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SUMMARY

The cortex of the human brain is highly convoluted. These characteristic convolutions
present advantages over lissencephalic brains. For instance, gyrification allows an ex-
pansion of cortical surface area without significantly increasing the cranial volume, thus
facilitating the pass of the head through the birth channel. Studying the human brain’s
cortical morphology and the processes leading to the cortical folds has been critical for an
increased understanding of the pathological processes driving psychiatric disorders such
as schizophrenia, bipolar disorders, autism, or major depression. Furthermore, charting
the normal developmental changes in cortical morphology during adolescence or aging
can be of great importance for detecting deviances that may be precursors for pathology.
However, the exact mechanisms that push cortical folding remain largely unknown.

The accurate characterization of the neurodevelopment processes is challenging. Mul-
tiple mechanisms co-occur at a molecular or cellular level and can only be studied through
the analysis of ex-vivo samples, usually of animal models. Magnetic Resonance Imaging
can partially fill the breach, allowing the portrayal of the macroscopic processes surfacing
on in-vivo samples.

Different metrics have been defined to measure cortical structure to describe the brain’s
morphological changes and infer the associated microstructural events. Metrics such as
cortical thickness, surface area, or cortical volume help establish a relation between the
measured voxels on a magnetic resonance image and the underlying biological processes.
However, the existing methods present limitations or room for improvement.

Methods extracting the lines representing the gyral and sulcal morphology tend to
over- or underestimate the total length. These lines can provide important information
about how sulcal and gyral regions function differently due to their distinctive ontogene-
sis. Nevertheless, some methods label every small fold on the cortical surface as a sulcal
fundus, thus losing the perspective of lines that travel through the deeper zones of a sulcal
basin. On the other hand, some methods are too restrictive, labeling sulcal fundi only for
a bunch of primary folds.

To overcome this issue, we have proposed a Laplacian-collapse-based algorithm that
can delineate the lines traversing the top regions of the gyri and the fundi of the sulci
avoiding anastomotic sulci. For this, the cortex, represented as a 3D surface, is seg-
mented into gyral and sulcal surfaces attending to the curvature and depth at every point
of the mesh. Each resulting surface is spatially filtered, smoothing the boundaries. Then,
a Laplacian-collapse-based algorithm is applied to obtain a thinned representation of the
morphology of each structure. These thin curves are processed to detect where the ex-
tremities or endpoints lie. Finally, sulcal fundi and gyral crown lines are obtained by
eroding the surfaces while preserving the structure topology and connectivity between
the endpoints. The assessment of the presented algorithm showed that the labeled sulcal



lines were close to the proposed ground truth length values while crossing through the
deeper (and more curved) regions. The tool also obtained reproducibility scores better or
similar to those of previous algorithms.

A second limitation of the existing metrics concerns the measurement of sulcal width.
This metric, understood as the physical distance between the points on opposite sulcal
banks, can come in handy in detecting cortical flattening or complementing the informa-
tion provided by cortical thickness, gyrification index, or such features. Nevertheless,
existing methods only provided averaged measurements for different predefined sulcal
regions, greatly restricting the possibilities of sulcal width and ignoring the intra-region
variability.

Regarding this, we developed a method that estimates the distance from each sulcal
point in the cortex to its corresponding opposite, thus providing a per-vertex map of the
physical sulcal distances. For this, the cortical surface is sampled at different depth levels,
detecting the points where the sulcal banks change. The points corresponding to each sul-
cal wall are matched with the closest point on a different one. The distance between those
points is the sulcal width. The algorithm was validated against a simulated sulcus that
resembles a simple fold. Then the tool was used on a real dataset and compared against
two widely-used sulcal width estimation methods, averaging the proposed algorithm’s
values into the same region definition those reference tools use. The resulting values were
similar for the proposed and the reference methods, thus demonstrating the algorithm’s
accuracy.

Finally, both algorithms were tested on a real aging population dataset to prove the
methods’ potential in a use-case scenario. The main idea was to elucidate fine-grained
morphological changes in the human cortex with aging by conducting three analyses: a
comparison of the age-dependencies of cortical thickness in gyral and sulcal lines, an
analysis of how the sulcal and gyral length changes with age, and a vertex-wise study of
sulcal width and cortical thickness.

These analyses showed a general flattening of the cortex with aging, with interesting
findings such as a differential age-dependency of thickness thinning in the sulcal and
gyral regions. By demonstrating that our method can detect this difference, our results
can pave the way for future in vivo studies focusing on macro- and microscopic changes
specific to gyri or sulci. Our method can generate new brain-based biomarkers specific
to sulci and gyri, and these can be used on large samples to establish normative models
to which patients can be compared. In parallel, the vertex-wise analyses show that sulcal
width is very sensitive to changes during aging, independent of cortical thickness. This
corroborates the concept of sulcal width as a metric that explains, in the least, the unique
variance of morphology not fully captured by existing metrics. Our method allows for
sulcal width vertex-wise analyses that were not possible previously, potentially changing
our understanding of how changes in sulcal width shape cortical morphology.

In conclusion, this thesis presents two new tools, open source and publicly available,



for estimating cortical surface-based morphometrics. The methods have been validated
and assessed against existing algorithms. They have also been tested on a real dataset,
providing new, exciting insights into cortical morphology and showing their potential for
defining innovative biomarkers.






THESIS OUTLINE

The present dissertation introduces two new morphometry methods that aim to expand
the information researchers can extract from structural Magnetic Resonance Imaging. The
thesis is organized into six chapters. Chapter 1 contains an introduction providing basic
biological and technical background. In particular, the first part of the introduction covers
the bases of cortical morphogenesis, giving insight into the biological mechanisms that
lead to cortical folding and why it is necessary to measure morphological features. Then,
the second part of the introduction covers how these metrics can be estimated through
Magnetic Resonance Imaging, explaining their strengths and limitations.

Having stated the importance of measuring cortical morphology, the main metrics, and
their limitations, Chapter 2 introduces the motivation of the work, as well as the objectives
of the thesis.

Chapter 3 presents the journal publication corresponding to the first of the developed
methods. This tool applies a Laplacian-collapse-based algorithm to obtain the lines rep-
resenting the cortical surface’s sulcal fundi and gyral crowns while avoiding small anas-
tomotic sulci. Along with a detailed description of the method, the chapter presents the
validation of the algorithm, comparing the obtained results against three well-known sul-
cal line extraction algorithms.

Then, Chapter 4 includes the publication of the second developed method: a tool for
generating vertex-wise sulcal width maps on cortical surfaces. As in the previous chap-
ter, the proposed algorithm is explained and validated in detail. In this case, validation
includes the assessment of the algorithm in a simulated sulcus and the comparison of the
method with two widely-used sulcal width estimation tools on a test-retest database.

Chapter 5 aims to provide a biological application of the developed algorithm. Thus,
both tools are applied to a cohort of aging participants to measure morphological features
using the proposed algorithm.

Finally, Chapter 6 presents a general discussion of the developed methods and their
biological relevance, stating the existing limitations and future lines. Following this dis-
cussion, the conclusions of the work are available in Chapter 7.






1. INTRODUCTION

1.1. Key Concepts on Cortical Folding and Neurodevelopment

From a biomedical engineering perspective, we are interested in applying our methods
and ideas to help solve a problem. However, sometimes we solely focus on the engineer-
ing aspects of the issue at hand, and we do not pay enough attention to the biological
grounds in which our problem may be rooted. Bearing this potential engineer’s hazard in
mind, this work is fully based on biology. That is, the central focus of this thesis is the
development of new methods that provide fine-grained morphological information about
the human brain cortex. These methods can be applied to quantify human variability in
previously uncharted aspects of cortex morphology and the relationship of said variabil-
ity with development, disease, and function. This work builds on the typical folded, also
called gyrified, shape of the human cortex. A complex, not fully understood, neurobiolog-
ical process leads to this folded shape. The following sections contain a brief introduction
to the ontogenesis of human cortex folding, as it provides the biological fundament on
which this thesis is built.

1.1.1. Morphogenesis and Gyrification of the Human Cortex

The cortex of the human brain is highly convoluted. Folded brains present significant ad-
vantages over brains without convolutions. For instance, gyrification allows an expansion
of cortical surface area without greatly increasing the cranial volume, thus facilitating the
pass of the head through the birth channel. Additionally, the lissencephalic brain would
require longer axons to connect different cortical regions, thus increasing the metabolic
costs and reducing the speed of information exchange [10]. It is essential to state that the
forces governing the gyrification process are far from random. There might be variability
between subjects and even between hemispheres of the same subject; still, the primary
sulci are preserved with remarkable consistency across subjects [11] and are highly re-
producible at the intra-species level [12].

The gyrification process occurs during the first stages of embryonic development. Ini-
tially, the brain is formed by two smooth hemispheres with the ventricles filled with Cere-
brospinal Fluid (CSF). These ventricles are surrounded by a tissue layer called Ventricular
Zone (VZ) populated with progenitor cells [12]. These cells function as neural stem cells;
they can duplicate symmetrically to form new progenitor cells or asymmetrically to create
a progenitor cell, and a neural precursor [13, 14]. These cells also form a scaffolding that
helps in the migration of the new neural precursors towards the outer layers of the cortical
plate [12], as the progenitor cells form elongated fibers that grow radially (see Figure 1.1).
The Subventricular Zone (SVZ) appears as a region between the cortical plate and the VZ
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and contains the intermediate progenitor cells. These cells can divide to form two new
intermediate progenitors or two new neurons, which will migrate through the scaffolding
provided by the radial progenitor cells [10, 14]. Some of the radial progenitor cells in the
SVZ lose the attachment to the ventricular shell, becoming basal radial progenitors. The
cytoarchitectural organization that arises from the development will determine the pattern
of brain convolutions [15, 16].
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Figure 1.1: Development of a cortical gyrus during early embryonic stages. Initially, the different zones

that form the brain are thin. The progenitors duplicate in the ventricular and subventricular zones to form
new progenitors and neurons. These neurons migrate through the radial progenitor cells toward the cortical
plate. In the late stages of development, the subventricular zone and the cortical plate are enlarged, and
the folds are appreciable. Some radial progenitor cells have lost the connection to the ventricular surface,
forming the basal radial progenitors.

The exact mechanisms leading to cortical gyrification are not well understood. How-
ever, studying the biological processes underlying folding is of great importance in at-
tempting to comprehend typical and atypical brain neurodevelopment. The following
subsections summarize some of the most important morphogenesis theories. More com-
prehensive reviews can be found in the following references [10, 11, 14, 17-19].

1.1.1.1. External Constraints

An early hypothesis on the origin of this gyrification process states that the cortex folds
due to the existence of external constraints, i.e., the skull [20]. This hypothesis posits that
the tangential expansion of the cortex inside a constrained space, as is the cranial volume,
causes brain folding (see Figure 1.2). Some scholars disagree with this hypothesis. Bar-
ron [21] exposed that creating additional space inside the developing skull by surgically
removing non-cortical brain areas does not alter folding patterns. Furthermore, the skull
must be stiff enough to constrain the tangential cortical growth. This is not the case, as
skull ossification does not occur until the late stages of development [10].

The current consensus states that, while external constraints contribute, they are in-
sufficient to form main cortical folds. [14, 22-24].
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Figure 1.2: Cortical folding model based on external constraints. In this case, the skull is bounding the
growth of the cortex, creating the folds of the brain.

1.1.1.2. Differential Tangential Expansion

Once these external constraints theories lost momentum, the focus shifted to the intrinsic
mechanisms of the brain. One of the first hypotheses suggests that the cortex folds due
to the asymmetric expansion between cortical layers [25]. Assuming that the outer layers
are tightly bound to the deeper layers, they will create a mechanical stress gradient if the
outer layers expand faster tangentially. This gradient would cause the cortex to buckle,
thus forming the sulci (see Figure 1.3).

Outer Layers
v

Deep Layers

Figure 1.3: Differential tangential expansion. The different layers are bounded to the others. The outer
layers grow faster than the deep ones, causing the outer layers to begin to buckle.

Taking this hypothesis as a starting point, recent studies have proposed different mod-
els for folding based on differential tangential expansion. Mathematical simulations and
experiments with hydrogel solutions demonstrate that, in the appropriate situation, a sin-

gle layer can fold when it is attached to a central core from which it cannot delaminate
[26-28].

However, these models based on a single elastic layer have limitations in replicating
the intra-species reproducibility of the primary folds consistently and accounting for the
genetic component of the patterns [14]. Another objection to this hypothesis is that it is
unclear that the outer and inner cortical layers present differences in stiffness during this
developmental period [29]. Also, there is a lack of evidence that the differential expansion
is the cause of gyrification and not the consequence [11, 30, 31].
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1.1.1.3. Axonal Tension

First proposed in Van Essen [30], the axonal tension hypothesis states that fiber bundles
that directly connect different parts of the cortex generate a tension that pulls together the
opposite sides of gyral folds at specific locations (see Figure 1.4). The resulting configura-
tion would have a minimized wiring length while preserving the connectivity, optimizing
the sharing information efficiency [30]. This hypothesis is sustained by the fact that the
white matter is under tension [32, 33] and addresses a problem present in the previous
models: it can explain the reproducibility of the primary sulci.

Gray Matter

\\/ Jvk
%) }* -,

Axons

Figure 1.4: Cortical folding model based on axonal tension. The pulling forces that the fiber bundles exert
on the cortex model brain folding.

Nevertheless, as in the previous scenarios, this theory presents limitations. In a study
using ferrets, Xu et al. [29] suggests that axons run parallel to the sulcal walls instead of
perpendicular, as the hypothesis suggests. Also, the researchers found that making a cut
in a gyrus of a developing ferret brain does not cause the fold to open, indicating that the
axonal tension is not strong enough to drive the folding.

1.1.1.4. Hybrid Models

As it arises from the many limitations of the previous models, it seems reasonable to admit
that cortical folding is not the product of a single force but a combination of mechanisms,
known or yet uncharted, acting in an unknown order. This hypothesis has grown in im-
portance in the literature of the last years, with more models proposing a combination of
forces as the cause of folding [10, 15, 31, 34]. To illustrate the section, I will delve into
three examples.

First, in the work by Toro and Burnod [31], they present a hypothesis that combines
the differential tangential expansion [25] with the axonal tension [30]. This computer
model considers that folding arises as a mechanism to reduce the pressure caused by the
tangential expansion of the cortical plate, understood as an elastic ring. The radial glia
fibers connect this ring to a central core, creating spatial variations of thickness and stiff-
ness in the tissue depending on the fiber density [31]. Variations in these parameters lead

10
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to folds occurring in reproducible locations, proposing a theoretical basis for combining
the two most accepted mechanisms for cortical gyrification [25, 30].

On his side, Van Essen [34] presents an update of his own paper from 1997 [30]. In
this new work, he proposes a new model named “differential expansion sandwich plus”
sustained on a combination of five different principles. The first one is that the tangen-
tial growth of the cortex is guided by a radial tension in the gray matter. Second, the
existence of a differential tangential expansion pushes for gyral folding. Third, the tan-
gential tension in the outer cortical layer combines with the trans-sulcal adhesion of the
pia and arachnoid layers to boost gyrification. Fourth, cell proliferation and migration
patterns affect cortical morphometry, influencing the positioning of sulci and gyri. Fi-
nally, tension along the central nervous system decreases wiring length, constrained by
the limitations imposed by axonal interdigitation [34]. This update complements the ax-
onal tension hypothesis [30] with the differential tangential expansion theory [25], or the
external constraints caused by the meninges.

Finally, Striedter et al. [10] hypothesize that when the young neurons migrating along
the radial progenitors (see Figure 1.1) reach the cortical plate, they start pushing the neigh-
boring cells causing a tangential expansion of the outer cortical layers. When the tangen-
tial expansion is wide enough, the cortex begins folding outwards or inwards depending
on factors such as the pulling forces exerted by the radial scaffolding of the progenitor
cells, the tissue elasticities, or external forces like the meninges.

These works exemplify the complexity of understanding the forces driving cortical
folding. Many other studies propose different combinations of mechanisms, exploring the
issue from a molecular level [35], a cellular perspective [10], or mathematical simulations
[24, 36].

1.1.2. Cortical Layers

During the early stages of neurodevelopment, new neurons generated in the VZ start mi-
grating to the outer layers of the cortical plate (see Figure 1.1). On these outer layers,
neurons finish their migration and develop dendritic and axonal arbors [19]. This differ-
entiation will result in a laminated organization divided into cortical layers. The adult
brain is mainly organized into six layers, each of them named with a Roman numeral
from I to VI from the outer to the inner layers (see Figure 1.5), and their exact organiza-
tion is related to the processes of cortical folding [15, 34, 37]. These layers are generated
in chronological order during neurodevelopment. Thus, the deepest layers appear earlier,
and the following ones start piling up [19, 38]. This principle applies to every layer except
for layer I, formed by the Cajal-Retzius cells, which are the first neurons created [19].

As mentioned before, the main portion of the cortex is formed by the so-called iso-
cortex or neocortex, composed of six distinct cellular layers. There is an exception for
this organization of the isocortex: the motor cortex has no IV layer discernible in adults

11
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Figure 1.5: Schematic depiction of the cortical layer organization.

[39—41]. On their side, other regions, such as the hippocampal cortex, present only three
to four layers [40] (see Figure 1.5). These differences at the cellular level are used to
define parcellations of the cerebral cortex. Depending on the exact organization of the
cortical layers, the human cortex can be divided into different cytoarchitectural areas, that
gave rise to the Brodmann atlas [12, 39, 40].

1.1.3. Relationship Between Brain Gyrification and Pathologies

The most obvious implications of anomalous patterns in the gyrification process are those
where the brain presents loss or excess of folds as it can be the lissencephaly (absence
or simplifaction of gyri in the cortex), polymicrogyria (presence of an excessive amount
of shallow folds), microcephaly (reduction in head circumference), or macrocephaly (ab-
normally large head) [19, 35]. These disorders are usually related to severe cases of
intellectual disability, epilepsy, or autism [35, 42].

Besides the more apparent malformations, anomalies in the neurodevelopmental pro-
cesses linked to the folding or the organization of cortical layers are subtle. It has been
reported that major psychiatric disorders like schizophrenia originate during neurodevel-
opment, presenting abnormalities at the cellular level, for instance, in the dendrites of
cortical layer III [43]. In parallel, schizophrenia has been related to alterations in the gyri-
fication patterns and cortical volumes [44-46]. Similar findings appear when studying
autism, where changes at the cellular level in different regions and layers of the cortex
can be observed [47, 48] along with anomalies at a macroscopic level [46, 49-51]. The
same can be observed in bipolar disorders [46, 51, 52], or major depression disorders [46,
51, 53, 54]. Moreover, studies have also found atypical sulcal patterns in patients with
attention deficit and hyperactivity disorder [55, 56].

Hence, attending to the literature, it is reasonable to say that the level of gyrification
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and the arrangement of such gyri can provide insights into possible cerebral dysfunction
besides posing as macroscopic landmarks for functional and cytoarchitectonic areas [57].
Also, gyrification patterns can provide a more static neurodevelopmental marker than
cortical volume, as these patterns are less subject to change with age [51].

1.2. Assessing the Cortical Anatomy Using Magnetic Resonance Imaging

As we have stated in the previous epigraph, the study of gyrification can provide essen-
tial insights into the progress of pathologies and normal neurodevelopment. The existing
strategies to examine microscopic neurobiological processes associated with gyrification
rely on the analysis of ex-vivo samples, which greatly hinders such study in human pop-
ulations. A reasonable alternative for this is the study of the folding characteristics at a
macroscopic level, analyzing the properties of gyri arrangement and thickness. This kind
of study can be performed thanks to Magnetic Resonance Imaging (MRI), as it allows a
clear distinction of the inner tissues of, in this case, the brain in in-vivo populations.

MRI is a non-invasive medical imaging modality that generates three-dimensional
(3D) representations of the internal anatomy of the head. Different modalities of MRI can
be used to measure various properties of the brain, such as functional MRI, which is based
on the different magnetic properties of the oxygenated and deoxygenated hemoglobin to
measure the neuronal activity [58], or diffusion-weighted imaging, that measures the wa-
ter movement inside the brain to infer its structural organization [59]. In this dissertation,
I will focus on anatomical or structural MRI.

As its name indicates, this modality aims to characterize the gross anatomy of the
brain, specifically the three main components that form it: Gray Matter (GM), White
Matter (WM), and Cerebrospinal Fluid (CSF). The basis of this modality is to exploit the
magnetic properties of the protons, which are abundant in the brain due to its high content
in water and, therefore, the presence of hydrogen nuclei. Besides water concentration,
MRI scanners are sensible to other tissue-specific macroscopic magnetic properties as
the T1 and T2 relaxation parameters [60]. Measuring these properties MRI scanners can
generate images with different tissue contrasts that provide complementary information,
being the so-called T1-weighted (T1w) images the most common acquisition for struc-
tural MRI (see Figure 1.6).

1.2.1. Working with Magnetic Resonance Images

These 3D images are organized on a regular Cartesian grid of voxels (understood as volu-
metric pixels), each of them containing a value that reflects the intensity measured in that
position. Usually, these volumes need to be preprocessed to correct the different artifacts
they present, such as bias field and inhomogeneities [61]. Once the images are corrected,
a wide variety of possible analyses and operations can be applied to the data. We can
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Figure 1.6: Example of brain acquisition using MRI. From left to right, the slices are sagittal, coronal, and

axial. Regions associated with white matter present lighter gray colors. Gray matter areas are generally
correspondent with darker gray shades. Finally, cerebrospinal fluid is represented in black. Note: A, P, S,
I, L, and R refer to anterior, posterior, superior, inferior, left, and right, respectively.

divide them into three main groups: voxel-based approaches, surface-based approaches,
or region-of-interest analyses.

1.2.1.1. Voxel-Based Approaches

This kind of analysis consists of operating on the 3D Cartesian grid where the images are
presented. The main advantage of this approach is its relative simplicity and computation
efficiency. As the images are located in a 3D grid, the correspondence between neigh-
bors is fixed, making it easy to adapt well-known morphological 2D image processing
operations to this field.

Among the voxel-based analyses available, the most popular one is Voxel-Based Mor-
phometry (VBM). Succinctly, VBM consists of registering the 3D volumes to a common
stereotactic space to remove inter-subject variability (spatial normalization), identifying
the Gray Matter (GM) or White Matter (WM) tissues (segmentation), and comparing the
local concentration of the tissue of interest among groups of subjects, for example, a
healthy group against a pathological one [62, 63]. This approach has been used in an
endless number of publications and applied to multiple pathologies [64—70], just a sim-
ple search of the terms VBM or Voxel-Based Morphometry on PubMed! generates over
7,236 results, around 2,000 of them just for the period between 2019 to 2022.

However, despite its popularity and undeniable usefulness, voxel-based approaches
present some limitations that need to be considered. For starters, in VBM, misalignments
when registering to a common template can alter the results. This is why the algorithm and
template selected for spatial normalization might greatly impact the outcome of a study
[71-73]. Misclassification errors, assigning a wrong label to a voxel in the segmentation
step, can also be a source of errors. In addition, the interpretation of VBM results can also

Thttps://pubmed.ncbi.nlm.nih.gov/
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be puzzling. For instance, there are cases where it is not obvious if the differences in GM
arise due to a reduction in cortical thickness or because of the inter-subject variability in
the folding pattern [74] as shown in Figure 1.7.
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Figure 1.7: Limitations of interpretation of Gray Matter Voxel-Based Morphometry (VBM) results. The
differences in Gray Matter depicted in the upper line, between a thin straight region and a thin convoluted
one, are equivalent to those in the bottom line, showing a thin straight region against an equally unfolded
but thicker region.

Further, due to the intricate morphology of the human cortex, some operations can be
challenging to perform on a voxel space. For example, measuring the geodesic distance
between two cortical points would require complex proceedings, as measuring a simple
Euclidean distance would underestimate the real value, especially when those two points
are located on opposite sulcal banks [75].

1.2.1.2. Surface-Based Approaches

The drawbacks appearing when operating at the voxel level can be partially solved using
surface-based approaches. These approaches are based on the extraction of meshes that
enclose the CSF/GM and GM/WM cortical interfaces. The most popular and widely-used
tool for generating and analyzing these surfaces is FreeSurfer [76, 77], although there
are other image processing suites such as BrainSuite [78] or BrainVISA [79]. The basic
steps to create these surfaces are somewhat analogous among the different tools. The T1-
weighted (T1w) image is corrected to remove possible variations in the intensity across
the volume. Then, a skull-stripping step is performed to restrict the analysis and process-
ing to the voxels belonging to the brain. On this masked volume, the algorithm applies a
classification method to label the voxels attending to their position and intensity, differ-
entiating between CSF, GM, and WM regions. For each hemisphere, an initial surface is
adjusted to the outer boundary of the WM segmentation, which is right after refined using
the intensities of the corresponding voxels in the input volume. This refined surface is
commonly known as “white surface”. Finally, the surface covering the CSF/GM (known
as “pial surface”) is created by expanding the white surface to the outer boundary of the
GM segmentation and refining it (see Figure 1.8).
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Figure 1.8: Cortical surfaces extracted for a single subject using FreeSurfer. The image shows, from left
to right and up to down, the sagittal, coronal, axial, and 3D views of the T1w image overlaid with both
“white” and “pial” surfaces. The lines in red and blue correspond to the surfaces created in the CSF/GM
and GM/WM interfaces respectively. The right bottom panel depicts a 3D render of the “pial” surface of
the left hemisphere.

The resulting surfaces or meshes are composed of a variable number of vertices and
triangular faces. The vertices represent the position of the points that form the surface
in a 3D space, while the faces express the direct connections between said vertices as
depicted in Figure 1.9. Surface-Based Morphometry (SBM), which can be understood as
the equivalent to VBM in the vertex space, presents some benefits with respect to its voxel
counterpart. The topology of each cortical hemisphere can be represented as a 2D closed
manifold [80] and then mapping the points to a regular sphere (actually, a uniform subdi-
vision of an icosahedron projected to a sphere). These spheres present a straightforward
geometry; hence, registration of the cortical structures between spheres can be simpler
than using 3D volumes [81]. There are different algorithms for this registration, although
the base tends to be similar: estimate the deformation field to establish correspondences
between the cortical markers of a moving sphere and an objective one [80, 82—-84]. Once
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the deformation is estimated, the maps of interest (cortical thickness, volume, surface
area, etc.) can be projected to a common space by applying this same transformation,
allowing vertex-wise statistical data analysis.

Figure 1.9: Representation of a 3D cortical surface depicting the wireframe formed by the vertices and
triangular faces. On the right, a closeup highlighting a face and the vertices that form it (v{, v, and v3).

Despite the increase in computation complexity, operating in the vertex space presents
some advantages with respect to the voxel space in addition to the above-mentioned in-
creased registering capability. The meshes accurately capture the cortical topology, as it
can be modeled as a corrugated 2D sheet. This permits to calculate the normal directions
of the surface at each point, being useful, for instance, in the estimation of the origin of
signals in Electroencephalography (EEG) or Magnetoencephalography (MEG) [85]. An-
other benefit of the surface approaches is that estimating Euclidean and geodesic distances
between cortical points is now straightforward, making it easier to identify the points in
the same or in the opposite sulcal banks. These properties greatly facilitate the estimation
of metrics related to cortical gyrification, which have a great interest, as we have seen in
Section 1.1.3.

These meshes, due to their organization in vertices and faces, allow for the estimation
of the so-called vertex-wise maps. These maps contain local information of a particular
metric for each vertex in the surface and can be statistically compared using SBM. An
example of these metrics would be the curvature map. This map is based on calculating
the mean of the two principal curvatures on the triangles of the surface [86]. This is
especially useful for locating the relative position of brain areas, extensively applied in
surface registration methods [80, 82, 83].

1.2.1.3. Regions of Interest

There is an alternative to the vertex or voxel-wise analyses that allows for avoiding the
problematic registration step, which is to analyze the target features for a given region.
These regions are commonly defined according to anatomic [87, 88], or functional [89]
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criteria. This approach is compatible with metrics estimated in the vertex or voxel spaces.
On one hand, Region Of Interest (ROI) analyses allow to work in the individual native
space of the subjects, so the statistical comparisons can be performed for multiple par-
ticipants without performing a spatial registration to a stereotactic space. On the other
hand, this methodology has multiple limitations. First, it relies on the correct labeling
of the cortical regions. Second, if the values in each ROIs are averaged, the intra-region
variability is not accounted for, which can lead to a loss of local information. Finally, the
selection of the ROIs for each study must be carefully selected a priori and according to
the hypotheses of the study.

1.2.2. Cortical Morphometry

As it has been mentioned, through MRI, scientists can obtain information about the inner
structures of the brain. There are multiple image processing techniques to compute differ-
ent cortical features and perform accurate morphometric analyses using them. These met-
rics provide complementary information on cortical morphology, improving the global
macroscopic picture of brain changes during neurodevelopment or pathologies that can
help to infer the differences at a microscopic level. In the current section, I summarize the
most commonly used metrics and some of their limitations.

1.2.2.1. Surface Area

Surface Area (SA) is related to the sulcal morphometry, as an increase in gyrification
implies an increase in cortical area. Local variations on SA can respond to the number
of cortical columns and their organization (schematized in Figure 1.1). This is closely
associated with the brain’s neurodevelopment and functional specialization of the different
regions [90-92]. Reductions in SA have been reported in patients with schizophrenia
[3, 93] that might indicate anomalies at different neurodevelopmental stages such as the
neural stem cells division or dendritic arborization. However, the specific reasons driving
these results remain unclear [93].

SA is a metric inherent to the vertex space. Estimating these maps is straightforward
in a 3D mesh but can be challenging in volumetric images. This can be done, pointwise,
by computing the area of each triangular face of the surface and assigning to each vertex
one-third of the sum of the areas of all faces that meet at that vertex [92]. Despite its
simplicity, this approach presents a drawback, as the tessellation of the brain is not evenly
distributed; gyral regions tend to be more plain, so fewer triangles are needed for their
accurate representation, while the opposite happens in sulcal regions. This translates
into bigger triangles in gyral regions and smaller in sulcal areas, meaning higher SA for
the first and lower for the later. In addition, this metric should not be understood as a
pointwise measure but as a local or regional one. Therefore, the vertex-wise analysis
of this metric can be confusing and needs to be performed with caution as the typical
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interpolation and smoothing steps included in every SBM analysis make no sense for
vertex-wise SA analyses [92].

As an alternative, some works propose indirect measures for the area, based, for exam-
ple, on the expansion or contraction when registering a mesh to a standard template [94—
96]. The main inconvenience of this approach is that the obtained values do not represent
a real physical dimension but one relative to the template surface, so the interpretation of
results only makes sense as a comparison [92].

1.2.2.2. Cortical Thickness

Cortical thickness (CT) is the most popular and widely-used vertex-wise metric in the
literature. It can be seen as the distance that separates the outer (GM/CSF interface) and
inner (GM/WM interface) layers of the cortex. This measure appears to be related to the
regional neuronal density in the cortex [97]. We have stated that the number of cortical
columns mediates the size of the cortical surface; however, its thickness appears to be
modulated by the number of cells in each column [90, 98], appearing as complementary
features. Hence, it is of great interest in the study of neurodevelopment, the changes in
the brain through aging or natural processes, and the progress of numerous psychiatric
or neurodegenerative disorders. Multiple studies report CT differences in patients with
Alzheimer’s disease [99, 100], Parkinson’s disease [101], schizophrenia [3, 45, 102] or
even pathologies such as children’s dyslexia [103], to mention some. In the field of normal
development, we can find examples of differences in CT during adolescence [104, 105],
or pregnancy [6, 105, 106] among multiple other studies.

In terms of estimation, CT has been extracted both in surface [107] and volumetric
[108] methods. Measuring the CT in a 3D grid presents some inconveniences, as estimat-
ing the normal directions from one tissue to the other to calculate the shortest distances
between them is not evident in this space. Methods like the one in Das et al. [108] tackle
the issue by using prior constraints and minimally deforming solutions in finding corre-
spondences between the points of both interfaces. In the case of surface-based methods,
the solution is simpler. Despite existing different ways to define the Cortical Thickness
[109], they are all based on finding a correspondence between the pial and white surfaces.
Most of the developed algorithms typically define the distance between each vertex of the
white surface to the closest part in the pial surface (vertex or face). This procedure is re-
peated to find the minimal distance from each point in the pial surface to the white mesh.
Then, both distances are averaged to obtain the final estimation of the cortical thickness
in each point [107] (see Figure 1.11A).

Despite its apparent simplicity, interpreting changes in CT can be challenging, as
different biological processes can contribute to those. Changes in this feature can be
related to atrophy in the affected regions, synaptic pruning [104, 105], differences in GM
myelination or a lack of contrast between in the GM/WM interface [98]. This last scenario
can be especially difficult in the analysis of images from older participants, as the tissues’
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Figure 1.10: Different scenarios representing the limitations on the interpretation of cortical thickness (CT).

water content diminishes with age, leading to a lower difference in the proton density of
GM and WM and, therefore, a poorer contrast [110]. An additional problem of this metric
is the one depicted in Figure 1.10, as CT is sensitive to changes in the cortex width, but
it might ignore other important anatomical changes like a widening of the sulci when it is
not purely related to the GM thinning.

1.2.2.3. Cortical Volume

Cortical Volume (CV) measures the amount of GM in a given cortical region. This metric
is widely popular because of the broad usage of VBM methods, where estimation of
volume is effortless. Volume and thickness are frequently used indistinctly as markers
for the cortical structure. Nevertheless, this assumption can be questionable, as volume
can be understood as a product of thickness and area. Precisely, the estimation of CV in
the vertex space is based on this property. Initially, FreeSurfer [76, 77] estimated volume
as the multiplication of the area map by the thickness map for each surface vertex. The
problem with this approach is that it tends to over- or underestimate the metric depending
on the convexity of the surfaces [111]. The solution proposed by Winkler et al. [111] is to
estimate the volume of each of the triangular prisms that the vertices in the pial and white
surfaces form by decomposing the prisms into three tetrahedra (see Figure 1.11). This
way, the volume can be univocally estimated, avoiding the aforementioned problems.
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Figure 1.11: Scheme of the estimation of cortical thickness (CT) (A) and cortical volume (CV) (B).

The statistical analysis and interpretation of CV need to be cautious as well. As hap-
pens with surface area, volume is an areal quantity, so interpolation methods used need to
be compatible [111].

1.2.2.4. Cortical Depth

Measuring the cortical depth can provide valuable information about brain organization,
as there is evidence that deeper sulci are formed first compared to superficial ones, which
appear later in the neurodevelopment [15], being those deep sulci more consistent and
less variable across subjects [112]. This can also mean that deeper sulci, having an earlier
origin, can be routed to functional areas [15, 113]. These properties, along with the fact
that approximately 70% of the human cortex is buried in sulci [114] make depth a useful
metric both for the study of neurodevelopment [113, 115-117] and the localization of
cortical features [118-120].
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There are different approaches to computing the cortical depth; however, the most
common ones are based on the same principle: generating a zero-depth reference and
estimating the distance of every point in the surface to this reference. Generally, this
zero-depth reference is an outer hull that surrounds the brain covering the sulci without

entering them, similar to how a rigid brain would fit into a smaller balloon. This way,

methods estimate the distance from the mesh to the nearest point in the hull.
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Figure 1.12: Representation of how the Euclidean (green), geodesic (orange), and travel (purple) depth
work for a point hidden inside a convolution and a visible one.

There are three main choices for the depth metric (see Figure 1.12). The first one is
the Euclidean distance, with the critical inconvenience that this metric would intercept
the surface for most of the points lying in sulcal regions, thus underestimating the depth
values. The second option is the geodesic distance, i.e., the shortest path following the
surface morphology between the hull and any point on the surface. This metric presents
the opposite problem to Euclidean distance, as it tends to overestimate the depth in cer-
tain regions, especially where the surface is irregular. The geodesic distance can also be
unsuitable in some configurations of sulci, where the deepest values might not happen
to meet in the fundi. The third option is the travel depth [121], initially conceived for
estimating the depth in voxel images of macromolecules. This metric is a combination
of geodesic and Euclidean distances. The path from one point to the other is geodesic in
those stretches where the Euclidean distance would cross the surface and Euclidean where
there is an unobstructed path. The obtained values for travel depth and geodesic depth are
pretty similar except for the insula, where travel depth assigns lower values [122].
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1.2.2.5. Gyrification Index

A frequently used metric to have a notion of the degree of cortical folding in a brain is the
Gyrification Index (GI), estimated through a ratio between the area of the pial surface and
the area of the outer hull of the cortex. Initially studied in post mortem slices of the brain
[123], this metric has been widely employed in the analysis of neurodevelopment [104,
105, 124] or psychiatric disorders [45, 51, 125, 126].

Gyrification Index (GI), in its early conception, was a global measure, providing a
unique value of the degree of folding for each hemisphere. The method relied on delin-
eating the cortical perimeter using 2D slices and comparing it against the perimeter of the
estimated hull enclosing the slice [123]. Limitations of this method include the possible
bias by the slice orientation or the impossibility of delineating buried sulci in some cases
[126]. The popular algorithm proposed by Schaer et al. [126] extends the concept of Lo-
cal Gyrification Index (LGI), addressing the problem in a 3D space using cortical surfaces
and providing local values of gyrification for every point in the cortex. In this case, two
triangular meshes are used, one with the representation of the pial surface and a second
with the outer hull that encloses the pial. For each point of the hull, a sphere is placed,
estimating the ratio between the pial and hull area in this neighborhood. These values
are subsequently mapped to the corresponding points in the pial surface, thus generating
the vertex-wise LGI map. The resulting map highly depends on the radius selected for
the sphere where the local index is measured. Very small values of the radius can lead to
insufficient area coverage. In contrast, very high values can make the points in a region
affected by a distant one, as can happen near the Sylvian fissure. Another concern of this
metric is that the projection of the sphere to the pial surface leads to a different surface
area covered for each region, which can also affect the results [126].

Intuitively, the GI is related to the sulcal depth and width. Decrements in gyrification
degree are frequently associated with fold opening, i.e., an increase in the width [45]. It
is also reasonable to think that more deep sulci will translate into increased LGI. As well,
decrements in SA possibly are associated with the flattening of the folds [45].

1.2.2.6. Sulcal Width

Sulcal Width (SW), understood as the distance, filled with CSF, separating both banks of
a sulcus, has been traditionally linked to the study of dementia, especially Alzheimer’s
disease, reporting its utility as a marker for the detection of early-onset manifestations of
the pathology [127-131]. Neurodevelopmental disorders such as schizophrenia or bipolar
disorders can also be linked to an increase in the SW [45, 132], being useful for the
classification of schizophrenia patients [133]. It has also been used as a marker for the
flattening of the cortex in adolescence [104], or pregnancy [105].

As it has been mentioned in Section 1.2.2.2, CT reports changes in the cortical gray
matter; this metric alone cannot characterize if those changes occur in the interface be-
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tween GM and WM or the one between GM and CSF (see Figure 1.10). This information,
obtained through the width, can come in handy in interpreting the results.

Another advantage of the SW is that, while thickness depends on the GM/WM in-
terface, width is estimated from an outer part of the cortex to another, depending on the
GM/CSF interface. As it has been stated, the contrast between GM and WM decreases
due to a reduction in the difference in proton density between the tissues. However, the
contrast between GM and CSF is relatively stable through the life-span as the proton den-
sity of CSF is higher [110]. This makes SW less susceptible to partial volume errors and
more metric in terms of age dependency.

Nevertheless, the estimation of this metric has been poorly explored. To date, the
methods available are bounded to average values in ROIs. The four main methods existing
in the literature are covered in the following paragraphs.

Fold Opening

The first method that addressed the estimation of sulcal width was presented by Mangin
et al. [134]. This algorithm makes a geometrical approximation to the sulcal width, here
named Fold Opening (FO). The basic idea underlying this method is that the sulcus can
be approximated as a triangular prism, where two faces are the sulcal banks, and the
remaining would be the surface covering the sulcus. This way, knowing the volume of
the triangular prism, its length, and high, they can approximate the fold opening, i.e., the
width of the mentioned sulcal cover. For this, the method relies on generating a mesh
parallel to the sulcal banks that traverses the sulcus from the bottom (fundus) to the sulcal
cover, perpendicular to this.

This medial mesh is created using the BrainVISA pipeline [79, 134], which uses a
volumetric segmentation containing the CSF voxels of the brain. This segmentation is
eroded and processed to generate a voxel skeleton that occupies the center of the fold.
Then, a surface reconstruction of the voxel skeleton is performed, creating a thin trian-
gular mesh. Knowing the area of this mesh (Apegiaivesn) and the volume occupied by the
CSF (Vcsg), the width, or fold opening, can be approximated as:

v
FO = CSF

AMedialMesh

(1.1)

The first drawback this method presents is that it assumes that the shape of the sulcus
is regular and resembles a triangular prism. Given the intricate morphology of some sulci
and their variable shape, this approximation seems overly simple. The second issue is
that, as an approximation, the given value is not necessarily a physical magnitude, i.e.,
the output value gives a notion of the width but not its actual distance value. Additionally,
the given metric is unique for the whole sulcal ROI, losing the local width variability
inside the region.

Finally, the estimation and accurate labeling of the medial meshes using BrainVISA
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[79] could become a complex and time-consuming task.

Sulcal Span

The Fold Opening model was refined by Kochunov et al. [110], where the starting point is
the same medial mesh estimated by BrainVISA. In this case, the author proposes a direct
measure for the sulcal width, named sulcal span. To achieve this, the normal vectors
of the medial mesh are projected on the sulcal banks, avoiding the points near sulcal
subdivisions. Then, Euclidean distances measured in both directions for the whole sulcus
are averaged, discarding those that only cross the sulcal surface in one direction.

Compared to the FO, the main strength of this method is that the values presented in
this case can be considered a real distance. However, the algorithm relies on estimating
the medial mesh and provides an average value among all the sulcal width values ob-
tained for the median mesh points. Similar to the previously described methodology, this
can be controversial because the intra-sulcal variability is lost in the averaging process.
Additionally, if the distribution of SW values for a region is not normal (as we might in-
tuitively think, a sulcus would probably have more low-width values), using the average
value instead of the median value can be misleading.

Finally, as in the previous case, this method relies on the BrainVISA pipeline for the
generation of the medial mesh, which some users might find troubling.

Surface Based — calcSulc

The toolbox calcSulc [135] presents a method for estimating sulcal width that avoids the
estimation of the sulcal medial mesh. This algorithm, built to work with the output data
produced by FreeSurfer, takes the pial surface and the Destrieux cortical parcellation [88]
as inputs. This atlas subdivides the hemispheric cortical surface into different gyri and
sulci. The method identifies the boundaries where the sulcal regions meet their adjacent
gyral regions. Ideally, this methodology assumes that this boundary should be located at a
mid-distance between the hull and the fundus of the sulci. On this boundary, the algorithm
matches each point, located in one of the sulcal banks with the closest (in Euclidean
distance) boundary vertex on the opposite sulcal bank. Finally, having matched all the
points with their opposing vertex, the median of the Euclidean distances is assigned as
the value for the ROI.

The accuracy of this algorithm highly depends on the positioning of the atlas, being
unstable if there are segmentation errors or the curvature matching to the reference atlas is
not accurate. Another drawback is that it only samples the width in the boundary between
sulcal and gyral regions, not accounting for the width variations in the rest of the sulcal
basin. It is worth mentioning that a recent study has found difficulties in obtaining values
for smaller sulci using this method [136].

Similar to previously described methods, calcSulc provides a unique value for a whole
sulcal ROI, not accounting for the intra-sulcal variability.
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Voxel Based — EDT-LM

On their side, Mateos et al. [137] present a voxel-based method that uses Local Maxima
(LM) detection on a Euclidean Distance Transform (EDT) of the pial surface. The algo-
rithm generates a Cartesian grid to create a voxel representation of the FreeSurfer’s pial
surface. In this grid, the EDT [138] is computed to estimate the closest distance from
each voxel outside the cortical volume to the pial boundary. The voxels located in the
center of the sulcal space are the ones with the highest values, as those are the most dis-
tant points from any sulcal bank. These local maximum voxels are detected using the
proposed Local Maxima labeling algorithm [137]. Briefly, this algorithm analyzes spher-
ical neighborhoods around every voxel outside of the pial volume. For every opposing
pair of voxels in the neighborhood, the algorithm defines a path, where it analyzes the
progression of EDT intensity values. If this progression follows a symmetric up-down
pattern, with a maximum in the middle in at least seven of the opposing pair of voxels,
the point is labeled as a local maximum. After performing these steps for every voxel,
the detected LM are assigned twice the value of EDT in the point, as EDT measures the
distance from the center to the sulcal wall.

The accuracy of width values obtained using this approach fully relies on the dis-
cretization of the pial cortical surface. Artifacts and voxel size of the generated volume
can be limiting factors. In the paper, the reported metrics are averaged values for differ-
ent sulcal regions of the Destrieux parcellation [88] and, although it is stated that sulcal
width maps can be generated, there is no analysis on the matter. The reported Pearson’s
r correlation values between the method and the Sulcal Span [110] are over 0.5 only for
the Central Sulcus, showing a limited correlation.

Finally, unlike the previous methods mentioned, the EDT-LM has no available imple-
mentation nor public code, making it difficult to test or apply in a study.

1.2.2.7. Cortical Lines Extraction

Metrics such as CV or CT are known to be affected by different factors as substance abuse
[139, 140], age [141], or disease progress [142]. Conversely, the gyrification pattern is a
more static factor, presenting a promising biomarker independent of said processes [51].
Moreover, it is known that the CT is higher in gyral crests than in sulcal fundi due to the
deformation of the cortex during folding [143]. This translates into a different weighting
of supra- and infragranular layers among those regions (see Figure 1.13). For instance,
in the prefrontal cortex, the supragranular layers (cortical layers I-1II) represent the 70%
of the CT in the sulcal fundi, while the same layers only amount for the 49% in gyral
crowns [143]. It is reasonable to think that processes affecting mainly the supragranular
layers, such as schizophrenia, would have a higher impact on sulcal regions than gyral
ones [143].

However, labeling such lines representing the gyral crown and sulcal fundus presents
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Figure 1.13: Difference of organization between supragranular (light blue) and infragranular (light red)
layers in cortical regions of gyrus and sulcus. It is observable how the supragranular layers occupy most of
the volume near the sulcal fundus, while the volume is more evenly distributed in the gyral crowns.

multiple challenges. The first one might be the lack of agreement in defining what is
considered the top or the bottom of a fold, making it difficult to evaluate the accuracy of
the segmentation. Secondly, the significant variability in the sulcal anatomy, both intra-
and inter-subject, hampers the generalization of these methods.

Manual labeling of these landmarks is a laborious task, taking 2-3 days for a human
operator to label a single brain [144], and presenting moderate inter-rater reliability [145].
This is why different approaches have been made to address this task.

Initial methods extracted lines on the voxel space based on criteria of maximal curva-
ture [146, 147] or depth [148, 149]. However, due to the submillimetric vertex size and
the more accurate representation of the cortical topology in the vertex, most of the subse-
quent methods shifted to surface approaches. Previous reviews of the existing literature
have divided the existing methods into categories such as skeleton-based and line-based
[150]. In the following epigraphs, I will follow this distinction categorization to present a
summary of the most notable publications.

Skeleton-Based Methods

Skeleton-based methods [119, 151, 152] aim to generate the sulcal or gyral lines by re-
moving faces from the mesh until obtaining a thin path that resembles the studied mor-
phology. For instance, Kao et al. [119] compute a depth measure by estimating an outer
hull and the geodesic distances from each surface point to that hull. This depth map is
then used to segment the surface into sulcal regions. In these sulcal regions, the boundary
faces are used to detect endpoints that remain fixed while the surface faces are decimated
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without losing connectivity. Then, the longest non-branching path between the endpoints
of the region is taken as the final sulcal line.

The method proposed by Yonggang Shi et al. [151] also starts with a segmentation
between sulcal and gyral regions, in this case using a graph-cut method based on the
curvature [153]. On the segmented surface regions, the method estimates the distance
transform of the surfaces from their boundaries by solving the Eikonal equation (a form
of the Hamilton-Jacobi equation) on the meshes. The solution to this equation can be
interpreted as the minimal time a wavefront needs to propagate from one point in the
surface to another; thus, starting from the points on the boundary, the points with higher
magnitude would be those of the skeleton. Then, the estimation of the skeleton is achieved
by a thinning algorithm that sequentially removes points from the surface, attending to the
flux measures of the distance transform gradients. These skeletal points need to be pruned
to generate the final set of lines.

This approach is similar to the one presented by Seong ef al. [152]. In this case, the
initial segmentation of the surface is based on a depth map that is thresholded to mark
the boundary of sulcal regions. The main novelty of the method is the introduction of an
anisotropic geodesic distance map that is computed using the Hamilton-Jacobi equation
using a speed function based on curvature. Then, the gradient vector field of the distance
map is used to estimate the central region of the sulcal basins, as in the center there is
a change in the direction of the vertex coming from the boundaries. This information is
used to perform the skeletonization of the surface and generate the sulcal lines.

Another that can be categorized as skeleton-based is the one included in the Mindbog-
gle toolbox [122]. In this case, a travel depth threshold is used to segment the different
sulcal basins. Then, the deepest vertices on the fold are located for located and used as
seeds for the detection of endpoints. This is done by propagating geodesic paths from the
seeds to the boundary, detecting at different levels the points with maximal values in the
multiplication of depth by curvature on the vertex. The final endpoints are selected among
those candidates that accumulate higher values of the product of those metrics. Finally,
the surface is eroded, removing first the points with lower depth values given that their
removal does not change the connectivity or topology of the surface.

In these examples, the quality of the mesh segmentation can induce problems in the
computation of the flux or gradients of the distance transform, greatly affecting the result-
ing lines. Additionally, these methods present limited control over the anastomotic sulci
during the pruning step. These anastomotic sulci are defined as small accessory branches
usually under 5 mm [154]. These sulci present little interest as those labels are not really
covering the fundus of the sulci, but small crests on the sulcal banks.

Line-based Methods

We can define line-based methods as those that seek to represent the sulcal fundi as lines
on the surface. These lines are often estimated as the shortest path between two points on
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the surface. The cost function used to define this shortest path varies between methods.
For example, Shattuck et al. [155] propose a semi-automated method where the user
selects two endpoints, and the algorithm delineates the corresponding gyral crown or
sulcal line attending to the local convexity of the surface. The convexity is estimated by
averaging the cosines of the surface normal at each vertex and the surface normals at the
1-ring neighbors. This way, local convex zones would present positive values, while local
concave vertices present negative values.

However, this method requires manual input from the user having to define the end-
points of each region. This is a very time-consuming task, so Le Troter et al. [150]
extended the idea to generate the sulcal lines without user intervention. For this, they in-
troduce the concept of Geodesic Path Density Map (GPDM). The method takes the sulcal
basin labeling from BrainVISA [79]. On each basin, they compute the shortest distance
between each pair of points of the boundary, generating a density map where the value
of every vertex is the number of paths that crosses it. This map is normalized so that
the values are contained between O and 1. Finally, an adaptive threshold is applied to
the density map, thus generating a line representing the fundus of the sulcus. It is worth
mentioning that, unlike Shattuck et al. [155], in this case, the shortest path is weighted
using the geodesic depth.

The main advantage of this method is that it completely avoids the endpoint extraction
step, which is always challenging. However, the main drawback of this method is that it
does not delineate branches in the sulci. It is also a very conservative approach, often
underestimating the sulcal length.

Another example in this category would be the method proposed in Lyu et al. [156].
The method is divided into two principal processes. The first one consists of detecting
which points of the surface correspond to sulcal regions, thus avoiding the initial seg-
mentation of the cortex. For this, the algorithm first applies a threshold to the maximum
principal curvature. Then, the resulting points are filtered out by slicing the surface using
a plane perpendicular to the direction of the sulcus, creating a 2D contour where the max-
imum curvatures are detected with a line simplification method [157, 158]. The second
part of the method consists of processing these filtered points to detect their endpoints
and the optimal paths connecting them. This algorithm employs the Eikonal equation
to define the geodesic distances between the points detected in the first step, while the
endpoints are selected as those in the extremes of the said set of points.

In this case, the algorithm tends to label every minimal crest as a sulcal fundus, over-
estimating the sulcal length and introducing in the definition multiple points located in
sulcal banks.

As reflected, there are different approaches to generating sulcal and gyral lines; how-
ever, the usage of these methods is not always straightforward. Many of them do not
have an accessible implementation or code available. In other cases, they are not directly
compatible with FreeSurfer, which is probably the most famous cortical surface creation
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method. Additionally, most of these methods tend to over- or underestimate the sulcal
length, including anastomotic sulci or being too restrictive. This final point is challeng-
ing, as there is no formal definition of what is a sulcal line or a gyral crown. The absence
of a ground truth makes it difficult to assess the methods or decide which is correct, mak-
ing this a subject of what is the interest of the researcher or the objective of the study in
particular.
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2.1. Motivation

The study of the human brain’s cortical morphology has been critical for an increased un-
derstanding of the pathological processes driving psychiatric disorders such as schizophre-
nia, bipolar disorders, autism, or major depression [45, 46, 49, 51, 54, 143]. Furthermore,
charting the normal developmental changes in cortical morphology during adolescence
or aging can be of great importance for detecting deviances that may be precursors for
pathology [104, 105, 110, 117, 124].

It is of great interest to analyze these changes at a microscopic level to comprehend
what is occurring in the cortical layer organization, neuron arrangement, or glial changes,
to mention some of the possible biological processes involved. However, with the cur-
rently available tools, this microscopic level is only achievable in post-mortem studies.

Through MRI, we can observe and assess the brain at a macro- or mesoscale, com-
plementing the information obtained from post-mortem studies in larger in-vivo datasets.
Structural T1w magnetic resonance images are probably the most popular acquisition in
brain MRI investigations, as they are relatively fast to acquire and provide good contrast
between brain tissues. Even in studies focused on analyzing functional MRI or Diffusion-
Weighted Imaging, anatomical images are generally obtained for tasks like segmentation
or registration between subjects. The wide availability of T1w images and the above-
mentioned ability to differentiate brain tissues make this modality a perfect fit for analyz-
ing macroscopic brain properties.

As it has been stated in the Introduction, several metrics can be extracted from struc-
tural magnetic resonance images to measure the anatomy and infer the microscopic pro-
cesses happening in the brain. One of the most widely used is cortical thickness, defined
as the distance from the GM/WM interface to the GM/CSF interface. Precisely this de-
pendence of the GM/WM interface can be a limitation for this technique, as it is known
that the contrast between gray and white matter declines with age, making this measure
age-dependent [110]. This drawback can also be associated with cortical volume, as it
relies on the same GM/WM contrast.

Another important metric is the gyrification index. This is an ingenious morphometric
feature that has great potential for assessing brain maturation as well as aiding in prog-
nosis, patient stratification, and diagnosis in different pathologies [46, 51]. However, its
interpretability is severely limited as it is a composite measure made up of sulcal depth,
width, and length.

Sulcal width overcomes those handicaps. First, it depends only on the GM/CSF con-
trast which is more stable with age [110]. Second, it presents a more physical measure
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than the gyrification index. However, the existing methods fail to adequately characterize
sulcal width as the available algorithms only estimate averaged values for different ROIs,
ignoring the possible intra-sulcal variability and, in some cases failing in small sulci [136].

The analysis of sulcal and gyral lines can also be of interest as there is a direct re-
lation between neurodevelopment and gyral organization [30, 46, 159]. In this sense,
these lines have shown potential as macroscopic landmarks for functional and cytoarchi-
tectonic areas [57]. However, among the different line extraction methods, few capture
gyral regions. Additionally, many of these methods are outdated or lack public code and
implementation, making them difficult to use. Furthermore, among those with publicly
available executables, there is a trend to over- or underestimate the sulcal length, label-
ing many sulcal banks as sulcal fundi or way too few points, thus making the output less
representative of those regions.

Bearing these gaps in mind, this dissertation presents two novel methods for character-
izing the brain’s cortical morphology. The first one in Chapter 3 introduces and validates
a sulcal and gyral line extraction method that makes an effort to avoid the delineation of
anastomotic sulci [160]. The second method, in Chapter 4 contains a vertex-wise esti-
mation of sulcal width, along with its validation. The development of these new cortical
feature extraction methods also allows for improved evaluation of treatment results and
clinical trial outcomes, better exchange, and comparison of information among treatment
centers, and it can serve as a foundation for further research.

These two methods are conceived to be publicly available, easily used by all re-
searchers, and ready to work with the outputs of the prevalent FreeSurfer toolbox.

2.2. Hypothesis and Objectives

The main hypothesis of the present work is that accurate cortical lines and sulcal width
can provide the neuroimaging community with new high-resolution biomarkers to com-
plement existing and widely-used metrics such as cortical thickness, gyrification index,
or sulcal depth.

This thesis is divided into three main objectives:

e The first objective of this thesis, covered in Chapter 3, is to develop and validate a
gyral and sulcal lines extraction method that tackles the limitations of existing al-
gorithms. Thus, we aim to develop a line extraction tool that can avoid anastomotic
sulci while maintaining the main morphology of the folds. The developed method
will be compared and validated against existing algorithms to assess its reliability.

e Covered in Chapter 4, the second objective aims to fill the gap in the existing sulcal
width algorithms by creating a new methodology to estimate vertex-wise maps of
the cortical sulcal width. The designed algorithm is validated through the compari-
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son with a simulated sulcus and in a test-retest database, assessing its performance
with the one provided by two widely-used ROI-aggregated methods.

The third objective of this dissertation presented in Chapter 5 is to apply and as-
sess the developed tools in real clinical scenarios. The new morphometric features
will be computed for a subset of structural images obtained from a freely available
dataset. Several cortical features will be computed for the regions defined by gyral
and sulcal lines, and vertex-wise sulcal width maps will also be estimated. The ob-
jective includes the assessment of these cortical features as well as the evaluation
of their relationship with age.
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3. AUTOMATED BRAIN LINES EXTRACTION BASED ON
LAPLACIAN SURFACE COLLAPSE

This Chapter includes the journal publication correspondent to:

A. Fernandez-Pena, D. Martin de Blas, F. J. Navas-Sanchez, L. Marcos-Vidal, P.
M. Gordaliza, J. Santonja, J. Janssen, S. Carmona, M. Desco, and Y. Aleman-Gémez,
“ABLE: Automated Brain Lines Extraction Based on Laplacian Surface Collapse,” Neu-

roinformatics, Aug. 2022. por: 10.1007/s12021-022-09601-7. [Online]. Available:
https://link.springer.com/10.1007/s12021-022-09601-7
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4. ESTIMATION OF VERTEX-WISE SULCAL WIDTH MAPS ON
CORTICAL SURFACES

This Chapter includes the journal publication correspondent to:

A. Fernandez-Pena, F. J. Navas-Sanchez, D. Martin de Blas, L. Marcos-Vidal, P. M.
Gordaliza, I. Martinez-Tejada, J. Janssen, S. Carmona, M. Desco, and Y. Alemén-Gomez,
“Estimation of Vertex-wise Sulcal Width Maps on Cortical Surfaces,” bioRxiv, Nov. 2022.
por: 10.1101/2022.11.09.515775. [Online]. Available: https://www.biorxiv.
org/content/10.1101/2022.11.09.515775v1. (Submitted to Neurolmage)

Abstract

Sulcal width, defined as the physical distance between opposing sulcal banks, has shown
promise as a biomarker. We present the first method to obtain a vertex-wise representation
of this metric directly on the brain’s cortical surface. The algorithm samples the surface
at different depths and estimates the distances between the opposing sulcal banks. The
method is validated against a simulated sulcus and compared to other sulcal width tools
based on regions of interest, showing solid correlations between the proposed algorithm
and two widely-used reference methods. A vertex-wise assessment of the sulcal width is
carried out by evaluating the correlation between sulcal width and age in a sample of an
aging population, revealing clusters in the central, cingulate, and temporal sulcus regions
associating wider sulci for older participants. The results confirm that the algorithm is
reliable for obtaining sulcal width maps, allowing for vertex-wise analyses, and providing
aggregated measures similar to the existing methods. The present algorithm is publicly
available via https://github.com/HGGM-LIM/SWil.

4.1. Introduction

The sulcal morphology of the human brain cortex can be quantified using magnetic res-
onance imaging (MRI). Sulcal width, defined as the physical distance between opposing
sulcal banks, has shown promise as a biomarker for brain changes in disease, maturation,
aging, or pregnancy [45, 104, 105, 133, 154, 186—189].

Most current methods for assessing sulcal width are limited to the Region Of Interest
(ROI) level. The first automatic 3D ROI-based approach for sulcal width calculation was
developed by Mangin et al. [190] and implemented in the BrainVISA image processing
suite [79]. This method does not directly measure the physical distance between the sulcal
banks. The method relies on the generation of a fold-specific medial mesh that follows the
sulcal fundus and rises from the fundus to the intersection with a convex brain hull. The
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average sulcal width for a given fold is then approximated by the quotient of the volume
of the CSF buried inside the hull-covered fold with the surface area of the medial mesh
[134].

Another approach is presented by Kochunov ef al. [191] which also relies on the
extraction of sulcal medial surfaces obtained from BrainVISA. The algorithm traces two
opposite vectors along the normal direction up to their intersections with the sulcal bank
for each point on the sulcal medial mesh. These vectors intersect on both sides of the
sulcal basin, and the Euclidean distance between both intersection points is considered
the sulcal width for a given medial surface point. All sulcal width values are averaged to
obtain one mean sulcal width measure for each fold. While this method is a more direct
measure of the distance between sulcal banks than the one presented in Mangin et al.
[190], it has the same limitation as the previous algorithm: it only provides an average
width value for a given fold (ROI).

Similarly, Madan [135] proposes a method to obtain a sulcal width measure based
on the standard outputs obtained by FreeSurfer [77, 192] while avoiding the calculus of
a medial surface of the folds. Here, opposing vertices in the boundaries between sulcal
and gyral regions in the Destrieux cortical parcellation [88] are detected. The final metric
is the median of the Euclidean distances between these opposite vertices, providing a
single value for each ROI. This method depends on the gyri/sulci definition proposed
by the Destrieux atlas. The sulcal width measures are only obtained in the gyri/sulci
boundary, relying on the accuracy of the mapping of the sulcal labels to the individual
cortical anatomy.

A voxel-based sulcal width estimation approach is presented in Mateos et al. [137].
The algorithm uses a voxel representation of the pial surface and estimates voxels located
in the center of the sulcal space using the Euclidean Distance Transform (EDT) [193] and
a Local Maxima detection algorithm. The sulcal width is given by double the distance to
those estimated voxels. This method is limited by the possible discretization artifacts and
the resolution selected for this discretization. Also, in their provided analyses, the method
does not supply a value for each voxel in the pial boundary, but rather an aggregated metric
for each region, remaining unclear how the values can be projected to the cortical surface.
Additionally, the lack of an accessible implementation of the method hampers its usage.

Complementing prior methods, a vertex-wise assessment of sulcal width would enable
quantification of the effects of width and its relationship with other morphological and
non-morphological data at high spatial resolution. Furthermore, vertex-wise estimates of
sulcal width would also allow for the mapping of width along the sulcal banks’ depth
to the sulcal fundus. Normalization of such profile maps may provide new clues about,
e.g., at which sulcal depth sulcal widening is more pronounced and whether diseases are
associated with changes in profile maps [194].

In the present work, we present a novel and robust method that provides a vertex-wise
sulcal width map estimation based on the estimation of isolines at different depth levels.
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Then, the points in each isoline are paired with the corresponding on the opposite sulcal
wall. The distances between these points are used to estimate the vertex-wise sulcal width
map. The proposed approach tackles the main issues from prior methods: 1) contrary to
prior methods [190, 191], it does not rely on a medial surface of the sulci to obtain the
sulcal width map; 2) the method produces full vertex-wise maps for the sulcal width
instead of sulcal averages [135, 190, 191]; 3) the estimation computes the sulcal width
by sampling the surface at different depth levels; 4) the method works entirely over the
pial mesh triangulation, avoiding possible artifacts derived from the voxelization of the
cortical surface [137], and 5) the method is entirely compatible with standard FreeSurfer
output.

The performance of the developed algorithm is assessed in two different ways: First,
using a synthetic (computed generated) sulcus surface as a ground truth. Second, com-
paring the reproducibility and distribution of averaged sulcal width values obtained using
MRI data from the Human Connectome Project (HCP) [178] between the proposed algo-
rithm and two well-known, publicly available methods: BrainVISA [190] and Kochunov
et al. [191]. Finally, a relationship between aging and the increase of average ROI-based
sulcal width has been described [8, 110, 188, 195]. However, it is not clear whether
the age association is constant across sulci or whether there are focal regions that show
a stronger association. We, therefore, present a vertex-wise analysis of the correlation
between sulcal width and age in a subset of the Open Access Series of Imaging Studies
(OASIS) [196].

The method is freely available in (https://github.com/HGGM-LIM/SWil).

4.2. Methods

4.2.1. Cortical Surface Extraction and Sulcal Depth Computation

The algorithm begins with the surface extraction process from T1w anatomical images
to generate a triangular mesh that wraps the boundary between grey and CSF tissues,
1.e., the pial surface. The obtained mesh comprises vertices connected by edges where
a set of three closed edges defines a face. In this work, this process is performed by the
FreeSurfer pipeline [197, 198]. However, this methodology can be applied to triangular
meshes generated using any other image processing software such as BrainVISA [79] or
BrainSuite [78].

Once the cortical mesh is obtained, the first step is to estimate a vertex-wise depth
map of the pial surface. In this case, we are using travel depth, understood as the shortest
distance from any vertex to the convex hull without intersecting the surface [121]. The
travel depth is computed using Mindboggle® [122]. Travel depth is selected over geodesic
depth because the latter tends to overestimate the metric, especially in areas such as the

Shttps: //github.com/nipy/mindboggle
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insula [122].
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Figure 4.1: Graphic representation of the method steps. The algorithm takes the pial surface as input,
generates the depth map, and for each depth level, the resulting isolines are processed as represented in

the gray box. Finally, the output is a vertex-wise sulcal width map generated by aggregating all the width
measures for each vertex.

4.2.2. Depth-based Isolines Construction and Labeling

The designed algorithm samples the local characteristics of the generated pial surface at

different depth levels. For this, a set of isolines is created using the mentioned surface and
its corresponding depth map’.

These isolines are a collection of closed curves over the individual surface, computed
for a discrete set of equispaced depth levels starting from a minimum initial depth (Fig-
ure 4.1). The distance between depth levels should be chosen to obtain a set of isoline
points denser than the surface vertices, guaranteeing that every edge on the surface is thor-

"https://github.com/alecjacobson/gptoolbox
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oughly covered but without increasing the computational costs unreasonably (see SA.7 of
the Supplementary Material). A reasonable value for this parameter is 1/5 of the aver-
age edge length of the surface (approximately 1 mm for the pial surfaces obtained from
FreeSurfer). Therefore, for this work, we create a depth profile of sulcal depth values for
every 0.20 mm. We also set the initial depth value to generate the isolines to 1.5 mm to
avoid crests of the gyral regions where the definition of sulcal width is unclear.

For each depth level, we obtain the points where the isoline crosses the surface edges
(see the zoomed input map in Figure 4.1) by computing the following ratio for each sur-
face edge:

4.1)

where K is the depth value for the isoline, i and j are any pair of vertices connected
by the edge, and d; and d; are the corresponding depth values. The resulting 7; ; is the
parameter where the depth value K falls over the line defined by the edge with vertices i
and j. Only values of 7;; € [0, 1] represent valid intersections between the edges and the
isoline; hence, the edges yielding values out of that interval are discarded. Finally, the
positions in which the isoline intersects the edges are computed as p; ; = v; + 1, j(v; — vy),
where v; denotes the position of the i vertex.

Then, each closed curve in the isoline is segmented attending to the sulcal banks where
it lies. To do this, we need to identify the points where the change of sulcal wall occurs,
which would be those points with a high curvature value. As the curves are continuous
and contain a high number of points (Figure 4.1-I), the angles between consecutive points
tend to be very plain, making it challenging to identify sharp angles. This problem is
tackled using a line simplification algorithm to transform the curve into a polygon [157,
158] (Figure 4.1-1I). This algorithm decimates a curve by selecting a minimum num-
ber of points from a given shape based on the maximum distance between the original
curve and the simplified polygon. Supposing the new polygon is formed by the points
{ri, 72, ..., 1r_1, 1}, the cosines of the angles between the consecutive segments in the re-
sulting simplified polygon are estimated using the dot product between those correspond-

ing vectors w; = ri_y — r and W, = riyy — 73

The polygon points forming an angle lower than 3/5r with their neighbors are con-
sidered the points that mark the sulcal bank change, as wider angles are considered an
effect of the normal sulcal sinuosity (Figure 4.1-III). This parameter was selected in a
heuristic manner after a visual inspection of different subjects. Then, as there is corre-
spondence between the simplified polygon and the original curve, these high curvature
points are marked on the initial curve (Figure 4.1-1V). As these high curvature points di-
vide the curves according to their sulcal banks, the algorithm assigns a different label to
each curve section enclosed between two markers (Figure 4.1-V). Those labels are used
in the next step to match points in different labels and estimate the sulcal width.
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The label segmentation process is repeated for each closed curve of each depth-level
isoline.

4.2.3. Sulcal Width Computation

The isoline I is composed of a set of N points, p;, organized in S labels, where s €
{1,...,S} denotes the label to which the point belongs, and n € {1,..., N} represents the
index of the point in the isoline.

We pair each isoline point, p;, with its corresponding in the opposite sulcal bank, g,.
For this, we first define the set of candidate points, Q(p;) as:

O ={pnel | s#r, pipnC Voul (4.2)

where psp’ denotes the line segment, connecting the points p? and p’, and V, the vol-
ume outside the pial surface. To obtain the set of candidates, Q(p;), first, we restrict
the candidate points to those on a different label where the angle between the normal of
the surface at p; and the vector M is in the range of [0,7/2] (see yellow points in
Figure 4.1-V close-up). This ensures that the segment p3 p” goes outwards the surface, as
otherwise it would measure gyral span. Then, the intersections between the segment p$ p’.
and the pial surface are calculated [199]. The connections where ||pf1_p);1|| is greater than
the distance from p; to the first surface intersection in the direction of p;, are discarded, as
the segment is intersecting and crossing the pial mesh. From these candidate points, we
select the corresponding point, g,,, on the opposite sulcal bank as the one with minimum

Euclidean distance, i.e.,
—

qn = arg min||p, p, . (4.3)
Pm€Q(py)

Repeating this process for every point in the isolines generates a list of point pairs
where the Euclidean distance among each pair of points is computed and imputed to the
vertices in the pial surface to obtain the sulcal width map. As each point in the isolines
lies in a mesh edge, we assign the distance ||p;‘1'—p>,’n|| to each of the vertices forming that
mesh edge. Most of the vertices in the surface have contributions from multiple isolines,
so the final width value for each vertex takes the median value of all the contributed width
measures. The isolines are generated using a depth step small enough to have multiple
isoline values contributing to each vertex; hence, most vertices in the width map should
be covered. For those that remain unlabeled (primarily those in the upper gyral regions),
the values are interpolated by iteratively averaging the values of their neighbors.

Finally, we apply a linear smoothing step to the width map to refine the possible
discontinuities that can appear in some regions. This smoothing averages the value of
each vertex with those in its neighbors to ensure spatial coherence.
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4.2.4. Validation
4.2.4.1. Validation Using Simulated Data

A triangular mesh mimicking a cortical sulcus is created to assess the performance of the
proposed method. Parameters such as sulcal length, width, or depth profile are used to
reproduce the morphology of a cortical sulcus, serving as a control item for the quality
and reliability of the vertex-wise maps.

This synthetic sulcus has a total length of 25 cm with a spatial resolution of 10
points/cm along the longitudinal axis. For each point of the longitudinal axis, a Gaus-
sian distribution is generated and placed orthogonally to this axis with its mean spatially
located over the point (see Figure 4.2A). The width and depth of the simulated sur-
face along the longitudinal axis are adjusted by altering the parameters of these Gaussian
distributions. First, the standard deviation (o) is varied to modify the width across its lon-
gitudinal axis. This variation is generated by a cosine function between 0 and 2. Finally,
depth fluctuation is set by multiplying the Gaussian distribution by a different amplitude
factor at each longitudinal point. Both width and depth variations throughout o and the
amplitude parameters create a narrow and shallow sulcus in the sharp ends that rapidly
gain width and depth and then lightly decreases again in the central region. Figure 4.2B
depicts the resulting shape of the simulated sulcus.

65



ESTIMATION OF VERTEX-WISE SULCAL WIDTH MAPS ON CORTICAL SURFACES

A Gaussian distributions along the longitudinal axis

30
B Simulated vertex-wise sulcal width map (mm)

|
24 mmI 16 umlI

Figure 4.2: A: Schematic view of the generation of the simulated sulcus. B: Top and front perspective
views of the simulated sulcus. The color bar and color map show the simulated width values in millimeters.
Annotations show the main dimensions of the sulcus.

As the Gaussian distributions are symmetric, pairs of points belonging to the same
Gaussian distribution, located at the same depth but in opposite sulcal banks, are paired,
and the Euclidean distance between them is taken as their reference (ground truth) sulcal
width value (see Figure 4.2A). Finally, the mesh is generated by creating triangular faces
linking each point to its corresponding top and left neighbors.

The resulting mesh is fed into the width estimation algorithm to create the vertex-wise
width map. This map is compared to the reference sulcal width map. Only vertices with
depth over 0.1 mm are used for the comparisons to avoid the top flat region that is not
considered part of the sulcus.

4.2.4.2. Validation Using HCP Test-Retest Dataset

The proposed algorithm is also validated through comparison against two well-known sul-
cal width (or fold opening) estimation methods: BrainVISA [190] and Kochunov [191].
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The data used for this validation is provided by the HCP Test-Retest dataset® [178].
This dataset includes 45 healthy subjects (13 male, age range of 22-35 years old) scanned
twice (4.7+2 months interval, minimum = 1 month, maximum = 11 months) on a Siemens
3T Skyra scanner in Washington University or University of Minnesota. T1lw sagittal
images were acquired using a Magnetization-Prepared Rapid Acquisition Gradient Echo
(MPRAGE) sequence with 3D inversion recovery, echo time (TE) = 2.14 ms, repetition
time (TR) = 2400 ms, inversion time (IT) = 1000 ms, flip angle (FA) = 8°, field of view
(FOV) = 180 x 224 x 224 mm?, voxel size = 0.7 X 0.7 x 0.7 mm?>. The HCP consortium
also provides the cortical surfaces (pial and white) and their curvature maps, obtained by
a project-specific FreeSurfer pipeline [179].

The pial surfaces are imported to the BrainVISA’s Morphologist [79] pipeline, where
the medial sulcal surfaces are created. The medial sulcal surfaces are automatically la-
beled according to the sulcal region they occupy [200] and are manually corrected to
minimize the individual differences in labeling between test and retest cortical surfaces.
These medial meshes are projected over the gyral banks to generate sulcal basins corre-
sponding to each labeled sulcus. This way, we generate corrected sulcal region maps for
every subject.

All analyses are performed in ten primary sulci (five for each hemisphere) that are
consistently present across individuals and show less inter-individual variability than other
sulci: central sulcus, calcarine, superior temporal sulcus, parieto-occipital fissure, and
cingulate sulcus on both hemispheres [182].

For each of these sulci, we evaluate the performance of the proposed method for com-
puting sulcal width values compared to the ones obtained by the other two methodologies
(BrainVISA and Kochunov). These methods provide a unique sulcal width value for each
sulcus. Hence, we average the width map generated by the proposed method in each
vertex belonging to the same sulcal basins extracted from the Morphologist pipeline, dis-
carding the points relative to gyral regions (i.e., vertices with depth below 1.5 mm).

4.2.4.3. Application to the OASIS-3 Dataset

To demonstrate the potential usages of the tool, the algorithm is applied to a cohort of
adults drawn from the OASIS-3 dataset’ [196]. The selected subset contains individual
T1w MR images of 362 subjects, ages 42 to 95 years old. These images were acquired
at the same Siemens TrioTim 3T scanner using a 3D GR/IR scanning sequence with
the following parameters: echo time (TE) = 3.16 ms, repetition time (TR) = 2400 ms,
inversion time (IT) = 1000 ms, flip angle (FA) = 8°, field of view (FOV) = 176 x 256 X
256 mm?>, voxel size =1 x 1 x 1 mm>.

This analysis aims to assess, vertex-wise, the effect of age over the sulcal width.

#https://db.humanconnectome.org/
9https://www.oasis—brains.org/
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FreeSurfer (v.7.2) [197, 198] is used to extract the cortical surfaces (white and pial) and
to perform all statistical analyses. The individual sulcal width maps are estimated using
the FreeSurfer outputs and then registered to the fsaverage surface. A geodesic Gaussian
smoothing with a full width at half maximum (FWHM) of 5 mm is performed previous
to the statistical analyses.

4.2.5. Statistical Analyses
4.2.5.1. Simulated Data

Pearson’s correlation coefficient and a Bland-Altman plot are used to assess the estimated
sulcal width map’s accuracy compared to the ground-truth values.

4.2.5.2. Test-Retest Dataset

The mean width values of each of the ten sulci were compared between different methods
using paired Student’s t-test analyses.

The similarities between methods are assessed by linear regression. The width values
of the proposed method are regressed against the two control algorithms, and Pearson’s
correlation coeflicients are calculated.

Finally, the reproducibility of each method is measured using both the Intraclass Cor-
relation (ICC) and the Root Mean Square Error (RMSE) between the width values com-
puted for test and retest acquisitions. ICC describes how similar are the width measures
in the test and retest acquisitions compared to the total variation of the width measures
across all acquisitions and all subjects, while RMSE gives a notion of the magnitude of
the error between test and retest values.

For each analysis, resulting p-values are corrected for multiple comparisons (10 com-
parisons, 5 for each hemisphere) using False Discovery Rate (FDR) [183], considering
g < 0.05 as significant. All statistical analyses are performed using Python packages
Pingouin [185], and Scipy [201].

4.2.6. Subcohort of OASIS-3 Dataset

A general linear model including gender and age as a factor and continuous covariate re-
spectively is designed, and 10,000 Montecarlo permutations are used to obtain a Cluster-
Wise Probability (CWP) [202] using FreeSurfer. A p-value < 0.0001 as the cluster-
forming threshold for multiple comparisons correction is selected.
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4.3. Results

4.3.1. Results on the Simulated Sulcus

Figure 4.3 shows the results of the comparison between the simulated and estimated data.
The correlation coeflicient between vertex-wise simulated and estimated width values is
1 (Figure 4.3A). In the Bland-Altman plot (Figure 4.3B), the differences between simu-
lation and estimation are reported on the vertical axis, while their mean is depicted on
the horizontal axis. This plot shows higher discrepancies in regions with lower sulcal
width which are located near the extremities and the fundus of the simulated sulcus (Fig-
ure 4.3C).
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Figure 4.3: A: Regression plot between simulated and estimated width values of the vertices of the synthetic

sulcus. B: Bland-Altman plot comparing simulated and estimated sulcal widths. C: Simulated sulcus
with the points presenting width values out of the confidence interval highlighted in red. The gray region
indicates depth values lower than 0.1 mm.

4.3.2. Results on the HCP Test-Retest Dataset

For each of the ten sulci of interest, we can observe the mean width distribution in Fig-
ure 4.4 for the three inspected methods. Table 4.1 reports the pairwise comparison results
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of the distribution differences between the proposed method and the two control methods.
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Figure 4.4: Violin plot representing the mean sulcal width for the ten selected sulci. For each method, the
blue part of the plot represents the values obtained for the test acquisition, while the orange part represents

the mean sulcal width values for the retest acquisition. Symbols “x”, “s«”, and “xxx”, stand for significant
differences between methods with FDR-corrected p-values lower than 0.05, 0.01, and 0.001 respectively.

Compared to the proposed method, BrainVISA displays higher values of width in the
central sulcus (left: p < 0.001, r = —=22.23; right: p < 0.001, r = —21.90) cingulate sulcus
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(left: p < 0.001, t = —10.65; right: p < 0.001, r = —10.46), and left superior temporal
sulcus (p < 0.001, t = —7.35), while the rest of comparisons are not significant.

The proposed method shows width values higher than the ones reported by Kochunov
for the calcarine (left: p < 0.001, # = 19.85; right: p < 0.001, ¢t = 26.64), cingulate (left:
p < 0.001, = 4.83; right: p < 0.001, r = 9.52), parieto-occipital fissure (left: p < 0.001,
t = 8.71; right: p < 0.001, + = 10.56), and superior temporal sulcus (left: p < 0.001,
t = 5.58; right: p < 0.001, # = 12.80). Kochunov reports higher values than the proposed
method for the left central sulcus (p = 0.006, t = —3.47).

The regressions between the proposed method and the other two methodologies (Brain-
VISA and Kochunov), along with Pearson’s correlation coefficient, are shown in Fig-
ure 4.5. On one hand, the correlation coefficient between BrainVISA and the proposed
method is minimum in the left cingulate sulcus (r = 0.58, p < 0.001), while for left and
right central sulcus, the correlation is » = 0.96 (p < 0.001). For the left and right parieto-
occipital fissures r values are 0.80 and 0.84, respectively (both p < 0.01). On the other
hand, the correlation coefficients between the proposed method and Kochunov are higher
for the cingulate sulcus (left: » = 0.80, p < 0.001, right: r = 0.88, p < 0.001). Lowest
correlation values between the proposed method and Kochunov are found in the superior
temporal sulcus left: r = 0.61, p < 0.001; right: » = 0.52, p < 0.001.
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Figure 4.5: Width regression per sulcus. All p-values reported are corrected using FDR. Symbol stands

for significant values (p < 0.05) after correction. P.-Occ. Fissure stands for Parieto-Occipital Fissure. Sup.
Temp. stands for Superior Temporal sulcus.

The ICC results (Table 4.2) indicate that the proposed method has a minimum ICC
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Sulcal Width Pairwise t-tests

Sulcus Name Proposed BrainVISA Kochunov Proposed - BrainVISA Proposed - Kochunov

Mean (std) t (p-corrected) Cohen’s D (CI[95%]) | t (p-corrected) Cohen’s D (CI[95%])
Left Hemisphere
Calcarine 0.95 (0.16) 0.92(0.13) 0.57(0.12) | 2.04 (0.201) 0.24 (-0.07, 0.54) 19.85 (<0.001) 2.72 (2.07, 3.38)
Central Sulcus 1.18 (0.24) 1.53(0.32) 1.31(0.39) | -22.23 (<0.001) -1.25 (-1.65,-0.85) -3.47 (0.006) -0.43 (-0.75, -0.12)
Cingulate 0.94 (0.16) 1.36 (0.39) 0.84(0.23) | -10.65 (<0.001) -1.61 (-2.07,-1.16) | 4.83 (<0.001) 0.50 (0.19, 0.82)
Parieto-Occipital Fissure | 0.95 (0.17) 0.95(0.22) 0.74 (0.24) | -0.16 (1.000) -0.02 (-0.32, 0.28) 8.71 (<0.001) 1.03 (0.65, 1.40)
Superior Temporal 0.80 (0.13) 0.91 (0.14) 0.69 (0.17) | -7.35(<0.001)  -0.83 (-1.18,-0.48) | 5.58 (<0.001) 0.74 (0.40, 1.08)
Right Hemisphere
Calcarine 0.93 (0.13) 0.89 (0.15) 0.54 (0.11) | 2.40 (0.098) 0.31 (0.00, 0.61) 26.64 (<0.001) 3.45 (2.65,4.24)
Central Sulcus 1.18 (0.25) 1.51(0.31) 1.22(0.35) | -21.90 (<0.001) -1.19(-1.58,-0.80) -1.62 (0.451) -0.15 (-0.45, 0.16)
Cingulate 0.94 (0.14) 1.20(0.29) 0.80(0.20) | -10.46 (<0.001) -1.26 (-1.67,-0.86) | 9.52 (<0.001) 0.81 (0.46, 1.15)
Parieto-Occipital Fissure | 0.94 (0.16) 0.92 (0.22) 0.71(0.23) | 1.37 (0.676) 0.12 (-0.18, 0.42) 10.56 (<0.001) 1.18 (0.79, 1.57)
Superior Temporal 0.89 (0.15) 0.93 (0.15) 0.62(0.14) | -2.09 (0.190) -0.29 (-0.60, 0.01) | 12.80 (<0.001) 1.89 (1.39, 2.39)

Table 4.1: Sulcal width comparisons. Mean values and standard deviations are reported in millimeters. In bold, the values that remained significant differences (p < 0.05) after

FDR correction in the pairwise t-test.
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value for the right calcarine sulcus (ICC = 0.821) and maximum ICC value for the left
central sulcus (ICC = 0.961). ICC for BrainVISA ranges between 0.484 (left cingulate
sulcus) and 0.971 (left central sulcus). For Kochunov, the ICC values vary from 0.796
in the right calcarine sulcus to 0.946 in the left superior temporal sulcus. The results
for every combined sulcus show that the proposed method’s ICC value is 0.930, while
BrainVISA has an ICC of 0.869 and Kochunov scores 0.934.

Intraclass Correlation (ICC)

Sulcus Name Proposed BrainVISA Kochunov
ICC (CI[95%]) p-corrected ICC (CI[95%]) p-corrected ICC (CI[95%]) p-corrected

Left Hemisphere

Calcarine 0.862 (0.760, 0.920)  <0.001 | 0.894 (0.820,0.940)  <0.001 | 0.854 (0.750,0.920)  <0.001
Central Sulcus 0.961 (0.930,0.980)  <0.001 |0.971(0.950,0.980) <0.001 |0.813(0.690,0.890)  <0.001
Cingulate 0.886 (0.800, 0.940)  <0.001 | 0.484 (0.220, 0.680) 0.002 0.904 (0.830, 0.950)  <0.001
Parieto-Occipital Fissure | 0.896 (0.820, 0.940)  <0.001 | 0.940 (0.890,0.970)  <0.001 | 0.944 (0.900, 0.970)  <0.001
Superior Temporal 0.883(0.800, 0.930)  <0.001 | 0.877(0.790,0.930)  <0.001 | 0.946 (0.900,0.970)  <0.001
Right Hemisphere

Calcarine 0.821 (0.660, 0.900)  <0.001 | 0.678 (0.480,0.810)  <0.001 | 0.796 (0.660, 0.880)  <0.001
Central Sulcus 0.954 (0.920,0.970)  <0.001 | 0.965 (0.940,0.980)  <0.001 | 0.845(0.740,0.910)  <0.001
Cingulate 0.918 (0.850, 0.950)  <0.001 |0.710(0.530,0.830)  <0.001 | 0.905 (0.830,0.950)  <0.001
Parieto-Occipital Fissure | 0.890 (0.810,0.940)  <0.001 | 0.911 (0.840,0.950)  <0.001 | 0.942 (0.900, 0.970)  <0.001
Superior Temporal 0.851 (0.740,0.920)  <0.001 | 0.837(0.720,0.910)  <0.001 | 0.861 (0.760,0.920)  <0.001
All ‘ 0.930 (0.880, 0.960)  <0.001 ‘ 0.896 (0.820, 0.940)  <0.001 ‘ 0.934 (0.880, 0.960)  <0.001

Table 4.2: Intraclass correlation coefficient (ICC) estimating the resemblance between two different mea-
sures of a sulcus for the same subject. Bold values in p-corrected column indicate significant results
(p < 0.05) after correcting for multiple comparisons using FDR.

Finally, RMSE results (Table 4.3) indicate the proposed method scores lower errors
for central sulcus (left: 0.005 mm; right: 0.006 mm), cingulate (left: 0.006 mm; right:
0.003 mm), and parieto-occipital fissure (left: 0.006 mm; right: 0.006 mm). BrainVISA
shows lower errors for the left calcarine sulcus (0.004 mm), while Kochunov reports lower
errors for the right calcarine sulcus (0.005 mm) and superior temporal sulcus (left: 0.003
mm, right: 0.005 mm). The combined value for every sulcus is lower for the proposed
method with 0.006 mm.

4.3.3. Relationship Between Vertex-wise Sulcal Width and Age

Vertex-wise analyses revealed a significant positive correlation between age and sulcal
width. Clusters surviving the multiple comparisons correction (CFT < 0.0001, CWP
< 0.0001) are those located in the central, superior temporal, and temporoparietal sulci,
as well as the lateral fissure and some parts of the cingulate sulcus and the parieto-occipital
fissure (see Figure 4.6).
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Root Mean Square Errors (mm)

Sulcus Name ‘ Proposed BrainVISA Kochunov
Left Hemisphere

Calcarine 0.007 0.004 0.004
Central Sulcus 0.005 0.006 0.058
Cingulate 0.006 0.156 0.010
Parieto-Occipital Fissure |  0.006 0.006 0.006
Superior Temporal 0.004 0.005 0.003
Right Hemisphere

Calcarine 0.006 0.014 0.005
Central Sulcus 0.006 0.007 0.037
Cingulate 0.003 0.048 0.008
Parieto-Occipital Fissure |  0.006 0.009 0.006
Superior Temporal 0.007 0.007 0.005
All ‘ 0.006 0.026 0.014

Table 4.3: Root mean square errors (mm) between test and retest measures for each method and sulcus.
Bold values indicate the minimum value for each row.

Vertex-wise Correlation Between Sulcal Width and Age

Corrected
Uncorrected CWP(p < 0.05)

Lateral View Medial View Lateral View Medial View

D e
e Le

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Partial Correlation Coefficient

Left Hemisphere

Right Hemisphere

Figure 4.6: Vertex-wise partial correlation coefficients between age and width. The figures on the right side
present results with a Cluster Forming Threshold (CFT) of 0.0001 and a Cluster-Wise Probability (CWP)
threshold of p < 0.05.

4.4. Discussion

The presented results demonstrate that the proposed method provides a reliable vertex-
wise measure of the physical distance between cortical sulcal banks. The algorithm, val-
idated using simulated data and real data and compared against two widely-used sulcal
width estimation algorithms, provides the community with an innovative method for cre-
ating cortical vertex-wise sulcal width maps.

First, validation using simulated data shows the accuracy of the results in a controlled
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environment. Secondly, using the HCP test-retest dataset and averaging vertex-wise val-
ues of sulcal width across ROIs, we enabled comparison with the ROI-based methods
of BrainVISA [190] and Kochunov [191]. Results from our algorithm displayed a high
correlation with the values obtained using BrainVISA and Kochunov. In addition, the
results indicate a robust reproducibility of our method, very similar to the one scored by
the two mentioned toolboxes. Finally, the results from our group-wise vertex-wise analy-
sis on OASIS-3 data extend prior findings from ROI studies by demonstrating individual,
within-sulci variability in the positive association between age and sulcal width.

Validating sulcal width estimation methods is challenging as there is no available gold
standard or ground truth. Therefore, by creating a simulated sulcus with known width for
each vertex, we intended to approximate a ground truth to assess our method. Although
the simulated sulcus does not reach the complexity of the most intricate sulci, it can
mimic the characteristics of the regular sections of the sulcal basins, providing a well-
described setting to evaluate the algorithm’s performance. Across the grand majority of
vertices, our method produces width values that show a high correlation with the ground
truth values. This provides the certainty that the algorithm properly measures widths for
a simple representation of a sulcus.

We further validated our method using test-retest real data. Given the absence of real-
life ground truth vertex-wise sulcal width data, we compared results from our method
against results from existent ROI-based sulcal width toolboxes as BrainVISA [190], and
Kochunov [191]. Notably, the width values from these three approaches are similar for
most sulci. Cross-method comparisons show, for example, that correlation coefficients
between our method and Kochunov are between 0.52 and 0.88 for every sulcus, which
is considerably higher than previous cross-method comparisons not involving our algo-
rithm as the EDT-based approach in Mateos et al. [137], that reports » > 0.5 only for
the central sulcus. This analysis demonstrates that the proposed method behaves simi-
larly to the reference methods at the ROI level. Furthermore, ICC values show excellent
reproducibility for all the algorithms analyzed, except the left cingulate for BrainVISA.
Precisely, the lower ICC value for BrainVISA in the left cingulate sulcus could explain
the lower correlation between our method and BrainVISA for that ROI.

Having established that our method produces, at the ROI level, highly similar results
to the ones delivered by Kochunov and BrainVISA, we now must mention that these two
methods, along with others such as calcSulc [135], present a fundamental issue: they
are bounded to a given atlas and provide averaged or median values for a whole region.
The proposed method generates a vertex-wise map that boosts the number of analyses
available for this metric. For instance, one can perform analyses in native space using any
atlas of interest. Of course, vertex-wise studies are also an option, allowing the user to
develop advanced models, e.g., investigate the relationship between changes in cortical
thickness and sulcal width.

Employing the OASIS-3 healthy aging dataset, we used our method to analyze the
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vertex-wise association between age and sulcal width across individuals. The results re-
veal considerable variability of association strength across sulcal regions. This clearly
demonstrates an advantage of our algorithm over ROI-based methods. That is, our method
allows for the detection of within-sulci variability, whereas ROI-based methods only pro-
duce width averages that obscure within-sulci variability. The clusters of vertices that
survived the multiple comparisons correction are located primarily in the central sulcus,
superior frontal sulcus, inferior temporal sulcus, and lateral sulcus or parieto-occipital
fissure. These results extend the findings of Jin ef al. [188] and Kochunov et al. [110]
by showing that the widening of sulci during senescence is widespread but also varies
considerably within the ROIs.

4.4.1. Limitations

The developed algorithm relies on identifying the different sulcal banks that compose
each isoline. This critical step relies on detecting the points of high curvature of the curve
based on a threshold. This threshold, chosen after visual inspection of different sulci
in the dataset, is high enough to capture the most pronounced ones without including
unnecessary divisions. However, fine-tuning might be needed when applying the method
to populations with different characteristics, such as Alzheimer’s disease or infants.

After segmenting the isoline curves into different sulcal banks, the next step is to
identify the matching points on the opposite wall. Using the Euclidean distance to find
this closest point presents one inconvenience: it tends to match points close to the division
between sulcal banks with points adjacent to the division point instead of the one across
the sulcus. This problem is noticeable when analyzing the results of the simulated sulcus,
where errors are located in the regions near the wall division. However, this should not
significantly affect the overall results since the error is limited to minimal areas near the
junction between walls.

Finally, the results of vertex-wise analyses involving gyral regions must be addressed
carefully, as those regions might not fit well in the sulcal width definition. These regions
might be excluded from the analyses masking the gyral areas, providing only results for
the sulcal regions to simplify the interpretation of the results.

4.5. Conclusions

In light of the presented results, the developed method produces a reliable direct measure
of the sulcal width, providing vertex-wise maps while tackling the main problems found
in the previous literature. The algorithm and its source code are publicly available in
https://github.com/HGGM-LIM/SWiM.
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5. MORPHOLOGICAL EVALUATION OF AN AGING DATASET

This chapter contains an application of the methods presented in Chapters 3 and 4
for a subsample of the OASIS-3 database [196]. The main goal is to characterize changes
relative to aging using the proposed tools as a basis. For this, three analyses are presented.
The first one investigates how the cortical thickness varies in gyral and sulcal regions
along age. assessing the differences between the sulcal and gyral regions. The second
analysis characterizes the relationship between sulcal and gyral length and age. Finally,
the third study provides the vertex-wise correlation between age and thickness, age and
width, age and width excluding the effect of cortical thickness, and width and thickness
excluding the effect of age.

5.1. Sample Description

The sample is composed of 620 (370 females) cognitively normal adults from the OASIS-
3 database with ages ranging from 42.7 to 95.2 years. The distribution of ages can be
found in Figure 5.1.
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Figure 5.1: Histogram reporting the age distribution, on the left, in blue, distribution for the total sample.
The plot on the upper right, in green, depicts the distribution of female participants. Below this, in red, the
plot shows the age distribution of male participants.

The selected subsample includes participants acquired in three different scanners: two
3T Siemens MAGNETOM Tim Trio and a 3T Siemens Biograph mMR. The distribution
of participants per scanner can be seen in Figure 5.2. Siemens Tim Trio 3T scanners use
a 3D GR/IR scanning sequence with the following parameters: echo time (TE) = 3.16
ms, repetition time (TR) = 2400 ms, inversion time (IT) = 1000 ms, flip angle (FA) = 8°,
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field of view (FOV) = 176 x 256 x 256 mm?, voxel size = 1 x 1 x 1 mm?>. On its side,
Siemens Biograph 3T scanner uses a 3D GR/IR scanning sequence with the following
parameters: echo time (TE) = 2.95 ms, repetition time (TR) = 2300 ms, inversion time
(IT) = 900 ms, flip angle (FA) = 9°, field of view (FOV) = 176 x 240 x 256 mm?, voxel
size = 1.2 x 1.05 x 1.05 mm>.

Scanner (Total Sample) Scanner (Females)
. Trio-35177
Trio-35177 ’
’ Biograph MR-51010
Trio-3524

Scanner (Males)

Trio-35177
Biograph-51010 ‘
. 'BiographMR—SlOlO
Trio-35248 Trio-3524‘

Figure 5.2: Pie charts showing the sample distribution by scanner. The chart on the left reports the distribu-
tions for the total sample. In the upper right is reported the distribution for female participants. Below this,
the chart shows the scanner distribution for male participants.

All the T1lw images are processed using FreeSurfer (v.7.2) [77, 198] to extract the
cortical surfaces (white and pial), estimate the cortical thickness measures, the total brain
volume, and obtain their Desikan parcellations [87].

The output surfaces are used for the estimation of sulcal and gyral lines using the
method described in Chapter 3. The pial surface is used to estimate vertex-wise width
maps following the method reported in Chapter 4.

5.2. Interaction Between Age and Cortical Thickness in Sulcal/Gyral Lines

The objective of this analysis is to quantify possible differences in CT trajectories with age
among the regions defined by gyral and sulcal lines. For this, the lines, estimated using
the methodology developed in Chapter 3, are grouped into different lobes according to
the Desikan cortical parcellation [87] provided by FreeSurfer, grouping the correspondent
labels to the frontal, parietal, temporal, and occipital lobes as can be seen in the Appendix
of Klein and Tourville [144]. Then, for each lobe, an average value is calculated for the
gyral and sulcal regions.
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5.2.1. Statistical Analysis

The statistical analysis is performed using a linear mixed-effects model [203] for each
lobe, including thickness as the dependent variable and age, location for each lobe (gyri
or sulci), scanner, sex, total brain volume, and age by location interaction as independent
variables. To study differential age trajectories for each location, we test the effect of
age-by-location interaction in this model. The results of the interaction between location
and age are corrected using False Discovery Rate (FDR) [183] along with the results of
Section 5.3.

5.2.2. Results

Figure 5.3 reports the adjusted linear mixed-effects model prediction for each lobe in the
gyral and sulcal regions. Table 5.1 shows the statistics of the models for the age-by-
location interactions.

t-value (95% CI) p-value (FDR)
Hemisphere Lobe

Left Frontal 4.16 (2.20, 6.12) < 0.001
Occipital 7.21 (5.25,9.17) < 0.001
Parietal 5.97 (4.01, 7.93) < 0.001
Temporal 8.93 (6.97, 10.89) < 0.001

Right Frontal 4.12 (2.16, 6.08) < 0.001
Occipital 6.10 (4.14, 8.06) < 0.001
Parietal 3.76 (1.80, 5.72) 0.001
Temporal 7.40 (5.44,9.36) < 0.001

Table 5.1: Results of the interaction between age and location (sulcus/gyrus) for cortical thickness per lobe.
All reported p-values are significant (p-FDR < 0.05) correcting by FDR.

In Figure 5.3, it is apparent that the trajectories of thickness in gyral regions are more
horizontal with age than those in sulcal regions, where there is a clear steady decrease in
thickness as years progress. This difference between slopes is more pronounced in the
temporal lobes (left: t = 8.93, p-FDR < 0.001; right: t = 7.40, p-FDR < 0.001), while
the regressions for the right parietal lobe appear more parallel (t = 3.76, p-FDR = 0.001).
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Figure 5.3: Scatter plots for the thickness in gyral (orange) and sulcal (blue) lines along with the predictions
of the linear mixed-effects models.

All the p-values for the age-by-location interactions in Table 5.1 are equal or below
0.001, reinforcing the graphic information of Figure 5.3. This indicates that the slopes
characterizing the relationship between cortical thickness and age are significantly differ-
ent between sulcal fundi and gyral crowns regions.
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5.3. Correlation Between the Length of Sulcal/Gyral Lines and Age

This analysis evaluates the change in sulcal and gyral length with age. Similar to the
previous section, the cortical lines are extracted for each hemisphere and grouped into
lobes by merging the corresponding labels on the Desikan atlas [87] as indicated in the
Appendix of Klein and Tourville [144]. Then, for each lobe, the global length of gyral
and sulcal lines is estimated.

5.3.1. Statistical Analysis

The statistical analysis for this comparison is performed using a General Linear Model.
In each lobe, two models are adjusted, one for the sulcal length and another for the gyral
length. Each model includes the length as the dependent variable and scanner, sex, total
brain volume, and age as independent variables. Then, we test the effect of age to assess
its relationship with length. Hence, we study the change in length across ages, controlled
by the effect of the scanner, sex, and total brain volume. The p-values of the age re-
gression are corrected using False Discovery Rate (FDR) [183] along with the results of
Section 5.2.

5.3.2. Results
Figure 5.4 depicts the linear regressions per lobe between measured lengths and age. The

plots show that sulcal and gyral lengths behave similarly throughout age, with a slight
increase in those metrics. These relationships are stronger in both parietal lobes.
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Results in Table 5.2 confirm the findings in Figure 5.4, as the statistics show stronger

correlations between age and length in parietal lobes for both sulci (left: t = 3.94, p-FDR
= 0.001; right: t = 4.81, p-FDR < 0.001) and gyri (left: t = 4.97, p-FDR < 0.001; right:
t = 5.84, p-FDR < 0.001). On the opposite side, the relation is weaker in the occipital

84



VERTEX-WISE CORRELATIONS BETWEEN AGE, THICKNESS, AND WIDTH

lobes, where only the regression for the gyri in the left occipital is significant (t = 3.22,

p-FDR = 0.008).
t-value (95% CI) p-value (FDR)
Position Hemisphere Lobe
Gyrus Left Frontal 3.37(1.41,5.34) 0.005
Occipital  3.22 (1.26, 5.18) 0.008
Parietal 4.97 (3.01, 6.93) < 0.001
Temporal 3.10 (1.14, 5.06) 0.011
Right Frontal 3.74 (1.78,5.71) 0.001
Occipital 1.86 (-0.10, 3.82) 0.274
Parietal 5.84 (3.88, 7.80) < 0.001
Temporal 3.35(1.39, 5.32) 0.005
Sulcus  Left Frontal 2.70 (0.74, 4.66) 0.034
Occipital 1.56 (-0.40, 3.52) 0.450
Parietal 3.94 (1.98, 5.91) 0.001
Temporal 1.78 (-0.18, 3.75) 0.298
Right Frontal 2.68 (0.72, 4.65) 0.034
Occipital 1.78 (-0.18, 3.74) 0.298
Parietal 4.81 (2.84,6.77) < 0.001
Temporal 3.01 (1.05, 4.98) 0.014

Table 5.2: Results of the correlation between age and length in gyral and sulcal regions per lobe. In boldface,
p-values significant (p-FDR < 0.05) corrected by FDR.

5.4. Vertex-wise Correlations Between Age, Thickness, and Width

The aim of this analysis is to demonstrate the potential of vertex-wise studies using sulcal
width maps. For this, we estimate and compare the per-vertex correlations between age
and thickness and age and width. These analyses allow us to observe the sensitivity of
each metric to age dependency. The individual FreeSurfer’s pial surfaces are used as input
of the algorithm described in Chapter 4. The cortical thickness maps used in the analysis
are also computed using FreeSurfer’s pipeline.

5.4.1. Statistical Analysis

FreeSurfer’s group analysis is employed to generate the surface-based study using cluster-
wise correction for multiple comparisons [202]. On one hand, a general linear model
including width as the dependent variable and sex, scanner, total brain volume, and age
as independent variables is designed. We test if there is a significant relationship between
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sulcal width and age. Ten thousand Montecarlo permutations are used to obtain a Cluster-
Wise Probability (CWP) (p < 0.0125) [202] using FreeSurfer. A p-value < 0.0001 as
the Cluster Forming Threshold (CFT) for multiple comparisons correction is selected. In
this case, a more restrictive p-value of the usual 0.05 for the CWP was selected to correct
for the multiple comparisons we performed in the vertex-wise models (three different
analyses).

On the other hand, the relation between age and thickness is assessed using a model
that includes CT as the dependent variable, age as the variable of interest and sex, scanner
and total brain volume as factors and continuous covariates, respectively.

Finally, to investigate the relationship between width and age accounting for the effect
of thickness, the same General Linear Model as the first analysis is used, taking the sulcal
width as the dependent variable, age as the variable of interest, and sex, scanner, total brain
volume, and thickness as factors and continuous covariates respectively. Once again, a p-
value < 0.0001 as the CFT, and ten thousand Montecarlo permutations are used to obtain
a Cluster-Wise Probability (CWP) (p < 0.0125).

5.4.2. Results

Figure 5.5A shows the results of the correlations of age with thickness and width. In
this cortical plot, Pearson’s r values of the ‘Age * Thickness’ correlation are around -
0.5. The clusters surviving the correction are mainly located in the central sulcus, lateral
fissure, cingulate sulcus, and around the parieto-occipital fissure. On the other hand, the
‘Age * Width’ correlation has bigger clusters surviving the corrections. These clusters are
mainly located in the central sulcus, the temporal region, the lateral fissure, and some in
the parieto-occipital fissure and the cingulate sulcus. In this second case, the correlation
is positive, with peak values around 0.6.

The analysis in Figure 5.5B shows the model where thickness is added as a covariate.
The results of this analysis are quite similar to the ones in Figure 5.5A for ‘Age * Width’
correlation, with results appearing in the same regions and comparable Pearson’s r values.

5.5. Discussion

This chapter aims to demonstrate the potential applications of the tools presented in this
dissertation on a set of aging cognitively normal adults. First, the comparison of cortical
thickness in gyral and sulcal lines shows that, as expected, the gray matter in the former is
thicker than in the latter. A more interesting finding is that the atrophy trajectory with age
in sulcal regions is significantly steeper than in gyri. This finding replicates, using a very
different methodology and database, the results of Lin et al. [204]. This difference can be
due to the general flattening of the cortex, as the curvature in the white surface increases
while it decreases in the pial surface [204]. The findings of this scenario are similar to
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A. Vertex-wise Regressions
CFT < 0.0001, CWP < 0.0125

Age * Thickness

Left Hemisphere Left Hemisphere
Lateral View Medial View Lateral View Medial View
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Age * Width
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B. Vertex-wise Regressions, Thickness as Covariate
CFT < 0.0001, CWP < 0.0125

Age * Width
Left Hemisphere Left Hemisphere
Lateral View Medial View Lateral View Medial View
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Pearson’sr
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Figure 5.5: Vertex-wise maps reporting correlation results. The selected Cluster Forming Threshold (CFT)
is 0.0001. Then, a threshold of p < 0.0125 is selected as Cluster-Wise Probability (CWP). A: regression
between age and width, and age and thickness regressing by total brain volume, scanner, and sex. B: the
same model as A, adding thickness as a regressor. The map shows the correlations between age and width.

those in schizophrenia, where it has been reported that thickness in sulcal fundi is thinner
than in gyral crowns due to the different affection of the supragranular layers [143]. This
theory indicates that, as supragranular layers represent a higher volume in sulci than in
gyri, pathologies affecting those would have a greater impact on sulci. The same principle
could apply to patients with Alzheimer’s disease or other types of dementia, as it has been
documented that supragranular layers appear compressed in those pathologies, at least for
the inferior temporal and superior frontal cortex [205]. This documented compression is
coherent with the analysis results, as the temporal lobe seems to be the region where the
thickness in the sulci suffers a higher thinning with age compared to gyri.

The analysis of the thinning trajectories in sulcal and gyral regions could serve as a
biomarker. This way, if schizophrenia or dementia patients present increased differences
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between thickness in sulci and gyri, a normative model can be proposed to detect possible
anomalies early.

The analysis of the sulcal and gyral length variation across ages shows a slight increase
in length for older participants. This variation can be explained by the general flattening
of the surface with aging, as a plainer gyrus or sulcus would present longer tails, adding
to a longer length.

The results from the vertex-wise analysis of the sulcal width show a widening of sulci
for older participants. This has been previously reported in ROI analyses [8, 110, 188]. In
this case, the vertex-wise results show some intra-sulcal variability; for example, results
in the cingulate sulcus are located mainly in the posterior region. This general widening
supports the findings in the length analysis as wider sulci would translate into a flatter
cortex, slightly increasing the total measured sulcal and gyral longitudes.

It is worth noting that the sulcal width is more sensitive to age than thickness. The
analysis of CT changes with age shows few significant clusters for the selected thresholds.
Previous studies have linked the width changes to a GM [110, 188]; however, the model
adding thickness as a regressor indicates that most of the detected width changes are
not due to GM thinning. It is reasonable to think that if the sulcal width enlarges while
thickness remains largely stable, the changes can come from the flattening of the cortex
or a decrease in the gyral WM.

The combination of the results of the vertex-wise analysis with the thickness in gyral
and sulcal lines might suggest that cortical thinning is occurring, but those changes are
local. A restrictive surface-based analysis such as the one performed for the thickness
might not be sensitive enough to detect those changes that could be more perceptible in a
localized study.

In summary, the present analyses in a real dataset illustrate the potential applications
of the developed tools. These methods show high sensitivity to biological processes such
as aging, increasing the available data that can be extracted from the structural MRI. In
these few examples, it has been stated that the tools could help in defining normative
models [206] through anomalous patterns in the gyral/sulcal lengths or thickness or even
complement the existing cortical thickness surface maps to detect morphological changes
that might have been overlooked in previous studies.
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6. GENERAL DISCUSSION

The study of the human brain’s cortical morphology has been critical for an increased
understanding of the pathological processes driving psychiatric disorders such as schi-
zophrenia, bipolar disorders, autism, or major depression [45, 46, 49, 51, 54, 143]. Fur-
thermore, charting the normal developmental changes in cortical morphology that occur
during adolescence or aging can be of great importance for detecting deviances that may
be precursors for pathology [104, 105, 110, 117, 124]. However, the existing methodolo-
gies fail to adequately capture some of the brain’s morphological features. The current
dissertation presents and validates two novel methods for measuring certain aspects of
human cortical morphology, addressing the limitations of previous methods. These new
tools can help define new biomarkers, complement existing methods, and help fill gaps
when inferring the processes happening at a mesoscale level using MRI macroscale data.

First, the tool for delineation of sulcal and gyral lines presented in Chapter 3 has
been validated against three publicly available methods: GPDM [150], TRACE [156],
and Mindboggle [122]. The results show that the proposed approach is the best trade-
off between length and positioning, labeling sulcal lines that go through zones with high
depth and curvature, showing high correlation with, and similar lengths as, the reference
values from BrainVISA [79], and reporting good reproducibility indicators. The main
strength of this method is that it manages to avoid anastomotic sulci [110, 207] in contrast
to methods such as GPDM, which produces very short lines by avoiding every sulcal
bifurcation, or others like TRACE that label every small crest in the brain as sulcal fundi,
overestimating the total length.

Second, Chapter 4 introduces a new tool for generating high-resolution (i.e. vertex-
wise) sulcal width maps. Methods to compute surface area and sulcal depth maps have
been proposed but to the best of our knowledge, this thesis is the first to propose a vertex-
wise sulcal width map computed directly over the cortical surfaces. This approach will
allow for 1) the detection of sulcal width alterations at high resolution and 2) the assess-
ment of whether GI subcomponents are differentially altered during neurodevelopment or
along clinical subtypes.

The method is validated through a simulated sulcus resembling a simple fold’s mor-
phology. Additionally, the algorithm’s reliability is assessed using a test-retest database
and comparing the obtained metrics with those of two popular previous methods: Fold
Opening [134], and Sulcal Span [110]. These comparisons, averaging the results of the
proposed method in the regions specified by BrainVISA, show strong correlations be-
tween the proposed and the existing algorithms, with Pearson’s r values over 0.96 for the
central sulcus. In a previous study that performed a similar method comparison [137], the
highest correlations with the Sulcal Span method also appeared in the central sulcus, but
their Pearson’s r values were considerably lower, around 0.6.
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Our method opens up new possibilities, as the ROI analysis is now open for any user-
defined region. Additionally, our algorithm allows for so-called vertex-wise studies, dis-
cerning the possible intra-sulcus deviations. Also, the existence of a vertex-wise map
makes it possible to extend the analyses to, for example, non-parametric permutations
[208] of sulcal width and cortical thickness, studying the joint inference of both metrics
at the vertex-level.

Having assessed the reproducibility and performance of the proposed methods, Chap-
ter 5 proved their potential in a use-case scenario. For this, the algorithms were applied to
a subset of the OASIS-3 database [196] with 620 cognitively normal adults ranging from
42 to 95 years old. The main idea was to elucidate fine-grained morphological changes in
the human cortex with aging. After applying our methods, we conducted three analyses:
a comparison of the age-dependencies of cortical thickness in gyral and sulcal lines, an
analysis of how the sulcal and gyral length changes with age, and a vertex-wise study of
sulcal width and cortical thickness.

These analyses showed, as expected, a general flattening of the cortex with aging [104,
110], with interesting findings such as a differential age-dependency of thickness thinning
in the sulcal and gyral regions. By demonstrating that our method is capable of detecting
this difference, our results can pave the way for future in vivo studies focusing on macro-
and microscopic changes that are specific to gyri or sulci, for example, the notion that
supragranular layer pathology in schizophrenia is differentially expressed in sulci versus
gyri [143]. In addition, our method can generate new brain-based biomarkers specific
to sulci and gyri, and these can be used on large samples to establish normative models
[206] to which patients can be compared. Moreover, sulcal and gyral lines can be used to
investigate the diverging patterns in cortico-cortical, functional, or structural connectivity
between these topological opposite regions [16, 209]. In parallel, the vertex-wise analyses
show that sulcal width is very sensitive to changes during aging, independent of cortical
thickness. This corroborates the concept of sulcal width as a metric that explains, in the
least, the unique variance of morphology not fully captured by existing metrics. Our
method allows for sulcal width vertex-wise analyses that were not possible previously,
potentially changing our understanding of how changes in sulcal width shape cortical
morphology.

Finally, it is worth mentioning that the developed tools are conceived to be fully auto-
mated and easily employed by any user. Unlike other published articles, our methods are
publicly available in their respective repositories (https://github.com/HGGM-LIM/
ABLE, https://github.com/HGGM-LIM/SWilM), open to community contributions. The
publicly available FreeSurfer software suite is probably the most widely used image pro-
cessing toolkit for generating cortical surfaces and traditional metrics from T1-weighted
images [192]. The election of FreeSurfer is based on its huge popularity, with over 40,000
results in Google Scholar!®. Our methods are designed to work with standard FreeSurfer
output as well as output from other toolkits. This means that for the hundreds of existing

Ohttps://scholar. google.com/scholar?as_q=%22FreeSurfer%22
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databases already processed with FreeSurfer, using these tools does not require additional
analysis, just executing those methods, potentially reaching a wider user base.

In summary, this thesis presents two new publicly available tools for estimating cor-
tical morphometrics that have been validated and assessed against existing algorithms.
The proposed methods have also been tested on a real dataset, providing new, interest-
ing, insights into cortical morphology and showing their potential for defining innovative
biomarkers.

6.1. Limitations

The principal limitation when addressing methods that measure cortical characteristics
is the lack of ground truth or gold standard. From the cortical thickness to the position
of sulcal fundi, there is no clear-cut dataset for validation of our results. In the case of
lines delimiting the folding morphology, the problem is even more emphasized; there
is no general consensus about what entails a sulcal fundus or a gyral crown. Thus, the
validation of these methods must be handled carefully. In this work, the validation has
been twofold, first comparing the methods against similar metrics, and then applying the
tools to real datasets and assessing if the obtained results are coherent.

Another important limitation when addressing line extraction is postprocessing. In
this case, the metrics for sulcal and gyral lines are provided as aggregated metrics per
lobe, labeling them according to an existing well-defined parcellation. Registration-based
labeling of the lines can be useful when the division comprises big regions, as in the case
of lobes. However, a more fine-grained subdivision based on sulcal definitions might be
desirable for hypothesis-driven studies. In those cases, registration-based labeling can
induce gross errors due to the great inter-subject variability. In recent years, some Deep
Learning tools have tried to generate sulcal-level labels [210, 211], but the methods are
still limited, requiring a very specific format of data or labeling only a few sulci.

Finally, using vertex-wise sulcal width maps for generating group comparisons can be
controversial for the gyral regions. Interpreting the significant results obtained in those
parts might be delicate, as the definition of sulcal width is unclear in gyral crests. The
results obtained for ‘Age * Width’ regressions in the present dissertation lie mainly in
sulcal regions; however, the introduction of a gyral mask that discards undesired areas
should be studied.

6.2. Future Lines

e The developed method for the cortical lines extraction might be a good candidate
for the generation of normative models that measure how well a participant fits in
the curve of normal development, serving for the detection and classification of
anomalous patterns.
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e Joint inference analyses of area, depth, and sulcal width can serve as an alternative
to the local Gyrification Index, providing a more immediate interpretation of the
metrics driving the results.

e The sulcal width method can be adapted to measuring gyral span. This new metric,
in combination with sulcal width and cortical thickness, can completely character-
ize the changes in folding morphology.
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7. CONCLUSIONS

We have developed a fully automated sulcal and gyral line extraction method. The
method has been assessed against existing algorithms, providing a solution that gen-
erates lines that travel through deeper and more curved regions, with length metrics
similar and highly correlated with the reference values. The obtained reproducibil-
ity indicators are similar to or better than the compared methods.

We have created a tool for the estimation of vertex-wise sulcal width maps. The
method has been validated using a simulated sulcus that resembles a simple fold. In
parallel, the algorithm has been assessed in terms of accuracy and reproducibility,
comparing the results against two widely-used ROI-based width estimation tools.
The obtained results show a high correlation between the existing methods and the
designed algorithm for the studied regions.

The developed algorithms have been applied to a real database of aging cognitively
normal participants. The results of the analyses demonstrate that our methods can
detect age-dependent cortical changes both in sulcal width and related to gyral and
sulcal lines.

The two developed tools are open-source and publicly available in their respective
repositories. Both algorithms are conceived to be easily used with FreeSurfer’s
outputs.
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

.1. Curvature and Depth Statistics
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A.2. Bland-Altman Plots per Sulcus

A.2.1. Bland-Altman Plots for Calcarine Sulcus
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Figure A.1: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)

Bland-Altman Plot: Left Calcarine Sulcus
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Figure A.2: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
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against BrainVISA’s reference values for the right calcarine sulcus.




A.2.2. Bland-Altman Plots for Central Sulcus

Bland-Altman Plot: Left Central Sulcus
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Figure A.3: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the left central sulcus.

Bland-Altman Plot: Right Central Sulcus
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Figure A.4: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the right central sulcus.



A.2.3. Bland-Altman Plots for Cingulate Sulcus

Bland-Altman Plot: Left Cingulate Sulcus
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Figure A.5: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the left cingulate sulcus.

Bland-Altman Plot: Right Cingulate Sulcus
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Figure A.6: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the right cingulate sulcus.



A.2.4. Bland-Altman Plots for Parieto-Occipital Fissure
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Figure A.7: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)

Bland-Altman Plot: Left Parieto-Occipital Fissure
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A.2.5. Bland-Altman Plots for Superior Temporal Sulcus

Bland-Altman Plot: Left Superior Temporal Sulcus
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Figure A.9: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the left superior temporal sulcus.

Bland-Altman Plot: Right Superior Temporal Sulcus
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Figure A.10: Bland-Altman plot comparing the four methods (ABLE, GPDM, Mindboggle, and TRACE)
against BrainVISA’s reference values for the right superior temporal sulcus.



A.3. Summary of Longitude Differences Between Methods and Reference Values

Differences between methods and BrainVISA (mm)

ABLE GPDM TRACE Mindboggle
Sulcus Name Mean (CI[2.5%], CI[97.5%]) | Mean (CI{2.5%], C1[97.5%]) | Mean (CI[2.5%], C1[97.5%]) | Mean (CI[2.5%], CI[97.5%])
Left Hemisphere
Calcarine 21.71 (-31.94, 75.35) -51.33 (-95.24, -7.41) 108.73 (18.40, 199.06) -4.48 (-115.22, 106.27)
Central Sulcus -32.41 (-67.13, 2.32) -78.32 (-112.62, -44.02) 102.45 (17.41, 187.50) 46.16 (-38.24, 130.56)
Cingulate 0.01 (-67.82, 67.84) -151.91 (-222.94, -80.87) 120.62 (17.45, 223.80) 36.01 (-54.44, 126.46)
Parieto-Occipital Fissure 23.41 (-58.48, 105.31) -50.08 (-95.09, -5.07) 77.56 (-0.87, 155.99) 28.69 (-36.97, 94.34)
Superior Temporal -10.32 (-64.60, 43.96) -83.13 (-136.12, -30.14) 132.53 (19.16, 245.91) 3.45(-92.38,99.27)
Right Hemisphere
Calcarine 31.61 (-36.01, 99.23) -52.91 (-96.02, -9.81) 118.45 (14.15, 222.75) -0.15 (-75.88, 75.58)
Central Sulcus -32.50 (-66.21, 1.21) -77.72 (-108.30, -47.13) 97.72 (20.68, 174.75) 41.86 (-37.05, 120.78)
Cingulate -6.73 (-80.78, 67.31) -171.02 (-253.42, -88.62) 126.80 (35.39, 218.21) 50.14 (-38.85, 139.12)
Parieto-Occipital Fissure 36.10 (-35.09, 107.28) -47.52 (-99.81, 4.78) 92.00 (27.03, 156.98) 41.22 (-34.36, 116.79)
Superior Temporal -8.48 (-59.46, 42.49) -82.69 (-122.30, -43.08) 160.70 (42.97, 278.44) 16.04 (-71.47, 103.56)

Table A.2: Summary of mean differences between methods and confidence intervals extracted from the
Bland-Altman plots.

A.4. Intercept of Sulcal Longitude Regressions

Sulcus Name ABLE GPDM TRACE Mindboggle
Intercept CI([2.5%],[97.5%]) Intercept CI([2.5%],[97.5%]) Intercept CI([2.5%],[97.5%]) Intercept CI([2.5%],[97.5%])
Left Hemisphere
Calcarine 38.68 (9.67, 67.68) 11.87 (-7.79, 31.52) 71.24 (22.68, 119.80) 99.59 (43.58, 155.60)
Central Sulcus 42.96 (7.33, 78.60) 55.57 (29.52, 81.61) 94.39 (-1.31, 190.09) 105.62 (11.48, 199.76)
Cingulate 5.34 (-37.44, 48.12) 0.64 (-29.90, 31.18) 12.27 (-48.51, 73.06) 34.66 (-22.40,91.73)
Parieto-Occipital Fissure 44.76 (8.10, 81.43) 13.16 (-1.75, 28.07) 61.23 (26.01, 96.45) 52.52(23.35, 81.69)
Superior Temporal 38.17 (11.64, 64.71) 18.90 (1.91, 35.89) 91.67 (32.73, 150.62) 15.58 (-34.73, 65.89)
Right Hemisphere
Calcarine 11.97 (-29.59, 53.54) 0.03 (-24.04, 24.10) 48.42 (-14.23,111.07) -0.92 (-47.71, 45.86)
Central Sulcus 57.95 (26.47, 89.43) 41.89 (20.15, 63.63) 154.23 (70.76, 237.70) 102.18 (16.75, 187.61)
Cingulate 43.76 (-9.38, 96.91) 44.87 (6.09, 83.66) 75.36 (9.32, 141.39) 0.06 (-64.22, 64.35)
Parieto-Occipital Fissure 61.29 (33.91, 88.67) 23.77 (10.56, 36.99) 53.19(29.17,77.22) 41.74 (12.08, 71.39)
Superior Temporal 3.69 (-28.44, 35.82) -20.54 (-41.73, 0.65) -36.53 (-97.74, 24.67) 8.66 (-46.66, 63.98)

Table A.3: Intercept (and its confidence interval) of the linear regressions of the sulcal longitudes obtained
by each of the methods and reference values.

A.5. Parameter Variation for GPDM and TRACE

A subset of 10 subjects from the test-retest database has been analyzed to characterize the
sulcal length variation when different parameters of GPDM and TRACE are modified.

For GPDM, the parameters modified are the number of extremities and the probability
threshold as seen in Figure A.11
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Figure A.11: Sulcal longitudes in millimeters for the parameter variation of the number of extremities and
probability threshold for the GPDM tool in both left and right hemispheres.



The parameters analyzed for TRACE include the pruning threshold and the distance
for the endpoint detection (see Figure A.12).

TRACE Parameter Variation
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Figure A.12: Sulcal longitudes in millimeters obtained by TRACE when varying the pruning threshold and
the endpoint detection distance in both left and right hemispheres.

As a reference, Figure A.13 contains the sulcal longitudes obtained by ABLE and
BrainVISA for the same subset.
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Figure A.13: Left: Longitudes obtained for ABLE for the left and right hemispheres. Right: Longitudes
obtained for BrainVISA for the left and right hemispheres. These values are included as a reference for
comparison. Longitude values are reported in millimeters.

A.6. Point Density and Reproducibility in TRACE

We have performed an analysis of the relation between the number of points per millime-
ter of the labeled lines and the mean Hausdorff distances. For this analysis, we have pro-
cessed the “.scurve” and “.scurve.bary” files provided by TRACE. The first one contains
a list of the vertices of the surface where the line lies, while the second one is a more pre-
cise geodesic trajectory including vertices and intermediate points in edges. The boxplot
in A.14 shows that the vertex-only file achieves a point density lower than 1 mm/point,
associated with higher mean Hausdorff distances. The geodesic trajectory shows a density
close to 3 mm/point, with mean Hausdorff distances below 1 mm.
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Figure A.14: The upper figures shows the point density values for TRACE using vertex-only trajectories
and geodesic trajectories for both left and right hemisphere. Figures at the bottom show the associated mean
Hausdorff distances for the trajectories and hemispheres.



APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

A.7. Depth Step Size Selection

A correct value for the parameter of depth step in the generation of isolines is essential, as
it allows a proper sampling of the surface without unnecessary increments in the process-
ing time. In this case, the simulated sulcus is used for the estimation of an optimal depth
step value. This surface has a mean edge length of 0.5 mm, so we estimate width maps
with depth step values ranging from the edge length (0.5 mm) to 1/50 the edge length
(0.01 mm). The differences between estimated values and simulated ones are computed.
Figure A.15 shows the variation of mean error and standard deviation for the different
step sizes evaluated.

Depth Step Size Analysis

Figure A.15: Plot of the mean error and its standard deviation for the different step sizes analyzed.

The results show a slope change or elbow approximately at 0.125 mm, which is 1/4
of the edge length. In this case, we have edge lengths of 1 mm for the real data, meaning
that the optimal step size would be 0.25 mm. Adding a small security margin, the default
value selected for this method is 0.20 mm.
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