.07 [-0.07 -0.02]
Corpus Callosum Body -0.112 -0.292 0.152 -0.06 [-0.08 -0.02]
Corpus Callosum Tapetum -0.112 -0.372 0.142 -0.05 [-0.09 -0.02]
Corpus Callosum Forceps Major -0.112 -0.462 0.212 -0.009 [-0.15 -0.05]

Analyses conducted using PROCESS model 4, N = 389. Sex was dummy coded (1 = female and 0 = male). Standardized regres-
sion coefficients are presented; a = the association between WMH/PVWMH/DWMH volume and fractional anisotropy. b = the
association between fractional anisotropy and LDST adjusted for the effect of WMH/PVWMH/DWMH on LDST scores. ¢’ = the
association between WMH/PVWMH/DWMH volume and LDST scores adjusting for fractional anisotropy. ¢ = the direct association
between WMH/PVWMH/DWMH volume and fractional anisotropy. Standardized regression coefficients are also presented for
the mediation (a*b) effects. BCI = Bias corrected confidence interval (bootstrap). WMH: white matter hyperintensity. PVWMH:
periventricular WMH. DWMH: deep WMH. L: left. R : right. [2] Significant at p < 0.05.

Table 13 presents the direct (path c), path a, path b, path c’, and indirect (mediation)
effects of WMH/PVWMH/DWMH and functional connectivity on LDST scores. The higher the
WMH and PVWMH volumes, the lower the LDST scores (direct effect). The higher the lesion

volume, the lower the functional connectivity (path a). The higher the functional connectivity,
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the higher the LDST scores (path b). The indirect effects of WMH and PVWMH volumes on
LDST scores were significantly mediated by the seed-to-voxel functional connectivity of the
right lateral SMN seed.

Table 13 — Direct, path a, path b, path ¢, and indirect (mediation) effects of
WMH/PVWMH/DWMH and regional cortical thickness on LDST scores.!

Direct Indirect (media-
Network effect (c a b c tion) effects 95%
path) BCI - a*b
WMH Right Lateral (SMN) -0.122 -0.1352 0.152 -0.09? [-0.04 -0.002]
Right Lateral (SMN) -0.112 -0.132 0.152 -0.08 [-0.04 -0.003]

PVWMH

Analyses conducted using PROCESS model 4, N = 389. Sex was dummy coded (1 = female and 0 = male). Standardized regression
coefficients are presented; a = the association between WMH/PVWMH/DWMH volume and regional cortical thickness. b = the
association between regional cortical thickness and LDST adjusted for the effect of WMH/PVWMH/DWMH on LDST scores. ¢’ =
the association between WMH/PVWMH/DWMH volume and LDST scores adjusting for cortical thickness. ¢ = the direct association
between WMH/PVWMH/DWMH volume and regional cortical thickness. Standardized regression coefficients are also presented
for the mediation (a*b) effects. BCI = Bias corrected confidence interval (bootstrap). WMH: white matter hyperintensity. PVWMH:
periventricular WMH. DWMH: deep WMH. L: left. R : right.

[2] Significant at p < 0.05.
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6.4 Discussion

Our results showed associations of WMH burden and location with cortical thickness,
brain connectivity, and LDST performance in a group of cSVD patients without dementia.
Additionally, cortical thickness and brain connectivity were shown to mediate the association
of WMH burden and location with LDST scores.

Gray matter atrophy has been suggested as a possible mechanism to explain the
association between cognitive decline and WMH in cSVD patients (297, 298, 286). Cortical
thinning was shown to mediate this association (288, 299, 300). Firstly, regarding the spatial
pattern of WMH volume and cortical thickness associations, we found it mainly in frontal,
temporal, and occipital areas. Previously, associations were found bilaterally in the dorsolat-
eral prefrontal, parietal and posterior-superior temporal cortices in CADASIL patients (297)
and predominantly in frontal areas in memory clinic patients with SVD (298). Using the same
database from the present study, WMH load was negatively correlated with cortical thickness
in bilateral frontotemporal regions, whereas WMH load was positively correlated with cortical
thickness in the paracentral regions (300). The prominence of frontal areas in our study and
the mentioned ones is hypothesized to be related to the increased susceptibility of axons in
these areas to impaired cerebral perfusion and vascular injury, leading to partial frontal lobe

disconnection (316).

Another mechanism to explain the heterogeneity of clinical outcomes is the disruption
of brain networks by WMH. MRI techniques such DTI and BOLD-fMRI are expected to
contribute to understanding the pathophysiology of WM lesions (and of cSVD in general) and

their clinical correlates (317) through studies of structural and functional brain connectivity.

We found associations between callosal tracts and projection tracts with lesion volume
concerning the structural brain networks. A graph analysis study showed that structural brain
networks are disturbed in cSVD patients associated with the disease severity. It also showed
the most impairment in the interhemispheric and prefrontal connections (203). We also
found the association of projection, callosal, association, and limbic system tracts with LDST
scores. Similarly, a study with non-demented and stroke-free participants showed a positive
and significant association of tract-specific FA with LDST scores involving the anterior and
posterior thalamic radiation (projection tracts), superior, inferior, and inferior fronto-occipital
fasciculus (association tracts), cingulate gyrus (limbic system tracts) and major and minor
forceps (callosal tracts) (318). When adjusted for global FA, the association remained for
the posterior thalamic radiation, inferior and inferior fronto-occipital fasciculus, and minor

forceps (callosal tract).

The mechanism behind the indirect effects of WMH on LDST through WM microstruc-
tural impairment is still unclear. One possibility is the cortex atrophy due to disconnec-

tion of WM tracts caused by WMH due to disease, a process called secondary degeneration
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(301, 302, 303). The strongest associations involving the posterior thalamic radiation, which
connects the thalamus with the posterior parietal and occipital lobes (319), and have a key
role in connecting visual and motor processes, suggest that IPS assessed with LDST relies on
the processes supported by this tract.

On the other hand, we found associations between SMN, DMN, salience, DAN, FPN,
cerebellar and visual networks functional connectivity with lesion volume. LDST scores were
associated with SMN, DMN, language, visual and FPN functional connectivity. Neuroimaging
studies reported reduced functional connectivity in distributed networks. Three networks
that are commonly affected are the DMN, DAN, and FPCN, which all play an important role in
attention directed by goals and executive functions (291, 320). Disturbed functional connectiv-
ity within the FPCN, DAN, and DMN has been linked to a higher level of cognitive impairment
(321, 264, 322). More specifically, cSVD causes disruptions in the frontal-subcortical circuits
and long association fibers that, in turn, impair communication between crucial neural

networks responsible for cognitive control or attention, such as DMN, FPCN, and DAN (320).

However, functional connectivity from SMN right lateral seed was the only one to me-
diate the association of WMH and PVWMH volumes. Previously, functional connectivity from
the right cingulate motor area, left posterior insula, and left ventral premotor area showed
attenuated functional connectivity in leukoaraiosis patients, and the degree of attenuation
was associated with disease severity (323). The functional connectivity disruptions in the
right cingulate motor area were associated with sensorimotor integration performance. CSVD
is considered the most likely cause in 69% of sensorimotor stroke patients (323). Comple-
mentary, in our analysis of associations between WMH loading on specific WM tracts with
LDST scores, the only tract that survived the statistical threshold was the left corticospinal
tract, which originates from many brain areas, such as motor, premotor, and somatosen-
sory cortices (324), parietal lobe, and cingulate gyrus (325). It suggests that disruptions in
functional connectivity of sensorimotor areas are associated with PVWMH burden and LDST
performance, mediating the relationship between them and suggesting another functional
network also affected in cSVD patients without dementia, in addition to the traditional DMN,
FPN, and DAN. The mechanism behind the indirect effects of WMH on LDST scores through
functional connectivity remains unclear, once it can be due to changes in neural activation
or neurovascular coupling (326). The neurobiological significance of different changes in
resting-state functional connectivity is also unclear (327), with white matter disruptions, gray

matter atrophy, and amyloid deposition as possible contributors (328).

In addition to WMH load, the WMH location (periventricular and deep) was also asso-
ciated with LDST scores, although the associations were statistically similar. The interesting
findings were concerning the indirect effects. Only the association between PVWMH and
LDST was mediated by functional connectivity. Almost double the cortical areas mediated

the association between PVWWMH and LDST scores compared to the number of cortical areas
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mediating the DWMH-LDST relationship. We hypothesize that PVWMH may disturb long
cortico-subcortical association fibers (329), and may be adjacent to ascending cholinergic
fibers (330, 291). More specifically, the frontal subcortical circuit plays a crucial role in execu-
tive functions and attention due to the involvement of particular areas, such as the thalamus
(331), allowing the control of motor, cognitive, and behavioral abilities (332). The integrity of
the cholinergic system was shown to play a critical role in cognitive decline in both normal
aging and neurological disorders, including Alzheimer’s disease and vascular cognitive im-
pairment (333). The lateral pathway of the cholinergic system was tracked, and the external
capsule division was successfully tracked to the inferior frontal cortex through the uncinate
fasciculus, and parietal and temporal cortices via posterior thalamic radiation (which was an

important tract in our study) and internal capsule.

A limitation of the present study includes considering only WMH, while other tradi-
tional cSVD are also crucial to the cognitive outcome. The contribution of neurodegenerative
pathologies other than SVD, the influence of cardiovascular risk factors, the associations
with other cognitive domains, the interaction with compensatory mechanisms, the value of
rs-fMRI in cSVD studies as fMRI relies on intact neurovascular coupling, which is impaired
in cSVD, and the findings in groups with dementia and other symptoms should also be

considered in future studies.

6.5 Conclusion

In conclusion, because the conventionally known focal lesions (WMH) affect distant
brain areas, structural and functional networks, and relate to IPS performance evaluated
with the LDST, we suggest that cSVD should be regarded as a global rather than a localized
syndrome. We also point out the role of the sensorimotor network as another important

functional network disrupted in this clinical group.
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7 The neural substrates of information processing speed deficits in
cerebral small vessel disease patients without dementia: a brain

disconnectome mapping study

7.1 Introduction

Cerebral small vessel diseases (cSVD) manisfest with clinical, imaging and pathological
findings secondary to the dysfunction of arterioles, capillaries, and venules of the brain,
causing significant impact on public health worldwide (334). cSVD is commonly associated
with aging, stroke, cognitive decline, dementia, impaired gait, and mood disorders, but may
also present with few or no symptoms. Up to 45% of dementia cases, virtually all hemorrhagic

and about 20% of ischemic strokes worldwide are caused by cSVDs (160).

cSVD often coexists with neurodegenerative diseases and can exacerbate physical
and cognitive deficits, particularly in information processing speed and executive functions
(335, 336). Given the difficulty in visualizing cSVD-related pathologies in vivo, the diagnosis
of cSVD has been heavily based on neuroimaging, mainly in white matter hyperintensity
(WMH) (160). WMH has been shown to relate to cognitive decline (336). In addition to WMH
burden, WMH location may also explain the lesion impact on cognition. A commonly used
topographic categorization of WMH divides the lesions in deep (DWMH) and periventricular
WMH (PVWMH), according to the distance from the ventricles’ margins (292), and reflecting
different functional, aetiological and histopathological characteristics (337).

Brain lesion studies are critical to understanding the mechanisms behind human
brain functioning. Traditionally, lesion-symptom mapping has considered that a patient’s
symptoms are caused by visible and physically affected locations (338, 339), regarded as the
neural substrate for the function affected. However, evidence suggests that brain lesions may
also lead to neurological deficits indirectly, by disrupting intricate structural and functional
connections, without necessarily affecting eloquent cortical areas (340, 341). In fact, studies
indicate that WM disconnectivity can be a better predictor of brain dysfunction and recovery

when compared to the lesion location itself (342, 343).

cSVD has been considered a dysconnectome syndrome (166), with the WMH disrupt-
ing structural brain networks and affecting cognitive performance (289). Evidence suggests
that cognitive impairments due to cerebral cSVD (mainly by WMH) result from disruption of
frontal-subcortical circuits and long association fibers. Such a disruption impairs communi-
cation among crucial neural networks responsible for cognitive control or attention, such as
Default Mode Network (DMN), FrontoParietal Control Network (FPCN), and Dorsal Attention

Network (DAN) (320). However, the relationship between brain disconnection due to brain
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lesions and dysfunction remains limited.

A review of lesion-symptom mapping studies found associations between WMH bur-
den in the anterior thalamic radiation and minor forceps and decline in processing speed in
Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopa-
thy (CADASIL) and mixed dementia patients (310). The cingulum, major forceps, and left
corticospinal tracts were similarly linked to processing speed in CADASIL. However, it was
not replicated in subsequent research (310). Moreover, the relationship between brain discon-

nection due to brain lesions and dysfunction remains limited.

In the face of disconnection, a region deprived of its inputs and outputs will undergo
transneuronal degeneration leading to apoptosis. The effects of disconnections on brain
structure and function must also be analyzed. Therefore, using the BCBToolkit (344), we
investigated WMH lesion anatomy that results in impaired IPS, one of the earliest and most
common cognitive impairments in the cSVD population, in a large dataset (n = 195) of cerebral

SVD patients without dementia (van Norden et al. 2011).

The BCBToolkit approach, an advanced lesion analysis tool, creates a probabilistic
map of disconnections from each patient’s brain lesion map to find the disconnections
linked to cognitive abnormalities at the group level and have been successfully applied in
stroke patients (345, 346, 347, 348). Then, measurements of indirect disconnections caused
by the lesion with functional connectivity analysis were performed to identify the complete
functional network related to IPS. We also compared the disconnectome maps and functional
connectivity results with the cortical thickness associations with IPS scores findings to explore

possible structural changes related to lesion disconnections.

7.2 Methods

Patients and neuropsychological assessment

The study sample was drawn from the RUN DMC (Radboud University Nijmegen
Diffusion tensor and Magnetic resonance imaging Cohort) study (305). We included 195 non-
demented elderly, aged between 50-85 years, with cSVD. Participants underwent a structured
questionnaire on demographics and vascular risk factors, cognitive and motor assessments,
and an MRI protocol including conventional MRI, DTI, and resting-state functional MRI
(fMRI). The rationale and methodology have been described previously in details (305). Mea-
surement of global cognitive function was assessed by the Mini-mental State Examination
(MMSE) (306). Information processing speed (IPS) was evaluated with the Letter-Digit Substi-
tution Task (LDST) (30), a modified version of the Symbol Digit Modalities Test (SDMT) (20).

The higher the LDST score, the better the information processing speed performance.

MRI acquisition
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Scans were acquired in a 1.5-Tesla Magnetom scanner (Siemens, Erlangen, Germany).
A whole-brain 3D T1 was acquired using a magnetization-prepared rapid gradient-echo
(MPRAGE) sequence (TR/TE/TI = 2250/3.68/850 ms, flip angle = 15°, voxel size = 1.0 x 1.0
x 1.0 mm3). T2-weighted Fluid Attenuated Inversion Recovery (FLAIR) sequence was used
with the following parameters: TR/TE/TI = 9000/84/2200 ms, voxel size = 1.0 x 1.2 x 6.0
mm?3 (including slice gap of 1 mm). Diffusion Tensor Imaging (DTI) was acquired with the
following parameters: TR/TE = 10100/93 ms, voxel size = 2.5 x 2.5 x 2.5 mm3, four unweighted
scans, 30 diffusion-weighted scans, with non-collinear orientation of the diffusion-weighting
gradient, and b value = 900 s/mm2. Resting-state fMRI was acquired using a gradient-echo
EPI sequence (TR/TE = 2400/40 ms; voxel size = 3.5 x 3.5 x 4.4 mm?, including slice gap of 0.4
mm). During resting state, subjects were told not to concentrate on any particular subject but

to relax with their eyes closed. The complete scanning protocol takes 31 minutes.

Lesion segmentation and normalization

T1-weighted (T1W) and FLAIR scans were processed with UBO Detector <https://
cheba.unsw.edu.au/group/neuroimaging-pipeline> to segment WMH regions. The algorithm
has been described previously (307). Briefly, FLAIR images were registered to T1W images
and then warped to Diffeomorphic Anatomical Registration Through Exponentiated Lie
Algebra (DARTEL) space. After non-brain tissue removal, FMRIB’s Automated Segmentation
Tool (FAST) was applied to FLAIR data to generate candidate clusters. A supervised learning
algorithm, k-nearest neighbors (k-NN), was used to determine WMH clusters. We used the
default settings (k = 5, probability threshold = 0.7) and manually checked the results for
segmentation quality. Registrations of patients’ T1W MRI were performed using BCBtoolkit
(344). The skull stripping was performed using the ANTs brain extraction algorithm <http:
//stnava.github.io/ANTs/>. TIW images were registered to the template (MNI152) using affine
and diffeomorphic deformations (349, 350).

Disconnectome analysis

We mapped the lesion from each patient onto tractography reconstructions of white
matter pathways obtained from a group of healthy controls (351). We quantified discon-
nection severity, measuring the tract probability to be disconnected (352) using Tractotron
software as part of the BCBtoolkit (344) <http://www.toolkit.bcblab.com>. Disconnectome
maps were calculated using BCBtoolkit (344), using a set of 10 diffusion-weighted imaging
datasets of healthy controls (351) to track fibers passing through each lesion. For each partici-
pant, tractography was estimated as indicated in Thiebaut de Schotten et al. (353). Patients’
lesions in the MNI152 space were registered to each control native space using affine and
diffeomorphic deformations (349, 350) and subsequently used as seed for the tractography in
Trackvis (Trackvis, <http://trackvis.org/>). Tractography from the lesions was transformed in
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visitation maps (354), binarised, and brought to the MNI152 using the inverse of precedent
deformations. Finally, we produced a percentage overlap map by summing the normalized
visitation map of each healthy subject at each point in the MNI space. Hence, each voxel value
considered the interindividual variability of tract reconstructions in controls and indicated a

probability of disconnection from 0 to 100% for a given lesion (355).

Statistical analysis

We performed a permuted (n = 5000) multiple regression with LDST scores as the
independent variable and the probability of disconnection of each voxel in the disconnectome
map as dependent variables while controlling for age, sex, and education. Threshold-Free
Clusters Enhancement option was applied to boost cluster-like structures of voxels. Results
that survived 5000 permutations were controlled for a family-wise error rate (p > 0.95). This
analysis was performed using the function Randomise (356) from the software package FSL
<https://fsl.fmrib.ox.ac.uk/fsl,version5.0>.We compared the involvement of the anatomical
structures emerging from the regression analysis with the probability maps of the Harvard-
Oxford Atlas (309). The comparison was also performed visually overlapping each region from
the atlas to the regression maps once it was a possible check for laterality. Then, the common
ROIs, which appeared in disconnectome maps from total, periventricular and deep WMH,
were used in the following functional connectivity analysis. We used an atlas of human brain
connections, the ICBM-DTI-81 white-matter labels atlas (357), to confirm the identity of the

white matter tracts disconnected.

Functional connectivity analysis

Resting-state fMRI was preprocessed using the CONN toolbox version 20b <https:
/ l'www.nitrc.org/projects/conn>. Preprocessing steps included a standard pipeline (realign-
ment and unwarping, slice-timing correction, structural unified segmentation and normaliza-
tion, functional normalization, outlier detection, and smoothing with a 10 mm FWHM Gaus-
sian kernel). The Artifact Detection Tool (ART) algorithm <http://www.nitrc.org/projects/
artifact_detect/> was applied to detect motion during the resting-state fMRI scan. Time points
in subjects’ images were marked as outliers if the global signal exceeded five standard devia-
tions from the mean or if scan-to-scan motion deviation exceeded 0.9 mm. Those outliers,
in addition to the linear and polynomial trends of six head motion parameters, WM and
cerebrospinal fluid (CSF) signal were included as nuisance regressors during the denoising
procedure in the CONN toolbox. Data were also band-pass filtered at 0.008-0.09 Hz. The
ROIs mentioned in the previous subsection were used as seeds. Single-subject seed-to-voxel
correlation maps were calculated by extracting the residual blood oxygen level dependent
(BOLD) time course from each seed and computing Pearson’s correlation coefficients between

that time course and the time course of all other voxels in the brain. Correlation coefficients
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were normalized to z-values via Fisher’s z-transformation. We implemented a multiple linear
regression analysis for each seed at the group level by defining the association between LDST
with functional connectivity after controlling for age, sex, and education. Statistical thresholds
were set to p < 0.001 (uncorrected) at a single voxel level, and the resulting clusters were

thresholded to a cluster-level Family-wise error (FWE) p < 0.05.

Cortical thickness analysis

The gray matter (GM), white matter (WM), cerebrospinal fluid (CSF) were automati-
cally segmented on structure T1W images using SPM12 <https://www.fil.ion.ucl.ac.uk/spm/>
and CAT12 toolbox <https://www.neuro.uni-jena.de/vbm/> using surface and thickness
estimation for ROI analysis in the writing options. Total intracranial volume (TIV) was com-
puted as the sum of GM, WM, and CSF volumes. Region-based Morphometry (RBM) analysis
was performed by extracting the mean cortical thickness values for 34 ROIs defined by the
Desikan-Killiany (DK) atlas (309) using standard procedures for ROI extraction. Data were
entered in a statistical model to perform a multiple linear regression analysis by defining the
association of LDST with regional cortical thickness, controlling for age, sex, and education.

Statistical thresholds were set to p < 0.05 (p-Holm Bonferroni corrected).

7.3 Results

Patients’ description

The mean age was 65.0 + 8.6 years old (min-max: 49.7-85.4 years). One hundred and
twenty-two (63%) were women. The mean LDST score was 26.48 + 9.15 (min-max: 7 — 51),
while the mean MMSE was 28.16 + 1.60 (min-max: 23-30).

Lesion maps

The binary maps of WMH, PVWMH, and DWMH lesions for the group are displayed in
Figure 20. The total WMH and DWMH were negatively and significantly associated with LDST
scores after controlling for age, sex, and education (Table 14). No association of lesion volume
in specific tracts with LDST survived after multiple comparison corrections (p-Bonferroni =
0.05).

Disconnectome Maps

Figure 21 shows the mean disconnectome maps from WMH, PVWMH, and DWMH.
The highest probabilities were identified in WM territories, decreasing in cortical areas. Figure
22 shows the group voxelwise statistical maps of disconnectome probability associated with

LDST scores, regressing the effects of age, sex, and education. The associations of the voxel
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PVWMH DWMH

Figure 20 — Binary maps in yellow displaying (from left to right) WMH, PVWMH, and DWMH
lesions for the group. WMH = white matter hyperintensity. PVWMH = periventric-
ular WMH. DWMH = deep WMH.

Table 14 — Associations of global measures with LDST scores. LDST = Letter Digit Substi-
tution Test. WMH = white matter hyperintensity. PVWMH = periventricular
WMH. DWMH = deep WMH.

Global structural measure beta AR? R? p
WMH volume (cm3)! -0.145 1.7% 38.4% 0.021
PVWMH volume (cm3)? -0.111 1.0% 37.6% 0.081
DWMH volume (cm3)2 -0.158 2.2% 38.9% 0.009

! After regressing out effects of age, sex, and education level. In bold association statisti-
cally significant (p < 0.05).

2 After regressing out effects of age, sex, and education level. In bold associations statisti-
cally significant after Bonferroni correction (p < 0.025).

disconnectivity probability maps obtained from WMH, PVWMH, and DWMH with the LDST
scores indicated distinct topographic distributions. Then, we compared the regression results
from Figure 22 with cortical, subcortical (Table 15), and WM atlases (Table 16).

The connections between LDST scores and disconnetome maps from WMH lesions
were topographically distributed mainly in the right hemisphere. More specifically, they were
in the parietal lobe, thalamus, and the following tracts: body of corpus callosum, right superior

longitudinal fasciculus, right anterior corona radiata, and genu of the corpus callosum.

The connections with LDST in disconnetome maps from PVWMH lesions were seen in
the right hemisphere, involving the frontal, parietal, temporal, and occipital lobes, thalamus

and right superior longitudinal fasciculus, right anterior corona radiata, right anterior and
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posterior limbs of the internal capsule, and right superior corona radiata.

Finally, for the disconnectome maps from DWMH lesions, the associations were found
in both hemispheres while still prominent in the right hemisphere. They were in the parietal,
temporal, and occipital lobes, subcortical areas, and WM tracts such as the body of corpus
callosum, right posterior corona radiata, right superior corona radiata, splenium of the corpus

callosum, right superior longitudinal fasciculus.

More detailed information can be seen in Table 15 and Table 16.
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Figure 21 — Group disconnectome maps. Probability for disconnection ranges from 0 (blue)
to 1 (red). A disconnectome probability of 0 means that the voxel has no chance of
being affected by the lesion. In contrast, a disconnectome probability of 1 means
that the voxel has a 100% chance of being affected by the lesion. WMH = white
matter hyperintensity. PVWMH = periventricular WMH. DWMH = deep WMH.
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Figure 22 — Group voxelwise statistical maps of disconnectome probability associated with
Letter Digit Substitution Test (LDST) scores regressing the effects of age, sex, and
education. The results survived 5000 permutations testing and were controlled for
a family-wise error rate (p > 0.95). Color bars represent p-values. WMH = white
matter hyperintensity. PVWMH = periventricular WMH. DWMH = deep WMH.
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Table 15 - Resulting regions from group voxelwise statistical maps of disconnectome
probability associated with LDST scores, regressing the effects of age, sex,
and education when compared to Cortical and Subcortical Harvard-Oxford
structural atlas. LDST = Letter Digit Substitution Test. WMH = white matter
hyperintensity. PVWMH = periventricular WMH. DWMH = deep WMH.

Disconnectome . Subcortical Harvard-
Cortical Harvard-Oxford structural atlas
map Oxford structural atlas

Left superior frontal gyrus, bilateral middle frontal gyrus, right inferior tem-
poral gyrus (temporooccipital part), right inferior temporal gyrus (posterior
WMH division), bilateral lateral occipital cortex (inferior division), right postcentral ~ Right thalamus

gyrus, bilateral lateral occipital cortex (superior division), right superior pari-

etal lobule, bilateral frontal pole

Right occipital pole, right lateral occipital (superior division), right superior

parietal lobule, right postcentral gyrus, right middle frontal gyrus, bilateral
PVWMH frontal pole, right superior temporal gyrus, right inferior temporal gyrus (tem-  Right thalamus
porooccipital part), right lateral occipital cortex (inferior division), left superior
frontal gyrus, right inferior temporal gyrus (temporooccipital part)
Bilateral lateral occipital cortex (superior division), bilateral lateral occipital
cortex (inferior division), bilateral superior parietal lobule, bilateral postcentral
gyrus, bilateral precentral gyrus, right inferior temporal gyrus (temporooccip-
ital part), left superior frontal gyrus, right inferior temporal gyrus (posterior
division), left middle temporal gyrus (posterior division), left middle temporal
gyrus (anterior division), right planum polare

Bilateral thalamus, bilat-
eral lateral ventricle, and
bilateral putamen

DWMH

Table 16 — Resulting white matter tracts and it percentage from group voxelwise statistical
maps of disconnectome probability associated with LDST scores, regressing the
effects of age, sex, and education when compared to JHU ICBM-DTI-81 WM Labels
atlas. LDST = Letter Digit Substitution Test. WMH = white matter hyperintensity.
PVWMH = periventricular WMH. DWMH = deep WMH.

Disconnectome

JHU ICBM-DTI-81 WM Labels atlas
map

Body of corpus callosum (12.80%), right superior longitudinal fasciculus (12.13%), right anterior corona radiata
(10.61%), genu of corpus callosum (10.41%), right anterior limb of internal capsule (8.84%), left anterior corona
radiate (8.12%), right superior corona radiata (5.78%), right external capsule (5.78%), left superior corona radiata
(5.72%), right posterior limb of internal capsule (4.43%)

Right superior longitudinal fasciculus (11.77%), right anterior corona radiata (10.75%), right anterior limb of
internal capsule (9.85%), right posterior limb of internal capsule (9.49%), right superior corona radiata (7.92%),
body of corpus callosum (5.94%), genu of corpus callosum (5.82%), posterior thalamic radiation (include optic
radiation) (5.58%), right external capsule (5.52%)

Body of corpus callosum (11.61%), right posterior corona radiata (10.39%), right superior corona radiata (8.66%),
DWMH splenium of corpus callosum (7.83%), right superior longitudinal fasciculus (7.76%), right posterior limb of internal

capsule (5.51%), right external capsule (4.95%), left superior corona radiata (4.92%)

WMH

PVWMH

Resting-state fMRI Analysis

The following ROIs were inserted as seeds in the seed-to-voxel functional connectivity
analysis: left superior frontal gyrus (SFG), right temporooccipital inferior temporal gyrus
(toITG), right posterior cingulate gyrus (PostCG), right superior parietal lobule (SPL), right
superior and inferior lateral occipital cortices (sSLOC, iLOC), and right thalamus.

They were the common ROIs in the disconnectome probability (WMH, PVWMH, and
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DWMH) associations with LDST scores. A cluster with 120 voxels (Figure 23), with 74% of its

composition covering the right frontal pole, survived the statistical threshold.

I sFG |
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. sPLr

B sLocr
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Effect sizes
A b o8 & 0 ®
:

0.00

Figure 23 — Statistical map (left) and effect sizes (right) from the associations between seed-
to-voxel functional connectivity and LDST scores after controlling for age, sex,
and education. Results are thresholded at the voxel level at p-uncorrected < 0.001
and then corrected at the cluster level using a family-wise error (FWE) of p < 0.05.
SFG: Superior Frontal Gyrus. toITG: temporooccipital Inferior Temporal Gyrus.
PostCG: posterior Cingulate Gyrus. SPL: Superior Parietal Lobule. sLOC: superior
Lateral Occipital Cortex. iLOC: inferior Lateral Occipital Cortex. L: left. R: right.

Cortical Thickness

The cortical thickness mainly from frontal areas, followed by temporal and parietal
areas were positively and significantly associated with the LDST scores after controlling for

age, sex, and education (p < 0.05, Holm Bonferroni corrected) (Figure 24 and Table 17).

When comparing the results of Table 17 with disconnectivity (Table 15) and functional
connectivity results (Figure 23), it was found similar regions such as the superior frontal
cortex, precentral cortex, middle frontal cortex, and precuneus (part of the superior parietal
lobule).
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Figure 24 — Multiple linear regression analysis shows the association between Letter Digit
Substitution Test (LDST) scores and regional cortical thickness after controlling
for age, sex, and education. Statistical thresholds were set to p < 0.05 (p-Holm
Bonferroni corrected).

Table 17 - T and p-values of the associations between LDST scores with regional cortical
thickness after controlling for age, sex, and education (p < 0.05, Holm Bonferroni
corrected). LDST: Letter-Digit Substitution Test.

Desikan Killiany atlas (309) region T-value  p-value

left caudal middle frontal 4.07 0.0011
left superior frontal 3.58 0.0133
left precentral 3.49 0.0145

left supramarginal 3.38 0.0188

left superior temporal 3.23 0.0498
left pars triangularis 3.21 0.0439
left precuneus 2.78 0.0206

right pars orbitalis 4.63 0.0001
right rostral middle frontal 3.09 0.0023
right caudal middle frontal 2.86 0.0406
right supramarginal 2.72 0.0036

right precentral 2.49 0.0332
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7.4 Discussion

This study investigated the anatomic basis of IPS deficits in small vessel disease
patients without dementia. We analyzed the disconnections related to WMH burden and
location and their relationship with IPS performance, obtaining three main findings. First,
global (and not local) measures of WMH were associated with IPS performance. Secondly, the
disconnection maps revealed the involvement of callosal tracts, association and projection
fibers, and widespread cortical brain areas. Thirdly, functional connectivity analysis’s indirect
effects of lesion disconnections showed an association of frontal, parietal, temporal, occipital,
and subcortical regions with the LDST. Finally, the associations between cortical thickness
and LDST scores were topographically distributed mainly in the frontal lobe, followed by
parietal and temporal lobes, matching areas from direct and indirect disconnections caused
by WMH lesions.

Despite the associations of WMH global measures with LDST scores, it is known
that this clinical group presents a significant heterogeneity of clinical outcomes. So, it is
suggested that cerebral cSVD be evaluated in terms of the global effects of its lesions (166).
Brain disconnectome mapping provides a unique opportunity to assess the global impact of
the WMH lesions. More than that, it was possible to evaluate the effect of WMH burden and
location once its topography was also associated with different functional, microstructural

correlates, and clinical outcomes (358).

Our research found that callosal, association, and projection tracts had disconnectivity
probability significantly associated with LDST scores. Previously, a research including cerebral
cSVD patients without stroke and dementia found a positive and significant relationship
between LDST scores and FA from projection, association, callosal and limbic system tracts
(318). When adjusted for global FA, the association remained for projection, association, and
callosal tracts. Integrative evidence suggests that cerebral cSVD causes damage mainly in
frontosubcortical circuits (329) and cholinergic fibers tracts (uncinated fasciculus, posterior
thalamic radiation, and internal capsule) (333), which are related to attention, promoting IPS
deficits (291) The corona radiata is one of the places where the subcortical motor pathway
is affected by ischemic stroke (359). Disruption mainly in the WMH penumbra of the body
of the corpus callosum was suggested to contribute to the cognitive deficits associated with
subcortical ischemic vascular disease (SIVD) caused by cerebral cSVD (360). These findings
suggest that the varied symptomatology of patients with cSVD could partly be explained by
damage to different WM tracts.

We found widespread brain areas involving cortical and subcortical regions from
which disconnectivity probability was associated with LDST scores. LDST was shown to
rely upon many cognitive processes (30), which can be expressed in the widespread brain
areas found in our study. The simultaneous involvement of multiple distinct brain regions

associated with specific functions in a symbol digit substitution test has been previously



Chapter 7. The neural substrates of information processing speed deficits in cerebral small vessel disease patients

without dementia: a brain disconnectome mapping study 109

demonstrated. A systematic review (27) of functional studies using the SDMT, from which
the LDST was adapted, shows the involvement of frontal, parietal, cerebellar, and occipital
brain areas. In connectivity studies (23, 93), two systems were shown to interact during SDMT
performance: the regulation of goal-directed selection (bottom-up) for stimuli and response
linked to the frontoparietal and frontooccipital networks and attention guided by stimuli in
the brain related with the inferior temporal-parietal and frontal cortices. Our findings suggest
the LDST can detect the WMH widespread effect due to its dependence on many systems

involving several brain areas.

The functional connectivity analysis with cortical-subcortical disconnected areas as
seeds revealed a functional network comprised of the frontal pole, superior frontal gyrus,
temporooccipital inferior temporal gyrus, posterior cingulate gyrus, superior parietal lobule,
superior and inferior lateral occipital cortices, and thalamus, associated with LDST scores in
cSVD patients. The inferior temporal gyrus and lateral occipital cortex are probably related
to letter strings and numbers (digits) visual recognition during LDST performance. It was
found in a group of healthy participants that the inferior temporal gyri were more activated
by letters than numbers during the performance of an fMRI task. In contrast, the latter
activated a right lateral occipital part of the brain more than the letter (361). The superior
frontal gyrus is involved in working memory performance (362). Working memory is a set
of processes ongoing during a temporal buffer created by the lateral prefrontal cortex in
decoupling perception from action that allows voluntary and goal-directed behavior to be
generated considering internal guidance (363). The posterior cingulate gyrus is part of the
Default Mode Network (DMN). DMN deactivation was found during SDMT performance
inside the MRI environment in a group of healthy controls (23). This task-negative network
presents a suppressed behavior during goal-directed tasks (96). This area has been associated

with internally directed cognition and attentional focus control (95).

The superior parietal lobule linked to the precuneus has been associated with top-
down goal-directed attention (87) and was also activated in SDMT task-based fMRI studies
(27, 93). Neuroimaging studies point out the frontal pole ventromedial role in monitoring
outcomes expected from the ongoing course of action (364, 365). Finally, the thalamus has

been suggested to mediate complex cognitive function in goal-directed behavior (366).

Cortical thickness associated with LDST scores indicated similar areas from the areas
of direct and indirect effects from disconnectivity caused by lesions. Previously, WMH load
was negatively correlated with cortical thickness in bilateral frontotemporal regions and
positively associated with cortical thickness in the paracentral regions (300) in a study with
the RUN-DMC database. It is not possible to affirm that these matched areas reflect that
cortical thickness is a distant effect of the lesion disconnections in the present study. Anyway,
we can hypothesize that the prominence of frontal regions may reflect the higher susceptibility

of axons in these areas to alter brain perfusion and vascular impairments, which causes partial
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frontal lobe disconnection (316).

Interestingly, while PVWMH has been usually associated with cognitive deficits (367),
only our global measures of DWMH correlated significantly with LDST scores, in line with
previous studies (368, 369, 370) . It is suggested that DWMH predominantly disrupts short
connections, affecting cognitive ability supported by a particular brain area. In contrast,
PVWMH disrupts longer connections, impairing many cognitive domains, mainly executive
and processing speed. Once the performance of the LDST relies on multiple processes (30),
our findings suggests that damage to specific brain areas by DWMH affects the whole circuitry
related to IPS performance. Disconnectome mapping approach provided associations be-
tween WMH burden and location and LDST scores. It shows that cSVD is a dysconnectome
syndrome, so one should address the distant effects of focal lesions to understand the clinical

outcomes better.

Strengths of the study include providing information on the direct and indirect im-
pacts of WMH (considering both load and topographic distribution) locating key regions
of these impacts in a large database. Weaknesses include the absence of the effect of other
structural damage associated with the disease, the disregard of the impact of depression,
anxiety, and cardiovascular risk factors, and the absence of quantitative associations between

the disconnectivity and cortical thickness measurements.

7.5 Conclusion

Brain disconnectome mapping was a useful tool to evaluate the disconnectivity caused
by the WMH lesions and its relationship with LDST scores, with functional connectivity and
regional cortical thickness analysis complementing the findings. In conclusion, IPS deficits
assessed with LDST involve widespread brain areas in non-demented cSVD patients, and it is
affected differently by WMH burden and topographic distribution through disconnection of

brain structural and functional networks.
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8 General Conclusion and Future Steps

The relationship between brain structure and function is paradoxical, as a relatively
fixed structure allows for a wide variety of functions. The concept of brain connectivity has
been applied to explore this question. In addition to demonstrating that structural networks
are optimized for brain functioning and constrain (but not determine) patterns of functional
connectivity, alterations in brain connectivity have been associated with several diseases,
called disconnection syndrome. Through quantitative measurements by magnetic resonance
imaging, it is possible to assess the structural and functional connectivity of the brain and its
relationship with cognition, in an effort to clarify the brain structure-function relationship.
In the present thesis, we evaluated the brain structure-function relationship associated with
performance on processing speed tests in healthy participants and in patients with cerebral
small vessel brain disease using neuroimaging, sophisticated computational processing, and

neuropsychological assessment.

In the first part of the thesis, entitled "Brain structural and functional networks: from
connections to cognition", we evaluated the patterns of structural and functional connectivity
in healthy and young participants and the relationship with SDMT scores. The study builds
on the findings of two previous studies on the functional mapping of areas associated with
SDMT performance in the magnetic resonance environment and its functional and effective
connectivity pattern and complements it with structural connectivity analyses. The study
started from metrics obtained with the Dynamic Causal Modeling (DCM) effective connec-
tivity model to explore associations with structural connectivity metrics. The justification
is based on previous studies that used functional connectivity metrics and, in the face of
unsatisfactory results, suggested approaching models of functional brain connectivity that
were more biologically plausible and that incorporated causality. Among these suggestions,
the DCM was chosen to explore the relationship between brain structure and function. In
fact, it was possible to find statistically significant associations, with the findings suggesting
that structural network constrains but does not determine IPS functional network. This is the

first original contribution of this thesis.

Furthermore, still in the first part of the thesis, we explored the functional network
pattern during the performance of SDMT considering the DMN and its portions. This was due
to the strong association of DMN functional patterns with cognitive health and suggestions
that its classically accepted behavior in goal-directed tasks is not homogeneous across the
network. In fact, in our study it was observed that in general, the activation and functional
connectivity of the DMN is suppressed during the information processing test performance.
However, the left precuneus (BA 7) presented a context-dependent modulatory behavior,
working as a transient in-between hub connecting the DMN to task positive areas. A more
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precise definition of functional correlates is useful for better identification of functional

changes in clinical settings.

In the second part of the thesis, “A study applied in cerebral small vessel disease”, it
was originally supposed to perform the methods used in the first part of the thesis in a group
of cSVD patients. However, due to COVID-19 pandemic, it was not possible to acquire the
data. Then, we used the RUN-DMC data and slightly changed the objective from to evaluate
structure-function-cognition relationship to find the disruptions patterns in both structural
and functional connectivity associated with the LDST, that is based on the SDMT. Also called
a dysconectome syndrome, cSVD presents heterogeneity in clinical outcomes, and brain

connectivity is suggested as a possible explanation for this question.

Evaluating the associations between structural and functional connectivity with LDST
scores, the findings suggested that cSVD should be regarded as a global rather than a localized
syndrome. The mediation effects of the functional connectivity of the sensorimotor network
between the lesion and LDST scores point out the role of this network as another important
functional network disrupted in this clinical group, in addition the DMN, FPCN and DAN.
Using a lesion-symptom mapping approach called “Brain disconnectome mapping”, it was
found that the associations between disconnectivity probability and LDST scores involved
widespread brain areas in non-demented cSVD patients, and it is affected differently by
WMH burden and topographic distribution through disconnection of brain structural and
functional networks. Both studies, although with different methodologies, points outs to the
general finding that cSVD is a dysconnectome syndrome, so one should address the distant

effects of focal lesions to understand the clinical outcomes better.

Limitations include the sample size in our first two studies, the absence of the effect
of other structural damage associated with the cSVD such as lacunes of vascular presumed
origin and microbleeds, the disregard of the impact of depression, anxiety, and cardiovascular
risk factors, and the absence of quantitative associations between the disconnectivity and

cortical thickness measurements in the disconnectome mapping study.

Therefore, with the development of this work, we investigated the dynamics of func-
tional networks, their relationship with structural networks and cognitive performance in
IPS in healthy individuals and the connectivity disruptions related to IPS performance in a
clinical group with cSVD, from empirical data obtained with multimodal magnetic resonance

imaging and neuropsychological assessment.

Future steps include the evaluation of other traditional cSVD markers than WMH
such as microbleeds and lacunes of presumed vascular origin. The contribution of neu-
rodegenerative pathologies other than SVD, the influence of cardiovascular risk factors, the
associations with other cognitive domains, the interaction with compensatory mechanisms,
and the findings in groups with dementia and other symptoms should also be considered in

future studies.
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Table 18 — Tracts from a preliminary study using the HCP1021 tractography atlas (included in the

DSI Studio package).

Cortical Regions Pair

Tracts

right Cuneus (BA 17) — left Lingual Gyrus (BA 17)
right Cuneus (BA 17) -left Declive

right Cuneus (BA 17) - left Precuneus (BA 7)

right Cuneus (BA 17) - left Superior Parietal Lobule (BA 7)
right Cuneus (BA 17) - right Middle Frontal Gyrus (BA 6)

left Lingual Gyrus (BA 17) - left Declive

left Lingual Gyrus (BA 17) - left Superior Parietal Lobule (BA 7)
left Lingual Gyrus (BA 17) - left Precuneus (BA 7)

left Declive - left Superior Parietal Lobule (BA 7)

left Declive - left Precuneus (BA 7)
left Declive - left Inferior Frontal Gyrus (BA 9)

left Declive - left Middle Frontal Gyrus (BA 6)

left Declive - right Middle Frontal Gyrus (BA 6)

left Superior Parietal Lobule (BA 7) - left Precuneus (BA 7)

left Superior Parietal Lobule (BA 7) - left Inferior Frontal Gyrus (BA 9)
left Superior Parietal Lobule (BA 7) - left Middle Frontal Gyrus (BA 6)

left Superior Parietal Lobule (BA 7) - r Middle Frontal Gyrus (BA 6)
left Precuneus (BA 7) - left Inferior Frontal Gyrus (BA 9)

left Precuneus (BA 7) - left Middle Frontal Gyrus (BA 6)

left Precuneus (BA 7) - right Middle Frontal Gyrus (BA 6)

left Inferior Frontal Gyrus (BA 9) - left Middle Frontal Gyrus (BA 6)

left Inferior Frontal Gyrus (BA 9) - right Middle Frontal Gyrus (BA 6)
left Middle Frontal Gyrus (BA 6) - right Middle Frontal Gyrus (BA 6)

Corpus callosum, left cerebellum, left inferior longitudinal fasciculus
Corpus callosum, left cerebellum, middle cerebellar peduncle

left cingulum, right cingulum, right u fiber, corpus callosum, right
cerebellum

Corpus callosum

right corticothalamic pathway, corpus callosum

left inferior fronto-occipital fasciculus, left inferior longitudinal fasci-
culus, corpus callosum, left cerebellum, r cerebellum, middle cerebel-
lar peduncle, vermis

left corticothalamic pathway, corpus callosum

left corticothalamic pathway, corpus callosum

left parieto pontine tract, corpus callosum, left cerebellum, middle
cerebellar peduncle

corpus callosum, left cerebellum

No tract was observed

left parieto pontine tract, corpus callosum, left cerebellum, middle
cerebellar peduncle

right parieto pontine tract, right fronto pontine tract, corpus callosum
left corticostriatal pathway;, left corticothalamic pathway, left cingu-
lum, left inferior longitudinal fasciculus, left u fiber, corpus callosum
left superior longitudinal fasciculus, left u fiber

left corticothalamic pathway, left superior longitudinal fasciculus, left
u fiber, corpus callosum

Corpus callosum

left superior longitudinal left fasciculus, left u fiber

left corticothalamic pathway, corpus callosum

Corpus callosum

left corticostriatal pathway, left arcuate fasciculus, left frontal aslant
tract, left superior longitudinal fasciculus, left u fiber, corpus callosum
Corpus callosum

Corpus callosum
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