
HAL Id: tel-03168164
https://theses.hal.science/tel-03168164v1

Submitted on 12 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Development of subject-specific representations of
neuroanatomy via a domain-specific language

Antonia Machlouzarides-Shalit

To cite this version:
Antonia Machlouzarides-Shalit. Development of subject-specific representations of neuroanatomy via
a domain-specific language. Cognitive Sciences. Université Paris-Saclay, 2020. English. �NNT :
2020UPASG041�. �tel-03168164�

https://theses.hal.science/tel-03168164v1
https://hal.archives-ouvertes.fr


Th
ès

e 
de

 d
oc

to
ra

t
N

N
T:

2
0
2
0
U

PA
S
G

0
4
1

Development of subject-specific
representations of

neuroanatomy via a
domain-specific language

Thèse de doctorat de l’université Paris-Saclay

École doctorale n◦ 580, Sciences et technologies de
l’information et de la communication (STIC)

Spécialité de doctorat: Informatique
Unité de recherche: Université Paris-Saclay, Inria, Inria

Saclay-Île-de-France, 91120, Palaiseau, France.
Référent: faculté des sciences d’Orsay

Thèse présentée et soutenue en visioconférence totale, le
15-12-2020, par

Antonia Machlouzarides-Shalit

Composition du jury:

Olivier Coulon Président
Directeur de Recherche, Aix-Marseille Université
Roberto Toro Rapporteur et Examinateur
Directeur de Recherche, Institut Pasteur
Michel Dojat Rapporteur et Examinateur
Directeur de Recherche, Grenoble Institute des Neuro-
sciences
Stephanie Forkel Examinatrice
Postdoc avancé/jeune chercheur, Université de Bordeaux
Philippe Ciuciu Examinateur
Chercheur expert senior, CEA, Université Paris-Saclay

Demian Wassermann Directeur de thèse
Chargé de Recherche, INRIA Paris-Saclay



A B S T R A C T

The field of brain mapping is rapidly expanding, providing further insights
into the spatial organisation of the brain and the relationships of cortical
features. The development of brain mapping tools is dependent on the
profound grasp of the anatomy of the brain. We identified the need for the
development of a brain mapping tool which is grounded in the detailed
knowledge of individual sulci. In this thesis, we develop a new brain
mapping tool called NeuroLang, which utilises the spatial geometry of the
brain to demonstrate subject-specific representations of sulcal morphology.

We approach this challenge with two perspectives: firstly, we situate
our theory firmly in the comprehensive characterisations of sulci from
the literature, or ’classical neuroanatomy’. We survey the wealth of infor-
mation on neuroanatomical characterisation, consider the organisation of
cortical features, and examine brain-mapping techniques in neuroimaging
and their capabilities. Secondly, we design and implement methods for
sulcus-specific queries in our domain-specific language, NeuroLang. We
lay out the theoretical bases for NeuroLang in terms of the representation
of the brain as a 3D object and of the foundation of a domain-specific
language grounded in first-order logic. We test our method on 52 subjects
of the Human Connectome Project dataset and evaluate the performance
of NeuroLang for population and subject-specific representations of neu-
roanatomy. Then, we interpret the quantification of the results of sulcal
identification as an evaluation of sulcal stability, and establish a novel,
data-driven hierarchical organisation of sulci.

Finally, we review the relevance of using sulci as cortical markers, and
the implication of a subject-specific sulcal mapping tool for representing
cortical anatomy. We relate the significance of sulcal patterns as associative
measures to other cortical features such as cytoarchitectonics. We examine
the implications of NeuroLang, its applications and its limitations. To
conclude, we summarise the implication of our method within the current
field, as well as our overall contribution to the field of brain mapping. Our
work paves the way for future development of neuroimaging tools which
prioritise individual variability and neuroanatomical inference.
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1 O V E R V I E W

The development of brain mapping tools is grounded in the extensive
grasp of the anatomy of the brain. The ability for brain mapping tools
to accurately and efficiently capture the individual variability of neu-
roanatomical morphology, while remaining relevant for every brain, is a
particularly difficult balance to strike. Typically, the most reliable way of
conserving detailed individual morphology of sulci is through manual
labelling, which is tedious, time-consuming work which requires exten-
sive knowledge of classical neuroanatomy. This body of knowledge is
also notoriously inconsistent in terms in naming and morphology, and
therefore could manifest as inconsistencies depending on who is doing
the labelling and according to which framework. To combat this, extensive
work has been carried out on template-based brain mapping methods,
which focus on the identification of landmarks relative to which a prede-
termined set of brain regions are superimposed. We identified the need
for the development of a brain mapping tool which is grounded in the
detailed knowledge of individual variability of sulci.

In this thesis, we develop a new brain mapping tool called NeuroLang,
which utilises the spatial geometry of the brain to demonstrate subject-
specific representations of sulcal morphology. We approach this chal-
lenge with two perspectives: firstly, we ground our theory firmly in the
comprehensive characterisations of sulci from the literature, or ’classical
neuroanatomy’. Secondly, we design and implement methods for sulcus-
specific queries in the domain-specific language NeuroLang. We evaluate
the performance of NeuroLang for population and subject-specific repre-
sentations of neuroanatomy. From our results, we determine a data-driven
hierarchical organisation of sulci. In this chapter, we outline the structure
of this manuscript.

In the introductory part, we survey the wealth of information on neu-
roanatomical characterisation, consider the organisation of cortical features,
and examine brain-mapping techniques in neuroimaging and their capa-
bilities. We establish a literature-based hierarchical organisation of the
sulci which provide the framework for our sulcal atlas, and establish the
rules of spatial geometry and first-order logic which act as a framework
for NeuroLang.

In the next part, we present our work on the design and implementation
of NeuroLang. Firstly, we present our collaborative work on administering
anatomical names to images in a dictionary of functional modes. Next,
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overview 2

we demonstrate how we design and construct sulcus-specific queries and
evaluate their performances. We present the results of our experiment
using NeuroLang. We demonstrate how we validate the sensitivity of our
results, the results on the population level, and subject-specific outcomes.
Lastly, we interpret the quantification of the results of sulcal identification
as an evaluation of sulcal stability, and determine a novel, data-driven
method for the hierarchical organisation of sulci.

Finally, we review and discuss the relevance of using sulci as cortical
markers, and the implication of a subject-specific sulcal mapping tool for
representing cortical anatomy. We relate the significance of sulcal patterns
as associative measures to other cortical features such as cytoarchitecton-
ics. We examine the implications of NeuroLang, its applications and its
limitations.

To conclude, we summarise the implication of our method within the
current field, as well as our overall contribution to the field of brain map-
ping. Our work paves the way for future development of neuroimaging
tools which prioritise individual variability and neuroanatomical inference.



2 R É S U M É

La cartographie cérébrale est un domaine actif de recherche, en croissance
rapide, apportant de plus en plus de données sur l’organisation spatiale
du cerveau. Le développement des outils de cartographie cérébrale repose
sur une compréhension approfondie de l’anatomie du cerveau. De fait, il
est essentiel de comprendre les caractéristiques corticales communes d’une
population, ainsi que les sources et degrés de variabilité qui contribuent
aux spécificités individuelles. En règle générale, le moyen le plus fiable de
conserver la morphologie individuelle détaillée des sulci est l’étiquetage
manuel. Ce travail fastidieux et chronophage nécessite une connaissance
approfondie de la neuroanatomie classique. De plus, cet ensemble de
connaissances est notoirement incohérent en termes de dénomination et
de morphologie. Ainsi, l’étiquetage peut dépendre de son auteur et de
son cadre d’utilisation. Pour lutter contre cela, des travaux approfondis
ont été menés sur des méthodes de cartographie cérébrale basées sur
des modèles, qui se concentrent sur l’identification de points de repère
par rapport auxquels un ensemble prédéterminé de régions cérébrales
se superpose. Nous avons identifié la nécessité de développer un outil
de cartographie cérébrale qui repose sur la connaissance détaillée de la
variabilité individuelle des sulci.

Dans cette thèse, nous développons un nouvel outil de cartogra-
phie cérébrale: le language NeuroLang, reposant sur les spécificités
géométriques individuelles des sulci et la logique du premier ordre. Nous
avons abordé cette question avec deux approches. Premièrement, nous
ancrons fermement notre théorie dans la caractérisation complète des
sulci de la littérature en neuroanatomie classique. Deuxièmement, nous
concevons et implémentons des composants et des requêtes spécifiques au
sulcus dans le langage NeuroLang. Nous avons évalué les performances
de NeuroLang pour les représentations de la neuroanatomie spécifiques à
la population et au sujet. Dans ce chapitre, nous décrivons la structure de
ce manuscrit.

Dans la partie introductive, nous passons en revue la richesse des infor-
mations sur la caractérisation neuroanatomique, considérons l’organisation
des caractéristiques corticales et examinons les techniques actuelles de
cartographie cérébrale en neuroimagerie et leurs capacités. Nous établis-
sons une organisation hiérarchique des sulci basée sur la littérature qui a
fourni le cadre de notre atlas sulcal, et établissons des règles de géométrie
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résumé 4

spatiale et de logique de premier ordre qui agissent comme un cadre pour
NeuroLang.

Dans la partie suivante, nous présentons nos travaux sur la conception
et la mise en œuvre de NeuroLang. Premièrement, nous présentons notre
travail collaboratif sur l’attribution de noms anatomiques aux images dans
un dictionnaire de modes fonctionnels.Ensuite, nous montrons comment
nous concevons et construisons des requêtes spécifiques aux sulcus et
évaluons leurs performances. Nous présentons les résultats de notre ex-
périence utilisant NeuroLang. Nous démontrons comment nous validons
la sensibilité de nos résultats, les résultats au niveau de la population et
les résultats spécifiques à la matière. Enfin, nous utilisons la quantification
des résultats de l’identification des sulci comme un critère d’évaluation de
stabilité, et établissons une nouvelle méthode guidée par les données pour
l’organisation hiérarchique des sulci.

Enfin, nous passons en revue et discutons de la pertinence de l’utilisation
des sulci comme marqueurs corticaux, et de l’implication d’un outil de
cartographie sulcal spécifique au sujet pour représenter l’anatomie corti-
cale. Nous relions l’importance des modèles sulcaux en tant que mesures
associatives à d’autres caractéristiques corticales telles que la cytoarchitec-
tonique. Nous examinons les implications de NeuroLang, ses applications
et ses limites.

Pour conclure, nous résumons l’implication de notre travail dans le do-
maine, ainsi que notre contribution globale au domaine de la cartographie
cérébrale. Nos travaux ouvrent la voie au développement futur d’outils
de neuroimagerie qui donnent la priorité à la variabilité individuelle et à
l’inférence neuroanatomique.
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3 T H E S T U DY O F
N E U R OA N ATO M Y

Form and function of the human brain are inextricably linked. An open
and ongoing question in neuroscience is which is more dependent on
the other. When it comes to deciphering the actions and outputs of the
brain, it is vital to be able to locate oneself within its space; not only to
give an output a dimension, but to associate a location with other brain
characteristics such as structural relationships and connectivity with other
regions.

3.1 the cortex
The brain is composed of white matter and grey matter. White matter is
composed of the axons of neurons, which connect different brain regions to
each other. They appear white due to the fatty myelin sheaths surrounding
them as insulation for better conduction of electrical signals. Grey matter
is largely comprised of the rest of the neuronal cell parts, the somas,
dendrites and terminal endings. These appear grey because they do not
have myelin (Catani and Schotten, 2013).

The cerebral cortex is the outermost layer of the brain. A very thin layer
of about only 2.5mm, it is composed primarily of grey matter (Heuer
and Toro, 2019). The cortex (plural, cortices) is necessary for carrying out
numerous functions and actions, both directly and indirectly. Constituting
the majority of the corticocortical connection terminals, the arrangement
of the cortex is imperative to the deduction of structural and functional
connectivity in neuroimaging analyses (Toro, Fox, and Paus, 2008). Across
mammalian species, the surface area of the cortex varies greatly and the
variable folding patterns reflect this property (Heuer et al., 2019; Heuer
and Toro, 2019). During the course of human evolution, human brain size
has remained relatively stable while the lobes expanded and connectivity
increased (Rilling, 2014). As a compensatory mechanism, the human cortex
is among the most highly folded from all the species (Heuer et al., 2019),
with a vast collection of sulcal labels with varying stability.

The types of cortices which exist are dependent on the organisation
of the cell types which make them up, and the neocortex is the largest
one (Kennedy et al., 1998). The cortex is made up of outer, concave protru-
sions called gyri (single, gyrus) and inner, convex indentations, called sulci
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3.1 the cortex 7

(single, sulcus). We can think of the cortex of the brain as a 2D surface if
we unfold and flatten this outer layer of elevations and valleys, much like
flattening a tablecloth (Fischl, Liu, and Dale, 2001; Lohmann, Von Cramon,
and Colchester, 2008). The cortex is so highly convoluted that 2/3 of the
surface of the brain is actually hidden within the sulci (Van Essen and
Drury, 1997; Zilles et al., 1988). This folding process begins during gesta-
tion and only slows significantly during young adulthood (Chi, Dooling,
and Gilles, 1977). There is a general folding pattern which serves as a
draft for the overlap of sulcal arrangements in the general population.
This is because the first sulci to develop during gestation and infancy
are among the deepest sulci and are the most stable and reliable in their
location, depth and shape (Chi, Dooling, and Gilles, 1977; Pizzagalli et al.,
2019). These sulci are dictated chiefly by genetics and driven by earlier
mechanical movements and are thus less susceptible to change over the
course of neurodevelopment (Chi, Dooling, and Gilles, 1977; Heuer and
Toro, 2019; Pizzagalli et al., 2019).

the history of neuroanatomy For centuries brains were analysed
only ex vivo (Catani and Schotten, 2013). Gross neuroanatomy, on the
macroscale, consisted of identification and labelling of brain regions visible
to the naked eye. Soon, patterns began emerging of visible landmarks
which delineated the brain into functional territories defined as lobes.
Anatomists used these landmarks, soon to be characterised as primary
sulci, to orientate themselves in the topography of the brain (Auzias
et al., 2013). From these landmarks, relations implying relativity to the
primary landmarks provided a method for characterising the remaining
gyri and sulci. The directional terms developed in classical neuroanatomy
refer to relative location in space without a precise coordinate system,
much like north, south, east, west in cartography. Due to the lack of
systematisation, there were eventually many terms to designate the same
relation, such as anterior/rostral, posterior/caudal, superior/dorsal, and
inferior/ventral (Catani and Schotten, 2013). The English and Latin terms
designate the same relationship in the central nervous system, but the
Latin terms do not necessarily correspond to the same relationship when
in reference to the body. For this reason and to conserve simplicity, we
henceforth utilise only the English directional terms.

3.1.1 Importance of sulci in neuroscience

Sulci form landmarks on the cortex visible to the naked eye. Descriptive
anatomy provides names for sulci based on their location on the cortex
(Catani and Schotten, 2013). The classification of sulci is based on charac-
teristics including location, depth and relationship to other brain regions
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(Duvernoy, 1999; Ono, Kubik, and Abernathey, 1990; Rademacher et al.,
1992).

Primary sulci are among the first to develop during gestation and are
the least variable across individuals, due largely to their dependence on
genetics and their relationship to primary functional areas (Duvernoy, 1999;
Ono, Kubik, and Abernathey, 1990). The further away a region is from
primary functional areas, the more variable and unreliable the morphology
of a region becomes due to the integrative nature of the functional area
and the dependence of the region’s development on environmental factors,
as well as genetic (Rademacher et al., 1993). This ’distance’ of a region can
be both functional and physical. As an example, Margulies et al. (2016)
showed how gradients of functionality are evenly dispersed across the
cortex, where ’hubs’ of the default mode network are found at equidistant
points from the primary functional areas.

Though still not fully understood, the relevance of cortical folding to
other aspects of neurobiology are becoming increasingly clear with the
evolution of advanced brain imaging techniques. It is postulated that
folding patterns give rise to connectivity patterns (Toro, Fox, and Paus,
2008; Van Essen, 1997), act as cytoarchitectonic markers and boundaries
(Amunts et al., 1999; Eickhoff et al., 2005b; Kujovic et al., 2013; Vogt et
al., 1995), and correlate with functional regions (Amunts et al., 2004;
Eichert et al., 2020; Sprung-Much and Petrides, 2020). Variability exists
for all sulci, to varying degrees. A number of factors contribute to the
morphology of sulci, with varying ratios. Typically, the first sulci to form
during foetal life are landmarks in cortical development and anatomy,
and are considered by many as ’primary sulci.’ These sulci exhibit certain
characteristics which make them good contenders as cortical landmarks
for atlases. The following characteristics are favourable in primary sulci
and thus make them excellent landmarks and reference points in atlases:

• Location: Primary sulci are used to chart the lobes of the hemispheres
into frontal, temporal, parietal and occipital. Their locations do not
fluctuate enough to not be discernible by eye as lobe delineators.
They are considered as the most stable and reliable sulci of the brain
in terms of their location (Duvernoy, 1999).

• Depth: The first sulci to develop during gestation are among the
deepest across the cortex (Chi, Dooling, and Gilles, 1977; Ono, Kubik,
and Abernathey, 1990). With advanced neuroimaging techniques, it
is common to ’inflate’ the cortex, to make deeper sulci clearer to
distinguish and thus view lobular differences more clearly. The pri-
mary sulci retain their places on the cortex even when very inflated,
acting as lobular partitions, while the surrounding shallower sulci
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which are more susceptible to inter-individual differences are mostly
smoothed out (Fischl, Sereno, and Dale, 1999).

• Shape: Most of the surface of a sulcus is hidden within itself, in
the folds. On the surface, the fold creates a line shape which is
distinguishable by eye. Beneath the surface, the sulcus may have a
different shape, branching, or connections with surrounding sulci.
Ono, Kubik, and Abernathey (1990) have extensively catalogued the
various morphologies of sulci on the surface, while more advanced
techniques have been used to model the shape of primary sulci within
the folds (Cykowski et al., 2008). The reliable depth of primary sulci
also suggests that there is less variability of the inner sulcus shape.

• Relationships to surrounding sulci: Supposing that primary sulci
are used as primary localisers for cortical navigation, the cartogra-
phy of the brain is charted relative to these landmarks. Other sulci
typically develop later and are shallower or more irregular, which
generates larger variability in their morphologies. Despite this, what
remains stable is their relative spatial location to the primary sulci.
Regardless of their absolute location, size and shape, their charac-
terisation in relation to the primary sulci remains unchanged, and a
defining feature of a sulcus.

• Susceptibility to influences: All sulci are subject to genetic, environ-
mental, and mechanical influences to varying degrees. The ratio of
influence is different for sulci which appear at different stages of life
and at different locations on the cortex. The earliest appearances of
evidence of cortical folding begins in the first trimester of gestation,
but formed sulci do not appear until the last trimester (Chi, Dooling,
and Gilles, 1977). During brain growth, the cortical folding patterns
are also susceptible to the mechanical properties of the brain; that
is, the constrained volume and shape (Heuer and Toro, 2019). The
order in which the sulci form affects how susceptible the formation
of the sulcus is to mechanical influences on morphogenesis. This
susceptibility is another element which factors in to how stable and
reliable the sulcus is on the cortex.

• Existence in all healthy brains: There exists a group of sulci which
are always localised in humans. Across numerous literature sources,
a group of about 20 sulci on the neocortex are consistently reported.
They always include the interlobular, ’primary’ sulci, and include
a subset of all the sulci found in each lobe. Typically, the sulci
described in each lobe are the most continuous, deepest, and reliable
in terms of their location. The most ’stable’ sulci are an embodiment
of the properties mentioned here. A representation of the hierarchical
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organisation of sulcal stability in 3 literature sources is depicted in
Figure 3.1.

3.1.1.1 Importance of sulci in cytoarchitectonics

Sulci have long been used as visual cues to delineate various boundaries
on the cortex. Those boundaries may be defined functionally, anatomically,
cytoarchitectonically or myeloarchitectonically (Catani and Schotten, 2013;
Lohmann, Von Cramon, and Colchester, 2008). Cytoarchitecture tells us a
lot about how the composition of the layers of the cortex are structured. The
cortex is composed of 6 layers, with varying cell types which dictate their
functions (Amunts, Schleicher, and Zilles, 2007; Brodmann, 2007; Fischl
et al., 2008). The cell types and their arrangements of their layers make
up a large portion of the microstructural organisation of the brain. The
functional anatomy of the brain is closely linked to the structural anatomy
(Lohmann, Von Cramon, and Colchester, 2008). The microstructure, in
turn, is closely linked to the functional organisation and connectivity of
brain regions (Amunts et al., 2020).

It has been established that sulci can act as borders for cytoarchitectonic
areas or functional territories (Rademacher et al., 1992), but the concept
is still debated (Fischl et al., 2008). However, it is difficult to determine
the cytoarchitectonic organisation of the cortex without invasive meth-
ods. Probabilistic atlases, like the JulichBrain Cytoarchitectonic Atlas help
(Amunts et al., 2020), but the identification of cytoarchitectonic regions
of interest still heavily relies on the macroanatomical features (Amunts,
Schleicher, and Zilles, 2007; Auzias, Coulon, and Brovelli, 2016). Mapping
the macroanatomical features on the individual level may complement
atlases for cytoarchitectonics. But first, it’s important to ensure a compre-
hensive understanding of sulcal morphology and their relationships to
other cortical features.

3.2 literature review of sulci
A comprehensive overview of the anatomical traits of each sulcus is
necessary in order to construct queries which are loyal to their classical
neuroanatomy descriptions. Prior to designing the queries which search
for sulci, or even the descriptors or relationships for the basis of our tool,
we must gather information on sulcal characterisations from the literature.

In this section, we present our extensive literature review of each sulcus
included in Figure 3.1. We cover sulcal position on the cortex, develop-
ment, relationships to surrounding sulci, segmentation, branching, and
relationships to cytoarchitectonic areas, where relevant.
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We refer the reader more interested in the application of this review to
our organisation of the cortex to the next section, Organisation of Sulci,
3.3.

3.2.1 Primary sulci

lateral fissure The lateral, or Sylvian, fissure is the most characteris-
tic, constant feature of the lateral surface, and is therefore regarded as the
most reliable anatomical landmark (Ono, Kubik, and Abernathey, 1990;
Rademacher et al., 1992). It is distinctively one of the most deep fissures
of the entire brain, and the first to appear in each hemisphere during
gestation, at 14-19 weeks (Chi, Dooling, and Gilles, 1977; Ono, Kubik,
and Abernathey, 1990). It has a general longitudinal trajectory, coursing
from the frontal opercula to the superior parietal lobule, acting as the
main demarcator between the frontal, parietal and temporal lobes, the
insula and the opercula (Catani and Schotten, 2013; Destrieux et al., 2010).
It exists as a main fissure with numerous extensions and side branches,
many of which possess reliable appearances and have thus been charac-
terised and others which have contrasting nomenclatures and appearances
and are broadly described as generic side-branches (Ono, Kubik, and
Abernathey, 1990; Rademacher et al., 1992). Anatomists have generally
divided the lateral fissure between three and 10 parts (Destrieux et al.,
2010; Ono, Kubik, and Abernathey, 1990; Rademacher et al., 1992). The
posterior horizontal ramus is the main trunk of the fissure, and the deepest
segment. It runs posteriorly and terminates posterior to the postcentral
sulcus, between the parietal and temporal lobes (Rademacher et al., 1992).
Here, the fissure may extend superiorly or inferiorly at an angle, and
may possess side branches such as the terminal ascending segment (Ono,
Kubik, and Abernathey, 1990; Rademacher et al., 1992).

anterior ascending and horizontal rami of the lateral fissure
The anterior projections of the lateral fissure are the anterior ascending,
anterior horizontal and sometimes the diagonal rami of the lateral fissure
(Catani and Schotten, 2013; Destrieux et al., 2010; Ono, Kubik, and Aber-
nathey, 1990). These project superiorly and supero-anteriorly from the
lateral fissure into the inferior frontal gyrus of the frontal lobe (Catani
and Schotten, 2013; Destrieux et al., 2010; Duvernoy, 1999; Ono, Kubik,
and Abernathey, 1990; Rademacher et al., 1992). They may connect with
the surrounding sulci, the inferior frontal sulcus or the inferior segment of
the precentral sulcus (Ono, Kubik, and Abernathey, 1990). Their locations
are consistent as being anterior of the inferior portion of the precentral
sulcus and inferior of the inferior frontal sulcus. The rami themselves act
as boundaries to delineate the frontal operculum subdivisions into the
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posterior pars opercularis, the middle pars triangularis and the anterior
pars orbitalis (Brodmann, 2007; Rademacher et al., 1992). The positioning
of these rami is fundamental in the placement of Brodmann areas 44 and
45, constituting Broca’s area (Amunts et al., 1999).

central sulcus The central sulcus, or the fissure of Rolando, is a
defining landmark on the lateral surface of the brain. Extending from
the superior margin to the lateral fissure, it courses antero-ventrally in a
continuous manner (Ono, Kubik, and Abernathey, 1990; Rademacher et al.,
1992). It ends near the superior aspect of the circular sulcus of the insula,
where it often, but not always, meets the lateral fissure, where the frontal,
temporal and parietal lobes converge like tectonic plates (Destrieux et al.,
2010; Duvernoy, 1999). It often, but not always, extends onto the medial
surface (Duvernoy, 1999; Ono, Kubik, and Abernathey, 1990; Rademacher
et al., 1992). The central sulcus is among the first sulci to develop in the em-
bryonic brain, usually between 4 and 6 months/20-23 weeks of gestation
(Chi, Dooling, and Gilles, 1977; Cykowski et al., 2008; Toi, Lister, and Fong,
2004). Chi, Dooling, and Gilles, 1977 observed its initial development first
in the right hemisphere, followed by its appearance in the left hemisphere
approximately a week later. Its early appearance in the foetal brain reflects
its characteristic depth and continuity. Its depth may present asymmetri-
cally according to various features, such as gender, age (Cykowski et al.,
2008), handedness (Amunts et al., 2000) or musical abilities (Zilles et al.,
1997). The central sulcus acts as a landmark to distinguish the frontal from
the parietal lobes, as well as a cytoarchitectonic boundary between the gi-
ant pyramidal cells without an inner granular layer of the precentral gyrus
(Brodmann area 4), and the apyramidal granular layer of the postcentral
gyrus (Brodmann areas 3, 1, 2) (Brodmann, 2007; Pandya et al., 2015).

parieto-occipital sulcus The parieto-occipital sulcus is one of deep-
est sulci and one of the landmark sulci of the medial surface (Rademacher
et al., 1992). Chi, Dooling, and Gilles, 1977 observed its appearance at the
16th gestational week. On the medial surface, the sulcus itself separates
the parietal from the occipital lobes, and on the lateral surface, to which it
almost always extends onto, its hypothetical line to the pre-occipital notch
separates the occipital lobes from the parietal and temporal lobes (Catani
and Schotten, 2013; Duvernoy, 1999; Ono, Kubik, and Abernathey, 1990). It
cleaves the medial surface, starting at the postero-superior junction of the
superior hemispheric margin and coursing antero-inferiorly, terminating
just inferior of the posterior part of the callosal sulcus (Ono, Kubik, and
Abernathey, 1990). Oftentimes, this inferior termination meets, or almost
meets, the anterior termination of the calcarine sulcus, named the cuneal
point (Duvernoy, 1999; Ono, Kubik, and Abernathey, 1990; Rademacher
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et al., 1992). Here, the parieto-occipital sulcus separates the cingulate
gyrus, and thus the limbic lobe, from the cuneus, and the cuneus from
the precuneus (Catani and Schotten, 2013; Desikan et al., 2006; Margulies
et al., 2009).

callosal sulcus A distinctive reference landmark on the medial sur-
face, the callosal sulcus gives reference to the location of the corpus callo-
sum, separating it from the outer cingulate gyrus (Catani and Schotten,
2013; Chi, Dooling, and Gilles, 1977; Destrieux et al., 2010; Duvernoy, 1999).
It is among the first sulci to develop during gestation, forming at the same
time as the lateral fissure (Chi, Dooling, and Gilles, 1977).

calcarine sulcus Among the first distinguishable sulci during neu-
rodevelopment is the calcarine sulcus (Chi, Dooling, and Gilles, 1977).
It forms a deep, frequently continuous sulcus which reaches from the
occipital pole to just anterior and inferior of the splenium of the corpus
callosum (Ono, Kubik, and Abernathey, 1990; Rademacher et al., 1992).
This conjunction point is referred to as the cuneal point, where the cal-
carine sulcus often meets the parieto-occipital sulcus (Duvernoy, 1999; Ono,
Kubik, and Abernathey, 1990; Rademacher et al., 1992). This is a principal
landmark on the medial surface (Rademacher et al., 1992). Brodmann, 2007

correlates the calcarine sulcus with the primary visual cortex (Brodmann’s
area 17), remarking how much larger this area is than it appears due
to the depth of the calcarine sulcus. It has been further distinguished
cytoarchitecturally by the stripe of Gennari, a thick strip of horizontal
fibres (Pandya et al., 2015).

3.2.2 Frontal lobe

frontomarginal sulcus The frontomarginal sulcus is a short sulcus
located on or near the frontal pole (Duvernoy, 1999). Ono, Kubik, and
Abernathey, 1990 reports it as mostly continuous (80% right hemisphere,
76% left hemisphere), but sometimes interrupted into two or three seg-
ments. Often, it manifests as a continued stem of other frontal lobe sulci,
namely the superior, middle or inferior frontal sulci (Duvernoy, 1999;
Ono, Kubik, and Abernathey, 1990) . Bludau et al., 2014 describe it as
part of the “Fp1” or frontal pole 1, area. Fp1 is on the lateral surface and
has cytoarchitectonic features which distinguish it from surrounding and
medial areas (Bludau et al., 2014).

inferior frontal sulcus The inferior frontal sulcus emanates ante-
riorly from the precentral sulcus in a longitudinal manner, mirroring its
superior counterpart. It acts as the limit between the middle and inferior
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frontal gyri (Catani and Schotten, 2013; Destrieux et al., 2010; Duvernoy,
1999; Rademacher et al., 1992). The junction with the precentral sulcus is
generally perpendicular (Duvernoy, 1999; Ono, Kubik, and Abernathey,
1990). The inferior frontal sulcus often has a true connection with the
inferior part of the precentral sulcus, though Ono, Kubik, and Abernathey,
1990 reported no junction at all in 12% of 50 hemispheres. They also re-
ported frequent segmentation and branching of the inferior frontal sulcus,
presenting as 2-4 segments in 44% and 60% of right and left hemispheres,
respectively, and most commonly 2 upward side branches in the right
hemisphere, 3 in the left hemisphere, and 2 downward side branches in
the right and left hemispheres (Ono, Kubik, and Abernathey, 1990). It can
also connect with surrounding sulci, including the middle and superior
frontal sulci, frontomarginal sulcus and the rami of the lateral fissure
(Ono, Kubik, and Abernathey, 1990).

superior frontal sulcus The superior frontal sulcus anteriorly
projects from the precentral sulcus in a longitudinal manner, mirroring its
inferior counterpart. It acts as the limit between the superior and middle
frontal gyri (Catani and Schotten, 2013; Destrieux et al., 2010; Duvernoy,
1999; Rademacher et al., 1992). The junction with the precentral sulcus is
generally perpendicular, shown by Ono, Kubik, and Abernathey, 1990 in
32% and 48% of right and left hemispheres, respectively, and no junction at
all in 8% of right hemispheres. They also reported frequent segmentation
and branching of the superior frontal sulcus, presenting as 2-4 segments
in 60% and 68% of right and left hemispheres, respectively, which some-
times overlapped (Ono, Kubik, and Abernathey, 1990). Furthermore, they
reported many upward and downward side branches of this sulcus. The
superior frontal sulcus can also connect with surrounding sulci, including
the middle and inferior frontal sulci, and the frontomarginal sulcus (Ono,
Kubik, and Abernathey, 1990).

middle frontal sulcus The middle, or intermediate, frontal sulcus
is located inferiorly of the superior frontal sulcus and superiorly of the
inferior frontal sulcus, coursing through the middle frontal gyrus (De-
strieux et al., 2010). Its appearance varies from long and continuous to
short and segmented (Destrieux et al., 2010; Ono, Kubik, and Abernathey,
1990). It may be independent or connected to surrounding sulci, including
the precentral, superior frontal, inferior frontal and frontomarginal sulci
(Catani and Schotten, 2013; Destrieux et al., 2010; Duvernoy, 1999; Ono,
Kubik, and Abernathey, 1990).

olfactory sulcus The olfactory sulcus is a constant landmark on the
ventral surface of the frontal lobe (Rademacher et al., 1992). It first forms
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as a shallow depression around 16 weeks of gestation, around the same
time as primary sulci such as the parieto-occipital sulcus, and deepens
gradually (Chi, Dooling, and Gilles, 1977). It has a longitudinal trajectory,
parallel and just lateral of the interhemispheric fissure, medial of the orbital
sulci, and separates the orbital gyrus, gyrus rectus and olfactory gyrus
(Catani and Schotten, 2013; Chi, Dooling, and Gilles, 1977; Destrieux et al.,
2010; Rademacher et al., 1992).

orbital sulci The orbital sulci are a collection of several short sulci
located on the ventral surface of the frontal lobe, including what Destrieux
et al., 2010 have referred to as the medial and lateral orbital sulcus and
what Ono, Kubik, and Abernathey, 1990 and Rademacher et al., 1992

have referred to as the transverse orbital sulcus. Though Ono, Kubik, and
Abernathey, 1990 have recorded it as always present, its originations and
terminations seem arbitrary, as it has been often recorded as a continuation
of the frontomarginal, inferior frontal or olfactory sulci (Duvernoy, 1999;
Ono, Kubik, and Abernathey, 1990). The configuration of these short sulci
can form an ‘H’ or ‘X’ shape (Catani and Schotten, 2013; Destrieux et al.,
2010; Ono, Kubik, and Abernathey, 1990).

paracentral sulcus The marginal sulcus of the cingulate sulcus
reaches the superior hemispheric fissure, which also acts as the poste-
rior boundary of the paracentral lobule (Catani and Schotten, 2013). The
paracentral sulcus anteriorly separates this lobule from the medial poste-
rior superior frontal gyrus (Desikan et al., 2006; Destrieux et al., 2010).
The paracentral sulcus may arise as various manifestations, including as
a superior projection of the cingulate, or an extension from the lateral
surface (Catani and Schotten, 2013; Destrieux et al., 2010; Ono, Kubik,
and Abernathey, 1990). It has been described as not always distinguishable
enough (Destrieux et al., 2010).

paracingulate sulcus The paracingulate sulcus presents as an outer –
more anterior and more superior – parallel of the cingulate sulcus (Fornito
et al., 2006; Paus et al., 1996). First described as a “double parallel” of
the cingulate sulcus, first by Weinberg, 1905 and later by Ono, Kubik,
and Abernathey, 1990, further investigation has correlated its existence
with a relative expansion of the paracingulate cortex (Fornito et al., 2006;
Paus et al., 1996). Its existence is infrequent. Ono, Kubik, and Abernathey,
1990 reported its existence in 24% of 50 hemispheres, while Paus et al.,
1996 reported its existence in 37% and 54% in right and left hemispheres,
respectively, in 494 hemispheres. Other notable findings of theirs were
paracingulate asymmetry skewing towards the left hemisphere, with more
prominent appearance, and more regular appearance in males (Fornito
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et al., 2006; Paus et al., 1996). This asymmetry mirrors earlier findings
by Weinberg, 1905, who reported the existence of a “doubling of the
cingulate sulcus in its anterior part” in 40% and 84% of right and left
hemispheres, respectively.

precentral sulcus The precentral sulcus is a consistent sulcus on the
lateral surface of the brain, lying just anterior to the central sulcus and with
a roughly parallel, antero-inferior course (Ono, Kubik, and Abernathey,
1990). Superiorly, it crosses over the superior hemispheric margin and
is always present on the medial surface (Ono, Kubik, and Abernathey,
1990). It is frequently discontinuous, most often into two parts, generally
designated as the superior and inferior segments of the precentral sulcus
(Destrieux et al., 2010; Duvernoy, 1999; Germann et al., 2005; Ono, Kubik,
and Abernathey, 1990).

superior/inferior rostral sulci / suborbital sulcus The ante-
rior projections of the cingulate sulcus in the medial frontal lobe are the
superior and inferior rostral sulci. The superior rostral sulcus, always
present, originates at either the anterior subcallosal region, anterior cin-
gulate sulcus or anterior paracingulate and extends anteriorly towards
the frontal pole where it may or may not reach the anterior hemispheric
margin (Ono, Kubik, and Abernathey, 1990; Paus et al., 1996; Rademacher
et al., 1992). Its posterior termination may be continuous with the anterior
parolfactory sulcus (Ono, Kubik, and Abernathey, 1990; Spasojević et al.,
2011). Additionally, this sulcus was described by Brodmann, 2007 as the
infero-medial border of Brodmann Area 10. Its inferior counterpart, the
inferior rostral sulcus, is less constant (Ono, Kubik, and Abernathey, 1990;
Rademacher et al., 1992). Ono, Kubik, and Abernathey, 1990 showed that
while the superior rostral sulcus is continuous, the inferior rostral sulcus
can present as either continuous or segmented into multiple sulci (20%
of 50 hemispheres), as well as connections with the anterior parolfactory
sulcus.

3.2.3 Temporal lobe

collateral sulcus The name collateral sulcus is used interchangeably
with medial occipitotemporal sulcus by some (Catani and Schotten, 2013;
Destrieux et al., 2010; Duvernoy, 1999). This alternative name indicates
its position more clearly: as medial of the lateral occipitotemporal sulcus,
another landmark sulcus of the ventral surface. The collateral sulcus is
frequently identified, but its various branches and connections with the
lateral occipitotemporal sulcus make it not easily discernible from the
surrounding sulci (Destrieux et al., 2010). The collateral sulcus usually
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gives rise to other ventral sulci, including the transverse collateral sulci
such as the rhinal and lingual sulci, and the parahippocampal ramus
(Destrieux et al., 2010; Duvernoy, 1999; Ono, Kubik, and Abernathey,
1990).

inferior temporal sulcus The inferior temporal sulcus is located on
the lateral surface of the temporal lobe, inferior to the superior temporal
sulcus and supero-lateral to the occipitotemporal sulcus, with a general
longitudinal trajectory (Catani and Schotten, 2013; Destrieux et al., 2010;
Rademacher et al., 1992). It acts as the boundary between the middle and
inferior frontal gyri (Catani and Schotten, 2013; Destrieux et al., 2010). It
is a discontinuous sulcus, with reports of between 2 and 7 segments (De-
strieux et al., 2010; Duvernoy, 1999; Ono, Kubik, and Abernathey, 1990).
These segments can also have antero-posterior extensions to the temporal
tips and parietal and occipital lobes and frequently have connections with
surrounding sulci, including the superior temporal sulcus, anterior occip-
ital sulcus, lateral occipital sulcus, inferior occipital sulcus, preoccipital
notch, occipitotemporal sulcus or intraparietal sulcus (Catani and Schotten,
2013; Destrieux et al., 2010; Duvernoy, 1999; Ono, Kubik, and Abernathey,
1990; Rademacher et al., 1992).

occipitotemporal sulcus The occipitotemporal sulcus is a major
landmark of the ventral occipito-temporal lobes (Chau, Stewart, and Grag-
naniello, 2014). Though its presence is widely regarded as constant, it is
characterised as a frequently discontinuous sulcus, extending from the
temporal to occipital lobes but without reaching as far anterior as the
temporal pole (Chau, Stewart, and Gragnaniello, 2014; Destrieux et al.,
2010; Ono, Kubik, and Abernathey, 1990). This sulcus is found between the
inferior temporal sulcus, laterally, and collateral sulcus, medially, acting
as the division between the inferior temporal gyrus, laterally, and the
fusiform gyrus, medially (Catani and Schotten, 2013; Chau, Stewart, and
Gragnaniello, 2014; Destrieux et al., 2010; Ono, Kubik, and Abernathey,
1990). Ono, Kubik, and Abernathey, 1990 describes this sulcus as more
discontinuous than continuous, observing up to 4 segments. Notably, they
also rarely observed (8% of right hemispheres, 4% of left hemispheres)
a “double parallel type”, with segments running parallel to each other,
in an overlapping fashion. These segments often have side branches, or
connections with surrounding sulci, such as the rhinal sulcus, inferior
temporal sulcus or collateral sulcus (Ono, Kubik, and Abernathey, 1990).

rhinal sulcus The rhinal sulcus is a short, constant sulcus of the
ventral temporal lobe (Chau, Stewart, and Gragnaniello, 2014). Its position
is often correlated with that of the collateral sulcus and the anterior
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boundary of the limbic lobe (Destrieux et al., 2010; Duvernoy, 1999; Ono,
Kubik, and Abernathey, 1990). It is described as a antero-medial sulcus
usually projecting from the anterior end of the collateral sulcus, with which
it is sometimes continuous–28% by Ono, Kubik, and Abernathey, 1990,
50% by Chau, Stewart, and Gragnaniello, 2014–and sometimes overlapping
(Ono, Kubik, and Abernathey, 1990 documented overlapping in 52% and
40% of right and left hemispheres, respectively).

superior temporal sulcus The superior temporal sulcus is inferior
to the lateral fissure and runs in a parallel course (Duvernoy, 1999). It
extends from the temporal pole to the posterior end of the lateral fissure,
where it turns superiorly and continues as the angular sulcus. The angular
sulcus is sometimes a true continuation of the superior temporal sulcus,
and sometimes a segmented branch (Duvernoy, 1999). Another horizontal
posterior segment can be the anterior occipital sulcus. Frequently pre-
senting with such branching, segmentation is more common in the left
hemisphere than the right (Ochiai et al., 2004). Asymmetries extend to
depth as well; the right superior temporal sulcus is deeper than the left,
complementing the earlier appearance by 1 to 2 weeks of the superior
temporal sulcus in the right than the left hemispheres during gestation. It
has been suggested that this depth asymmetry, since it does not extend to
other mammals, is unique to the human cortical development, acting as a
“species-specific perisylvian anatomical marker” (Leroy et al., 2015).

temporopolar sulcus The temporopolar sulcus is described
by Catani and Schotten, 2013 as a variable sulcus at the ventral tip of
the temporal lobe, separating the fusiform gyrus from the temporal polar
region. Destrieux et al., 2010 describe the separation of the temporal pole
by the convergence of the antero-lateral planum polare, the superior, mid-
dle, inferior temporal sulci, anterior collateral sulcus and occipitotemporal
sulcus.

3.2.4 Parietal lobe

angular sulcus The angular sulcus is aptly named as a descriptor
of its trajectory beginning from the posterior segment of the superior
temporal sulcus, which can be a true continuation of it or an independent
segment of it (Duvernoy, 1999). It is collectively described as a superiorly-
curving posterior branch of the superior temporal sulcus, angling around
the posterior part of the lateral fissure, to bisect the angular gyrus (Catani
and Schotten, 2013; Ono, Kubik, and Abernathey, 1990; Rademacher et al.,
1992).
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intermediate primus of jensen The intermediate primus of Jensen
is a inferiorly-projecting orthogonal sulcus from the intraparietal sul-
cus (Destrieux et al., 2010). It is one of many downward-projecting
branches of the intraparietal sulcus (Catani and Schotten, 2013; Destrieux
et al., 2010; Ono, Kubik, and Abernathey, 1990). We characterise the in-
termediate primus of Jensen in particular because of its distinction in
bisecting the inferior parietal lobule, acting as the border between the
supramarginal (anteriorly) and angular (posteriorly) gyri (Destrieux et al.,
2010).

intraparietal sulcus A landmark of the lateral surface of the pari-
etal lobe, the intraparietal sulcus courses in a loosely longitudinal manner
from the postcentral sulcus to the hemispheric margin, just superior of the
lateral notch of the parieto-occipital sulcus (Duvernoy, 1999). Its nature is
concave, and can be distinguished by up to three segments: an anterior, as-
cending segment, which may begin from the base of the postcentral sulcus,
the horizontal intermediate segment, which clearly delineates the supe-
rior and inferior parietal gyri, and the posterior descending route which
crosses over into the occipital lobe, continuing as the superior occipital
sulcus (Destrieux et al., 2010; Duvernoy, 1999; Ono, Kubik, and Abernathey,
1990). It separates the superior and inferior parietal lobules (Catani and
Schotten, 2013).

callosomarginal sulcus The callosomarginal or simply ’marginal’
sulcus, is consistently defined as the continued posterior segment of the
cingulate sulcus which extends superiorly to reach the interhemispheric
fissure, just posterior of the superior termination of the central sulcus. At
this position, it lies between the often-bifurcated superior termination of
the postcentral sulcus (Ono, Kubik, and Abernathey, 1990; Rademacher
et al., 1992).

postcentral sulcus The postcentral sulcus is located in the parietal
lobe. It is the first sulcus posterior to the central sulcus and follows
a generally similar antero-inferior trajectory (Rademacher et al., 1992).
While the central sulcus is almost always a single continuous sulcus, the
postcentral sulcus has been reported as either continuous and segmented
into 2 or 3 segments (Destrieux et al., 2010; Ono, Kubik, and Abernathey,
1990). Alternatively, a “double parallel” type has been reported by Ono,
Kubik, and Abernathey, 1990, though not commonly. It is frequently
connected to surrounding sulci, most notably the intraparietal sulcus, and
frequently has side branches projecting into the surrounding gyri (Ono,
Kubik, and Abernathey, 1990; Rademacher et al., 1992). A noteworthy
characteristic of the postcentral gyrus is its common Y-shaped bifurcation
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at its superior termination, which may or may not extend over the superior
hemispheric margin into the medial surface (Ono, Kubik, and Abernathey,
1990; Rademacher et al., 1992).

subparietal sulcus The subparietal sulcus is a landmark sulcus of
the medial parietal lobe (Ono, Kubik, and Abernathey, 1990). On the
medial surface, it is located postero-inferiorly to the posterior end of the
cingulate sulcus, from which it is occasionally a continuation of, and limits
the precuneus from the cingulate gyrus (Destrieux et al., 2010; Rademacher
et al., 1992). It is composed of several branches, and usually appears as an
H-shape or Y-shape which extends inferiorly (Destrieux et al., 2010; Ono,
Kubik, and Abernathey, 1990; Rademacher et al., 1992).

superior parietal sulcus The superior parietal sulcus is located in
the superior parietal lobule, posterior of the postcentral sulcus, anterior
of the parieto-occipital sulcus, and superior of the intraparietal sulcus
(Ono et al, 1990; Destrieux et al, 2010). It is described as inconstant or
supplementary (Ono et al, 1990; Destrieux et al, 2010). It can arise as a
branch of the intraparietal sulcus (Destrieux et al., 2010), and reported by
Ono et al (1990) as having between 0 and 2 branches.

3.2.5 Occipital lobe

anterior occipital sulcus A rather elusive sulcus, the anterior occip-
ital sulcus nonetheless appears in many studies but with varying lobular
positions. Some place it as a posterior branch of either the superior tempo-
ral sulcus (Ono, Kubik, and Abernathey, 1990) or the inferior temporal sul-
cus (Duvernoy, 1999). Its position is ambiguously located in the area where
the temporal, parietal and occipital lobes converge. Some localise it to the
parietal lobe (Rademacher et al., 1992), some to the temporal lobe (Ono,
Kubik, and Abernathey, 1990) and others to the occipital lobe (Duvernoy,
1999).

cuneal sulcus Brodmann, 2007 remarks the presence of the cuneal
sulcus when describing it as a landmark for the V1 striate area, though
not necessarily a boundary of it. Its existence and location is consistent,
though its appearance is not. It is a short, shallow sulcus on the medial
surface of the cuneus, wedged between the parieto-occipital and calcarine
sulci.

inferior occipital sulcus The inferior occipital sulcus is the sulcus
which limits the lateral occipital lobe from the ventral (Destrieux et al.,
2010). Its delineation can be arbitrary, and its descriptions are synonymous
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with other occipital sulci such as the lateral or transverse occipital sulci
(Rademacher et al., 1992).

lateral occipital sulcus The lateral occipital sulcus, sometimes re-
ferred to as the middle occipital sulcus or prelunatus sulcus, is a constant
sulcus which lies in the arbitrary junction between the occipital, temporal
and parietal lobes (Bailey and Urbana, 1951; Destrieux et al., 2010; Ono,
Kubik, and Abernathey, 1990). It acts as the limit between the superior and
inferior occipital gyri (Rademacher et al., 1992). It may arise as a posterior
projection of the superior temporal sulcus and may be connected to sur-
rounding sulci including the anterior occipital sulcus, inferior temporal
sulcus or lunate sulcus (Destrieux et al., 2010; Duvernoy, 1999).

lingual sulcus The lingual, or intralingual, sulcus is so named be-
cause it courses through the lingual gyrus (Destrieux et al., 2010). It is
commonly found and described as a sulcus emerging from the posterior
third of the collateral sulcus, reaching postero-medially into the occipital
lobe (Chau, Stewart, and Gragnaniello, 2014; Destrieux et al., 2010; Ono,
Kubik, and Abernathey, 1990).

lunate sulcus Though a characteristic feature of the macaque brain,
the lunate sulcus proves rather elusive in the human brain (Martin and
Bowden, 2000; Ono, Kubik, and Abernathey, 1990). When present in
humans, it is positioned at a much more posterior location, and is much
less prominent than in the great ape brain (Allen, Bruss, and Damasio, 2006;
Brodmann, 2007). It is described as a short sulcus on the posterior medial
surface of the occipital lobe, near the occipital pole, separating Brodmann
areas 17 and 18/primary and secondary visual cortices (Brodmann, 2007;
Rademacher et al., 1993). Contrary to some other cortical functional areas,
the architectonic transition between the primary and secondary visual
cortices is abrupt (Brodmann, 2007) . Eickhoff, Yeo, and Genon, 2018 have
demonstrated how, at particular locations such as this, cyto- or myelo-
architectonic transitions represent the border of different cortical areas. The
lunate sulcus may act as this border. Ono, Kubik, and Abernathey, 1990

noted its presence only in 40% and 36% of the right and left hemispheres,
respectively. Allen, Bruss, and Damasio, 2006 reported its variability, with
asymmetries within the same brain to variations in shape.

retrocalcarine sulcus The retrocalcarine sulcus is not always
present (Ono, Kubik, and Abernathey, 1990), but when it is it exists
as a separate small sulcus posterior of the calcarine sulcus, on the occipital
pole (Iaria and Petrides, 2007). It can often be included as part of the cal-
carine sulcus as posterior ascending or descending rami (Destrieux et al.,



3.2 literature review of sulci 22

2010; Duvernoy, 1999; Iaria and Petrides, 2007). Elliot Smith, 1902 gave
emphasis to this sulcus in the posterior occipital cortex for its relevance in
comparative anatomy and relationship to the primary visual cortices.

superior occipital sulcus The superior occipital sulcus often arises
as a postero-inferior continuation of the intraparietal sulcus almost reach-
ing the occipital pole (Catani and Schotten, 2013; Destrieux et al., 2010;
Duvernoy, 1999).

3.2.6 Limbic lobe

anterior parolfactory sulcus The parolfactory region lies infe-
rior to the genu of the corpus callosum (Catani and Schotten, 2013;
Rademacher et al., 1992). Here there exists a sulcus called the anterior
parolfactory sulcus, which may not be easily distinguishable from its
surrounding sulci because it often exists as a branch or continuation of
other medial sulci, including the cingulate or superior and inferior rostral
sulci (Ono, Kubik, and Abernathey, 1990). It has been postulated that the
anterior parolfactory sulcus may act as an anterior border to Brodmann
area 25, a region implicated in depression (Hamani et al., 2011).

cingulate sulcus The cingulate sulcus is present on the medial sur-
face, separating the frontal lobe from the limbic lobe (Ono, Kubik, and
Abernathey, 1990). It is the outer boundary of the cingulate gyrus, separat-
ing it from the superior frontal gyrus and paracentral lobule (Catani and
Schotten, 2013). It begins in the subcallosal area and follows the course
of the pericallosal sulcus, in a concentric manner, following the trajectory
of the corpus callosum (Duvernoy, 1999). Posterior to the central and
paracentral sulci, it curves superiorly, turning into the marginal sulcus,
and terminates at the superior hemispheric margin, corresponding to
the position of the postcentral sulcus on the lateral surface (Duvernoy,
1999). On the lateral surface, oftentimes the postcentral sulcus bifurcates
just prior to its termination at the superior hemispheric margin. When
this occurs, the termination of the marginal sulcus usually lies between
these postcentral terminal bifurcations (Ono, Kubik, and Abernathey, 1990;
Rademacher et al., 1992).

hippocampal sulcus The hippocampal sulcus is located on the edge
of the limbic lobe, separating the hippocampus from the parahippocampal
gyrus on the ventral temporal lobes (Duvernoy, 2005; Duvernoy, 1988;
Rademacher et al., 1992). It can be seen from the ventral surface, medial to
the collateral sulcus and with a similar, longitudinal trajectory but more
convex (Ono, Kubik, and Abernathey, 1990).
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intralimbic sulcus The intralimbic sulcus, rarely present nor promi-
nent, exists within the intralimbic gyrus, surrounding the Callosal sulcus
(Destrieux et al., 2010; Duvernoy, 1999; Paus et al., 1996)

3.3 organisation of sulci
In section 3.2, we covered the morphology of individual sulci as reviewed
in numerous classical neuroanatomy sources. From a literature standpoint,
we ascertain degrees of variability or instability of a sulcus. We gather this
knowledge and infer the organisation of the cortex using sulci.

There exists a set of sulci in addition to the primary sulci which can
be expected to be identified in all healthy brains, and have overlapping
definitions in many neuroanatomy sources. These are referred to as the
’secondary’ sulci, or, more ambiguously, the ’major’ sulci. Folding patterns
during neurodevelopment follow basic trajectories which form a rudimen-
tary pattern for the ontogenesis of sulci and gyri on the macroscale. The
folding patterns govern the cortical organisation, and the development of
the primary sulci influence subsequent sulcal developments (Ono, Kubik,
and Abernathey, 1990; Toro and Burnod, 2003).

We compiled sources of sulcal characterisation dating back centuries
until present day, which included a vast array of anatomical techniques
for identification and labelling. We identified a large proportion of overlap
among the sources as well as an equally large proportion of inconsistencies
in the identification of sulci and their namings. In many cases, sulci had
multiple names across sources but the characterisation was the same.
In the case of multiple names, we chose to include the name which is
most reflective of its structural anatomy, as opposed to its functional
relationship.

We present the NeuroLang atlas which has a universal set of 42 sulci. The
schematic presented in Figure 3.2 is a representation of the accumulation of
sulcal characterisations in a form which reflects the pattern of organisation
of the sulci on the cortex in the literature. The positions of the sulci within
each lobe are characterised in relation to the primary sulci, but are not
dependent on sulci within other lobes. For this reason we distinguish the
lobe to which the sulcus belongs in addition to assigning it a position on
the hierarchical organisation. This representation suggests that there exists
a gradient of stability within each lobe, in relation to the primary sulci.
Therefore, the group of the ’secondary’ sulci have a vertical relationship
to the ’tertiary’ sulci, but there are also 4 vertical relationships within the
group of the secondary sulci, within each lobe. From the order in which
sulci are identified per lobe, we derive a semi-hierarchical organisation of
secondary and tertiary sulci, and this is what we depict in Figure 3.2.
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Figure 3.1: Schematic depicting the overlap and disagreement in the sulci of 3

gold-standard sulcal atlases (Destrieux et al., 2010; Ono, Kubik, and Abernathey,
1990; Rademacher et al., 1992). The primary sulci are interlobular markers (except
the calcarine) and are the most stable in their morphology and location. The
secondary sulci were chosen are those represented independently in the Destrieux
atlas, and the tertiary were included in at least one of the sources, or existed in
the Destrieux atlas as sulci merged with their surrounding gyri. Tertiary sulci
are more variable in their existence, morphology, location, relationships to other
sulci, and relationships with other brain features.
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Figure 3.2: Schematic depicting our semi-hierarchical organisation of the uni-
versal set of sulci in NeuroLang. The position of the sulcus in the pyramid
corresponds to its lobular location. The semi-hierarchical organisation signifies
how the identification of a sulcus within a lobe may or may not be dependent
on a previous identification of a different sulcus within the same lobe, but not
necessarily on the identification of a sulcus in a different lobe, even if they are in
the same tier or above. The primary sulci were manually selected, the secondary
sulci are those included as independent regions in the Destrieux atlas template
and could be verified with their Destrieux atlas counterparts, as we show in
Appendix A.1 (Destrieux et al., 2010). The tertiary sulci comprise the remaining
sulci, including those with irregular existence, morphology or location.
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This semi-hierarchical organisation of sulci reflects the way in which
classical neuroanatomists would navigate their way across the cortex in
localising decreasingly reliable sulci. It therefore reflects the intuitive
methodology for sulcal localisation based on the spatial geometry of the
surface. It is this property of classical neuroanatomy descriptions we
use in this work to devise a method for progressively localising cortical
sulci. However, our literature-based semi-hierarchical ordering proves that
characterisations of the sulci and sulcal reliability are quite arbitrary. To
combat this, we would need our own set of ’ground truth’ neuroanatomy
in which to base our own sulcal neuroanatomy localisation on and for the
validation of our sulcal mapping queries in NeuroLang. While automated
identification of sulci is a necessary step for the investigation of large
populations, ’tedious anatomy’ provides the necessary accuracy and inter-
individuality, a case neatly put forth by Devlin and Poldrack, 2007.



4 B R A I N M A P P I N G I N
N E U R O I M A G I N G

4.1 imaging the brain

4.1.1 Templates

Before the advent of advanced neuroimaging tools, cortical anatomy took
place largely on the gyral surface as the sulci were, for the most part,
hidden (Zilles and Amunts, 2010). Modern neuroscience has unlocked the
prominence and relevance of the sulcal features for anatomical landmark-
ing and correlations with structure and function. Brain atlases bridge the
gap between information on and within the surface (Evans et al., 2012).

Modern brain mapping originated in the 1960s with the seminal work
of Jean Talairach who introduced ’Talairach space’, the transformation
of brain images into 3D coordinates (Talairach et al., 1967). This system
was based on two landmark points on the sagittal plane of the brain,
the anterior commissure (AC) and the posterior commissure (PC). This
work culminated in the widely used anatomical spatial reference system
described in Talairach and Tournoux (1988). The line between the two of
these is the ACPC line and is the foundational reference point for linear
alignment between brain images. Efforts to create standard ’templates’
for neuroanatomy through MRI blossomed across North America and
Europe in parallel, as groups gathered data from various sources to try
to build a standard model for brain mapping (Evans et al., 2012). Some
of the difficulties and obstacles they encountered they overcame, others
remain as drawbacks to this day. For example, the identification of the
AC and PC points are not standard (Nowinski, 2020). Among these are
the extrapolation of cerebral morphology from a lack of sufficient data,
such as mirroring the hemispheres, when it is commonly accepted that
there are considerable left-right asymmetries which should be taken into
consideration. It is a challenge to create a template which is based on a
diverse enough dataset of human cerebral morphology but still applicable
to the mass population.

The creation of a template in Talairach space paved the way for further
standardisation techniques in the brain mapping field. An atlas derived
from a single adult subject was created by Talairach and Tournoux in
Talairach space (Talairach and Tournoux, 1988). However, it posed its own
limitations, such as its lack of anatomical variability (Iaria and Petrides,
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2007; Talairach and Tournoux, 1988). Soon, MNI space followed. Beginning
with a template from manually labelled anatomical landmarks in the
1990s, images from a large set of young, healthy subjects were aggregated
and averaged to a template, correcting for brain size and orientation, and
resulted in the original MNI305 atlas (Evans et al., 1994). This evolved
and was updated in the next decade to become the MNI 152 atlas, which
remains a gold-standard anatomical tool today.

The benefits of a stereotaxic template system abound. It is incredibly
practical to have a universal set of coordinates which groups working on
different datasets, using different methods or pipelines can agree upon
and understand each other (Nowinski, 2020). It also allows for replication
of studies with different subjects, a branch of neuroimaging studies which
is consistently lacking (Poldrack et al., 2017).

4.1.2 Spaces in neuroimaging

There are many different coordinate spaces which can be used in neu-
roimaging analyses. Brain images are represented using voxels, the 3-
dimensional equivalent of pixels for 2-dimensional images. The voxel
dimensions can vary but are typically 1mm x 1mm x 1mm, and are spaced
equally on a 3-dimensional grid. Each voxel can be described in a data
array by its index or by its coordinates. There are some spaces, including
MNI space and ACPC space, which have their coordinates as stereotaxic
locations in the form (x, y, z), relative to the origin point (0, 0, 0), fixed
as the intersection of the anterior commissure with the interhemispheric
fissure (Eickhoff et al., 2005a; Talairach and Tournoux, 1988). The mapping
between these two forms is by carried out by an affine transformation. The
orientation is in the RAS form; the x-axis points to the right, the y-axis
points to the anterior, and the z-axis points to the superior.

A subject’s MRI T1 (T1) scan without any correction or processing done
to it is referred to as being in native volume space. Native space conserves
individual head size and shape. T1 and T2 are pulse sequences commonly
used in MRI acquisition. T1 images are used to identify cortical structures
as they appear appear grey in T1, with the white matter lighter grey, and
liquid such as cerebrospinal fluid appearing black.

These two types of images, generated by altering the relaxation (ET)
and repetition (TR) times, can be used separately but also together. The
contrast of the images can elucidate features of cortical anatomy otherwise
unfounded, as well as revealing relative underlying cytoarchitecture and
myeloarchitecture (Cohen-Adad, 2014; Glasser and Essen, 2011; Shams,
Norris, and Marques, 2019). This feature is particularly useful due to
the difficulty in acquiring exhaustive and flexible cytoarchitectonic and
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myeloarchitectonic maps (Eickhoff et al., 2005a; Eickhoff et al., 2005b;
Zilles and Amunts, 2010).

We can see how templates inherently lack anatomical sensitivity. While
the main landmarks of the brain are typically preserved in their location,
shape and depth, much of the particularities of lesser-known sulci which
are not regarded as landmarks are either somewhat or completely glossed
over.

As previously mentioned, sulcal morphological variability is closely
linked with architectonic variability of the underlying neuronal makeup.
A significant hindrance in the cortical parcellation community is the
difficulty in capturing the wide inter-individuability which exists in corti-
cal morphology (Evans et al., 2012; Mangin, Jouvent, and Cachia, 2010;
Nowinski, 2020; Roland and Zilles, 1994).

4.1.3 Atlases

As brain mapping techniques gained traction over the last 40 years, sur-
face neuroanatomy became increasingly relevant for precise alignment
in neuroimaging. The characterisation of sulci became crucial for the es-
tablishment of reliable sulci as reference landmarks (Auzias et al., 2013).
Brain templates and coordinate systems relied on accurate anatomical
landmark localisation as a basis (Destrieux et al., 2010; Talairach et al.,
1967; Van Essen and Drury, 1997). As presented in chapter 3.1, sulcal
landmarks are typically reliable in terms of their position, orientation and
relative location to other cortical regions. They are thus critical for the
development of dependable atlases or templates which must be general
enough to be fit onto any brain but accurate enough to reliably label all
brain regions.

Brain atlases have been developed on the basis of probability. While
many brain regions exhibit large variability between subjects in their
location and size, a considerable subset of brain regions are relatively
stable in their locations relative to regional landmarks such as the ACPC
line or sulcal landmarks such as the Central sulcus or the Lateral fissure.
Probabilistic brain atlases for the cortex per hemisphere are subdivided
into various numbers of regions (48 in the Harvard-Oxford Atlas (Caviness
et al., 1996), 37 in the Destrieux atlas (Destrieux et al., 2010), 45 in the
Anatomical Labeling atlas (Tzourio-Mazoyer et al., 2002)) (Figure 4.1).

Templates for atlases are created by averaging a set of brain images
to create a model image of the population and developing a deforma-
tion algorithm which will allow for the transformation of the template
image to be warped onto any new brain image. Human cortical tem-
plates work by aligning template images voxel by voxel to a brain image
(Diedrichsen, 2006). This is achieved via a deformation transformation
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Figure 4.1: Timeline of the development of some notable cortical atlases. Current
atlases incorporate vast anatomical and functional information, but there exists
great discrepancy in anatomical nomenclature and definitions. Atlases encompass
a large overlap of cortical features in humans but tend to lack the ability to
express individual variation (Auzias, Coulon, and Brovelli, 2016; Bellec et al.,
2010; Caviness et al., 1996; Desikan et al., 2006; Destrieux et al., 2010; Rivière et al.,
2009; Schaefer et al., 2018; Thomas Yeo et al., 2011; Tzourio-Mazoyer et al., 2002).
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which can take into account factors including inter-individual variability
of sulci (Diedrichsen, 2006; Mangin, Jouvent, and Cachia, 2010). Cortical
landmarks can be manually predetermined (Diedrichsen, 2006; Talairach
and Tournoux, 1988) or automatically (Desikan et al., 2006; Destrieux
et al., 2010). By necessity, a template ends up smoothing out much of the
variability which is exhibited between any set of subjects, and relies on
inter-subject matching on the coarse scale.

With surface neuroanatomy as a basis, atlases can rely upon the intrinsic
geometrical organisation of the cortex. For example, Toro and Burnod,
2003 conveyed the organisation of the cortex as a geometrical atlas. Auzias,
Coulon, and Brovelli, 2016 constructed the Mars Atlas on the basis of the
anterior/posterior and superior/inferior designation of the sulci (shown
in Figure 4.1).

4.1.4 Sulcal parcellations

Surface-based registration techniques depend on the reliability of cortical
landmarks (Yun et al., 2019). Extensive work has been carried out to
accurately extract sulci to be used for brain mapping. One of the most
widely-used tools for the analysis of neuroimaging data is Freesurfer, devel-
oped in 2012 (Fischl, 2012). Freesurfer carries out automated volume-based
and surface-based analysis of brain features from T1 images. It includes
tools for inter-subject alignment from cortical folding patterns (Fischl et al.,
1999), sulcal parcellations (Desikan et al., 2006; Destrieux et al., 2010), and
probabilistic estimation of cytoarchitectonic regions (Fischl et al., 2008,
2004). Freesurfer was essential to the processing pipeline of the Human
Connectome Project dataset, which we use in our analysis (Glasser et al.,
2013).

Templates depend on the reliability of sulcal landmarks to spatially
delineate the brain, because of their uniformity across subjects (Desikan
et al., 2006; Im et al., 2010; Yun et al., 2019). Sulcal extraction is often carried
out on the basis of its defining characterisation: depth. The maximum
depth measure of a sulcus, described as its ’basin’ or ’pit’, provides a
reliable measure for extracting sulci (Auzias et al., 2015a; Yun et al., 2019).
Many approaches rely on the depth of a sulcus as a measure between its
deepest point and the external surface of the cortex, where the curvature
is either flat or convex (Im et al., 2010), or the local depth measured by
average convexity (Fischl, Sereno, and Dale, 1999).

Auzias et al., 2015a extracted sulcal pits without the need of an external
surface reference point, but rely on a Freesurfer-based surface template.
Alternatively, Klein et al., 2017 compute their own shape measures for each
labelled region, then extract cortical features such as ’folds’ based on the
shape measures. The ’folds’ are grouped vertices which are connected and
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convex, and are extracted on the basis of their depth. The folds can then
be segmented according to an a priori atlas labelling protocol. Labelling of
folds into sulci resolves the lack of correspondence of fold shapes across
subjects (Klein et al., 2017).

While sulcal parcellation and labelling techniques are currently suc-
cessful in distinguishing sulci based on both their location and their
morphologies, we recognise the opportunity to carry this function out on
an individual level. By harnessing existing sulcal extraction techniques
such as the one mentioned by Klein et al., 2017, and applying the concepts
of sulci as spatial regions and interval algebra (Dameron, Musen, and
Gibaud, 2007; Dylla et al., 2017; Navarrete et al., 2013), we utilise the
individual geometry of each person’s sulcal arrangements to identify and
label them in a subject-specific manner. We add our method to existing
sulcal parcellation techniques, notably in the pertinence of taking tertiary
sulcal variability into account.

4.1.5 Spatial geometry of the cortex

The geometry of the cortex is the mathematical study of its shape and its
space. Spatial geometry refers to the structure and relationships of objects
in a space in terms of points, lines, boxes or other geometric shapes. Terms
used in spatial language utilise the vocabulary of spatial relations to relate
objects in space to each other.

For our purposes of identification and labelling, we consider the qual-
itative relationships of pairs of sulci to each other of higher importance
than the morphology of the sulci. We apply spatial geometry to the sulci
of the cortex to consider each sulcus as a brain region and relate it to the
primary sulci.

To determine relativity of sulci to the primary sulci, we will apply the
concept of interval algebra, as introduced by Allen, 1983, reviewed in
Dylla et al., 2017 and expanded upon by Navarrete et al., 2013. Navarrete
et al., 2013 focus specifically on rectangular cardinal relation calculus, and
lay out all the possibilities of spatial relationships between two rectangles
using cardinal relations. For two rectangles, one is taken as the ’primary
region’ and the other as the ’reference region’, with their ’minimum bounding
rectangle’ determining their place in space in relation to each other.

4.1.6 Representing sulci as spatial regions

In response to feedback from the jury, we also look at how sulci have
been represented using spatial regions within the space of the brain. The
formalisation of the ontology of anatomical brain regions has been studied
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before, with the aim to capture the concepts of the characterisations of
and relationships between brain regions (Dameron, Musen, and Gibaud,
2007; Rosse et al., 1998). Conceptually, representing sulci as distinguishable
spatial regions with distinct relationships to other sulci spatial regions is
intended as the ontological formalisation of existing anatomical knowledge
bases, such as the extensive sulcal atlas by Ono, Kubik, and Abernathey,
1990. The formalisation acts as standardising neuroanatomical references,
and such a knowledge base is useful in fields including neuroimaging and
neurosurgery (Mangin et al., 2004b; Rosse et al., 1998).

Sulci as spatial regions can be represented on either the 2D or 3D plane.
On the 2D plane, sulci as longitudinal or latitudinal orientations were
explored as reference points on a 2D coordinate system by Auzias et al.,
2013 and Mangin et al., 2004b. Auzias et al., 2013 used a coordinate-based
system to assign sulci to either a longitudinal or latitudinal orientation,
which served as the basis for the Mars Atlas (Auzias et al., 2015b; Auzias,
Coulon, and Brovelli, 2016). This was also investigated by Mangin et al.,
2004b, using the longitude/latitude system as a 2D reference system for
anatomy in neuroimaging analyses. However, due to the simplification
of the morphological variabilities of sulcal patterns, such representations
lack the ability to be used in conjunction with the investigation of other
cortical features such as integrative functional regions or cytoarchitectonic
areas (Mangin et al., 2004b).

The ontological model proposed by Dameron, Musen, and Gibaud,
2007 comprises sulci as concepts, and describes their characterisations
and relationships to other sulci. For the definition of sulci as concepts,
morphological and topological information are used to define sulci. Such
constraints can apply to any candidates which fulfill the conditions (’all
reality’), or specific conditions, (’only reality’). In this way, logical inter-
pretations of anatomical characterisations of sulci are used to model the
possible variabilities of both sulcal morphologies and sulcal relationships.
They also subsume lobular regions into lobes. The known anatomy and
relationships of sulci can then be grouped and organised into a taxonomic
hierarchy, from which dependencies between topological relationships can
be inferred.

This work provided inspiration for our method for building upon sulcal
representation using spatial geometry. The work of Dameron, Musen,
and Gibaud, 2007 extend spatial regions of sulci but do not use relative
spatial relationships for navigation, with the purpose of identifying and
labelling unknown sulci. We show how the representation of sulci as
spatial regions has been used for the coordination of sulcal landmarks
as the basis for sulcal-labelling techniques (Auzias et al., 2013; Auzias,
Coulon, and Brovelli, 2016; Rosse et al., 1998), and the formalisation of
anatomical descriptions (Dameron, Musen, and Gibaud, 2007). We propose
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to expand upon this body of work to add the use of representations of
sulci using spatial regions for the purposes of navigating across the cortex
according to cerebral spatial geometry. By representing sulci as spatial
regions in relation to landmarks, we propose a sulcal labelling technique
which identifies and labels sulci according to individual morphology
and relationships, allowing for wider inter-individual variability of sulcal
mapping.

4.1.7 Domain-Specific Languages

A domain-specific language (DSL) is a type of language used in computer
programming as a way to formalise and represent knowledge. It is devel-
oped to solve problems existing within a certain domain, therefore specific
to a particular field of knowledge. The advantage in using a DSL as op-
posed to a general-purpose programming language is that it increases the
expressability of complex concepts within a field (Davison, Hines, and
Muller, 2009; Tian et al., 2006). DSLs exist in many different fields, such as
mathematical modelling (Louboutin et al., 2019), video game development
(González García et al., 2019), or music programming (Rauber, Bois, and
Ribeiro, 2019). They are useful for allowing a user to interface with a
large amount of relevant data. This is particularly useful in neuroimag-
ing, where the last few decades have seen a huge influx of neuroscience
data (Dockès et al., 2020). To accommodate this, researchers have been
developing tools for dealing with large databases of neuroscientific data,
such as Neurosynth (Yarkoni et al., 2011), a large-scale meta-analystic
neuroimaging database, NeuroQuery, a reverse-inference neuroimaging
prediction tool based on the meta-analytic data of Neurosynth (Dockès
et al., 2020), and NeuroQL. NeuroQL is a DSL proposed for neuroscientists
to work with a vast array of neuroscience databases. NeuroQL integrates
concepts specific to neuroscience, such as neuronal structures and proper-
ties, with simple operators which increase interpretability, and complex
operators which allow for the descriptions of complex relationships (Tian
et al., 2006).

In the case of brain mapping, using a DSL is advantageous because the
language, features, and concepts of anatomy can be integrated directly into
the structure of the programming language. NeuroLang is a DSL, but it is
not the first DSL to exist for solving neuroanatomical queries. The White
Matter Query Language (WMQL) was introduced in 2013 as a query-based
tool for defining and identifying the major white matter tracts of the brain,
with a near-to-English syntax (Wassermann et al., 2013). Acting as a
bridge between white matter anatomy and computer science, the queries
were translations of classical neuroanatomy descriptions taken from the
literature. The parameters defined within this domain are parameters used
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by anatomists to describe the anatomy of white matter tracts: ’endpoints
in’, ’traverses through’, ’anterior of’ (Wassermann et al., 2013, 2016).

We develop a tool which stems from the same idea. The formalisation
of the definitions of brain regions in the literature and in brain mapping
tools is an ongoing process. One complexity in the process is the dif-
ficulty in agreeing on definitions. We explore the capacity of the field
to accommodate a flexible tool for anatomical identification, where the
directional terms of neuroanatomy are integrated directly into the struc-
ture for composing sentences, and properties and relations can be layered
to create complex characterisations of sulci which are changeable. We
build descriptors of cortical anatomy directly into the back-end of our
domain-specific language. The syntax is the set of rules which govern
the structure of well-formed expressions in a language. In our language,
the well-formed expressions are composed of the descriptors of cortical
anatomy. We use the syntax of first-order logic to translate the language of
classical neuroanatomy in our DSL.



5 F I R S T O R D E R LO G I C

To construct a domain-specific language (DSL) for the characterisation of
the cortex, we need a method for representing the knowledge of classical
neuroanatomy. We sought to include a system which reflects this conse-
quence of logic which the characterisation of sulci in the literature follows.
The syntax of our DSL is independent, and can be implemented using the
rules of first-order logic.

First-order logic (FOL) is a type of logic used in mathematics and phi-
losophy for representing knowledge. It is flexible and has a near-English
syntax (Jurafsky and Martin, 2019; Van Harmelen and Lifschitz V, 2008).
FOL is used to convey knowledge and communicate relationships of its
elements. FOL is particularly favourable for representing declarative knowl-
edge, meaning statements which are either true or false (Van Harmelen
and Lifschitz V, 2008).

Like English, the two main components of structuring the language
are syntax and semantics. The syntax of a language is the study of the
elements and rules which make up the language (Chomsky, 2002). The
term’s etymological roots in the Greek words συν and ταξη, meaning
with order, describe how the syntax of a language is meant to provide
the structure and regulations to give a language meaning through its
semantical output, coming from the Greek word for significant (σημαντικο).
Information is communicated by the construction of basic phrases (syntax)
which designate information about an object (semantics). Phrases can
then be incrementally layered to create added layers of complexity to
describe objects in the world and their relationships to each other. FOL is
widely used in this way in various fields involving logistics to formalise
knowledge representation (Van Harmelen and Lifschitz V, 2008).

The use of FOL allows for the development of an independent lan-
guage with its own syntax. Therefore, FOL can act as an intermediary
for a DSL. First we go over the syntactical components necessary to con-
struct expressions in FOL, and then the semantic interpretation of these
expression.

In FOL, the world is represented using objects. Knowledge of objects is
conveyed through their properties and their relations, which are repre-
sented using predicates. Describing an object or its relations are a way of
declaring information about the object. We call these declarations formulae,
and the formulae with the status of the formula statements.
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When working in FOL, the world is represented in a specific domain,
which can change according to what is being represented. The domain is
a set of objects being represented. The objects can be known or unknown,
single elements or grouped, but all exist within the same domain. The
words object and elements are used interchangeably to indicate an indi-
vidual entity within the domain. The domain can be include constants,
variables, terms, functions, properties, and relations.

• Objects are things within the domain with individual identities. They
are represented by either a constant or a variable, depending on how
they are to be used (Jurafsky and Martin, 2019).

• Constants refer to single objects which remain unchanged.

• Variables refer to either a single unknown object alone or within a
group of other unknown objects.

All the objects included in a model, constants and variables, are unique
and together compose the domain (Jurafsky and Martin, 2019). Terms can
also be used to describe elements of the domain, as constants, variables or
functions:

• A function, typically denoted by f, is used to map objects to each
other. It is is a predetermined action to execute on a non-empty set
of objects. Therefore if x is a variable, then x can also be a term, and
f (x) is also a term.

Within this section, we will represent two constants as A and B where A
6= B, and two variables x and y, where x 6= y.

Predicates are symbols which provide information about the objects,
denoted by P. Predicates can define relationships of n objects, where n >
0. Predicates relating to single objects are called one-place predicates (e.g.
P(x)) and those relating two or more objects are called two-place predicates
(e.g. P(x1,...,xn)) (Jurafsky and Martin, 2019). Defining characteristics to
indicate relationships are ways to semantically represent knowledge.

Quantifiers are operators in FOL which dictate how many objects in the
domain the formula refers to.

• ∀ : If a formula is applicable to any object, it is denoted by the symbol
∀, which is read as ’for all’.

• ∃ : If the formula can apply to at least one object in the domain,
the quantifier ∃ declares that ’there exists’ at least one object of the
domain which satisfies the formula (Jurafsky and Martin, 2019).
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Quantifiers are used in FOL semantics to state the status of an object
in a formula, e.g. ∃xP(x), where the quantifier ∃ states the existence of x
within the formula P(x).

A variable can be bound or free. It is bound if it is attached to a pred-
icate within the formula and a free variable is not attached to a sub-
formula (Abiteboul, Hull, and Vianu, 1995). In the example ∀x P(x, y), x is
a bound variable and y is a free variable.

A formula is an expression which can refer to several situations using
FOL. It can refer to the relationship between two objects, or it can eval-
uate the relationship of a predicated or non-predicated object or objects
(Smullyan, 1968). Suppose P is a predicate and x and y are variables where
x 6= y. A formula can refer to either a singular predicated object or multi-
ple predicated or non-predicated objects. The predicate P can act upon a
single object (e.g. P(x)) or more than one object (e.g. P(x, y) or P(x1,...,xn)).
A formula can also refer to the combination of more than one formula.
For example, P(x) and P(y) are each a formula, and P(x) ∧ P(y) is also a
formula. A formula can be represented with the symbol ϕ or ψ. Below are
examples of each type of possible formula:

• P(x1,...xn)

• x 6= y

• ϕ

• ¬ϕ

• ϕ ∧ ψ

• ϕ ∨ ψ

• ∀ x ϕ (For all x, ϕ holds)

• ∃ x ϕ (There exists x in which ϕ is satisfied)

The outcome of a formula can be true or false, and these are called truth
values (Van Harmelen and Lifschitz V, 2008). Logical connectives are used
within FOL to join, add or negate formulas. The logical connectives are
a part of propositional logic, a subset of FOL (Van Harmelen and Lifschitz
V, 2008). A more basic form of logic, it proposes relationships between
objects which can join, intersect or exclude them, and allows for conditional
statements. The same operators are used in both propositional logic and
FOL. Nevertheless, propositional logic is limited in its capacity to formally
express complex knowledge (Abiteboul, Hull, and Vianu, 1995). There are
four logical operators which carry out the above tasks:
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1. Between two formulas, the symbol ∧ denotes a conjunction, creating
the intersection of the two, indicating that both conditions must be
satisfied.

2. The symbol ∨ is called a disjunction, and indicates the union of the
two formulas, so that what is to be considered must be satisfied by
either of the formulae.

3. The symbol ¬ is called a negation and contradicts a formula, revers-
ing its truth value.

4. The symbol→ is called an implication. It indicates the outcome, or
consequence, of a conditional statement or formula. If p → q, read
as "if p, then q", p is the antecedent of the statement, and q is the
consequence.

5. The symbol ↔ demonstrates a biconditional implication. If p↔q, it
implies that p is only true if q is true, and q is only true as long as p
is true. This statement is read as "p if and only if q".

The truth values of an expression are part of the semantics of FOL. For
example, there are 8 implications of truth values from the combination of
2 expressions. Construction of formulae in FOL are based on the above
formula types, and can stand alone or as combinations. A well-formed
formula can be proven by deducing it into its basic formulae.

For example, supposing ϕ and ψ are both formulae, the formula ϕ→ ψ

is an implication, and we can symbolise it with Φ. It can be broken down
and rewritten as combinations of the basic formulae listed above, and
retain its meaning, called an equivalence (Van Harmelen and Lifschitz V,
2008). If ϕ is true, then ψ holds true. If ϕ is false, ψ is false. We can rewrite
Φ as (ϕ ∧ ψ) ∨ (¬ ψ). We say that:

ϕ→ ψ ≡ (ϕ ∧ ψ) ∨ (¬ ϕ) (5.1)

is an equivalence. The equivalent formula can be further simplified into
¬ϕ∨ψ, but for pedagogical purposes to show their equivalence, we show
it as it is in equation 5.1.

We can prove this is true by showing that their truth tables for ϕ→ ψ

and (ϕ ∧ ψ) ∨ (¬ ϕ) are the same:
The truth table of Table 5.1 for this implication are such because they

are defined, conditionally, purely in terms of the truth values of the
constituents of the formula, ϕ and ψ. Therefore, if both ϕ and ψ are true,
then Φ must be true. If ϕ is true and ψ is false, Φ is false. For a true
implication, the truth of ψ is implied by the truth of ϕ. If ϕ is true, ψ
should be true. A true ϕ would not imply a false ψ, therefore in the second
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ϕ ψ ϕ→ ψ

T T T
T F F
F T T
F F T

Table 5.1: Truth table for the implication of ϕ→ ψ, where ϕ and ψ are unique
formulae, T=true and F=false.

case, Φ is false. The third case can be proven by looking at the inverse
problem: ϕ 6→ ψ is false because even if ϕ is true, ψ is nevertheless false.
Therefore if ϕ 6→ ψ is false, then ϕ→ ψ is true when ϕ is false and ψ is
true. Finally, when ϕ and ψ are both false, the implication is true: it is true
that when ϕ is false, ψ is also false.

In Table 5.2, we demonstrate how the equivalent formula has the same
truth value table as the implication formula

ϕ ψ ϕ∧ψ ¬φ (ϕ∧ψ)∨(¬ϕ)

T T T F T
T F F F F
F T F T T
F F F T T

Table 5.2: Truth table for the equivalence of ϕ→ ψ, where ϕ and ψ are unique
formulae, T=true and F=false.

Furthermore, as stated in number 5 of the logical operators above, the
biconditional formula ϕ ↔ ψ states that ϕ holds if and only if ψ holds.
They are conditions of each other. We can rewrite this as:

ϕ↔ ψ ≡ (ϕ→ ψ) ∧ (ψ→ ϕ) (5.2)

where ψ ϕ has the reverse truth table of ϕ→ ψ (Table 5.4). We obtain the
truth tables of the biconditional formula and of the equivalence formula
to show how they match, in Tables 5.3 and 5.4.

The truth tables match for both, and the semantics are the same. When
either ϕ and ψ, or ϕ → ψ and ψ → ϕ, are both true or both false, the
biconditional formula of the two is true.

A tautology is a formula, but not all formulae are tautologies. From
the Greek work ταυτος meaning identical, it denotes the expression of a
self-serving formula, or a formula which is true in every possible outcome
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ϕ ψ ϕ↔ ψ

T T T
T F F
F T F
F F T

Table 5.3: Truth table for the biconditional formula ϕ→ ψ, where ϕ and ψ are
unique formulae, T=true and F=false.

ϕ→ ψ ψ→ ψ (ϕ→ ψ)∧(ψ→ ϕ)

T T T
F T F
T F F
T T T

Table 5.4: Truth table for the equivalence of ϕ↔ ψ, where ϕ and ψ are unique
formulae, T=true and F=false.

(Van Harmelen and Lifschitz V, 2008). The laws of tautology declare that
if ϕ→ ψ, then ¬ϕ→ ¬ψ also. Another example of a tautology is:

P(x) ∨ ¬P(x) (5.3)

In the case where an expression can be true or false, the outcome is
always true. In the case of equation 5.3, regardless of the truth values of
the formulae P(x) and ¬P(x), the truth value of the formula of the union
of the two will always be true, and that makes it a tautology.

An axiom is a formula which is considered to hold within a given theory.
Its intention is to capture foundational statements and concepts within a
given domain. An axiom which is considered to be true must hold true
for all logical consequences of the axiom (Abiteboul, Hull, and Vianu,
1995). The semantics of the symbols in an axiom must be defined within
the theory. Therefore, axioms can be used within the domain to prove
theorems.

The semantics of subsequent formulae within the theory are derived
from the axioms. In the case of the above tautology, it can be used as an
axiom if we rewrite it as:

∀x P(x) (5.4)
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where x ∈ Objects and P is a predicate stating "is an unlabelled sulcus".
As an axiom, all logical consequences of the axiom hold true as well, such
as:

∀x P(x) ≡ ¬∃x ¬P(x) (5.5)

If we add to the theory another axiom:

∀y Q(y) (5.6)

where y ∈ Objects and Q is a predicate stating "is a primary sulcus", we
can deduce the following information from axioms 5.4 and 5.6:

∀x∀y (P(x) ∧ ¬ Q(x)) ∨ (Q(y) ∧ ¬ P(y)) (5.7)

This axiom states the statuses of all the variables and constants within
our set, by declaring that for all x where x is a variable, x is not a constant,
and for all y, y is a constant and not a variable. All logical consequences of
this axiom can be formulated as well, such as:

∀xP(x) ≡ ¬∀xQ(x)
∀yQ(y) ≡ ¬∀yP(y)

(5.8)

Using FOL, the world can be broken down into constituents and be
pieced together, choosing the objects and relationships we want to con-
serve. The combination of predicates and connectives allow for the logical
deduction of knowledge about the objects. The deduction is by inter-
preting the truth values of the formulae (Van Harmelen and Lifschitz V,
2008). Deductions formed from two or more true propositions are deemed
syllogisms. From the Greek word meaning conclusion (συλλογισμος) and
first coined by Aristotle, it indicates a deduction of knowledge by logical
reasoning. For example:

All Primary sulci are sulci

Not all sulci are Primary sulci.

Therefore, there exists at least one sulcus which is not a Primary sulcus.

We use the rules of First-Order Logic to construct sulcus-specific queries
in NeuroLang. As domain-specific predicates, we use translations of neu-
roanatomy, and translations of English descriptors to conjoin or disjoin
characterisations of sulci for sulcus-specific mapping on the cortex.

Our domain consists of a resolution of a finite set of elements. Con-
structing a query language for a finite database is the common adopted
practice, and first-order logic can be a good system to represent relational
algebra (Abiteboul, Hull, and Vianu, 1995). In subsection 7.1, we will
describe how we utilise FOL for the translation of relational algebra for
sulcal mapping.



6 H Y P OT H E S I S O F T H I S W O R K

Definitions of brain regions occupy the space at the intersection between
classical and automated anatomy. In this part, we have demonstrated
how sulci are one aspect of brain anatomy, and a vital one. Ranging from
boundaries of lobes to boundaries of cytoarchitectonic areas, from associa-
tions between function and connectivity, the localisation and identification
of sulci continues to be critical to the increasingly interdisciplinary field of
computational neuroscience.

The aim of this work is to translate what has been achieved in classical
neuroanatomy for centuries into a domain-specific language using first-
order logic and sulcal characterisations, to harness the classical method
in order to label sulci based on individual topography. From classical
neuroanatomy, we have identified a method for anatomical labelling. This
method allows for orientating oneself in the brain and navigating oneself
across the topography using spatial geometry relations. Using this as a
basis, we developed 35 sulcus-specific queries, within their own domain-
specific language, NeuroLang. The queries were tested on 52 healthy
subjects of the Human Connectome Project dataset, and the query perfor-
mances were assessed. The results of the queries and their implications
on the population and individual levels were reviewed. The significance
of our method and findings are examined in the last part, Implications
of sulcal mapping using queries, III. We provide a method for bridging
the gap between classical neuroanatomy and computational neuroscience
for the localisation, identification and labelling of primary, secondary and
tertiary sulci in neuroscience.

The contributions of this work are three-fold:

1. Firstly, we establish a sulcal atlas with a semi-hierarchical structure
based on an extensive literature review of sulci dating back cen-
turies. Gathering sulcal information on naming, characterisation of
the properties and location, existence on the cortex, neurodevelop-
ment and relationships to surrounding cytoarchitectonic regions, we
systematised the data to demonstrate our proposed literature-based
semi-hierarchical organisation of sulci on the neocortex.

2. Secondly, we carried out the manual segmentation of 10 brains,
implementing our sulcal atlas. With an average of 39 sulci per hemi-
sphere, we provide a thorough, verified sulcal dataset which stands
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independently from the rest of our work. This dataset can act as
ground truth sulcal neuroanatomy for future studies.

3. Lastly, we develop 35 sulcus-specific queries as translations of clas-
sical neuroanatomy descriptions of sulci. Tested on a dataset of
HCP subjects, we present the results on the population level and
individually. We consider the impact of the use of NeuroLang on
large-scale sulcal identification as a method for population-level anal-
yses and subject-specific investigations into neuroscientific pursuits.
We implement our method are propose a novel, data-driven hierar-
chical organisation of sulci derived from the quantification of sulcal
stabilities.
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D E S I G N A N D I M P L E M E N TAT I O N O F
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7 D E V E LO P M E N T O F
N E U R O L A N G

Sulcal taxonomy allows for the determination of the cortical regions we
seek and a semi-hierarchical order in which to localise them. NeuroLang’s
goal is to map the cortex in this order. Within our language, the universal
set of sulci are the objects. The primary sulci are initially identified using
the Destrieux atlas for established consistency, while the remaining objects
are unlabelled folds extracted by Mindboggle.

7.1 first order logic for the construc-
tion of queries

In the field of classical neuroanatomy, locations and morphologies of brain
regions do not have precise coordinates interchangeable between sub-
jects. Their traits and associations to neighbouring or non-neighbouring
areas exhibit patterns of consistency, but are nonetheless subject to indi-
vidual variability which is dependant on varying ratios of genetics and
environmental influences, depending on the brain region.

By transcribing brain regions into objects which can be described and
contrasted, the combination of using predicates for asserting the charac-
teristics of objects and for describing any relationships they may have to
each other allows us to transcribe the nature of classical neuroanatomy.

First-order logic (FOL) is applicable to our query-based language be-
cause it is the best representation of the syntax and semantics of the
language of classical neuroanatomy for the translation into queries, with
minimum loss of knowledge. Using FOL in a domain-specific language
means we layer formulations of the language of anatomy. In classical
neuroanatomy, definitions of sulci vary greatly across sources and are
largely dependent on numerous factors. Nonetheless, a few fundamental
considerations can be taken into account when assessing how to transcribe
classical neuroanatomy into FOL for queries. The computer can then solve
queries based on the statements or phrases. As a result of this, it is a
good tool to use to translate the nature of neuroanatomy, which largely
revolves around the properties and relationships of regions of the brain.
Such objects, individually distinct, have key features and relationships
with each other which define them. These features are either true or false,
and can thus be well represented using FOL.

46
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In our NeuroLang domain, the sulci are the objects. In classical neu-
roanatomy we name 5 primary sulci. In NeuroLang, the lateral fissure is
split into 3 geometrically unique segments: the posterior lateral fissure,
the anterior horizontal ramus and the anterior vertical ramus of the lateral
fissure. Therefore, the 7 primary sulci segments are predetermined and
labelled to begin with, and the unlabelled sulci extracted by Mindboggle
are the unlabelled objects. Table 7.1 displays the predicates for character-
ising the objects. These predicates are used within the queries to bound
variables for the identification process. Objects which are not primary
sulci, begin as belonging to the predicate Unlabelled sulci, then once they
are localised they are added as members to Found sulci. The Found sulci
predicate is used in subsequent queries to omit the already labelled sulci.
These are examples of one-place predicates.

Two-place predicates represent the relationship of one object to another.
In this domain, we design predicates which indicate the relationships of
objects to each other in relative space. If we want to convey that a variable
x is in front of, or anterior to a variable y, we can represent this as

anterior to(x, y) (7.1)

Predicates were designed specifically to characterise the objects and
their relationships to the primary sulci objects. The full list of predicates
to indicate relative relationships is given in Table 7.2, and a description of
how we calculate each predicate of relativity is found in section 7.2.1.

Plane Sulcus category

medial sulci Primary sulci
lateral sulci Unlabelled sulci

superior sulci Found sulci
ventral sulci

Table 7.1: Predicates for characteristics in NeuroLang

We use axioms to define the basis of classical neuroanatomy. Sulci
are the extracted objects from the cortex. They are used to distinguish
relationships and navigate across the surface, composed of sulci and gyri.
The NeuroLang domain is comprised of objects of only sulci. The primary
sulci are labelled manually, and are used as landmarks for which we
examine the relationships of all the other unlabelled sulci against. Set
notations designate the inclusion of an object in a group, and the status
of that group, with the symbols ∈ for ’is in’, 6∈ for ’is not in’. A proper
subset, where all the members of a set are also members of another set, is
expressed with the symbol ⊆.
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Absolute relativity Partial relativity Dominant relativity

anatomical anterior of anterior of anterior dominant of
anatomical posterior of posterior of posterior dominant of
anatomical superior of superior of superior dominant of
anatomical inferior of inferior of inferior dominant of

medial dominant of
lateral dominant of

overlapping anteriorly dominant
overlapping superiorly dominant
overlapping medially dominant

Table 7.2: Predicates for relative relationships in NeuroLang

We begin with definition of the objects:

S 6= ∅ (7.2)

where S refers to the non-empty set of objects with unique elements to
be used within our domain.

P ⊆ S and |P| = 7 (7.3)

In NeuroLang, the initially labelled objects are the primary sulci, so P
refers to the set of pre-labelled primary sulci in our model. Seven segments
have been predetermined and are manually selected, so P is a subset of S
and contains 7 elements.

s ∈ S and s 6∈ P and |s| = n (7.4)

where s refers to an object within S, s is not a primary sulcus, and S
has a flexible number of elements within it, depending on the subject.
Therefore, s is a constant which represents an unlabelled sulcus in S.

e ∈ S (7.5)

where e is a unique element in S, and can refer to either a primary sulcus
(an element in P) or an unlabelled sulcus (an element in S, not in P).

p ∈ P (7.6)

where p refers to any object within P.

CS ∈ P (7.7)

where CS is a labelled element of P. We denote the Central sulcus as CS.



7.1 first order logic for the construction of queries 49

For the sake of simplicity and clarity, we maintain these definitions
of the elements s, e, and p for the rest of this section. These axioms in
equations 7.2 to 7.7 provide the general rules for how to define or group
the objects in the NeuroLang domain. We can deduce information about
objects, such as s 6= CS. We’ve demonstrated how s is an object in S but
does not belong to the subset P. If the CS belongs to P, s cannot be equal
to the CS.

Next, we can devise axioms for the predicates which designate relation-
ships between the elements of S. The predicates can specify properties of
e, or relations of e to p. Table 7.1 displays the one-place predicates which
describe the relations of elements of S. Table 7.2 displays the two-place
predicates which describe the possible relations of e to p.

Some properties and relations in Tables 7.1 and 7.2 can be described
as implications of each other and some as biconditional formulae. The
following formulae adhere to the first-order logic rules of implication and
biconditional formulae defined in chapter 5. For the purposes of clarity,
the following axioms describe in equations 7.8 to 7.21, the variables s,
e and p are used as defined in the above equations 7.4, 7.5, and 7.6,
respectively. The axioms for the predicates are the following:

∀e medial sulcus(e)↔ ¬ lateral sulcus(e) (7.8)

∀s ∀p anatomical anterior of(s, p)↔ ¬ posterior of(s, p) (7.9)

∀s ∀p anatomical superior of(s, p)↔ ¬ inferior of(s, p) (7.10)

∀s ∀p anatomical anterior of(s, p)→ anterior of(s, p) (7.11)

∀s ∀p anatomical posterior of(s, p)→ posterior of(s, p) (7.12)

∀s ∀p anatomical superior of(s, p)→ superior of(s, p) (7.13)

∀s ∀p anatomical inferior of(s, p)→ inferior of(s, p) (7.14)
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∀s ∀p anterior dominant of(s, p)→ anterior of(s, p) (7.15)

∀s ∀p posterior dominant of(s, p)→ posterior of(s, p) (7.16)

∀s ∀p superior dominant of(s, p)→ superior of(s, p) (7.17)

∀s ∀p inferior dominant of(s, p)→ inferior of(s, p) (7.18)

∀s ∀p medial dominant of(s, p)→ ¬ lateral dominant of(s, p) (7.19)

∀s ∀p overlapping anteriorly dominant of(s, p)
→ ¬ anterior dominant of(s, p)

(7.20)

∀s ∀p overlapping anteriorly dominant of(s, p)→ anterior of(s, p) (7.21)

All logical consequences of the above axioms are true within our model
as well. The axiom 7.8 with the biconditional implication implies that the
sulci on the medial and lateral surfaces are mutually exclusive; the predi-
cates do not both hold true for an object e. However, e can be both medial
and ventral or both lateral and ventral, shown below in equations 7.22

and 7.23. The predicate ’ventral sulci’, shown in Table 7.1, is non-mutually
exclusive with the other plane predicates, medial sulci and lateral sulci.
This is a deduction of the above axioms 7.8 and 7.9, and is shown below
in equations 7.22 and 7.23:

∃e medial sulci(e) ∧ ventral sulci (e) (7.22)

∃e lateral sulci(e) ∧ ventral sulci(e) (7.23)

We use e here instead of s because these formulae are applicable not
only to unlabelled sulci objects (s), but also primary sulci objects (p), for
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example, the Calcarine sulcus, which can be described by the predicates
medial sulci and ventral sulci, according to our definitions.

Likewise, deductions can be made based on the axioms 7.9 to 7.21

involving the anatomical relations. In equation 7.9 we state that for all s
and for all p, s is only anatomically anterior of p if and only if it is not
posterior of p as well. Similarly, s is not posterior of p if and only if it is
anatomically anterior of p. Therefore, the following formula is true:

¬∃s∀p anatomical anterior of(s, p) ∧ anatomical posterior of(s, p) (7.24)

because there does not exist an object s which is both anatomically
anterior of and anatomically posterior of p. However, we can deduce the
following formula, which utilises two predicates which are not conditional
on each other:

∃s∀p anatomical anterior of(s, p) ∧ anatomical inferior of(s, p) (7.25)

This formula holds true for s because there can exist an object s which
can be both anatomically anterior of and anatomically inferior of p. Fur-
thermore, we can deduce more complex relationships from the axioms 7.15

to 7.18 describing relation implications that:

∃x∀p anterior of(x, p) ∧ posterior of(x, p) (7.26)

∃x ∀p anterior of(x, p)
∧ posterior of(x, p)
∧ superior of(x, p)
∧ inferior of(x, p)

(7.27)

We can describe more complex relationships between variables and
constants, wherein the exact nature of the relationship is unknown or
more sensitive to variability:

∃x ∀p anterior dominant of(x, p)
∨ overlapping anterior dominant of(x, p)
∧ overlapping medial dominant of(x, p)

∧ superior of(x, p)

(7.28)

In this subsection we provide the basis for how we use FOL to construct
queries in NeuroLang. Next, we apply our predicates and axioms to
construct sulcus-specific queries as translations of their neuroanatomical
descriptions.
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7.1.1 Translation of classical neuroanatomy in NeuroLang using FOL

We use the above axioms and domain-specific predicates described in 7.1
to construct a query to localise the Inferior Frontal Sulcus (IFS), a sulcus
in the frontal lobe which exists in all hemispheres and is integral for
the localisation of Broca’s area, a functional territory essential for speech
production (Keller et al., 2007; Papoutsi et al., 2009). The IFS is represented
as an unknown variable x, with characteristics and relationships to the
labelled primary sulci. A query is a combination of predicates of the object
to make a formula which narrows down the search to the brain region
where the IFS is expected.

We characterise the IFS by using the predicates over x which model the
anatomical description of the sulcus. As we described in section 3.2, we
know that the IFS is an unlabelled sulcus on the lateral surface, in the
frontal lobe. The frontal lobe is bounded by the Central sulcus posteriorly,
and the Lateral fissure inferiorly. We construct individual formulae which
characterise the IFS using predicates for both characteristics and relative
relationships found in Tables 7.1 and 7.2.

Source Description for Inferior frontal sulcus

Destrieux et al., 2010

"The IFS is connected to the
inferior part of the precentral sulcus

and runs parallel to the superior segment
of the circular sulcus of the insula."

Rademacher et al., 1992

"...the superior and inferior frontal sulci
follow a course parallel to each other

and to the interhemispheric plane. Posteriorly
both meet the precentral sulcus at right angles."

Keller et al., 2007

"[The IFS] is identified as the first ventral
horizontal frontal sulcus extending from

the inferior precentral sulcus...lying immediately
dorsal to the anterior ascending

ramus of the Sylvian fissure."

Catani and Schotten, 2013

"The superior and inferior frontal sulci
extend horizontally from the precentral sulcus..."

Table 7.3: Descriptions of the inferior frontal sulcus (IFS) in four exemplary
neuroanatomical sources.

From the classical neuroanatomy descriptions of the IFS (Table 7.3), we
assemble the formulae as translations of the IFS characterisations, using
the built-in predicates.

Each of the formulae applied to the unlabelled objects will be true or
false. We combine formulae together to make a more detailed description
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of the outcome we want, by adding quantifiers and logical connectives.
When applying all the formulae together, we expect at least one object in
S to be represented by the quantified variable as the intersection of all the
relations and characteristics that apply to the IFS. In this case, the variable
x is a bound variable of the predicate ’Inferior frontal sulcus candidate’:

∀xInferior frontal sulcus candidate(x) ⇐
anatomical anterior of(x, Central sulcus)

∧ anatomical superior of(x, Ant. horizont. ramus Lateral fissure)
∧ lateral sulci(x)

∧¬ Primary sulci(x)

(7.29)

Sulci are typically highly variable in size, shape and segmentation. Due
to this nature, there often exists more than one sulcus which matches
the classical neuroanatomical description. It is possible that the many
localised sulci can be various separate segments of the same target sulcus.
As we present in Table 7.3, the IFS descriptions are often combined with
its neighboring sulci since they share many characteristics or can be
connected. In such cases, it could be desirable to accept the targeted sulcus
as a multi-segmented sulcus and label each of the segments as the target
sulcus. In most cases however, a single sulcus is the desired outcome. It
would be advantageous for the query to omit unwanted sulci which may
be nearby and fit the query’s description but are not anatomically part of
the target sulcus. A solution is to ensure unicity of the results of a query.
We introduce an option of a secondary query, with the predicate ’Inferior
frontal sulcus’, for choosing a single sulcus from the results of the first
query ( 7.29), if the first query returns more than one sulcus.

∀xInferior frontal sulcus(x) ⇐
Inferior frontal sulcus candidate(x)

∧∀y( Inferior frontal sulcus candidate(y) ∧ x 6= y
∧ (mean x coordinates(x) > mean x coordinates(y)))

(7.30)

The second query ( 7.30) searches for one sulcus from the results of
the first query ( 7.29). It does this by firstly checking that there is in-
deed more than one unique result belonging to ’Inferior frontal sulcus
candidate’. The first condition this variable (y) needs to satisfy is that
it belongs to the results found previously (Inferior frontal sulcus can-
didate(y)). The second condition ensures that the results of the first
query include more than one sulcus (x 6= y). Then, it compares each
unique pair of results from 7.29 to find the sulcus with, in this case,
the largest mean x coordinates. We compare the mean x coordinates of
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each sulcus pair in the first query. The x-coordinates indicate how me-
dial or lateral the voxel is. We ensure that the sulcus we want does not
have any other sulcus with a greater absolute mean x-coordinates value
(mean x coordinates(x) > mean x coordinates(y)). This implies that we
take the sulcus which is the most lateral, on average. Thus, the second
query 7.30 with the predicate ’Inferior frontal sulcus’ ensures a result of
one sulcus, the sulcus which satisfies all the conditions of the first query,
and ensures that the single most lateral sulcus of those results, if more
than one, was chosen.

The conditions included in both the first and second queries are mutable.
In the second query, the comparison of x, y or z mean coordinates can be
altered to ensure the outcome of the most medial, lateral, superior, inferior,
anterior or inferior sulcus, from their average coordinate values.

7.2 built-in predicates in neurolang
Within the domain-specific language of NeuroLang, the relations are pred-
icates to express relationships of a target sulcus to the primary sulcus. In
the previous section 7.1 we defined the predicates we built into the back-
end of NeuroLang which characterise features of objects and relationships
between objects. We outlined the axioms which govern the rules for how
to define or group objects within the NeuroLang domain. In this section,
we describe how we computed the relationships used as predicates.

7.2.1 Bounding boxes

Relativity was determined using cardinal directionality (CD). CD con-
veys the relative relationships of objects in space, assuming a fixed ref-
erence (Navarrete et al., 2013). We considered CD in NeuroLang as the
relationships of sulcal objects to each other, using the anatomical terms
of location as interpretations of the x, y, and z axes in imaging space. For
example, ’anterior’ refers to the y-axis, where y=0 typically runs through
or near the Central sulcus around the center of the brain. The most anterior
point of the brain has the maximum y-value, while the most posterior
point of the brain has the minimum y-value. Taking each sulcus as an
object in 3-dimensional space, the sulcus was treated as a cuboid, in which
its dimensions were the range of its extreme coordinates in each axis. We
conceived bounding boxes around each sulcus, and relative directions
of sulci to each other by the minimum and maximum of their bounding
boxes in 3 dimensions. Therefore each sulcus was represented as a 2D
rectangle in each dimension. Relationships of relativity between sulci in
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each axis, outlined in Table 7.2, were determined based on the values of
the coordinates on an axis and the proportion of coordinates on an axis.

We adopt the strategy laid out by Navarrete et al., 2013, for the com-
parison of rectangles which bound the sulci in each dimension. Suppose
the minimum and maximum voxel values of two rectangles S and P are
Smin / Pmin and Smax / Pmax, respectively. The minimum and maximum
bounds for the regions would be at the line of axis=min and axis=max,
where axis is the x, y or z dimensions. The type of relativity between two
objects on an axis are calculated by comparing the Smin/max and Pmin/max
of either the entire bounding box or of 1mm2 voxel volumes (standard
voxel size). Using interval algebra, we compared intervals of 1mm volumes
between pairs of sulci along the same axis, either on the medial-lateral
(x-axis), anterior-posterior (y-axis), or superior-inferior (z-axis) axes. Each
sulcal interval was compared with a primary sulcus interval on the same
axis. Each pair was designated a term of relativity, using anteriority as an
example relation, as follows:

7.2.1.1 Absolute relativity

On a single axis, the conditions for absolute relativity between two sulci are
that there is no overlap between their rectangles. We applied the minimum
bounding rectangle method as described in Navarrete et al., 2013, where
the smallest 2-dimensional rectangle which binds the entire object on one
axis is used as a representation of the object in space on that axis. Absolute
relativity between two sulci was by establishing that the rectangle of a
reference region was entirely separate of the rectangle of a primary region.
A reference sulcal rectangle S was ’anatomical anterior of’ a primary sulcal
rectangle P if the y-values fulfilled the conditions of equation 7.31:

Pmin < Pmax < Smin < Smax (7.31)

7.2.1.2 Partial relativity

Partial relativity was determined by using the 1mm2 sulcus voxels per axis
instead of the minimum bounding rectangle. Using again anteriority as
an example, if there exists at least one voxel which belongs to a reference
sulcus S which satisfies equation 7.31 relative to a primary sulcus P, S is
’anterior of’ P.

7.2.1.3 Dominant relativity

To determine dominant relativity, we compared individual voxels of a
reference sulcus S to the bounding box of a primary sulcus P. Each voxel
of S was determined to have a relationship to the minimum bounding
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rectangle of P; a voxel could be anterior of P, posterior of P, or overlapping
with P on the y-axis. An S voxel was ’overlapping’ if it satisfied the
following equation:

Pmin < Smin < Smax < Pmax (7.32)

The mode relation of all the voxels relations of S to P was selected, and
branded as the ’dominant’ relationship of S to P.

Predicates were created from the relativities. Absolute and partial rel-
ativity were in the form of two-place predicates, such as in equation 7.1.
Dominant relativity predicates were one-place predicates for each primary
sulcus in each dimension. For example, for:

∃x Central sulcus overlapping antero-posteriorly(x) (7.33)

The precentral or postcentral sulci can both satisfy this query. Overlap-
ping or parallel sulci are common across the cortex, and we present our
method to computationally represent these relationships.

7.2.2 Planes in Neurolang

The process for dominant relativity (subsection 7.2.1.3) was carried out
for sulci to determine whether they belonged on the medial, lateral, or
ventral planes. Sulci were compared to the deepest point of the Callosal
sulcus (maximum absolute value of x of the Callosal) for the medial and
lateral planes, and the most inferior point of the Callosal sulcus (minimum
value of z) for the ventral plane. One-place predicates were created for
each plane, as shown in Table 7.1.

In addition to using planes, medial/lateral relationships could be ap-
plied by the dominant relationship of a reference sulcus S to a primary
sulcus P on the x-axis, as described in section 7.2.1.3.

7.3 neurolang queries
The queries used in the final analyses of NeuroLang were representations
of their anatomical descriptions, but not direct translations. In order to
match the spatial representations of primary sulci relationships to the
descriptive representations, we designed the queries on the sulci of the
Destrieux atlas, a current widely-accepted atlas used in the HCP dataset.
Through an iterative process of trial-and-error, we made adjustments along
the way to more accurately localise the target sulcus, while conserving
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Sulcus name Queries for Inferior frontal sulcus

Inferior frontal

∀xInferior frontal sulcus candidate(x) ⇐

anatomical anterior of (x, Central sulcus)

∧ anatomical superior of (x, Ant. horizontal Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∀xInferior frontal sulcus(x)⇐

Inferior frontal sulcus candidate(x)

∧∀y (Inferior frontal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))

Table 7.4: Queries for the Inferior frontal sulcus in NeuroLang, in first-order
logic.

anatomical information. We utilised the hold-out method of testing the
query on a different subset of our subjects with each iteration.

For example, the IFS is described as lying ’dorsal to the anterior as-
cending ramus of the Sylvian fissure’ (Keller et al., 2007) (Table 7.3),
but is more accurately represented in space when replacing the anterior
ascending ramus with the anterior horizontal ramus (Figure 7.1), and was
thus how the query was constructed (Table 7.4).

The cingulate sulcus is one of the most consistent features on the medial
plane, but is often broken up in atlases to correspond to other features
such as surrounding cytoarchitectonics or relationships to functional areas
(Amiez, Wilson, and Procyk, 2018; Destrieux et al., 2010; Fornito et al., 2006;
Paus et al., 1996; Vogt et al., 1995). Thus, its nomenclature and segmen-
tation often exhibit discrepancies (Palomero-Gallagher et al., 2008). We
gather four sources of cingulate definitions from classical neuroanatomy
in Table 7.5. Our query for the cingulate sulcus reflects its concentric tra-
jectory to the callosal sulcus (the sulcus surrounding the corpus callosum),
on the anterior side, in Table 7.3. We depict its representation, in the left
hemisphere as an example, in Figure 7.3, with the selection of the most
posterior sulcus in the case of more than one candidate, in Figure 7.4.
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AhrLF

CS

Left lateral view

Call.

Left anterior view

Figure 7.1: The inferior frontal sulcus as represented by its spatial relationships to
the primary sulci: anatomically anterior of the Central sulcus (CS), anatomically
superior of the Anterior horizontal ramus of the Lateral fissure (AhrLF), and on
the lateral plane (lateral of the Callosal sulcus, Call.).
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y=20

L R

y=25

L R

y=30

Figure 7.2: The results of the query searching for inferior frontal sulcus candidates.
In the case of more than one result, the Inferior frontal sulcus query compares
pairs of sulci, to choose the most lateral sulcus, the one with the largest average
absolute x-value. The final result is highlighted in red.
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Source Description for Cingulate sulcus

Paus et al., 1996

"The cingulate sulcus courses around the
corpus callosum and extends posteriorly into

the parietal lobe as the marginal ramus."

Rademacher et al., 1992

"The cingulate sulcus follows a course parallel
to the corpus callosum...anteriorly it

arches over the genu of the corpus callosum."

Destrieux et al., 2010

"...the main part of [the cingulate] sulcus
parallels the anterior and middle
parts of the corpus callosum..."

Vogt et al., 1995

The cingulate sulcus can exist with or
without segmentation or anastamoses,

or as a single or parallel sulcus.

Table 7.5: Descriptions of the Cingulate sulcus in four exemplary neuroanatomical
sources.

Sulcus name Queries for Cingulate sulcus

Cingulate

∀x Cingulate sulcus candidate(x) ⇐

anterior of (x, Callosal sulcus)

∧ superior of (x, Callosal sulcus)

∧¬ posteriorly dominant of (x, Callosal sulcus)

∧ medially dominant of (x, Central sulcus)

∧¬ Found sulci(x)

∧¬ Primary sulci(x)

∀x Cingulate sulcus(x) ⇐

Cingulate sulcus candidate(x)

∧∀y (Cingulate sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))

The Superior temporal sulcus is typically described as following a
trajectory similar to the Lateral fissure just above it (Table 7.6).

We designed the query for the Superior temporal sulcus to include
eliminating sulci outside the target positions in space (Table 7.3).
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Call.

Left medial view

Call.

CS

Left anterior view

Figure 7.3: The cingulate sulcus as represented by its spatial relationships to the
primary sulci: not posteriorly dominant of the Callosal sulcus (Call.), superior of
the Callosal sulcus, and on the medial plane (medially dominant of the Central
sulcus, CS).

x=-14 x=-11 x=-8

Figure 7.4: The results of the query searching for Cingulate sulcus candidates,
in the left hemisphere. In the case of more than one result, the Cingulate sulcus
query compares pairs of sulci, to choose the most anterior sulcus, the one with
the smallest average y-value. The final result is highlighted in red.
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Source Description for Superior temporal sulcus

Rademacher et al., 1992

"The trunk of the superior temporal sulcus
runs parallel to the sylvian fissure..."

Destrieux et al., 2010

"...the superior temporal sulcus, running parallel
to the lateral sulcus, from the temporal

pole to the inferior parietal lobule."

Ochiai et al., 2004

The superior temporal sulcus is divided into
six sub-parts, spanning from

the anterior temporal lobe to the intraparietal sulcus.

Ribas, 2010

"The superior temporal sulcus is always a very
well defined and deep sulcus and often presents

as a continuous sulcus because of its
parallelism with the sylvian fissure."

Table 7.6: Descriptions of the Superior temporal sulcus in four exemplary neu-
roanatomical sources.

Sulcus name Queries for Superior temporal sulcus

Superior temporal

∀x Superior temporal sulcus candidate(x )⇐

overlapping antero-posteriorly dominant of (x, Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Superior temporal sulcus(x)⇐

Superior temporal sulcus candidate(x)

∧∀y (Superior temporal sulcus(y) ∧ x 6= y

∧ (mean x coordinates(x) > mean x coordinates(y)))

The spatial representations of the query for the Superior temporal sulcus
are shown in Figures 7.5 and 7.6.

Similarly, the Precentral sulcus is often described as an anterior imitation
of the Central sulcus (Table 7.7).

As shown in Table 7.7, the precentral sulcus is often divided into seg-
ments. We therefore designed the query to omit irrelevant sulci rather than
define the characteristics of the Precentral sulcus, which are rooted in its
trajectory.

We depict the omissions of the queries for the Precentral sulcus in
Figure 7.7. In Figure 7.8, we choose the most posterior candidate from the
sagittal plane, as suggested by Germann et al., 2005.
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LF

Left lateral view

Call.

LF

Left anterior view

Figure 7.5: The Superior temporal sulcus as represented by its spatial relation-
ships to the primary sulci: dominantly overlapping with the Lateral fissure (LF),
on the anterior-posterior axis, and on the lateral plane (lateral to the Callosal
sulcus (Call.).
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Figure 7.6: The results of the query searching for Superior temporal sulcus
candidates, in the left hemisphere. In the case of more than one result, the
Superior temporal sulcus query compares pairs of sulci, to choose the most
lateral sulcus, the one with the largest absolute average x-value. The final result
is highlighted in red.



7.3 neurolang queries 63

CS

AhrLF

AhrLF
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CS
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Left anterior view

Figure 7.7: The Precentral sulcus as represented by its spatial relationships to the
primary sulci: posteriorly dominant of and anatomically superior of the Anterior
horizontal lateral fissure (AhrLF), overlapping antero-posteriorly dominant of the
Anterior vertical lateral fissure (AvrLF), not anatomically posterior of the Central
sulcus (CS), overlapping medially dominant of the Central sulcus, and on the
lateral plane (lateral of the Callosal sulcus (Call.).

x=-45 x=-35 x=-25

Figure 7.8: The results of the query searching for Precentral sulcus candidates,
in the left hemisphere. In the case of more than one result, the Precentral sulcus
query compares pairs of sulci, to choose the most posterior sulcus, the one with
the smallest average y-value. The final result is highlighted in red.
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Source Description for Precentral sulcus

Destrieux et al., 2010

"The precentral sulcus anteriorly parallels the
central sulcus and is divided into

superior and inferior parts..."

Rademacher et al., 1992

"The precentral sulcus follows a dorsomedial to
ventrolateral course that is rostral

and roughly parallel to the central sulcus."

Catani and Schotten, 2013

"The precentral gyrus runs anterior and parallel
to the central sulcus and is delimited
anteriorly by the precentral sulcus."

Germann et al., 2005

"[The precentral sulcus] is oriented in a more or less
dorsoventral direction and can be readily

identified and followed in horizontal sections...
[it] can be considered...as a sulcal complex

consisting of a set of sulci."

Table 7.7: Descriptions of the Precentral sulcus in four exemplary neuroanatomi-
cal sources.

In total, we created 35 sulcus-specific queries in this way. The full list of
sulcus-specific queries, written in FOL, and in the order in which they were
used in NeuroLang to identify the sulci, can be found in Appendix A.2.
NeuroLang’s objective was to label a subset of sulci on each hemisphere,
according to individual morphology. All queries were ran on all subjects,
with each query searching for if there were at least one sulcus which
satisfied the conditions of the query (sulcus candidate), and if there
were more than one, a second query to select the single most anterior,
posterior, superior, inferior, medial or lateral sulcus. The sulcus was
labelled and excluded from subsequent searches.
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Sulcus name Queries for Precentral sulcus

Precentral

∀x Precentral sulcus candidate(x )⇐

(posteriorly dominant of (x,

Ant. horizontal Lateral fissure)

∨ overlapping antero-posteriorly dominant of (x,

Ant. vertical Lateral fissure))

∧¬ anatomical posterior of (x, Central sulcus)

∧ overlapping medially dominant of (x, Central sulcus)

∧ anatomical superior of (x, Ant. horizontal Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∀x Precentral sulcus(x )⇐

Precentral sulcus candidate(x)

∧∀y (Precentral sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))

Table 7.9: Queries for the Precentral sulcus in NeuroLang.



8 M A N U A L S E G M E N TAT I O N S

8.1 method for manual segmentations
As it stands, neuroimaging teeters at the crossroads of both classical neu-
roanatomy and computational neuroscience. The manual segmentation or
labelling using methods derived from classical neuroanatomy have been
coined as ’tedious anatomy’ by Devlin and Poldrack, 2007. Such ’tedious
anatomy’ holds favour as a reliable source of ’ground truth’ anatomy, but
automated extraction and identification of sulci paves the way forward as
neuroimaging analyses gain strength in numbers. Therefore, as a basis for
our tool, we conducted our own ’tedious anatomy’ on 10 subjects of the
Human Connectome Project dataset. Our literature review in section 3.2
provides an overview of how classical neuroanatomy had been carried
out and the classification of sulci, and we followed these characterisations
of sulci. The subjects were 50% male, healthy, aged 22-31, right-handed.
We carried out segmentations using the classical neuroanatomy method:
beginning by orientating ourselves in the brain using the primary sulci as
landmarks, we subsequently identified neighbouring sulci by their rela-
tionship to the primary sulci, and from those the remaining tertiary sulci
which are typically shallower and more variable in their morphology. This
work was done in collaboration with Nikos Makris at Harvard University.

Each hemisphere was manually segmented using the open source tool
Blender (Community BO, 2018). The sulci were segmented according to
their descriptions in section 3.2. We labelled a range of 38-41 sulci per
hemisphere, with an average of 39. Each sulcus segmentation was con-
firmed by our expert neuroanatomist collaborator, Dr Nikos Makris. The
morphology of the sulcal segmentation was discussed on the individual
level, and on the population level we observed emerging patterns. This
information was included in the consideration for sulcal ordering in the
subsequent semi-hierarchical set for NeuroLang, depicted in Figure 3.2.

We accomplished three fundamental goals by manually segmenting 20

hemispheres:

• The establishment of ’ground truth’ for which to compare and con-
trast our NeuroLang results with. This was of particular importance
for the tertiary sulci which lack consistent template counterparts.

66
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• Evidence-based analysis of sulcal ’stability’ in addition to the
literature-based. This measure of stability was incorporated into
our sulcal organisations.

• The order in which we segmented sulci manually along with the
semi-hierarchical organisation of our atlas governed the order in
which the queries label sulci in our NeuroLang analyses.

8.2 sulcal atlas as a source for anatomi-
cal labelling

In this chapter we present work in collaboration with Kamalakar Dadi,
Gael Varoquaux, Krzysztof J Gorgolewski, Demian Wassermann, Bertrand
Thirion and Arthur Mensch. Kamalakar Dadi is the first author of this
paper, and conducted the experiments with Arthur Mensch. I was involved
in the anatomical naming of the atlas regions, and decided to give all
regions purely anatomical names (e.g. ’posterior Inferior frontal gyrus’) as
opposed to named regions (e.g. ’Broca’s area’), functional (e.g. ’primary
motor cortex’) or cytoarchitectonic (e.g. ’Brodmann area 44’) labels. The
labels by anatomical location are more common and widely-accepted.

The anatomical framework gathered as the basis for this work, described
in full in section 3.2, was utilised and expanded upon to include gyri,
subcortical structures and white matter tracts. Data-driven brain regions
derived from functional signals at dimensions of 64, 128, 256, 512 and
1024.

At each dimension, the modes with regions were matched with brain re-
gions in existing gold-standard atlases: the Harvard-Oxford atlas (Desikan
et al., 2006), Destrieux atlas (Destrieux et al., 2010), the MIST atlas (Urchs
et al., 2019), Johns Hopkins University (JHU) atlas (Hua et al., 2008), and
the Dierdrichsen cerebellum atlas (Diedrichsen et al., 2009). We named
each mode from the anatomical structure that it most overlapped with.
When the overlap was weak, we looked up the structure in standard clas-
sic anatomy references (Catani and Schotten, 2013; Duvernoy, 1999; Ono,
Kubik, and Abernathey, 1990; Rademacher et al., 1992; Schmahmann et al.,
1999). An example of this process is shown in Figure 8.1.

Structural anatomical names were given to each parcel at each dimen-
sion, in a Dictionary of Functional Modes (DiFuMo) (Dadi et al., 2020).
Each label within a dimension was unique and derived from the extensive
anatomical research conducted as a basis for NeuroLang, with the sulci
specifically being a manifestation of our sulcal atlas.

The extraction of brain regions by certain specifications is far from new;
more recently, atlases have been able to benefit from multimodal imag-
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Figure 8.1: DiFuMo atlas region depicting the functional signal corresponding to
the Central sulcus in both hemispheres, in 64 dimensions. Each functional region
in DiFuMo was given the label of its largest overlap in 4 atlases. We checked the
given label for accuracy and, in the case of disagreements, manually checked
and labelled according to classical neuroanatomy sources. The DiFuMo region
location is also compared with neighbouring regions within the same and other
dimensions. For full details, please refer to Dadi et al., 2020. The DiFuMo atlas
parcellations in the five dimensions can be found at https://parietal-inria.
github.io/DiFuMo/.

https://parietal-inria.github.io/DiFuMo/
https://parietal-inria.github.io/DiFuMo/
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ing (Desikan et al., 2006; Eickhoff et al., 2007; Glasser et al., 2016). DiFuMo,
alternatively, captures brain activity and the defined regions according to
this signal often correspond to classical anatomical delineations.

This work provides multidimensional atlases of functional modes which
can be used to extract functional signals or investigate relationships of
functional signals with connectivity. The standardisation of anatomical
nomenclature facilitates multimodal study and establishes consistent in-
terpretation of results across dimensions. The DiFuMo atlas parcellations
in the five dimensions can be found at https://parietal-inria.github.
io/DiFuMo/.

8.3 validation for neurolang queries
We established a dataset of ground truth sulci for which we can validate
our query sulcus results with. Sensitivity of a query is determined by the
proportion of correctly identified items. One way we validate sensitivity
of a query is with its manual segmentation counterpart. This provides an
indication of overlap in position on the cortex.

Sensitivity of each secondary query was determined by the ratio of
overlap between each query result and the probability map for its manu-
ally segmented counterpart. With the notable exception of the cingulate
sulcus, tertiary sulci were typically smaller, shallower, or less stable in
their existence or morphology, and had no distinct Destrieux counterpart.
For tertiary query results, we firstly examined the ratio of existence, that
is, the proportion of subjects in which a sulcus was found from the query.
Validation of tertiary sulci was confirmed by plotting all the query results
probabilistically and then confirming the percentage overlap of each ter-
tiary query result with the probability map of its ground truth counterpart.
Figure 8.3 shows the proportion of each query result overlap to its ground
truth counterpart. In addition to this and when applicable, we manually
identified the sulcus from the probability map blindly, without the query
name.

8.3.1 Sulcal stability of manual segmentations

Ten subjects of the HCP dataset which were not included in the NeuroLang
dataset were manually segmented using the tool Blender, according to
classical neuroanatomy guidelines. An average of 39 sulci were labelled
in each hemisphere, including the primary sulci. Based on these 10 sub-
jects, we generated probability maps of the location of each sulcus per
hemisphere. The probability maps for each sulcus were considered as the

https://parietal-inria.github.io/DiFuMo/
https://parietal-inria.github.io/DiFuMo/
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’ground truth’ for validation of our query results. Please refer to Figure
8.2 below for some notable manual segmentation probability maps. These
indicated the reliability and range of variability which various sulci exhibit.
From the probability maps, we calculated the mean probability and the
mass probability per sulcus. We evaluated sulcal location reliability by
measuring the largest common sulcus surface area. Mass probability maps
provided a quantification of ground truth sulcal stability (Figure 8.2). We
took this into account when establishing our semi-hierarchical sulcal atlas
(Figure 3.2). We discuss the use of our manual segmentations as a baseline
for our analyses with NeuroLang in Chapter 9 which follows.
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(B) Cingulate sulcus
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(D) Retrocalcarine sulcus

x=-12

L R

z=-4 0

0.25

0.5

0.75

1
L R

y=-92

Retrocalcarine sulcus LH, 7 / 10 subjects, max voxel= 0.57

x=15

L R

z=1 0

0.25

0.5

0.75

1
L R

y=-93

Retrocalcarine sulcus RH, 10 / 10 subjects, max voxel= 0.4

(F) Frontomarginal sulcus
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Figure 8.2: Probability maps for some notable manually segmented sulci in 10

subjects, in both hemispheres. The Central sulcus (A) is a primary sulcus and
is considered amongst the most stable across the cortex, the precentral (C) and
superior temporal (E) sulci are classified as secondary sulci, and the cingulate (B),
retrocalcarine (D) and frontomarginal (F) sulci are categorised as tertiary sulci.
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Figure 8.3: Average overlap of each query’s result in 52 subjects to the average of
their manual segmentation counterpart, in both hemispheres. Average overlap
between the two provides an indication of stability in terms of the locations of the
sulci from queries used in NeuroLang. The higher the average overlap, the higher
the overlap in the location of a sulcus in the expected location, as determined by
the manual segmentations. Error bars show confidence interval at 95%.



9 O U TC O M E S O F N E U R O L A N G
E X P E R I M E N T S

We delve into the details of the experiments and results obtained from our
analyses using NeuroLang. We ran the same 35 queries for two analyses: on
unlabelled and un-anatomically segmented sulci extracted by Mindboggle
in 52 subjects of the HCP dataset (50% male, 22-35 years old, right-handed),
and on the manually segmented sulci in a subset of 10 subjects of the HCP
dataset. We investigate how the NeuroLang queries are able to identify the
specific morphologies of sulci within individual subjects, and population-
level trends of sulcal morphologies and stabilities. We quantify sulcal
stability within our population to obtain a novel organisation of the cortex.

9.1 neurolang on mindboggle-extracted
sulci

To test our queries, we required a way to obtain unlabelled sulci from
a subject, which are unsegmented and do not conform to an existing
atlas. The open-source software Mindboggle (Klein et al., 2017) fitted our
requirements as a method for procuring sulci with these specifications, or
what they call ’folds’. Mindboggle, as we described in subsection 4.1.4, ex-
tracts folds based on the shape and depth measures of the cortex, features
which are characteristic to sulci (subsection 3.1.1). The folds are variable
in size and shape and do not always conform to neuroanatomical expec-
tations of sulcal morphology. For this reason, Mindboggle allows for the
extraction of ’sulci’ from folds, which are segmented and labelled anatomi-
cally according to the Desikan-Killiany-Tourville labelling protocol (Klein
and Tourville, 2012). For our purposes, we purposefully avoided the use
of predetermined anatomical labelling, as we wanted to do the labelling
ourselves with our queries. For this reason, we used the Mindboggle ’folds’
instead of ’sulci’. This allowed us to get a sense of how well our queries
can identify and label sulci without any prior anatomical segmentation.
Thus, we aim to capture much of the individual particularities of sulcal
morphology by using un-anatomically segmented sulci, and evaluate the
specificity of the queries which were designed to localise them.

The process for extracting ’folds’ in Mindboggle has default settings,
using the subject’s original T1 image. We used the default setting to extract
the unlabelled folds per hemisphere, with the exception of the ’depth
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Figure 9.1: How the cingulate sulcus query in NeuroLang extracts the cingulate
sulcus from all the unlabelled sulci. Above, in yellow, we show all the folds
extracted in one subject (166348 of the Human Connectome Project) on the medial
plane by the software Mindboggle (Klein et al., 2017). Below, in blue, we present
the results of the query for the cingulate sulcus in the same slices of the same
subject, in subject space.

threshold’ for the fold extraction, which we altered by increasing from 2 to
5.75, allowing for the extraction of deeper folds than the default. The other
default settings in Mindboggle extract sulci with a minimum number of
vertices of 10,000, and a minimum fold size of 50 (Klein et al., 2017). An
average of 33 folds were extracted per hemisphere. The ideal output of each
query was one fold (specificity), the desired one (sensitivity). A specificity
of 0 was when a query found no sulcus. In the Human Connectome Project
dataset pipeline, the subjects’ original T1 MRI images are processed to
ACPC space (Glasser et al., 2013). We ran our NeuroLang pipeline using
the original HCP ACPC space, but then the query results were non-linearly
converted to Montreal Neurological Institute (MNI) (standard) space. All
results were analysed in MNI space.

Tertiary sulci have been difficult to assess on the population level due to
their unreliability of their existence and morphology in each hemisphere.
NeuroLang queries first determine the existence of a certain sulcus accord-
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ing to its description, and statistical maps are based on the morphology of
the sulcus on the population level, including the proportion of its existence
within the population. This reflects studies carried out in the classical
neuroanatomy method, wherein variable sulci such as the lunate sulcus
have been investigated in a set of subjects, first determining the proportion
of its existence within the population and then exploring trends in its
location and morphology (Armstrong et al., 1991; Paus et al., 1996; Yücel
et al., 2001).

We examine the subject-specific portrayal of sulci on the group level, in
terms of trends of sulci across a population, and hemispheric and gender
asymmetries. We obtained two sets of results: NeuroLang queries tested
on the Mindboggle-extracted sulci (52 subjects), and the same NeuroLang
queries tested on the manually segmented sulci (10 subjects). We compare
and contrast the results of these two analyses, and scrutinize probability
maps of sulcal location, variability and density. Sensitivity of the query
was verified based on their overlap with their manual segmentation coun-
terpart, shown in Figure 8.3. This is mostly a reflection of spread of the
query results over the expected location. We verify the percentage of region
overlap of NeuroLang sulci results with their ground truth counterparts.

9.1.1 Hemispheric and Gender symmetries

Independent sample t-tests were employed to determine gender- or
hemispheric- asymmetries of the average query results of the analysis
done on Mindboggle-extracted sulci using NeuroLang queries. We used in-
dependent samples t-tests to compare the mean probabilities of the queries
in each hemisphere, and each gender. There was no significant difference
in the average query proportions between hemispheres (two-sample t(51)
= -0.36, p = 0.72) nor gender (two-sample t(d51) = 0.72, p = 0.48).

9.2 neurolang on manually segmented
sulci

In chapter 8, we described how we manually segmented each sulcus
in 10 subjects of the HCP based on our extensive literature review of
sulci presented in chapter 3.2. This dataset acted as our ’ground truth’
and provided us with neuroanatomically accurate sulci in terms of their
locations and shapes (Figure 8.2). For this reason, it was a good dataset to
compare and contrast the results from the Mindboggle analysis with.

We ran the same 35 queries as for the Mindboggle analysis on our
dataset of 10 manually segmented subjects. For this analysis, we were
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not interested in evaluating the specificity of the queries themselves, but
rather the sensitivity of the queries in terms of ground truth location
of query result. We did not expect the queries to perfectly match with
the ground truth sulci, as the queries were designed and tested using the
Destrieux atlas, as we outlined in 7.3. We were interested in comparing and
contrasting two outcomes from our two analyses, and using NeuroLang
on manually segmented sulci provided a validation method for these two
outcomes:

1. Location of query result: While sulci can exhibit much variability
on the individual level, on the population level sulci are expected to
be in a certain location. We validated accuracy of query localisation
by checking Mindboggle query overlap with manual segmentation
query overlap, shown in more detail in Figure 8.3.

2. Stability of sulci: An indication of sulcal stability is gathered from
the similarity of a query result’s probability mass distribution to the
primary sulci probability mass distributions. This was done for the
Mindboggle queries, and to validate their stabilities against ’ground
truth’, we did the same for the manual segmentation queries. We will
discuss the results from these quantifications of stability in section
9.4, and how this provides a measure for cortical organisation in
subsection 9.4.3.

9.3 sulcal patterns
NeuroLang queries identified sulci which were not altered to conform to
a predetermined atlas. As shown in Figure 9.2, on the population level,
the target sulci are in the location they are expected to be in from their
anatomical descriptions in the literature. Their unmodified fold extraction
reflect their natural morphologies before segmenting them to fit to a
predetermined atlas. By using the unmodified sulci, we conserve as much
individuality of the sulci per subject as possible. In this section we present
evidence of how NeuroLang can accurately capture group-level sulcal
patterns and individual morphology of sulci.

9.3.1 Sulcal patterns in the population

The nature of using spatial relativity to label sulci on the individual level
allows for individualised sets of sulci. The result is a different set of
existing sulci per hemisphere, a feature absent when using templates. On
the population level, this allows for the investigation of trends of existence



9.3 sulcal patterns 77

and relationships to surrounding sulci for sulci which are often omitted
from standard atlases.

This may be due to the specifications of the query or because we used
the extracted ’folds’ from Mindboggle instead of the ’sulci’, meaning we
identified and labelled the sulci of the cortex prior to their anatomical
segmentation using a predetermined atlas (Klein et al., 2017). This means
we identified and labelled atypically-shaped sulci, a common outcome of
sulcal segmentation techniques (Auzias et al., 2015a; Klein et al., 2017).

In Figure 9.2, we provide evidence for queries which performed well
on the population level in terms of neuroanatomical accuracy, such as the
Cingulate sulcus ( 9.2B) or Superior temporal sulcus ( 9.2E), and queries
which can still be improved, such as the Precentral sulcus ( 9.2C). We also
give examples of tertiary sulci which exhibit reliability in their location
and distribution of voxel overlaps, such as the Retrocalcarine ( 9.2D) and
Frontomarginal sulci ( 9.2F). These are all evaluated in relation to the
probability map 9.2A of the Destrieux atlas Central sulcus, a primary
sulcus and considered to be one of the most stable and reliable sulci. We
show how the NeuroLang queries work well to demonstrate population-
level sulcal patterns.

9.3.2 Query results and discussion of individual NeuroLang sulcal
queries

NeuroLang captures this variability of individual sulci on the subject level,
a notoriously elusive task in automated labelling (Devlin and Poldrack,
2007). The Destrieux atlas includes 20 non-primary sulci alone, and 9 non-
primary sulci grouped together with their surrounding gyri (Destrieux
et al., 2010). NeuroLang has 35 sulcus queries. In this subsection we
present evidence of how NeuroLang can accurately capture individual
morphology of sulci, and how it can also present inaccuracies with sulci
which are stable in their location but still highly variable, such as the
precentral sulcus.

The software Mindboggle extracts ’folds’ and then ’sulci’. The ’folds’
are extracted based on depth values of each vertex and number of ver-
tices per fold. The next step involves the merging or division of folds to
conform to a predetermined template atlas. NeuroLang utilised the un-
anatomically segmented ’folds’ to identify and label sulci per hemisphere.
The identification of sulci using unlabelled folds provide a more genuine
insight into the individual nature of each sulcus. The identified sulcus is
represented with its individual morphological variability, including seg-
mentations and branching, similar to sulcal morphology analyses carried
out by anatomists (Duvernoy, 1999; Eichert et al., 2020; Falk, 1985; Ono,
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Figure 9.2: Probability maps for a primary sulcus and the query results of some
notable sulci in 52 subjects, in both hemispheres. The Central sulcus (A) is a
primary sulcus and was manually selected from the Destrieux atlas. It is shown
here as a baseline of stability. The results of the query for the Cingulate (B),
Precentral (C), Retrocalcarine (D), Superior temporal (E) and Frontomarginal
(F) sulci are presented in both hemispheres, in the number of subjects in which
results were found for each query. The results are shown in MNI standard space,
thresholded to show the voxels with values above 0.1.
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Kubik, and Abernathey, 1990; Paus et al., 1996; Sprung-Much and Petrides,
2020).

For 10 subjects, the individual maps of the query detecting the cingulate
sulcus (Figure 9.3A), the precentral sulcus (Figure 9.3B) are shown below.

A common difficulty in mapping the segmentation and labelling of
sulci is the ambiguity stemming from connected sulci. There are a few
sulci which typically have this trait, notably the Precentral sulcus with
other frontal lobe sulci. This can be effectively seen in Figure 9.3B, where
we purposefully demonstrated examples of our Precentral query in cases
where it accurately isolated the Precentral sulcus (e.g. subject 105923)
and cases where the query labelled the Precentral sulcus along with the
superior or middle frontal sulci (e.g. subjects 599671).

Other sulci also exhibit noteworthy variability, and here we discuss sulci
in which the query performed well in terms of neuroanatomical accuracy,
and some cases where the query did not reflect what we expected from
the literature. Tertiary sulci have been difficult to assess on the population
level due to their unreliability of their existence and morphology in each
hemisphere. NeuroLang queries first determine the existence of a certain
sulcus according to its description, and statistical maps are based on the
morphology of the sulcus on the population level, including the proportion
of its existence within the population. This reflects studies carried out in
the classical neuroanatomy method, wherein variable sulci such as the
lunate sulcus have been investigated in a set of subjects, first determining
the proportion of its existence within the population and then exploring
trends in its location and morphology (Armstrong et al., 1991; Paus et al.,
1996; Yücel et al., 2001). We discuss some notable sulci, their pertinance in
neuroscience, and our observations from our analyses.

cingulate sulcus The cingulate sulcus is a prominent sulcus on the
medial plane of the hemisphere, and one of the largest ones, follow-
ing the Callosal sulcus’ concentric trajectory. It forms the outer bound-
ary of the limbic lobe, is a part of various surrounding functional areas
and has several cytoarchitecturally distinct and functionally separate ar-
eas (Paus et al., 1996). It is for these reasons precisely that the cingu-
late sulcus is subdivided in the Destrieux atlas into 3 regions which
are based on the cytoarchitectonic parcellations and functional divi-
sions of the cingulate gyrus, the anterior cingulate gyrus with sulcus
(G_and_S_cingul−Ant), the mid-anterior cingulate gyrus with sulcus
(G_and_S_cingul−Mid−Ant) and the mid-posterior cingulate gyrus
with sulcus (G_and_S_cingul−Mid− Post) (Destrieux et al., 2010). We
show how NeuroLang has effectively located this sulcus in many subjects
(Figure 9.2B) and single subjects (Figures 9.1, 9.3A). On the population
level, the identification of the Cingulate sulcus acts as a marker between
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Figure 9.3: Individual maps for the Cingulate sulcus query results and the
Precentral sulcus query results for 4 example subjects in both hemispheres, on
the sagittal (A) and axial (B) planes. The images are shown in subject-space, to
convey how NeuroLang preserves individual morphology when identifying and
labelling sulci. This is especially apparent when identifying sulci known for their
variability in segmentation, branching or neighboring connection such as the
precentral sulcus (B).
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the frontal lobe and the limbic lobe on the medial surface and can be
used in conjunction with functional analyses to provide gross-level data
on structure-function relationships of the cingulate cortex. On the indi-
vidual level, the specific morphological length, shape, segmentation and
branching of the cingulate can be analysed for subject-specific correlations
of sulcal structure with function, cytoarchitectonics, cognitive associations
or connectivity.

paracingulate sulcus The paracingulate sulcus is an inconsistent
sulcus which, when present, is a continuous or segmented sulcus running
along a parallel outer concentric trajectory to the cingulate sulcus. While
the cingulate sulcus is present in 100% of hemispheres, the paracingulate
sulcus is present less often, and its morphology is more varied. Several
neuroanatomy studies have characterised it as present in about 70% of
people in at least one hemisphere, with a leftward-asymmetry. It can
present as continuous but more commonly is segmented into up to 4

segments. Yücel et al., 2001 developed a standard classification system
for localising the paracingulate sulcus, based on length of the sulcal
segments in the medial frontal cortex (Yücel et al., 2001). Its presence and
morphology are believed to be linked to inter-individual variability in the
cytoarchitectonic organisation and axonal tension of the medial frontal
cortex region. This is thought to contribute to individual variabilities in
cognitive performance such as language processes, or neurodevelopmental
disorders such as schizophrenia or obsessive-compulsive disorder (Amiez,
Wilson, and Procyk, 2018).

precentral sulcus While the precentral sulcus is a constant fixture
on the frontal lobe, its morphology varies greatly in terms of its length,
depth, segmentation, shape, branching and surrounding connections (Ono,
Kubik, and Abernathey, 1990). It is not only a landmark in the frontal lobe
used to delineate Brodmann areas 3,2,1, it is also a marker of the functional
territory the primary motor cortex Rademacher et al., 1993. Its sulcal
morphology is crucial to marking cytoarchitectonic boundaries, functional
territories and regions of interest in connectivity. On the individual level,
NeuroLang identifies the individual configuration of this sulcus, including
the variability when it comes to connections with surrounding sulci (Figure
9.3B).

lunate sulcus The lunate sulcus is often associated with primate
anatomy (Allen, Bruss, and Damasio, 2006), and its existence and pro-
portion in the population is debated (Armstrong et al., 1991). While in
chimpanzee brains it is a prominent occipital lobe sulcus which delineates
the primary visual cortex (Falk, 1985), in humans it can be attributed to
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a variable descending sulcus in the posterior occipital lobe. Its existence
and morphology are highly variable, helped by the fact that the occipital
lobe sulci are generally less stable in their morphology than in other lobes.
Allen, Bruss, and Damasio (2006) examined 110 brains and localised com-
posite lunate structures in 32.7% of left and 26.4% of right hemispheres.
We localised sulci which fit the composite lunate sulcus description in
81% of left and 19% of right hemispheres. While the probability maps
of these variable sulci match the description of lunate sulci, we stress
the fragmented and variable nature of occipital sulci and acknowledge
that what we attribute as lunate sulci may be fragments of other occipital
sulci (Iaria and Petrides, 2007).

cuneal sulcus The cuneal sulcus is typically described as a short
’dimple’ on the cuneus, following the trajectory of the calcarine sulcus just
inferior to it. The inferior part of the cuneus makes up the primary visual
cortex. The primary visual cortex is composed of Brodmann areas 17 along
the calcarine cortex, and Brodmann area 18 surrounding it (Rademacher
et al., 1993). The cuneal sulcus runs along the trajectory of the transition
period between areas 17 and 18, suggesting a role as a marker between
these territories. Further work investigating the relationship between the
existence and morphology of the cuneal sulcus with the cytoarchitecture
of Brodmann areas 17 and 18 is needed.

Tertiary sulci are relevant to anatomical landmarking, and are often
used as corresponding markers of cytoarchitectonic boundaries. For exam-
ple, the anterior parolfactory sulcus may be a boundary for, or a part of,
Brodmann area 25, a region that may be implicated in depression (Hamani
et al., 2011; Spasojević et al., 2011). They also make up distinguishing fea-
tures on an individual level, and may be related to individual cognitive
correlates. For example, the middle frontal sulcus is often variable in
existence and morphology, and was made notable by its prominence in
Einstein’s brain (Falk, Lepore, and Noe, 2013). Paus et al., 1996 carried out
extensive manual anatomy to determine morphology of the paracingulate
sulcus, a sulcus with a potential role in speech production (Paus et al.,
1996). These examples support the claim that the inconsistency of cortical
sulci largely contributes to the inter-individual variability of cognitive, cy-
toarchitectonic and pathological correlates. Each hemisphere is composed
of a subset of sulci which are always present, and a subset of sulci which
are sometimes present. The applicability of our complementary method
lies largely in its suitability for cortical features with large variability.
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9.4 stability of sulci
The ability for NeuroLang to provide subject-specific representations of
sulci gives us the opportunity to observe population-level trends of cortical
organisation of the sulci. By interpreting query performance, we infer
reliability of sulcal existence, location and morphology from the group
level probability maps and their contrasts with the primary sulci.

9.4.1 Subject-specific representations of sulci

Even sulci which are highly reliable in their location, such as the cingulate
sulcus, exhibit high variability in elements of their morphology such as
segmentation, branching and connections to surrounding sulci. NeuroLang
allows for the morphological assessment of individual sulcal morphologies
on the mass scale while staying faithful to true anatomy. As can be seen in
Figures 9.3A and 9.3B, each sulcus manifests in a unique way, and can be
correlated to unique patterns of gyrification and cytoarchitectonic regions.
These, in turn, relate to specific functional correlates.

Figure 9.3B depicts the difficulties in segmenting the precentral sulcus,
a sulcus which has typically between 0-5 segments (Ono, Kubik, and
Abernathey, 1990; Rademacher et al., 1992), numerous branches of varying
lengths, and often is anteriorly connected with the superior or inferior
frontal sulci (Amunts et al., 2000; Germann et al., 2005; Ono, Kubik, and
Abernathey, 1990). This can be clearly seen in the individual maps for the
results of the precentral query.

Our results show that our measures of sulcal stabilities from our queries
are not necessarily in agreement with their positions in the hierarchical
organisation as described in the literature, and we present in Figure 3.1.
In Figure 3.1, we define the secondary sulci as the lone sulcal regions
in the Destrieux atlas, and infer that they demonstrate a larger degree
of dependability on the cortex. Results on the population level show
that many secondary sulci, such as the precentral sulcus (Figure 9.2C),
displayed more variability, perhaps because they are often segmented more
than once, and some tertiary sulci, such as the cingulate, retrocalcarine or
frontomarginal sulci (Figure 9.2) had a large overlap across subjects in their
location. Individual examination of sulcal patterns has the potential to
complement efforts to uncover widespread yet detailed patterns of sulcal
variability. We can harness the stability we observe from sulcal patterns to
quantify different degrees of stability for an organisation of the cortex.
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Figure 9.4: Histograms to visualise the probability mass distributions of voxel
overlap of the Central sulcus and Superior temporal sulcus in the left hemisphere,
from 52 subjects. 20 bins were constructed for each histogram.

9.4.2 Quantification of stability

Primary sulci were obtained using the Destrieux atlas in all subjects.
They had the highest maximum voxel overlap values, at 0.67, 0.6 (Parieto-
occipital sulcus in the left and right hemispheres, respectively) to 0.83

(Calcarine sulcus, LH) and 0.79 (Callosal sulcus, RH), with an average of
0.75 (LH) and 0.73 (RH). The primary sulci have the most stable probabil-
ity maps, with the highest maximum overlap values. Histograms of the
probability mass functions for the voxel probabilities of each sulcus were
created, separated into 20 equal ranges (histogram bins). The minimum
Hellinger distance is a distribution divergence metric, which we use to
estimate robustness (González-Castro, Alaiz-Rodríguez, and Alegre, 2013).
We used the Hellinger distance (defined in equation 9.1) to compare the
probability mass distributions used to construct each histogram, between
two sulci. Probability mass distributions (pmd) for each query result gives
us a probability measure of the possible values for an observation. We
visualise it with histograms, which give us an indication of the spread
of the data, or the probability that the sulcus is clustered nearby in all
subjects. Examples of these histograms for the Central sulcus and the
Superior temporal sulcus in the left hemisphere are shown in Figure 9.4.

The Hellinger distance is a quantification, between 0 and 1, of the simi-
larity (closer to 0) or disparity (further from 0) between two probability
distributions. It gauges the distance between two distributions (Oosterhoff
and Zwet, 2012). The Hellinger distance is a useful metric when comparing
imbalanced datasets (Aler, Valls, and Boström, 2020), such as the probabil-
ity mass distributions per query sulcus, visualised in the histograms in
Figure 9.4.

In our case, we use the Hellinger distance to quantify the distance
between the voxel distributions of a query sulcus (represented by q) and
the primary sulci (each represented by p). We use it to provide an indication
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Figure 9.5: Hellinger distance average of each primary sulcus probability mass dis-
tribution (pmd) to the other 4 primary sulci pmds, in both hemispheres. Hellinger
distance provides a measure of distance between two pmds, signifying how sim-
ilar the distribution of overlap between the two is. A Hellinger distance value
of 0 represents exact overlap between the two distributions, and 1 represents
no overlap at all. Hellinger distance averages of the primary sulci to each other
was determined as a baseline for sulcal stability. Error bars show the confidence
interval of 95%.

of how much more varied the probability of a query sulcus map is, relative
to the primary sulci. Supposing that q represents the pmd of the subject
overlap across voxels for a query sulcus, and p represents the pmd of
the subject overlap across voxels for a primary sulcus, we represent the
Hellinger distance of q to one primary sulcus p as H. We present the
Hellinger distance between two (pmds), q and p, in equation 9.1.

H =
||(
√
p−
√
q)||√

2
(9.1)

Using equation 9.1, we quantified query sulcus stability by the average
of each H of q to the five p, as put forth by Aler, Valls, and Boström, 2020.
We did this for each q. We therefore use H to represent a measure of
the distance between the distribution of voxel overlaps of a query to the
distribution of voxel overlaps of a primary sulcus. The average of these 5

measurements per query sulcus is represented by
q

H. To establish a baseline
of a minimum distance between the most stable sulci, we determined the
average of the Hellinger distances of each primary sulci to the other 4,
shown in Figure 9.5. In the case of the Hellinger distances of the primary
sulci to each other, p is one primary sulcus, and q another.

The Hellinger distance informs us of similarity of voxel overlap prob-
ability distributions across the probability maps of the sulci, without

consideration to the location or morphology of the sulci. We consider
q

H
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Figure 9.6: Hellinger distance average of each query sulcus probability mass
distribution (pmd) to the primary sulci pmd. Hellinger distance provides a measure
of distance between two pmds, signifying how similar the distribution of voxel
overlap between the two is. A Hellinger distance value of 0 represents exact
overlap between the two distributions, and 1 represents no overlap at all. The
sulci at the far left end of the bar plot represent the most stable sulci. Their low
values signify that they their voxel overlap distributions were similar to those
of the primary sulci, which are the most stable. Error bars show the confidence
interval of 95%.

to be the average distance of the query result to the primary sulci. In

Figure 9.6 we show the results of the
q

H of each query sulcus, in order of
minimum to maximum distance from the primary sulci.

9.4.3 Organisation of sulci from stability

The primary sulci have been established to have the greatest stability on
the cortex, as we have shown from our literature review (section 3.2) and
quantification of stability using Hellinger distances (Figure 9.5). For this
reason, we take a measure of the primary sulci stability as a baseline for
which we measure the stabilities of the other sulci against. To measure
this differences in sulcal stability, we used the Hellinger distance, in the
way we described in the previous section, to reveal the similarity of the
patterns of voxel probability distribution between the average of each
query’s probability mass distribution to each primary sulci.

The primary sulci had the highest proportion of voxel overlap in the
probability maps, meaning their location was the most consistent across
subjects (Figures 9.2, 8.2). This was expected not only due to their
anatomical traits but also the fact that we used the Destrieux atlas to
extract the primary sulci to ensure that the queries used, which we based
on relationships to the primary sulci, were as reliable as possible. The
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Figure 9.7: Hellinger distance average of each query result probability mass
distribution (pmd) of the manually segmented sulci to the average pmds of the
primary sulci, in both hemispheres. Hellinger distance provides a measure of
distance between two pmds, signifying how similar the distribution of voxel
overlap between the two is. A Hellinger distance value of 0 represents exact
overlap between the two distributions, and 1 represents no overlap at all. The
sulci at the far left end of the bar plot represent the most stable sulci. Their low
values signify that they their voxel overlap distributions were similar to those
of the primary sulci, which are the most stable. Error bars show the confidence
interval of 95%.

computation of each sulcus’ probability map similarity to the primary
sulci provides an indication of the stability of each sulcus’ locations. The
sulci which were not identified in the majority of subjects also exhibited

dissimilarity from their
q

H (>0.50), reflecting instability in their probability
of location on the cortex.

We can see from Figure 9.6 that the cingulate sulcus had the smallest
q

H value. A similar pattern was found when the queries were run on
the manual segmentations (Figure 9.7), which were larger in length or
shape, and typically had more branching and connections to surrounding
sulci, as in subject-specific neuroanatomy. We can see this reflected in the
results from the analysis using the manually segmented sulci: in Figure
9.7, we see how the query results for the cingulate and paracingulate
sulci using the manual segmentations had the closest average similarity

(
q

H) to the primary sulci, at 0.20 and 0.19, respectively. Next smallest in

Figure 9.6 is the cuneal sulcus, with the closest average similarity (
q

H) to
the primary sulci, presumably due to the likelihood of the cuneal sulcus
being mistakenly labelled as either the parieto-occipital or the calcarine
sulci (Myslobodsky et al., 1991). The next few most similar sulci were other
secondary sulci which are typically associated with stability, including the
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olfactory (0.27), postcentral (0.28) and precentral (0.51), with the least stable
being the variable cuneal sulcus (0.99). While there is indeed some overlap
with the most ’stable’ sulci from the Mindboggle analysis (Figure 9.6),
such as the cingulate (0.14), postcentral (0.2) and precentral (0.31), there is
much disagreement as well, with the Mindboggle analysis showing greater
stability in tertiary sulci. The cuneal sulcus, for example, measures 0.57

but with great variability. We can gather that the manual segmentations
were a more true-to-true-form sulcal representation and therefore more
in line with what we expected in terms of organisation of stability across
secondary and tertiary sulci. Given the congruence in sulcal stability from
the Mindboggle and manual segmentation analyses, we infer from this
that the cingulate sulcus had the highest proportion of voxel overlap across
subjects, suggesting the highest stability after the primary sulci.

In both the Mindboggle sulci and the manual segmentation sulci analy-

ses, we see
q

H values of 0.1-0.4 in sulci which were localised in over half

the subjects in each hemisphere. The low
q

H values express a similarity in
average pmd of the query sulcus to the primary sulci pmds. This reflects a
stability in their probabilities of locations, tending to exist in a condensed
location, thus with a higher overlap of voxels in the area across subjects.

Another indication of sulcal stability came from determining the ratio
of overlap between each query result and the probability map of its
ground truth counterpart from the manual segmentations. Comparing
with the current atlas included in the Human Connectome Project pipeline,
the Destrieux atlas contains 20 standalone sulci regions which we could
compare to (Appendix A.1), and our manual segmentations included
thorough tertiary sulcal labelling of up to 42 sulci. We showed that, for the
queries that identified a sulcus in over half the subjects, one major sulcus
per lobe had the highest stability; the superior temporal, superior occipital,
frontomarginal, cingulate and intralingual sulci had the greatest overlap
with their manual segmentation counterparts. This suggests that while
factors such as depth or segmentation of the sulcus may vary, relativity of
sulcal location within each lobe remains stable.

In Figure 3.2, we defined the secondary sulci as the lone sulcal regions
in the Destrieux atlas, and infer that they demonstrate a larger degree of
dependability on the cortex. Our results show that the stability of sulci
are not necessarily in agreement with their positions in the hierarchical
organisation as described in the literature, as presented in Figure 3.2. Re-
sults on the population level show that many secondary sulci, such as the
precentral sulcus (Figure 9.2), displayed more variability, perhaps because
it is often discontinuous (Germann et al., 2005; Ono, Kubik, and Aber-
nathey, 1990), and some tertiary sulci, such as the cingulate, retrocalcarine
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or frontomarginal sulci (Figure 9.2) had a large overlap across subjects in
their location.

9.4.3.1 Lobular stabilities

Taking into account the different comparisons of query outcomes to the
stability of the primary sulci, we can adapt or customise our hierarchical
organisation by our quantification of sulcal stabilities. In Figure 9.8 we
implement our data-driven measures of stability from Figure 9.6 onto our
schematic of cortical organisation of sulci. Yellow is the closest similarity
of a query sulcus’ probability mass distribution to the primary sulci, red is
the furthest. From left to right, the sulci are organised by lobular position:
frontal, temporal, occipital and parietal lobes, as in Figure 3.2 in section 3.3.
By presenting the data in this schematic we can see whole-brain level
trends of sulcal stability. We support the lobe-level stability by considering

the
q

H of each query sulcus from Figure 9.6. We consider the sulci with

an
q

H value of 6 0.50 to be the more stable sulci. We note how, while the
stability seems to be spread across lobes, the frontal lobe contains the

most stable sulci, with 9/13 sulci (69%) with an
q

H of 0.32 and a standard
deviation of 0.11. This is consistent with the literature, which describes
the frontal lobe sulci consistently across sources (subsection 3.2.2). The

parietal lobe is next, with 5/8 sulci (63%) with
q

H 6 0.50, with an average
of 0.27 ± 0.09, then the temporal lobe with 4/7 (57%), average of 0.33 ±

0.08. Lastly, the occipital lobe with 2/8 sulci (25%), with an average
q

H

of 0.41 ± 0.07. Again, this is in line with what we know of the occipital
lobe, with its notoriously inconsistent sulci on the lateral plane (subsection
3.2.5) (Iaria and Petrides, 2007).

We show that the cingulate sulcus, though one of the largest non-
primary sulci, has the greatest stability in its existence, location and shape.
As discussed in the introduction, sulci have been typically categorised by
factors such as existence across subjects and morphological patterns; we
propose to add the factor of our quantification of sulcal stability, and to
migrate the cingulate sulcus from tertiary sulcus to the first secondary
sulcus to be identified in future analyses.

On the population level, we present a data-driven method for quantify-
ing unreliable sulci using their classical anatomy translations. We establish
a evidence-based hierarchical order from which we can further develop
tools for sulcal identification. We have discussed how brain mapping tools
are heavily reliant on cortical landmarks, which have varying degrees
of stability (chapter 4). In this section we have established a data-driven
method for concluding sulcal stability within a given population. This can
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Figure 9.8: Schematic representing data-driven quantification of sulcal stability.
Stability was derived from the average of a query’s Hellinger distances to each
primary sulcus, in both hemispheres, as depicted in Figure 9.6.
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be used generally, to understand general organisation of the cortex, or
specifically for template placement within a given population.

9.5 conclusion
We have described how we use sulcus-specific queries to navigate, identify
and label sulci. We have shown their outcomes, evaluated their perfor-
mances, and quantified their results for a determination of sulcal stability
within our population.

By investigating our results, we noticed how the manually segmented
sulci had large variability in branching, but remained highly consistent
in location. However, the sample size for the manual segmentations
(n=10) was considerably smaller than the sample size for the analysis
on the Mindboggle-extracted sulci (n=52). The consistency in location was
most pronounced in the tertiary sulci, such as the retrocalcarine or fron-
tomarginal sulci (Figures 8.2D, 8.2F). Retrocalcarine or frontomarginal
sulci, as extracted by Mindboggle and identified by NeuroLang, were
found in less subjects with greater variability, while their locations re-
mained fairly consistent yet less so than the manual segmentations (Fig-
ures 9.2D, 9.2F). However, the frontomarginal sulcus had relatively high
overlap with its ground truth counterpart while the retrocalcarine sulcus
did not. Regardless of the congruence between the NeuroLang result and
manual segmentations in location of the retrocalcarine sulcus, overlap re-
mained low, as a result of the high precision of the manual segmentations,
and inconsistencies in shape. The precision of the manual segmentations
is depicted by their compactness in the probability maps (Figure 8.2).
The queries are designed to designate a range of area in which the tar-
get sulcus is expected, if existent. We note that the query-localised sulci
displayed a larger spread of area than the manually segmented sulci. In
section 9.4.3, we present a novel schematic of cortical organisation of sulci
from data-driven quantification of sulcal stability.

Patterns of sulcal stability, shape and depth are constant investigations
relevant to neuroimaging, where reliable cortical features are one of the
foundations of brain mapping. In this chapter we presented work on one
way of quantifying sulcal stability in a population of 52 subjects. Our work
complements other efforts to investigate differences in other sulcal features
such as sulcal shape (Perrot, Rivière, and Mangin, 2008) or geometry of
sulci (Cykowski et al., 2008; Kaltenmark et al., 2020; Leroy et al., 2015).
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10 C O N T R I B U T I O N TO S U LC A L
M A P P I N G

While classical neuroanatomy has progressed slowly and incrementally, the
explosion of information awarded us in the past 50 years has allowed for
the immediate visual exploration of theoretical knowledge amassed over
the centuries (Evans et al., 2012; Yarkoni et al., 2011). As a result of this, it
was favourable to procure methods of standardisation for neuroimaging
which would allow for the efficient and effective probing of the brain on
a large scale. While it is widely acknowledged that each brain presents
unique anatomical features, there is also widespread agreement on cortical
landmarks and features shared among all healthy brains. Data-driven and
atlas-driven approaches drive forth the progress of neuroimaging, but
oftentimes detailed anatomical accuracy across individuals is sacrificed
(Behnke et al., 2003). Atlas-driven approaches, while efficient, rely on
surface registration methods which are not adaptable to all brain types
and ages (Auzias et al., 2015b), and by necessity focus on the majority
overlap of cortical regions among brain populations, ignoring individual
variability.

This thesis presents our work on the development and implementation
of our novel brain mapping tool, NeuroLang. Our framework is founded
upon the characterisations of sulci in classical neuroanatomy, and the
formalisms defined by first-order logic. Our work undertook the task of
bridging the gap between these two domains.

Our sulcal atlas reviewed a breadth of work on sulcal anatomy spanning
the last century. We standardised the naming process, proposed a semi-
hierarchical organisation of the cortex according to lobe position and
relativity to cortical landmarks, and applied the atlas to a dictionary
of data-driven brain regions defined by functional signals. Additionally,
we utilised our atlas definitions to create a 10-subject dataset of manual
segmentations with ground truth neuroanatomy.

We summarised the theory of first-order logic and its applicability for
cortical knowledge representation. We considered interval algebra as a
means for translating relative relationships of pairs of sulci. We com-
bined the elements of computational infrastructure to the base of classical
neuroanatomy knowledge and developed 35 sulcus-specific queries for
NeuroLang. Its implementation led to the examination of group-level
trends and individual sulcal sets and morphological investigations. We
proposed a method for interpreting data-driven quantifications of sulcal
stability, and a novel organisation of the cortex according to this metric.
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In this part, we focus on the significance of sulcal representations, from
our method and otherwise. We assess the implications of our method
within the field of sulcal mapping. We consider group-level and individ-
ual effects and specifically examine certain sulci of interest of varying
stability. We then regard the relationships of sulcal query results to their
surrounding cytoarchitectonic regions.



11 S I G N I F I C A N C E O F S U LC A L
R E P R E S E N TAT I O N S

11.1 cortical folding patterns
The cortex begins to form during the first few weeks of gestation. Progress
of cortical formation can be marked by the folding patterns of the first
sulci to appear, typically the ones which evolve to be the most prominent
on the surface (Chi, Dooling, and Gilles, 1977; Yun et al., 2019). Amongst
these are what come to be known as the primary sulci, or interlobular
sulci. They tend to be deeper and more stable in their location, depth,
shape and development (Mangin et al., 2004a; Yun et al., 2019).

As humans evolved intelligence, the brain expanded. Harari, 2011 hy-
pothesises how this delicate balance could be maintained, given that the
head still needed to be small enough to both fit through a birthing canal
and hold up on two legs. He theorised that Homo sapiens thus had to
make a few sacrifices; babies are born prematurely relative to other mam-
mal species, while the head is small enough, and the human spine bears
the brunt of the trauma of holding up our large and heavy heads to
maintain bipedalism (Harari, 2011).

Expanding theories on cortical evolution suggest how the brain folds in
on itself to increase its surface area, to accommodate the expansion of the
cortices and keep the skull at a reasonable circumference (Harari, 2011;
Xu et al., 2010). It’s believed that the folded cortex allows for more densely
packed neurons and thus, exponentially more connectivity potentials. Van
Essen (1997) theorised how the patterns of folding reflect the tension of
the underlying subcortical and corticocortical projections (Van Essen,
1997). Patterns of sulcal formation are dependent on both genetic and
environmental influences. The primary sulci, formed during gestation, are
more heavily influenced by genetic factors (Chi, Dooling, and Gilles, 1977;
Ono, Kubik, and Abernathey, 1990).

The variability of sulcal patterns and cortical folding patterns is in-
tertwined. Similarly to sulcal stability, variability of Brodmann areas
also varies across regions and subjects (Amunts, Schleicher, and Zilles,
2007; Fischl et al., 2008). Some have looked into this relationship between
macroanatomical and microanatomical features of the cortex. In particu-
lar, Fischl et al., 2008 investigated whether stability of Brodmann areas
contributes to a cortical hierarchy, similar to how we categorise our sulcal

95



11.2 sulci and cytoarchitectonics 96

hierarchy, as well as how cortical folding patterns relate to predictability
of cytoarchitectonic areas.

The analysis of folding patterns in relation to Brodmann areas depicts
compelling patterns of alignment which suggests a relationship in the
cortical hierarchies (Fischl et al., 2008; Rademacher et al., 1993). Fischl
et al., 2008 showed how primary functional areas, such as the primary
visual cortex (Brodmann area 17), showed that a high predictability in
cortical folding patterns was mirrored in the high predictability of the
Brodmann area morphology. The accuracy in predictability declined as
they moved to predicting folding patterns in secondary and integrative
functional areas. This contributes to the idea that there is a global cortical
hierarchy which is interdependent on sulcal morphology. The later the
stage of sulcal development, the more the sulcus is dependent on a variety
of factors, and the more variable is the sulcus’ existence and morphology,
and thus its relationship to other cortical, functional and connectivity
correlates.

In addition to the genetic and non-genetic components driving the
formation of folds, there is evidence to suggest that mechanical morpho-
genesis also plays a major role in the maturation of folds, as we alluded to
in section 3.1. Constrained by volume, Heuer and Toro, 2019 propose that
the brain folds the way that it does because it is energetically favourable
to do so within the constrained space (Heuer and Toro, 2019). The ar-
rangement they form in – a blueprint observed across populations – can
be attributed to a number of developmental causes; some suggest the
tension of axonal development (Van Essen, 1997). The pattern of sulcal
development provides a framework for the identification of sulcal location
and properties (Mangin et al., 2004a)

The gradient of variability exuding from regions of origin is a concept
explored by Margulies et al., 2016. By investigating patterns of cortical
landmarks, they devised a system of cortical organisation based on prin-
cipal gradients. While they focused on the nodes of the default-mode
network, we adopt the concept to focus on the primary sulci as cortical
nodes, with gradients of instability emanating from them.

11.2 sulci and cytoarchitectonics

11.2.1 Sulci as region delineators

Certain characteristics of sulci have been suggested which we investigate
in this work, notably the relationships of certain sulci as region delineators,
particularly for cytoarchitectonic regions. Variability of sulcal morphology
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and cytoarchitectonics have long been linked, as sulci have been used as a
way to characterise a cytoarchitectonic region.

NeuroLang queries were constructed upon relationships of the sulci
as 3D volumes instead of as points on a 2D folded sheet. Some sulci are
particularly useful for identifying primary function areas on a large scale,
such as the primary motor and primary somatosensory areas (bounded by
the precentral, central and postcentral sulci) (Coulon et al., 2011; Germann
et al., 2005). Other sulci, while highly variable, are used in identifying
functional areas which are themselves variable and dependent on multiple
individual factors. Structural and functional regions which are implicated
in inter-individual characteristics such as personality (e.g. cingulate gyrus)
(Amiez, Wilson, and Procyk, 2018), psychiatric disorders (e.g. Brodmann
area 25) (Spasojević et al., 2011), or comparative anatomy (e.g. lunate
sulcus) (Armstrong et al., 1991) can be associated with individual vari-
ability of the existence and morphology of their surrounding sulci. As the
relationship between sulcal and cytoarchitectonic patterns becomes more
clear, the call for individualised brain mapping becomes more relevant.

11.2.2 Sulci for cytoarchitectonic mapping

Korbinian Brodmann was among the first to recognise how primary func-
tional areas occurred near or around primary sulci, in 1909 (Brodmann,
2007; Fischl et al., 2008). The organisation of the ’mosaic’ of cytoarchi-
tectonic regions of the cortex and the organisation of the cortical folding
patterns share developmental trajectories and may be functionally linked
(Fischl et al., 2008).

Cytoarchitectonic regions and their borders are structurally and func-
tionally relevant (Amunts, Schleicher, and Zilles, 2007). Relationships
between cytoarchitectonic regions and sulci as their borders is the subject
of much investigation and has led to the growth of the field of probabilis-
tic atlases for cytoarchitectonics (Amunts, Schleicher, and Zilles, 2007;
Amunts et al., 2020; Bludau et al., 2014; Eickhoff et al., 2005a; Eickhoff
et al., 2005b; Zilles and Amunts, 2010; Zilles et al., 1997).

Nevertheless, a cytoarchitectonic region is not necessarily inextricably
linked to a sulcus. There are various regions which have no direct rela-
tionship to the existence or morphology of a sulcus. Additionally, it is
unknown whether a cytoarchitectonic region, if indeed typically linked
with a sulcal location, is necessarily dependent on that sulcus, or vice versa.
While primary functional areas are linked to primary sulci, it is not nec-
essarily the case for other cytoarchitectonic regions. As functional areas
become more integrated, their positions on the cortex are relatively further
away from primary sulci. The sulci, in turn, exhibit larger variability.
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Current templates smooth over much of the sulcal variability in or-
der to make template atlases more applicable and compatible with other
cognitive correlates. But what if the preservation of individual sulcal mor-
phology actually benefits the investigations into cytoarchitectonic patterns?
If we assume the cortex to possess a putative hierarchy, dependent on
the primary sulci, our proposition of a complementary system of brain
mapping which preserves individual sulcal variability may aid in overall
cortical mapping, as in a system where brain characterisations can be lay-
ered upon one another, such as sulci, cytoarchitectonic regions, functional
activation, and connectivity patterns, to create a whole-brain perception
from a subject’s image. Furthermore, our method for quantifying sulcal
stability may also aid in the characterisation of cytoarchitectonic regions
and their relationships to surrounding sulci.



12 I M P L I C AT I O N S O F
N E U R O L A N G

The main objective of this tool is to identify and label sulci according to
individual morphology. The primary use of NeuroLang is targeted as brain
mapping on the population level which captures individual variability.

Additionally, NeuroLang can be used as a data-driven approach for
sulcal morphology analyses and a way for quantifying sulcal stability
within a given population. Manual segmentation of individual sulci on
a large scale is tedious work, time-consuming, and requires expert neu-
roanatomical skill. NeuroLang queries are mutable and allow for varying
characterisations of sulci, without the need for tedious anatomy.

Extensive work has been done to create data-driven approaches to
demonstrate relationships of brain regions, for example by sulci (Destrieux
et al., 2010; Rivière et al., 2009), white matter (Wassermann et al., 2016),
cytoarchitectonics (Amunts et al., 2020), or myelin content (Glasser
and Essen, 2011). For mapping sulci, typically, considerable anatomical
knowledge of the cortex is a prerequisite, and painstaking effort of manual
delineation is involved (Eichert et al., 2020; Ono, Kubik, and Abernathey,
1990; Paus et al., 1996; Rivière et al., 2009; Sprung-Much and Petrides, 2020;
Yücel et al., 2001). An application for the individual analysis of cortices is
to use NeuroLang to localise and identify specific sulci and compare their
morphologies in large populations. Each NeuroLang query is mutable and
therefore flexible to accommodate diverse descriptions of sulci according
to the focus of the analysis. For example, Eichert et al. (2020) and Sprung-
Much and Petrides (2020) examined the morphological variability of the
subcentral and anterior rami of the lateral fissure, respectively. Extensive
background knowledge and training was required to manually chart
the anatomy of these sulci, followed by spatial probability maps and
relationships to cognitive correlates.

Within the NeuroLang domain, queries can be altered, added or re-
moved, according to the parameters of the experimental setup. With the
option of identifying a single segment or multi-segmented sulci, Neu-
roLang is a viable option for large-scale sulcal analyses.
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13 C O N C L U S I O N

This work focuses on bridging the gap between classical neuroanatomy
and brain mapping. What we refer to as ’classical neuroanatomy’ through-
out this work refers to the centuries of understanding conducted by
anatomists globally and often independently. We piece together vari-
ous branches of cortical anatomy to understand relationships within and
between different structures and regions, and associations between struc-
ture and function, structure and cortical organisation, and structure and
individual correlates.

There is, nonetheless, much room for improvement and extension of
our work. We will go over some of the limitations of the work we have
presented, as well as possible future directions.

13.1 limitations
We have presented the merits of using NeuroLang to chart and label
sulci in a population. However, our method is far from perfect. Secondary
sulci were confirmed by matching with the maximum overlap with a
manually segmented corresponding sulcus. This was done to give an
indication of consistency of location in the two analyses, but the overlap
was nevertheless considerably low, suggesting a higher specificity but
lower sensitivity. Our method therefore delivers more cohesive results
on the subject level instead of on the population level for sensitivity of
secondary sulci. Further work needs to be carried out to examine existence
and patterns of morphology of variable sulci across individuals, as well
as relationships between individual sulcal patterns and cytoarchitectonic
areas, and sulcal organisation across the cortex in large samples.

13.2 further work
larger-scale analyses NeuroLang has the potential for large-scale
subject-specific representations, and we would like to put this into effect.
Testing NeuroLang on a larger dataset would be the next step, and re-
examining the population-level trends and organisation of sulcal stabilities.
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star calculus for sulcus trajectory In this work we presented
various methods for mapping sulci, but did not delve into the details of
those not used in the final analyses. For example, we developed a method
for representing ’trajectory’ of a sulcus, or its orientation. The intention
was to translate the characterisation of sulci as ’longitudinal orientation’
or ’antero-inferior trajectory’. We used Star calculus, as reviewed by Dylla
et al., 2017, to group each sulcus into one of four trajectory groups. As a
simplification of sulcal orientations, it worked, but did not aid the queries
in the localisation process, therefore this method was omitted from the
final analyses. The use of Star calculus as the quantification of sulcal
trajectory is an idea we strive to improve and incorporate into NeuroLang
in the future.

incorporating gyri The characterisations of sulci and gyri on the
cortex have always been coupled. Given their close associations, a next
step in NeuroLang could be the labelling of gyri. Since sulci act as borders
for gyri in many cases, the concave space in between them could be more
easily identified as an expected gyrus. Thus NeuroLang could label the
entire neocortex. Furthermore, we’d like to continue to develop the syntax
of NeuroLang to be nearer to English.

incorporating cytoarchitectonics Further down the line, we
would like to incorporate other anatomical features of the cortex with
sulcal mapping, chiefly, cytoarchitectonics. With the advent of probabilistic
cytoarchitectonic maps, we would like to unite the efforts of cytoarchi-
tectonic mapping with subject-specific and region-specific examination
of sulcal-cytoarchitectonic relationships. Structurally, this could provide
insight on connectivity of a region, individual folding patterns, or human
developmental folding patterns. We thus have the potential to utilise this
tool in the field of comparative anatomy. Disputed or complex sulci such
as the lunate sulcus have the potential for large-scale segmentation with
NeuroLang in humans at the moment, with the possibility of expanding
the tool to be used for primates as well. This could be particularly useful
for group-level examination of statistics of existence of this controversial
sulcus in a large population.

Functionally, we would also like to investigate sulcal existence and
morphology with cognitive correlates, with the potential to be used on not
only healthy brains but also in pathology of the brain.
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13.3 data sharing
Our manual segmentation dataset is a rich dataset of ground truth neu-
roanatomy of sulci. Ground truth of sulci is a common element of sulcal
mapping analysis, both for training and validation, as we have shown in
our own work. We have shared our data with other members of the team
and external teams for sulcal confirmation during training analyses for
extraction and identification of sulci. We advocate for open science and
availability of our manual segmentation dataset.

13.4 final note
We present the tool NeuroLang for mapping sulci on a large scale while
retaining the morphology of sulcal individuality. One of our objectives is
the individual identification of tertiary, less stable sulci which are often
omitted in template-based atlases. A concept which NeuroLang preserves
is the semi-hierarchical order in which classical neuroanatomists manually
map the brain. Our work emphasises the difficulty in reliable identification
of these less stable sulci and the need for further development of more
accurate methods utilising individual cortical geometry. Our tool comple-
ments existing template-based methods for identification and labelling of
the cortex. NeuroLang labels a subset of potential sulci on an unlabelled
brain using spatial relations. An ample opportunity for the use of this tool
is the mass identification and morphological assessment of lesser-analysed
sulci, including those which are typically omitted from widely-used at-
lases due to their large inter-individual variability. By implementing our
data-driven approach to sulcal mapping, we quantified stability of corti-
cal features and propose a method for measuring population-level sulcal
stabilities.

We demonstrate the value in individualistic sulcal identification. Sulcal
morphology holds relationships to cytoarchitectonic region variability
and correlates with regions of cognitive functions. On the population
level, much of this variability is smoothed over. While this is beneficial for
grasping overarching trends in major cortical regions, we emphasise the
effort for a deeper focus on individuality in cortical morphology and its
links to population anatomy, cytoarchitectonics and cognition. We thus
hope that NeuroLang will be a useful addition to the field of brain map-
ping, one which helps bridge classical neuroanatomy and computational
neuroimaging.
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A S U LC I I N N E U R O L A N G

a.1 sulci with their destrieux counter-
parts

Sulcus name Destrieux name

Inferior temporal sulcus S_temporal_inf

Olfactory sulcus S_orbital_med-olfact

Precentral sulcus S_precentral-sup-part or S_precentral-inf-part
Superior temporal sulcus S_temporal_sup

Postcentral sulcus S_postcentral

Orbital H-shaped sulcus S_orbital-H_Shaped

Occipitotemporal sulcus S_oc-temp_lat

Intermediate primus of Jensen S_interm_prim-Jensen

Inferior frontal sulcus S_front_inf

Intraparietal sulcus S_intrapariet_and_P_trans

Anterior occipital sulcus S_occipital_ant

Subparietal sulcus S_subparietal

Superior frontal sulcus S_front_sup

Callosomarginal sulcus S_cingul-Marginalis

Superior occipital sulcus S_oc_sup_and_transversal

Collateral sulcus S_collat_transv_ant or S_collat_transv_post
Intralingual sulcus S_oc-temp_med_and_Lingual

Lateral occipital sulcus S_oc_middle_and_Lunatus

Middle frontal sulcus S_front_middle

Superior rostral sulcus S_suborbital

Cingulate sulcus
Paracingulate sulcus
Inferior occipital
Anterior parolfactory
Lunate sulcus
Cuneal sulcus
Frontomarginal sulcus
Hippocampal sulcus
Superior parietal sulcus
Rhinal sulcus
Temporopolar sulcus
Retrocalcarine sulcus
Paracentral sulcus
Angular sulcus
Inferior rostral sulcus
Intralimbic sulcus
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a.2 sulci examples with their queries in
first-order logic

In response to feedback from the jury, we provide below the queries used
for all 35 sulci in our NeuroLang analyses, in order, using first-order logic.

Sulcus name Query

Inferior temporal

∀x Inferior temporal sulcus candidate(x) ⇐

overlapping antero-posteriorly of (x, Lateral fissure)

∧ anatomical inferior of (x, Ant. horiz. Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∀x Inferior temporal sulcus(x)⇐

Inferior temporal sulcus candidate(x)

∧∀y (Inferior temporal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))

Superior frontal

∀x Superior frontal candidate(x) ⇐

(posterior dominant of (x, Ant. horiz. Lateral fissure)

∨ overlapping antero-posteriorly of (x, Ant. vertical Lateral fissure))

∧¬ posteriorly dominant of (x, Central sulcus)

∧ anatomical anterior of (x, Lateral fissure)

∧ overlapping medially of (x, Central sulcus)

∧ anatomical anterior of (x, Central sulcus)

∧¬ anatomical anterior of (x, Ant. horiz. Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∀x Superior frontal sulcus(x) ⇐

Superior frontal sulcus candidate(x)

∧∀y (Superior frontal sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) > mean z coordinates(y)))
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Precentral

∀x Precentral sulcus candidate(x )⇐

(posteriorly dominant of (x,

Ant. horizontal Lateral fissure)

∨ overlapping antero-posteriorly dominant of (x,

Ant. vertical ramus of Lateral fissure))

∧ anatomical anterior of (x, Lateral fissure)

∧ anatomical anterior of (x, Central sulcus)

∧ overlapping medially dominant of (x, Central sulcus)

∧¬ anatomical anterior of (x, Ant. horizontal Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∀x Precentral sulcus(x )⇐

Precentral sulcus candidate(x)

∧∀y Precentral sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y))

Occipitotemporal

∀x Occipitotemporal sulcus candidate(x )⇐

(anatomical inferior of (x, Parieto-occipital sulcus)

∧ anatomical anterior of (x, Parieto-occipital sulcus)

∧ lateral dominant of (x, Parieto-occipital sulcus)

∧ posterior dominant of (x, Ant. vertical Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Occipitotemporal sulcus(x )⇐

Occipitotemporal sulcus candidate(x)

∧∀y Occipitotemporal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y))



A.2 sulci examples with their queries in first-order logic 125

Superior temporal

∀x Superior temporal sulcus candidate(x )⇐

(overlapping antero-postiorly dominant of (x,

Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Superior temporal sulcus(x )⇐

Superior temporal sulcus candidate(x)

∧∀y Superior temporal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y))

Superior parietal

∀x Superior parietal sulcus candidate(x )⇐

(anatomical superior of (x, Calcarine sulcus)

∧ overlapping medially dominant of (x, Parieto-occipital sulcus)

∧ anatomical posterior of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Superior parietal sulcus(x )⇐

Superior parietal sulcus candidate(x)

∧∀y Superior parietal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y))
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Intermediate primus of Jensen

∀x Intermediate primus of Jensen candidate(x) ⇐

posterior dominant of (x, Central sulcus)

∧ anatomical superior of (x, Calcarine sulcus)

∧ anterior dominant of (x, Parieto-occipital sulcus)

∧¬ medial dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Intermediate primus of Jensen(x)⇐

Intermediate primus of Jensen candidate(x)

∧∀y (Intermediate primus of Jensen candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))

Superior rostral

∀x Superior rostral sulcus candidate(x) ⇐

medial dominant of (x, Central sulcus)

∧ anatomical anterior of (x, Central sulcus)

∧ anatomical inferior of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Superior rostral sulcus(x) ⇐

Superior rostral sulcus candidate(x)

∧∀y (Superior rostral sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))
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Subparietal

∀x Subparietal candidate(x) ⇐

anatomical posterior of (x, Central sulcus)

∧ superior dominant of (x, Lateral fissure)

∧ anterior dominant of (x, Parieto-occipital sulcus)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Subparietal sulcus(x)⇐

Subparietal sulcus candidate(x)

∧∀y (Subparietal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))

Lateral occipital

∀x Lateral occipital sulcus candidate(x) ⇐

anatomical posterior of (x, Lateral fissure)

∧ anatomical inferior of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Lateral occipital sulcus(x) ⇐

Lateral occipital sulcus candidate(x)

∧∀y (Lateral occipital sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))
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Frontomarginal

∀x Frontomarginal candidate(x) ⇐

anatomical anterior of (x, Central sulcus)

∧ anatomical superior of (x, Ant. horiz. Lateral fissure)

∧¬ anatomical inferior of (x, Ant. vertical Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Frontomarginal sulcus(x)⇐

Frontomarginal sulcus candidate(x)

∧∀y (Frontomarginal sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))

Anterior occipital

∀x Anterior occipital sulcus candidate(x) ⇐

anatomical inferior of (x, Parieto-occipita sulcus)

∧ anatomical posterior of (x, Callosal sulcus)

∧¬ posterior dominant of (x, Parieto-occipital sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Anterior occipital sulcus(x) ⇐

Anterior occipital sulcus candidate(x)

∧∀y (Anterior occipital sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))



A.2 sulci examples with their queries in first-order logic 129

Postcentral

∀x Postcentral candidate(x) ⇐

anatomical superior of (x, Calcarine sulcus)

∧ overlapping supero-inferiorly dominant of (x, Central sulcus)

∧ anterior dominant of (x, Parieto-occipital sulcus)

∧¬ anterior dominant of (x, Central sulcus)

∧¬ anatomical inferior of (x, Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Postcentral sulcus(x)⇐

Postcentral sulcus candidate(x)

∧∀y (Postcentral sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))

Collateral

∀x Collateral sulcus candidate(x) ⇐

anatomical inferior of (x, Lateral fissure)

∧ anatomical posterior of (x, Central sulcus)

∧ lateral dominant of (x, Calcarine sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Collateral sulcus(x) ⇐

Collateral sulcus candidate(x)

∧∀y (Collateral sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))
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Callosomarginal

∀x Callosomarginal candidate(x) ⇐

anatomical superior of (x, Callosal sulcus)

∧ medially dominant of (x, Central sulcus)

∧ posterior dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Callosomarginal sulcus(x)⇐

Callosomarginal sulcus candidate(x)

∧∀y (Callosomarginal sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) > mean z coordinates(y)))

Inferior frontal

∀x Inferior frontal sulcus candidate(x) ⇐

anatomical anterior of (x, Central sulcus)

∧ anatomical superior of (x, Ant. horizontal Lateral fissure)

∧ lateral sulci(x)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Inferior frontal sulcus(x)⇐

Inferior frontal sulcus candidate(x)

∧∀y (Inferior frontal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))
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Olfactory

∀x Olfactory candidate(x) ⇐

anatomical anterior of (x, Ant. vertical Lateral fissure)

∧ anatomical inferior of (x, Ant. horiz. Lateral fissure)

∧ medial dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Olfactory sulcus(x)⇐

Olfactory sulcus candidate(x)

∧∀y (Olfactory sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) > mean y coordinates(y)))

Orbital H-shaped

∀x Orbital H-shaped sulcus candidate(x) ⇐

anatomical anterior of (x, Ant. horiz. Lateral fissure)

∧ anatomical inferior of (x, Calcarine sulcus)

∧ medial dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Orbital H-shaped sulcus(x) ⇐

Orbital H-shaped sulcus candidate(x)

∧∀y (Orbital H-shaped sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))
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Intraparietal

∀x Intraparietal candidate(x) ⇐

anatomical posterior of (x, Central sulcus)

∧ anatomical superior of (x, Lateral fissure)

∧ anatomical anterior of (x, Parieto-occipital sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Intraparietal sulcus(x)⇐

Intraparietal sulcus candidate(x)

∧∀y (Intraparietal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))

Intralingual

∀x Intralingual sulcus candidate(x) ⇐

anatomical inferior of (x, Parieto-occipital sulcus)

∧ anatomical posterior of (x, Callosal sulcus)

∧ medial dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Intralingual sulcus(x) ⇐

Intralingual sulcus candidate(x)

∧∀y (Intralingual sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))
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Cingulate

∀x Cingulate sulcus candidate(x) ⇐

anterior of (x, Callosal sulcus)

∧ superior of (x, Callosal sulcus)

∧¬ posteriorly dominant of (x, Callosal sulcus)

∧ medially dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Cingulate sulcus(x)⇐

Cingulate sulcus candidate(x)

∧∀y (Cingulate sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))

Paracingulate

∀x Paracingulate sulcus candidate(x) ⇐

anterior of (x, Callosal sulcus)

∧ superior of (x, Callosal sulcus)

∧ medial dominant of (x, Central sulcus)

∧¬ posterior dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Paracingulate sulcus(x) ⇐

Paracingulate sulcus candidate(x)

∧∀y (Paracingulate sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) > mean y coordinates(y)))
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Inferior occipital

∀x Inferior occipital sulcus candidate(x) ⇐

anatomical inferior of (x, Parieto-occipital sulcus)

∧ anatomical posterior of (x, Lateral fissure)

∧¬ anatomical anterior of (x, Parieto-occipital sulcus)

∧ medially dominant of (x, Central sulcus)

∧ lateral sulci(x)

∧¬ Found sulci(x)

∧¬ Primary sulci(x)

∀x Inferior occipital sulcus(x)⇐

Inferior occipital sulcus candidate(x)

∧∀y (Inferior occipital sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))

Inferior rostral

∀x Inferior rostral sulcus candidate(x) ⇐

anatomical anterior of (x, Lateral fissure)

∧ inferior of (x, Callosal sulcus)

∧ inferior dominant of (x, Callosal sulcus)

∧ medial dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Inferior rostral sulcus(x) ⇐

Inferior rostral sulcus candidate(x)

∧∀y (Inferior rostral sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))
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Retrocalcarine

∀x Retrocalcarine sulcus candidate(x) ⇐

anatomical posterior of (x, Parieto-occipital sulcus)

∧ anatomical inferior dominant of (x, Parieto-occipital sulcus)

∧ overlapping medially dominant of (x, Calcarine sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Retrocalcarine sulcus(x)⇐

Retrocalcarine sulcus candidate(x)

∧∀y (Retrocalcarine sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))

Lunate

∀x Lunate sulcus candidate(x) ⇐

anatomical posterior of (x, Calcarine sulcus)

∧ overlapping medially dominant of (x, Calcarine sulcus)

∧¬ anatomical superior of (x, Callosal sulcus)

∧¬ anatomical inferior of (x, Calcarine sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Lunate sulcus(x) ⇐

Lunate sulcus candidate(x)

∧∀y (Lunate sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) < mean y coordinates(y)))
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Middle frontal

∀x Middle frontal sulcus candidate(x) ⇐

anatomical anterior of (x, Ant. horiz. Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Middle frontal sulcus(x)⇐

Middle frontal sulcus candidate(x)

∧∀y (Middle frontal sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) > mean y coordinates(y)))

Hippocampal

∀x Hippocampal sulcus candidate(x) ⇐

anatomical posterior of (x, Ant. vertical Lateral fissure)

∧ (lateral dominant of (x, Callosal sulcus)

∨ overlapping antero-posteriorly dominant of (x, Callosal sulcus))

∧ anatomical inferior of (x, Lateral fissure

∧¬ lateral dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Hippocampal sulcus(x) ⇐

Hippocampal sulcus candidate(x)

∧∀y (Hippocampal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))
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Superior occipital

∀x Superior occipital sulcus candidate(x) ⇐

anatomical superior of (x, Callosal sulcus)

∧ posterior dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Superior occipital sulcus(x)⇐

Superior occipital sulcus candidate(x)

∧∀y (Superior occipital sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) > mean y coordinates(y)))

Rhinal

∀x Rhinal sulcus candidate(x) ⇐

anatomical inferior of (x, Ant. horiz. Lateral fissure)

∧ medial dominant of (x, Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Rhinal sulcus(x) ⇐

Rhinal sulcus candidate(x)

∧∀y (Rhinal sulcus candidate(y) ∧ x 6= y

∧(mean y coordinates(x) > mean y coordinates(y)))
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Temporopolar

∀x Temporopolar sulcus candidate(x) ⇐

anatomical inferior of (x, Calcarine sulcus)

∧ anatomical posterior of (x, Ant. horiz. Lateral fissure)

∧¬ anatomical anterior of (x, Ant. vertical Lateral fissure)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Temporopolar sulcus(x)⇐

Temporopolar sulcus candidate(x)

∧∀y (Temporopolar sulcus candidate(y) ∧ x 6= y

∧(mean z coordinates(x) < mean z coordinates(y)))

Cuneal

∀x Cuneal sulcus candidate(x) ⇐

(posterior dominant of (x, Parieto-occipital sulcus)

∨ overlapping antero-posteriorly dominant of (x, Parieto-occipital sulcus))

∧¬ anatomical inferior of (x, Parieto-occipital sulcus)

∧¬ anatomical anterior of (x, Parieto-occipital sulcus)

∧¬ lateral dominant of (x, Parieto-occipital sulcus)

∧¬ anatomical posterior of (x, Calcarine sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Cuneal sulcus(x) ⇐

Cuneal sulcus candidate(x)

∧∀y (Cuneal sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))
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Paracentral

∀x Paracentral sulcus candidate(x) ⇐

anatomical superior of (x, Parieto-occipital sulcus)

∧ medial dominant of (x, Central sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Paracentral sulcus(x)⇐

Paracentral sulcus candidate(x)

∧∀y (Paracentral sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))

Angular

∀x Angular sulcus candidate(x) ⇐

(anatomical posterior of (x, Central sulcus)

∧ anterior dominant of (x, Parieto-occipital sulcus)

∧ lateral dominant of (x, Central sulcus)

∧¬ anatomical inferior of (x, Parieto-occipital sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Angular sulcus(x) ⇐

Angular sulcus candidate(x)

∧∀y (Angular sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) > mean x coordinates(y)))

Intralimbic

∀x Intralimbic sulcus candidate(x) ⇐

anatomical anterior of (x, Parieto-occipital sulcus)

∧ medial dominant of (x, Callosal sulcus)

∧ superior dominant of (x, Callosal sulcus)

∧¬ Primary sulci(x)

∧¬ Found sulci(x)

∀x Intralimbic sulcus(x)⇐

Intralimbic sulcus candidate(x)

∧∀y (Intralimbic sulcus candidate(y) ∧ x 6= y

∧(mean x coordinates(x) < mean x coordinates(y)))
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Left lateral view Left medial view Left ventral view

Figure A.1: Manual segmentations of one left hemisphere of a Human Con-
nectome Project dataset subject. Segmentations were done on the pial surface,
labelling the fundus of each sulcus.

a.3 manual segmentations in blender
The pial surface of each subject’s T1 image was converted to a mesh in
the polygon file format which was used in the tool Blender. Each sulcus
was segmented starting from the end points where it folded inwards,
and followed along the fundus of the sulcus until reaching the end of
the sulcus where convexity ended. An example in the left hemisphere
is presented in Figure A.1. Segmentations were performed using subject
space. The sulci per hemisphere were then extracted with their labels in
the wavefront object file format.

In each hemisphere, 5 primary sulci were labelled first. Next, the promi-
nent secondary sulci in each lobe, which varied from 16 to 20. Finally, any
remaining sulci were identified based on the definitions in our literature
review, and confirmed with Dr Nikos Makris.

The extracted manual segmentations for each subject were added into
the NeuroLang domain as symbols, with the sulcus name as the symbol
name, and the coordinates of the sulcal label as the symbol values. The
values could be in arrays of either Cartesian coordinates (e.g. [-10.02, 20.00,
3.58]) or mesh node coordinates (e.g. [28 40 15]).

This supplementary information was provided in response to feedback
from the jury.
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Résumé: Dans le domaine de la cartogra-
phie cérébrale, nous avons identifié le besoin
d’un outil fondé sur la connaissance détaillée
des sulci. Dans cette thèse, nous développons
un nouvel outil de cartographie cérébrale ap-
pelé NeuroLang, qui s’appuie sur la géométrie
spatiale du cerveau.
Nous avons abordé cette question avec deux ap-
proches: premièrement, nous avons fermement
fondé notre théorie sur la neuroanatomie clas-
sique. Deuxièmement, nous avons conçu et im-
plémenté des méthodes pour les requêtes spé-

cifiques au sulcus dans le langage spécifique au
domaine, NeuroLang. Nous avons testé notre
méthode sur 52 sujets et évalué les performances
de NeuroLang pour des cartographie du cortex
spécifiques à la population et au sujet. En-
suite, nous proposons une nouvelle organisation
hiérarchique basée sur les données de la stabilité
sulcal appuyée sur ces données.
Pour conclure, nous avons résumé l’implication
de notre méthode dans le domaine actuel, ainsi
que notre contribution globale au domaine de la
cartographie cérébrale.

Title: Development of subject-specific representations of neuroanatomy via a domain-
specific language
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Abstract: Within the field of brain map-
ping, we identified the need for a tool which
is grounded in the detailed knowledge of indi-
vidual variability of sulci. In this thesis, we
develop a new brain mapping tool called Neu-
roLang, which utilises the spatial geometry of
the brain.
We approached this challenge with two perspec-
tives: firstly, we grounded our theory firmly
in classical neuroanatomy. Secondly, we de-
signed and implemented methods for sulcus-

specific queries in the domain-specific language,
NeuroLang. We tested our method on 52 sub-
jects and evaluated the performance of Neu-
roLang for population and subject-specific rep-
resentations of neuroanatomy. Then, we present
our novel, data-driven hierarchical organisation
of sulcal stability.
To conclude, we summarise the implication of
our method within the current field, as well as
our overall contribution to the field of brain
mapping.
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