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Part I

General Introduction

1
Introduction

H

aving spent all day staring at masterpieces by Monet,
Manet, Millet, van Gogh and the likes, at the Musée
d’Orsay, in Paris, I was at a loss of words to describe
what I was experiencing. Naturally, walking out of the
museum that day I wondered how have we, Homo sapiens,
come to design a life that seems so different from all of the
other animals around us. Indeed, there has been no evidence
of another species organizing itself in large groups, curating
museums, communicating through poetry and art to the
extent that we do, or of using sophisticated tools to take
selfies at the edge of cliffs1 . Comparative neuroscience,
alongside evolutionary biology, anthropology, genomics, and
all fields interested in studying the evolution of humans and
human behavior, has strived to find answers to intriguing,
grand questions like: What makes us human?, What are the
origins of the human language?, What led to the emergence of
human culture?, to name a few.
Comparative neuroscience in combination with cognitive
neuroscience provides us with a unique opportunity to
address these questions both in terms of evolutionary
reorganization of the brain and its potential functional
implications. The underlying assumption is that different
brains across evolutionary lineages have evolved to suit the
ecological needs of those animals. Crucially, in this view,
different primate brains are not seen as expanding sheets of
cortex with the same underlying architecture, but as specific
parts of the brain undergoing preferential development to
support with the ecological adaptations. This is referred to as
“mosaic evolution”. Smaers and Soligo (2013) investigated
whether specific parts of the brain evolved in specific
evolutionary trajectories across anthropoid primates2 . By
studying brain organization across 17 species of primates
(including Homo sapiens), they showed that mosaic evolution
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1

Although uniquely
human, this last one
should not be mistaken
for intelligent behavior.

2

This paper has the best
summary of results in its
title, "Brain
reorganization, not
relative brain size,
primarily characterizes
anthropoid brain
evolution."

4
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That’s language in a
nutshell!
4

Early primates that
primarily lived on trees
not only needed to be
able to carefully
maneuver through
fragile branches of a tree,
but also feed themselves
with the only available
hand that was not being
used to hang onto a tree.
They then had to be able
to precisely move their
mouth (and consequently
their head) to the
location of the food.
Those were the modest
beginnings of PMv!
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successfully explained the underlying neural diversity, more
than changes in relative brain size, and that this diversity
was selected for lineage-specific specializations. But is it
possible to trace functional specializations across lineages?
Wise (2006) considers the example of the ventral premotor
(PMv) cortex and its role in human communication.
Combining evidence across comparative neuroscience,
paleontology, and comparative psychology, Wise argued that
PMv plays a crucial role not only in controlling movement of
the mouth, but also in mapping meaning to arbitrary vocal
and non-vocal gestures3 . And that it has evolved through
millions of years of selection for fine motor control of limbs
and head orientation beginning in early primates4 .
One of the neuroanatomical changes that separates us from
that of our evolutionary cousins is the expansion of the
prefrontal cortex. Upon examining the neurobiology of the
prefrontal cortex across primates, Passingham and Wise
(2012) have argued that the cortical reorganization of this
region allowed humans to learn quickly and adapt to
changing demands of the situation.
The whole-brain
connectivity of this region, in general, and parietal-frontal
connectivity in particular, have remarkably expanded in
humans as compared to macaques (Thiebaut de Schotten,
Dell’Acqua, Valabregue, & Catani, 2012). Evidence from the
network theory of understanding the brain has identified
parietal-frontal network as a dynamic network that
differentially interacts with other networks depending on
task demands (Dosenbach, Fair, Cohen, Schlaggar, &
Petersen, 2008; Zanto & Gazzaley, 2013). Moreover, the
parietal-frontal pathways involved in tool use have been
compared across humans and chimpanzees (Hecht, Gutman,
Bradley, Preuss, & Stout, 2015). The third segment of the
superior longitudinal fasciculus has been identified to be
particularly sensitive to skill acquisition involving
tool-making (Hecht, Gutman, Khreisheh, et al., 2015). So,
studying the principles of the parietal-frontal organization
could hold some of the answers to the grand questions posed
at the beginning of this introduction.
The thesis presented here contains three main project
chapters (chapters 2, 3, and 4) investigating the organizing
principles of parietal-frontal networks in the macaque and
human brain. First, in Chapter 2, we present a bottom-up
approach of parcellation and hierarchical clustering to arrive
at data-driven conclusions about the principles of
parietal-frontal organization in macaques. In Chapter 3, we
take the top-down approach and use connectivity gradient
analysis to study the organizing principles of the inferior

1.1 studying brains at different levels

parietal lobe using macaque and human resting state data.
We not only use this approach to successfully identify the
principles of organization, but also demonstrate its feasibility
to compare cortical organization across species. Then, in
Chapter 4, we investigate the involvement of the caudal
prefrontal cortex, situated within the parietal-frontal
network, in an attention switching task in humans using
fMRI. We demonstrate the usefulness of arriving at a
hypothesis using an evolutionary viewpoint to predict and
test the functions of brain regions.
Studying both
neuroanatomy and function through evolutionary viewpoint
is indeed a key strength of this thesis. Below I introduce the
relevant background information.

1.1 Studying brains at diﬀerent levels
We could study and compare brains of different species at
multiple levels. Striedter (2005) outlined the same in three
hierarchical levels: regions, cell types, and molecules
(Figure 1.1). While regions are composed of subregions (which
are in turn made up of cell groups), studying the brain at the
level of cell types would include comparing brains in their
composition of neurons or glial cells. For the purposes of this
thesis, since we study the large-scale organization of the
brain, we will focus on the level of brain regions and
inter-areal connections.
The definition of a cortical area varies depending on the goal
of the study and the method used to describe these areas. Van
Essen and Glasser (2018) recently defined a cortical area as “a
distinctive region of cortex that differs reliably from
neighboring areas in one or more neurobiological properties
from four basic categories:
function, architecture,
connectivity, and/or topographic organization.” They termed
these as FACT categories. If we abide by this definition, it
immediately becomes apparent that it is difficult to satisfy
more than one condition when studying brains across species
within a single study. Here, we aim to show that comparative
neuroscience could benefit greatly from an approach
involving studying the principles of brain organization.

5
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Figure 1.1: Schematic representation of multiple levels of analysis
of the brain: regions, cell types, and molecules (adapted,
based on figure 3.7 of Striedter (2005)).

1.2 Principles of brain organization

5

Term from the original
publication

6

my emphasis

Brains are constrained by a number of principles of
organization. Some follow from mechanical constraints, like
the degree of gyrification of the brain is driven by cortical
expansion and growth rates (Ronan et al., 2013). Others could
be studied at the level of brain regions based on their
functions. For example, consider the organization of the
motor cortex. Based on “electrical exploration”5 of cerebral
cortex in 163 patients under local anesthesia, Penfield and
Boldrey (1937) attempted to localize motor function in the
human brain. Although they concluded that they often found
it “... impossible to confine functional representation within
strict cytoarchitectural boundaries”6 , subsequent summaries
of the map have described the motor cortex as maps of
muscles (Penfield & Rasmussen, 1950). Georgopoulos and
colleagues (1986) defined the arm area within the motor
cortex as a collection of specifically tuned neurons, whose
vector sums could specify the movement direction of the
reaching arm. Relatively recently, Aflalo and Graziano (2006)
created a two-dimensional array of motor cortex that

1.2 principles of brain organization

organized itself using a Kohonen network under certain
constraints, and argued that the organization of the motor
cortex could not be understood as a single map. Instead, they
suggested that it could be understood as a map of somatotopy
that reorganized based on competing influences of
ethologically relevant movement categories and that of
topographic maps of effectors. While these descriptions are
invaluable to understand the organization of the motor
cortex, performing such studies demands strenuous work
over long periods of time, and with multiple animals, to
arrive at a consensus organization map.
Goldberg (1989) proposed an alternate approach including
gradients to understand the functional neocortical
organization at the level of large-scale networks.
He
postulated that the organization of the cortex is continuous
and interactive, as opposed to a modular structure with sharp
borders at regional level. Indeed there has been evidence for
such an organization in the macaque and human brain based
on functional connectivity data, with sensory areas on one
end of the gradient and the transmodal areas on the other,
constrained by cortical expansion (Margulies et al., 2016).
Here, instead of studying organization at the level of regions
or at the level of whole-brain, we study the general
organizing principles of cortical networks using non-invasive
imaging data. This allows us to also infer function based on
the organizing principles of, in this case, connectional
families.
At the level of connectional families, one of the prominent
descriptions of the parietal-frontal system describes it as
multiple parallel streams of information processing system
(Goldman-Rakic, 1988). More recent accounts of this network
identify a hierarchical organization within this system
(Averbeck, Battaglia-Mayer, Guglielmo, & Caminiti, 2009;
Caminiti et al., 2017). Yet another view when considering the
whole-brain organization, has distinguished a dorsal-ventral
dissociation in this network, whose schematic representation
is shown in Figure 1.2A (Pandya, Seltzer, Petrides, &
Cipolloni, 2015). For the inferior parietal lobe, a gradient of
connectivity is identified, with progressively more anterior
areas connect to progressively more posterior frontal areas
(Caspers et al., 2011), referred to as the “core–shell
organization” (Figure 1.2B).
In summary, irrespective of the level of analysis (connectional
families, regions, cell types, or molecules), understanding the
principles of organization is advantageous because it allows
us to investigate the trajectory of change in its components by

7
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Figure 1.2: Schematic
representation
of
parietal-frontal
organization.
A. Dorsal-ventral dissociation of
parietal connectivity with the premotor cortex. B.
Core-shell organization between inferior parietal lobe
and the lateral frontal cortex.

extracting general principles. It provides us a framework to
reveal structure in the underlying rather volatile data across
species.

1.3 Brain mapping and comparison
Some of the early attempts of identifying brain regions
localized by their function were based on delineating lesions
in postmortem brains that correlated with language deficits
of the individuals (Broca, 1961; Wernicke, 1874). Following
attempts included defining brain regions based on
cytoarchitecture (Brodmann, 1909) and myeloarchitecture
(Vogt, 1927; Campbell, 1905). While the borders of regions did
not always align across studies (for example, compare maps
from Brodmann, 1909, von Economo & Koskinas, 1925, and
Sarkissov, Filimonoff, Kononowa, Preobraschenskaja, &
Kukuew, 1955), they formed the basis of how we defined
areas for decades.
The cytoarchitecture and anatomical connections of the
frontal lobe have been investigated in great detail using the
traditional anatomical methods in macaque monkeys (Barbas
& Pandya, 1989; Luppino, Calzavara, Rozzi, & Matelli, 2001;
Luppino, Matelli, Camarda, & Rizzolatti, 1993; Matelli,
Luppino, & Rizzolatti, 1991; Rizzolatti, Luppino, & Matelli,
1998). The same is true for the macaque parietal cortex
(Cavada & Goldman-Rakic, 1989; Pandya & Seltzer, 1982). But
using the gold-standard invasive techniques to describe

1.3 brain mapping and comparison

anatomy is laborious, time consuming, and more
importantly, cannot be applied to study the human brain.
More recent accounts of such cartographic endeavours have
used resting state connectivity data and diffusion
imaging-based connectivity data to parcellate brains into
distinct areas using clustering algorithms like k-means
clustering (Kahnt, Chang, Park, Heinzle, & Haynes, 2012;
Mars et al., 2011), hierarchical clustering (Eickhoff et al.,
2011), spectral clustering (Craddock, James, Holtzheimer, Hu,
& Mayberg, 2012; Chen et al., 2012) and more (Yeo et al.,
2011). Although these attempts have been successful in
identifying clusters that largely match the borders of
cytoarchitectonically defined areas, there are inherent
disadvantages to this approach. For example, k-means
clustering algorithms require researchers to a-priori set the
number of clusters they would like to identify (the "k" in
k-means). Some have used inter-subject consistency as a
means to arrive at a consensus of number of clusters
(J. H. Kim et al., 2010; Mars et al., 2011; M. Beckmann,
Johansen-Berg, & Rushworth, 2009), and others have used
cluster integrity measures like the silhouette measure (Ren,
Guo, & Guo, 2019; Craddock, James, Holtzheimer, Hu, &
Mayberg, 2011; Kelly et al., 2010; Margulies et al., 2009). But
much like the non-overlapping borders in early
cytoarchitectonic maps, parcellation maps obtained in these
studies also disagree in their borders when based on
whole-brain connectivity. However, the relative ease of
collecting high-dimensional data using various MR imaging
techniques has led to its widespread application in identifying
regions and studying connectivity networks in multiple
species (mouse lemur Garin et al., 2019, marmoset functional
networks Belcher et al., 2013, marmoset default mode
network Liu et al., 2019, macaques Hutchison et al., 2012, and
humans Glasser et al., 2016). Mars et al (2016) argued that
despite the rapid progress, due to the varying goals and the
variety of methods used in these studies, making a direct
comparison across species has remained a problem. And the
solution is to use common analysis frameworks applied on
the same type of data across a wide variety of species.
Instead of mapping whole brains or large sectors of the
cortex, we could study smaller regions of the brain, and
identify homologies of those regions across species using
their connectivity fingerprints (Mars et al., 2016).
Passingham and colleagues (2002) proposed the idea of
connectivity fingerprints as a way to outline the connections
of a cortical area with a number of predefined target areas.
They identified that this summary of connections of an area
could serve as a unique identifier (a fingerprint).

9
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Importantly, they proposed that each area had a unique set of
inputs and outputs that were crucial in determining its
function. Using macaque supplementary motor area (F3) and
ventral premotor area (F5) as examples, they demonstrated
that their afferent and efferent connectivity fingerprints with
other motor areas were strikingly different based on
cytochrome oxidase staining data (staining data from:
Matelli, Luppino, & Rizzolatti, 1985; Matelli et al., 1991). Mars
et al., (2016) proposed a framework for comparing brains
across species using these connectivity fingerprints and
permutation testing.

7

in the same seminal
paper in which they
introduced connectivity
fingerprints
8

This idea is crucial for
chapter 2.

Using connectivity fingerprints would not only allow us to
take into account the underlying connectivity when defining
homologies, but also serve as a guide to infer its function.
While this is certainly an advantage, when applied to a wide
variety of species, the approach suffers from already having to
know the homologues of the target regions (Mars et al., 2016).
This renders this approach thus less effective when studying
the brains of relatively understudied species with no clear
homologues for target regions. Passingham et al., (2002) also
elaborated on the concept of connectional families7 that served
as one of the key ideas to shift focus away from underlying
regions, and study the organization of connections8 .
Cortical areas can be grouped into connectional families based
on similarities in their connectivity fingerprints. Using
meta-analysis
data
of
connectivity
in
macaques
(http://www.cocomac.org/), Passingham and colleagues (2002)
showed that connectional families can be identified in
premotor and prefrontal areas. Based on receptor mapping,
Zilles et al., (1996) have shown that the SMA and pre-SMA
form a connectional family within the motor system. Young
(1992) distinguished between dorsal and ventral families in
the macaque visual system using anatomical connectivity
data. So, as an extension of connectivity fingerprints,
studying the organization of connectional families could
inform us about the large-scale organization of the brain
across species.

1.4 Evolution of function
Studying neuroanatomy in isolation will not help us address
the grand questions outlined at the beginning of this chapter.
Comparative neuroscience not only aims to identify how
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brains differ, but also to explain why they differ, and what
advantages do these difference bring to the animal in terms
of its ecological niche. We could trace the evolutionary
innovations of specific traits and corresponding evolutionary
changes in the brain to gain insights into their functional
adaptations. Passingham and Wise (2012) have argued that
the evolution of prefrontal cortex occurred in multiple stages.
Figure 1.3 depicts a brief history of brain evolution and
evolutionary adaptations over millions of years in a select few
primates9 . Prefrontal cortex first appeared in the early
mammals and contained argranualar areas.
Further
development occurred in early primates in the form of dorsal
and ventral premotor cortices that facilitated their
adaptations to nocturnal, tree-dwelling lives, with increased
control and coordination of head and hand movements.
Development of caudal and granular orbital prefrontal
cortices are suggested to have played a key role in
maintaining attention in a cluttered environment and keep
track of their current biological needs and outcomes of
previous choices. The relatively new areas in the anthropoid
primates like the expansion of prefrontal cortex (and possibly
of polar frontal areas), provided particular advantage to these
animals that were now adapted to foraging in daylight due to
the development of the fovea and trichromatic vision.
Passingham and Wise (2012) have suggested that these areas
allowed anthropoid primates to assess risk and learn quickly
from even single events to managed their foraging choices.
For the purposes of the work presented in this thesis, we
focus on the parietal-frontal connections in macaques. The
dorsal part of the macaque caudal PFC (area 8Ad, area 8B) has
direct connections with the LIP region in the intraparietal
sulcus (Petrides & Pandya, 1999; Cavada & Goldman-Rakic,
1989) and with area PG in the inferior parietal cortex (Cavada
& Goldman-Rakic, 1989), where eye movement and eye
orientation are encoded, respectively (Snyder, Batista, &
Andersen, 1997; Sakata, Shibutani, & Kawano, 1980). These
regions are part of the dorsal visual stream, which also
includes posterior parietal regions (Goodale & Milner, 1992;
Kaas, Gharbawie, & Stepniewska, 2011). The ventral part of
the caudal PFC (area 8Av) has connections to both dorsal
stream areas as well as areas in the ventral stream, like area
TEO in the inferior temporal cortex (Petrides & Pandya,
1999). We now consider the evolution of the caudal PFC and
its functional role in paying covert attention.
The FEF region in the caudal PFC was first identified by Ferrier
(1875), who showed that electrical stimulation in this region
elicited eye movements in macaques. In early primates such as
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The figure is only
meant to serve as a quick
summary of evolutionary
changes. So, branching in
the timeline is not to
scale.
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Figure 1.3: A very brief history of evolution of the prefrontal cortex
and behavioral adaptations (adapted, based on Figures
2.5 and 2.6 of Passingham and Wise (2012)).
Abbreviations: PFC - prefrontal cortex, PM - premotor
cortex.

the bush baby, electrical stimulation in a homologues area also
elicited eye movements (Wu, Bichot, & Kaas, 2000). Making
eye movements towards a targeted object helps us bring that
object into focus by means of fovea. But the prosimians like
the bush baby lack a fovea, and are adapted to surviving in
the dark. As such, Passingham and Wise (2012) argue that
the caudal prefrontal cortex has evolved to primarily serve
an attentional role, rather than generating eye movements.
Building upon this evolutionary discrepancy, they reasoned
that the caudal PFC must be a higher-order area for directing
attention. We will examine this hypothesis in more detail in
Chapter 4.
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10

I use “entirely”
because I believe that
using anatomical priors
(like sulcal boundaries)
when studying brains of
relatively understudied
species is in fact valuable.
But data-driven methods
should aid us in
describing organization
beyond identifying
borders.

In order to study cortical organization across species, we need
to be able to use a data-driven approach that does not
entirely depend on anatomical priors10 . In Chapter 2, we
present such a case of data-driven clustering approach to
study principles of organization using resting state
connectivity data in macaques. Specifically, we examine the
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well-understood parietal-frontal network of macaques. The
main focus is not about delineating the borders of regions
within the parietal and frontal cortices, but to study the
network of connections at the level of connectional families
that is built bottom-up from these subregions. Because the
network of organization at the level of connectional families
is preserved irrespective of the number of subregions within
these families.
We aim to identify the dorsal-ventral
dissociation in the premotor cortex because of the parallel
streams of parietal-frontal connectivity, and the core-shell
organization between these cortices.
Next in Chapter 3, we take the top-down approach, wherein
we try to identify principal components of organization in the
inferior parietal lobe (IPL). We show how the approach is able
to identify the principles of organization and is useful to
perform cross-species comparison of cortical organization
using macaque and human data. Connectivity gradient
mapping method (Haak, Marquand, & Beckmann, 2018) is
used to first identify the principal components of IPL based
on within hemisphere connectivity, and then identify the
IPL-frontal organization underlying these components. We
also show how such an approach can be applied to perform
exploratory analysis of regional organization using
IPL-temporal lobe connectivity in the human brain.
In Chapter 4, we examine the involvement of parietal-frontal
network in redirecting covert attention in humans. We test
the evolutionary hypothesis put forward by Passingham and
Wise (2012) that the caudal prefrontal cortex had evolved in
early primates that lacked fovea to focus, and hence must be
involved in supra-modal redirecting of attention rather than
being involved in the movement of the eyes. We use this as an
example to demonstrate how arriving at a specific hypothesis
through an evolutionary viewpoint could benefit the debate.
Finally, in the general discussion chapter (Chapter 5), I
elaborate on the broader implications of our results in the
context of principles of brain organization and evolution of
function.
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Title: Mapping multiple principles of parietal–frontal cortical
organization using functional connectivity.
Abstract: Resting state functional connectivity has been
promoted as a promising tool for creating cortical maps that
show remarkable similarity to those established by invasive
histological methods. While this tool has been largely used to
identify and map cortical areas, its true potential in the
context of studying connectional architecture and in
conducting comparative neuroscience has remained
unexplored. Here, we employ widely used resting state
connectivity and data-driven clustering methods to extend
this approach for the study of the organizational principles of
the macaque parietal–frontal system. We show multiple,
overlapping principles of organization, including a
dissociation between dorsomedial and dorsolateral pathways
and separate parietal–premotor and parietal–frontal
pathways. These results demonstrate the suitability of this
approach for understanding the complex organizational
principles of the brain and for large-scale comparative
neuroscience.
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2.1 Introduction

T

he ultimate goal of mapping the human brain is to
understand the relationship between its organization
and its function. However, to appreciate the evolution
of this relationship, it is necessary to have more than a single
species’ data point. Hence, one of the aims of comparative
neuroscience is to map the brains of a range of species in
terms of each of their underlying principles of organization
(Striedter et al., 2014).
While this approach is almost prohibitively costly and
laborious when using traditional histological methods, the
advent of neuroimaging as a tool for mapping brain
organization has opened up a range of possibilities. In the
human brain, measures of both structure and function have
been used to map areas based on their connectivity profiles
(Gordon et al., 2014; Johansen-Berg et al., 2004; Kahnt et al.,
2012; Sallet et al., 2013), myelin content (Glasser, Goyal,
Preuss, Raichle, & Essen, 2014), and functional response
profiles (Tsao, Moeller, & Freiwald, 2008). A recent effort
combined these approaches to propose a novel map of the
human brain (Glasser et al., 2016). Building on the success of
such efforts, these techniques are also increasingly applied in
non-human primates (Mars et al., 2014), allowing a direct
comparison of cortical maps across species (Mantini,
Corbetta, Romani, Orban, & Vanduffel, 2013; Mars, Sallet,
Neubert, & Rushworth, 2013; Neubert, Mars, Thomas, Sallet,
& Rushworth, 2014).
However, creating maps of cortical areas is only one step
towards elucidating principles of cortical organization across
species. A further requirement is to compare the architecture
of inter-areal relationships. For instance, although the
primate cortex consist of regions that have an individual
profile of connections, the so-called connectivity fingerprint
(Passingham et al., 2002), one can find connectional families
of regions with similar connections at a higher level of
description (Kötter et al., 2001). Moreover, some recent
studies emphasize supra-regional aspects of connectional
organization of the cortex over the connectivity of individual
regions (Huntenburg, Bazin, & Margulies, 2018; Jbabdi,
Sotiropoulos, & Behrens, 2013).
Importantly, such
topographical organizations have functional relevance for
behavior (Marquand, Haak, & Beckmann, 2017). Thus, to
truly understand the relationship between cortical
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organization and behavior, it is imperative to be able to map
inter-areal relationships as well as cortical territories.
The parietal-frontal system of the macaque monkey
brain—one of the best understood systems in terms of
primate cortical anatomy—provides an interesting case in
point when examining overarching patterns of inter-areal
organization. The most common description is that of
multiple parallel parietal–frontal networks (Goldman-Rakic,
1988), some of which might facilitate different aspects of the
movement repertoire (Gharbawie, Stepniewska, Qi, & Kaas,
2011). However, both the segregation of such information
processing streams (Caminiti, Innocenti, & Battaglia-Mayer,
2015) and the convergence of parietal connections in parts of
premotor cortex have been emphasized (Wise, Boussaoud,
Johnson, & Caminiti, 1997). At a higher level of description, a
gradient can be seen in the inferior parietal cortex, where
progressively more posterior regions connect to progressively
more anterior frontal regions (Caspers et al., 2011), referred to
as "core-shell organization".
Models concerned with
describing whole-brain patterns of organization argue for an
overarching dorsal-ventral distinction in the frontal-parietal
organization (Hoshi & Tanji, 2007; Pandya et al., 2015). In
addition, a hierarchical organization of the frontal lobe (Badre
& D’Esposito, 2009), possibly with parallel medial and lateral
hierarchies (Kouneiher, Charron, & Koechlin, 2009), is
evident in many functional models of cognition. Rather than
competing, each of these models is concerned with a different
level of description that has distinct explanatory value.
Here, we investigate whether we can use resting state fMRI to
create a map of inter-areal organization of the macaque
parietal–frontal system using resting state functional
connectivity. We use a data-driven clustering technique to
identify individual cortical areas in both parietal and frontal
cortex following the approach of most mapping studies (Mars
et al., 2011; Sallet et al., 2013), and subsequently investigate
the inter-cluster organization across the two lobules using a
hierarchical approach.
This approach of divergent
parcellation and convergent clustering allows to assess how
well an observer-independent technique can describe
principles of organization, which is crucial if the technique is
later to be employed to study brains whose organization is
less well-understood.
We do note, however, that its
simplicity and the use of group-level data, mean that our
results should be taken as purely descriptive. To foreshadow
the results, in agreement with previously established work,
we find that parcellation-based resting state functional
connectivity strongly resembles cytoarchitectonically
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established regions. Importantly, we show that this approach
is able to find multiple, overlapping principles of
organization, which suggests that it can be employed
successfully as a technique for comparative neuroscience.

2.2 Materials & methods
2.2.1 Data acquisition

Macaque fMRI and anatomical scans were collected from
seven healthy macaque monkeys (Macaca mulatta, seven
males, median age = 4.39 years; median weight 8.3 kg).
Protocols for animal care, magnetic resonance imaging, and
anaesthesia were carried out under the authority of personal
and project licenses in accordance with the UK Animals
(Scientific Procedures) Act 1986 (ASPA).
Anaesthesia was induced using intramuscular injection of
ketamine (10 mg/kg) either combined with xylazine
(0.125–0.25 mg/kg) or with midazolam (0.1 mg/kg) and
buprenorphine (0.01 mg/kg).
Macaques also received
injections of atropine (0.05 mg/kg intramuscularly),
meloxicam (0.2 mg/kg intravenously) and ranitidine (0.05
mg/kg intravenously). Anaesthesia was maintained with
isoflurane. The anesthetized animals were either placed in an
MRI compatible stereotactic frame (Crist Instrument Co.,
Hagerstown, MA, USA) or resting on a custom-made mouth
mold (Rogue Research, Mtl, QC, CA, USA). All animals were
then brought into a horizontal 3T MRI scanner with a
full-size bore. Resting state fMRI data collection commenced
approximately 4 hours after anaesthesia induction, when the
peak effect of ketamine was unlikely to be still present. In
accordance with veterinary instruction, anaesthesia was
maintained using the lowest possible concentration of
isoflurane gas. The depth of anaesthesia was assessed using
physiological parameters (continuous monitoring of heart
rate and blood pressure as well as clinical checks for muscle
relaxation prior to scanning). During the acquisition of the
MRI data, the mean inspired isoflurane concentration was
1.125% (ranging between 1.025% and 1.458%) and the mean
expired isoflurane concentration was 1.083% (ranging
between 1 and 1.317%). Isoflurane was selected for the scans
as resting state networks have previously been demonstrated
to closely match known anatomical circuits using this agent
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(Neubert et al., 2014; Vincent et al., 2007). Slight individual
differences in physiology cause slight differences in the
amount of anaesthetic gas concentrations needed to impose a
similar level of anaesthesia on different monkeys.
All but one animal were maintained with intermittent
positive pressure ventilation to ensure a constant respiration
rate during the functional scan; one macaque was breathing
without assistance. Respiration rate, inspired and expired
CO2 , and inspired and expired isoflurane concentration were
monitored and recorded using VitalMonitor software
(Vetronic Services Ltd., Devon).
In addition to these
parameters, core temperature was monitored using a Opsens
temperature sensor (Opsens, Quebec, Canada) and pulse rate,
and SpO2 (> 95%) was monitored using a Nonin sensor
(Nonin Mediacal Inc., Minnesota, USA) throughout the scan.
A four-channel phased-array radio-frequency coil in
conjunction with a local transmission coil was used for data
acquisition (Dr. H. Kolster, Windmiller Kolster Scientific,
Fresno, CA, USA). Whole-brain blood oxygen level-dependent
(BOLD) fMRI data were collected for 1600 volumes from each
animal (except for one with 950 volumes), using the
following parameters: 36 axial slices, in-plane resolution 1.5
× 1.5 mm2 , slice thickness 1.5 mm, no slice gap, TR = 2280
ms, TE = 30 ms. Structural scans with a 0.5 mm isotropic
resolution were acquired for each macaque in the same
session, using a T1-weighted MPRAGE sequence.

2.2.2 Preprocessing

To date, most neuroimaging studies have focused either on
generating detailed cortical maps, or on understanding
topological principles, but not both. The approach has also
been to validate the results across individuals (Margulies &
Petrides, 2013). But non-human primate fMRI data is often of
variable quality when compared to human studies (Milham et
al., 2018). Therefore, we used iterative PCA to analyze the
variance in the data that is common to various subjects and
not due to individual variation (S. M. Smith, Hyvärinen,
Varoquaux, Miller, & Beckmann, 2014). The method has also
been recently applied to tractography data (O’Muircheartaigh
& Jbabdi, 2018). Here, we use a standard brain mapping
approach of clustering cortical territory into cortical regions
based on functional connectivity data and then investigate
inter-areal principles of organization from those results. We
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aim to test whether this simple approach allows us to infer
known principles of anatomical organization and thus
establish it as a tool suitable for comparative neuroscience.
The following pre-processing steps were performed using
tools from FSL (https://fsl.fmrib.ox.ac.uk/), the Human
Connectome
Project
Workbench
(http://
www.humanconnectome.org/software/connectome-workbench), and
the in-house MR Comparative Anatomy Toolbox (Mr Cat,
http://www.neuroecologylab.org).
Individual T1-weighted structural scans were corrected for the
RF field bias and segmented into cerebrospinal fluid (CSF), gray
matter, and white matter using a modified implementation of
FMRIB’s Automated Segmentation Tool (FAST), brain extracted
using a modified implementation of FSL’s Brain Extraction
Tool (BET), registered to the F99 template (Van Essen, 2002)
using affine linear and subsequent nonlinear registration.
BOLD functional data were skull-stripped and co-registered
to the structural data using linear registration. Data were
filtered to remove scanner drifts and the dominant time course
of CSF and white matter were regressed out before warping
the functional data to F99 standard space. The functional
data were then projected to the cortical surface using the
Connectome Workbench. The resulting surface-projected time
series data were normalized and smoothed along the cortical
surface (σ = 3 mm).
Surface-time series data of all individuals were grouped using
the MELODIC’s Incremental Group-PCA (MIGP) (S. M. Smith
et al., 2014) resulting in one group-level time series dataset,
which was then converted to a dense connectome file that
stored the correlation value of each vertex with every other
vertex in the ipsilateral cortex. We do note, however, that
its simplicity and the use of group-level data, mean that our
results should be described as descriptive.

2.2.3 Parcellation of the frontal and parietal cortex

As the final step of pre-processing, we identified parcels
present in frontal and parietal cortex. To this end, we
submitted regions of interest (ROIs) covering the frontal and
the parietal cortex to connectivity-based parcellation (cf.
Johansen-Berg et al., 2004; Mars et al., 2011).
A
comprehensive description of our approach is provided below.
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In essence, we grouped together those vertices that have a
similar connectivity profile with all the vertices in the
ipsilateral hemisphere into a distinct parcel. This yields
clusters consistent with the resolution of the data, ensuring
we do not ignore distinct connectivity patterns present in the
data or try to identify clusters that are too small to
meaningfully relate to existing cytoarchitectonic parcellations
of the macaque cortex. Although the goal here was not to
define all of the cytoarchitechtonic regions that have been
established in the macaque cortex, previous work has shown
that the parcels derived from resting state fMRI data respect
existing anatomical boundaries (Goulas et al., 2017; Neubert
et al., 2014). Consistency of the results can be judged by
similar analyses performed using a slightly different parietal
ROI, as discussed in the the appendix of this chapter
(Appendix A; Section A.6).
Frontal and parietal ROIs were drawn based on sulcal
boundaries of the cortex using Workbench. As shown in
appendix Figure A.5, the frontal ROI encompassed the lateral
and medial aspects of the frontal lobe, including the premotor
and the prefrontal cortex. The posterior border traced the
anterior bank of the central sulcus one-third of the way along
the precentral gyrus, continuing on the dorsal bank of the
lateral sulcus at the ventral end laterally and the extension of
the central sulcus/precentral gyrus border on the medial side.
The ventral border of the ROI on the medial surface was
formed by the ventral edge of the cingulate cortex. The
anterior ventral border was formed by drawing a straight line
between the posterior end of the subcallosal cingulate cortex
on the medial surface that extended across the caudal orbital
surface of the cortex, joining a projected extension of the
lower limb of the arcuate sulcus. The ventral border on the
lateral side traced the dorsal bank of the lateral sulcus, until
it intersected a projected extension of the central sulcus. The
posterior ventral border consisted of the ventral border of the
ventral premotor cortex.
The anterior border of the parietal ROI traces the posterior
bank of the central sulcus two-thirds of the way along the
postcentral gyrus. The posterior border of the lateral side
of the parietal ROI started at the imaginary intersection of
the superior temporal sulcus (STS) and the lateral sulcus and
traced the anterior bank of STS, extending to anterior bank
of parieto-occipital sulcus (POS). The anterior borders of the
medial part of the ROI were formed by the extension of the
central sulcus and POS, respectively. The ventral border on the
medial side traced the dorsal bank of the anterior POS, and the

Frontal and parietal ROIs
for a quick reference.
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imaginary extension of POS until it intersected the cingulate
sulcus.
To parcellate the frontal and the parietal ROIs based on their
connectivity with the rest of the brain, a connectivity matrix
was constructed with dimensions (number of vertices in ROI ×
number of vertices in the hemisphere). With this information, a
symmetric cross-correlation matrix called similarity matrix
was derived in which x(i,j) represented how similar the
connectivity profile of the ith vertex was to the connectivity
profile of the jth vertex. We then submitted the similarity
matrix to a data-driven AP clustering algorithm (Frey &
Dueck, 2007). This algorithm parcellated the frontal and the
parietal cortices, which were then back projected onto the
cortical surface of the macaque brain to establish their spatial
location.
While popular clustering algorithms such as k-means require
the user to make an a priori declaration of the number of
clusters, AP clustering independently identifies a number of
clusters within a given dataset. This is important when
working with data such as resting state fMRI, as its
resolution might influence the number of clusters one can
identify. Another advantage of AP clustering, again in
contrast to k-means approaches, is that the algorithm
identifies a single data point within each cluster – the
so-called exemplar – that serves as the representative data
point of the cluster. Using the connectivity profile of the
exemplars, rather than the averaged or principal time course
of all vertices in a cluster provides the highest
signal-to-noise for further analyses. The AP algorithm,
however, does require the user to specify a "preference"
parameter, which when set to the same value for each data
point (flat distribution across data points) ensures that there
is no prior liking or affinity towards any of the data points to
become exemplars. That in turn, determines how stringent
the algorithm should be when deciding on separating a
cluster into two. If the values of our similarity matrix S
ranged from min(S) to max(S), then the preference value was
set at min(S) - (max(S) - min(S)). This value results in a
suitable balance between specificity in the data and an
interpretable number of clusters. We have discussed three
clustering validation measures, Davies–Bouldin measure, gap
criterion, and silhouette measure, that demonstrate the
suitability of using min(S) - (max(S) - min(S)) as the
preference value (Appendix A, Section A.2).
Furthermore, we argue that irrespective of the underlying
number of clusters, functional families used to study the
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principles of organization can be observed in hierarchical
clustering results (Appendix A, Section A.3).

2.2.4 Connectivity matrix and ﬁngerprints

Based on the results of the frontal and parietal clustering
analyses, we constructed a connectivity matrix with
correlation coefficients of each of their relative exemplars.
The correlation coefficient values in this matrix represented
the strength of the frontal–parietal connection between
exemplars, and hence between the parcels. The rows of the
connectivity matrix can be considered as the parietal
connectivity fingerprint (Passingham et al., 2002) of each
frontal exemplar, and the columns as the frontal connectivity
fingerprint of each parietal exemplar. This connectivity
matrix formed the basis of all subsequent analyses.
Preprocessed data, results, and analysis code are available from
the Donders Institute data repository (https://data.donders
.ru.nl/). Links are available on the lab’s website (http://
www.neuroecologylab.org).

2.2.5 Hierarchical clustering and aﬃnity matrices

The affinity propagation algorithm will return, as do many
other parcellation approaches, a set of parcels, each equal in
weight to the others. This final result does not describe on its
own which parcel separations are dominant, and which are
secondary.
To elucidate a hierarchical organization of
parietal–frontal
connectivity
and
to
identify
the
families/groups of parcel exemplars that shared a similar
connectivity profile, we hierarchically clustered the
connectivity matrix that describes the linkage between
parietal and frontal parcels. More precisely, frontal parcels
were clustered based on parietal connectivity and vice versa,
relying on a dissimilarity metric as defined by "Manhattan"
or "city-block" distance between (frontal) rows or (parietal)
columns of the matrix using the Ward linkage method, as
implemented in Matlab’s (the Mathworks) Statistics and
Machine Learning and Bioinformatics toolboxes. To examine
the hierarchical organization principles of the frontal and the
parietal cortex, branching behavior of the resulting
hierarchical tree was examined incrementally, starting from
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the most dominant segregation in two branches up to nine
branches.
Having discussed the frontal and parietal cortex organization
at different levels of hierarchy, the solution with eight frontal
and seven parietal branches were selected based on
anatomical priors to examine if anatomical organization can
be inferred from the functional connections. To summarize
the connectivity between frontal and parietal branches, we
constructed an affinity matrix. An affinity matrix can be
considered to represent the connectivity strength of each of
the eight frontal branches to each of the seven parietal
branches.
Each cell represents the average correlation
coefficient of all of the exemplars under that branch. The
affinity matrix can also been schematically represented with
arrows signifying the key connections derived from the
matrix.

2.3 Results
We parcellated both the frontal and the parietal cortex into
regions that share a similar connectivity profile using a
data-driven affinity propagation (AP) clustering algorithm
(Frey & Dueck, 2007). This algorithm both assigns each
vertex to a cluster and identifies a single data point within
each region – called exemplar – that best represents
properties of the other data points of the region. To test for
the principles of parietal–frontal organization, the correlation
matrix of the frontal and parietal exemplars was clustered
using hierarchical clustering, which iteratively groups
together clusters into families of regions based on their
connectivity with the other part of the cortex (frontal clusters
based on parietal connectivity and vice versa). Finally, based
on the results of this hierarchical clustering, we constructed
an affinity matrix with eight frontal and seven parietal
branches to explore parallel principles of cortical
organization. We focus on validating the approach and
discuss the results of the right hemisphere in the main text.
Please see Appendix A, Section A.7 for results of the left
hemisphere.

2.3 results

Figure 2.1: Results of AP clustering of the right parietal and the
right frontal cortex based on their connectivity strength
within the hemisphere, back-projected on an inflated
macaque cortical surface. The cluster numbers mark the
position of the exemplar as identified by the algorithm.
Hierarchical clustering of the frontal exemplars based on
their connectivity with the parietal exemplars is given
on the left and that of the parietal exemplars based on
their connectivity with the frontal exemplars is given on
the right.
Abbreviations: A - anterior; P - posterior.

2.3.1 Parcellation of frontal and parietal cortex

Figure 2.1 illustrates the results of the parcellation, along
with the hierarchical clustering of the exemplars. Parcellation
of the frontal region of interest (ROI) based on its
connectivity with the rest of the hemisphere resulted in 26
clusters.
The clusters were identified in relation to
cytoarchitectonically defined areas in the macaque frontal
cortex based on the location of the exemplars and the
boundaries of the parcels. In the rare case that the parcels
were not spatially continuous, the location of the exemplar
was used to determine its anatomical label. Parcellation of
the parietal ROI resulted in 15 clusters that were assigned
labels in the same way. While one could discuss the results by
referring to each of the parcels simply with a number (Goulas
et al., 2017), we have found that using labels based on their
overlap with cytoarchitectonically defined areas (Neubert et
al., 2014) makes our findings more tractable and helps
communicate the functional relevance of the results. The
labels are only meant to provide a heuristic. So, we note that
the labels assigned to the following parcels need to be
considered with caution. The goal of the study is not to
identify the presence of a particular number of
cytoarchitectonic areas, but to examine the principles of

27

28

on probing principles

Figure 2.2: Connectivity fingerprints of the frontal (rows) and
the parietal exemplars (columns), along with their
hierarchical clustering outline. Values indicated in
each cell correspond to the correlation value of the
corresponding frontal and parietal exemplars, as shown
in Figure 2.1. Colorbar ranges from the lowest to the
highest correlation value of the exemplars.

organization within the parietal–frontal system.
The
clustering is thus a pre-processing step to identify
meaningful sub-regions within the data.
Table 2.1 presents a list of cluster numbers and their
approximate location according to published cytoarchitectonic
atlases. See appendix Table A.1 and Table A.2 for their
labeling based on Lewis and Van Essen (2000), Paxinos et al.
(2000), and Markov et al. (2010) atlases. On the medial wall,
frontal clusters F1 and F2 overlapped with mid-cingulate
cortex [cytoarchitectonic area 24 according to the atlas of
Paxinos et al. (2000)]; clusters F3, F4, and F8 were in the
territory of the peri-genual anterior cingulate cortex (ACC)
(area 32, area 25). The dorsal posterior cluster F5 overlapped
with supplementary motor area [SMA, termed F3 by Rizzolatti
et al. (1998)]. On the lateral surface, clusters F14 and F22
matched the dorsal premotor cortex (PMd, area F2); clusters
F23, F25, and F26, corresponded to the ventral premotor
cortex (PMv, areas F4 and F5) and the macaque homolog of
area 44 (Petrides, Cadoret, & Mackey, 2005). The peri-arcuate
clusters F17, F15, and F20 overlapped with area 8. Clusters F7,
F11, F12, and F18 overlapped with the dorsal prefrontal cortex
(PFC) (area 9) and cluster F13 with dorsolateral PFC (area 46).
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Table 2.1: Description of parcels in terms of cytoarchitectonic
anatomical maps.

Exemplar number

Anatomical region (most overlapping areas)

Frontal cortex
F1, F2

mid-cingulate cortex (area 24)

F3, F4, F8

peri-genual ACC (areas 32, 25)

F14, F22

dorsal premotor (F2)

F5

supplementary motor area (F3)

F23, F26, F25

ventral premotor (F4, F5, area 44)

F24

ventral PFC (area 12)

F18, F12, F7, F11

dorsal PFC (area 9)

F13

dorsolateral PFC (area 46)

F17, F15, F20

peri-arcuate cortex (area 8)

F6, F9

frontopolar cortex (area 10)

F10, F16, F19, F21

orbitofrontal cortex (areas 11, 13)

Parietal cortex
P1, P2, P3, P6

medial SPL (PGm, area 31, PEci, PE)

P4, P5

anterior bank of POS (PEc, PO)

P9, P11, P13

SPL (anterior PE, posterior area 2, area 5 and 7)

P15, P14, P10

IPL (PF, PG, Opt)

P7, P8

posterior IPS (VIP, PEa)

P12

anterior IPS (VIP, AIP)

Abbreviations: ACC - anterior cingulate cortex; PFC prefrontal cortex; SPL - superior parietal lobule; POS parieto-occipital sulcus; IPL - inferior parietal lobule; IPS intra-parietal sulcus.
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Cluster F24 corresponded to the ventral part of lateral PFC.
While clusters F6 and F9 were in the territory of frontopolar
cortex (area 10), clusters F10, F16, F19, and F21 corresponded
to orbitofrontal cortex (area 11, area 13, and area 47/12).
On the medial wall of the parietal cortex, two ventral clusters
P1 and P2 overlapped with area PGm and area 31. Posterior
to these were clusters P4 and P5, on the anterior bank of
the parieto-occipital sulcus (POS), of which the more dorsal
cluster, cluster P4, overlapped with PEc (Saleem & Logothetis,
2012). Of the two more dorsal clusters on the medial wall,
cluster P3 was located mostly within the posterior end of
the cingulate sulcus (overlapping with area PEci) and cluster
P6 was located superior to that (overlapping with area PE).
Clusters P9, P11 and P13 occupied the anterior part of the intraparietal sulcus (IPS) and the superior parietal lobule (SPL), of
which the anterior clusters P13 and P11 largely overlapped with
the most anterior parts of PE and the posterior part of area 2,
while the posterior cluster P9 followed area 5 and 7 along the
dorsal/medial part of the IPS. On the inferior parietal lobule
(IPL), an anterior cluster P15 overlapped with area PF; more
posterior clusters P14 and P10 overlapped with parietal area
7a (Cavada & Goldman-Rakic, 1989) with cluster P14 confined
to PG, and cluster P10 overlapping with Opt as described by
Paxinos et al. (Paxinos et al., 2000). Two additional clusters P7
and P8 were buried in the posterior part of the IPS, overlapping
with VIP and PEa (Saleem & Logothetis, 2012). Cluster P12, in
the anterior part of IPS, spanned the territory of VIP and AIP.

2.3.2 Principles of hierarchical organization

The connectivity between all frontal exemplars and all
parietal exemplars is displayed in Figure 2.2. All subsequent
hierarchical analyses are performed using this connectivity
matrix as their basis.

Frontal cortex
Figure 2.3 shows results of hierarchical clustering of the
frontal cortex based on its connectivity with the parietal
cortex. The initial branching into two branches dissociated
regions with strong and widespread connectivity with parietal
cortex and regions with weak or very focal parietal
connectivity. The regions with strong connectivity were
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Figure 2.3: Hierarchical clustering results of the frontal exemplars
based on their parietal connectivity strength. Exemplars
(by extension, parcels) that belong to a branch are
overlaid on the surface of the cortex in the same color,
and the branch that splits from its cluster in the following
step is marked with a box.

further subdivided (see change from 3 to 4 branches in
Figure 2.3) into dorsal premotor regions with strong
connectivity to anterior IPL and dorsal SPL, and the dorsal
PFC and peri-arcuate regions with strong connectivity to
regions in posterior IPL and posterior IPS. These latter
regions were subdivided into dorsal PFC and peri-arcuate,
based on their preferential connectivity to posterior IPL and
posterior IPS, respectively (5-6 branches). Due to their
overall similarity in connections with the parietal cortex, the
dorsal premotor regions only split into the medial–dorsal
premotor part (including SMA) and a lateral part in the later
stages of hierarchical clustering (7-8 branches). They were
distinguished by SMA and the most dorsal part of PMd
showing connectivity with dorsal superior parietal lobe (SPL),
and the lateral premotor area having comparatively stronger
connections with the anterior segments of the parietal cortex.
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Regions in the frontal cortex with low or negative connectivity
with the parietal cortex were divided into the peri-genual
anterior cingulate (ACC) and the frontopolar regions on the
one hand, and ventral premotor and prefrontal regions, and
cingulate motor areas (CMA) on the other (2-3 branches).
This dissociation was driven by the first branch’s regions
showing very weak or no connectivity with parietal cortex,
whereas ventral frontal and CMA showed focal connectivity
with the anterior most part of inferior parietal lobule (IPL).
These latter regions were in turn subdivided based on their
specific connectivity with IPL—ventral premotor (PMv) and
area 44 with strong anterior IPL connectivity and ventral PFC
and CMA with weaker connectivity to IPL (6-7 branches).
Ventral PFC and CMA were finally subdivided based on their
connectivity with posterior IPL (8-9 branches). Posterior part
of the ventral PFC showed selective connectivity with posterior
IPL, while the anterior part of the ventral PFC and CMA showed
no particular peak in connectivity with the parietal cortex.
Peri-genual ACC and frontopolar regions were subdivided into
ventromedial regions with weak connectivity with the parietal
cortex in general and frontal polar regions (including area 9/32
on the medial side) (4-5 branches).
Following the progression through the hierarchy, we observed
that from the 9 branch solution onwards, branches start to
disintegrate into individual regions, sometimes even resulting
in spatially discontinuous branches (clusters F21 and F24, in
this case). As our aim was to investigate the organization
in terms of connectional families, and not connections of
individual regions, the frontal cortex was clustered into 8
branches to capture the required level of detail of functional
families. We demonstrate the approach using affinity matrices
constructed with (frontal, parietal) branches of (2,2), (4,4),
(7,6), and (8,8) in the appendix (Appendix A, Section A.4).

Parietal cortex
Figure 2.4 shows the results of hierarchical clustering of the
parietal cortex based on its connectivity with the frontal
cortex. The main division of parietal cortex into two branches
was driven by regions having strong connectivity to the
frontal cortex [Figure 2.2, first 10 branches (clusters
F20-F5)], and regions having comparatively weaker
connectivity with the frontal cortex [Figure 2.2, last 16
branches (clusters F11–F10)]. The regions with stronger
connectivity contained anterior IPL and SPL, which was
driven by anterior IPL having strong connectivity with ventral
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Figure 2.4: Hierarchical clustering results of the parietal exemplars
based on their frontal connectivity strength. Exemplars
(by extension, parcels) that belong to a branch are
overlaid on the surface of the cortex in the same
color, and the branch that splits from its cluster in the
following step is marked with a box.

premotor regions, while SPL has stronger connectivity with
PMd, SMA, and the peri-arcuate regions (3-4 branches). SPL
was further divided into regions on the anterior SPL and IPS,
that preferentially showed connectivity with the peri-arcuate
regions, and posterior SPL regions that showed comparatively
stronger connectivity with PMd, SMA, and dorsal PFC (4-5
branches).
The regions with comparatively weaker connectivity to the
frontal cortex mostly showed similar connectivity with the
dorsal PFC. However, posterior parts of IPL and IPS, and PEci
connected preferentially to dorsal-caudal regions of frontal
cortex including PMd, while area 31, PGm and PO had
preferential connectivity with the more rostral parts of the
frontal cortex, the frontal polar region (2-3 branches). The
regions with PMd connectivity were further divided based on
a rostro-caudal connectivity dissociation (branches 5-6).
Regions PEci, VIP, and PEa showed weak PMd connectivity.
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VIP and PEa also showed weak SMA connectivity, whereas
PEci revealed strong connectivity with SMA. The posterior
IPL, PG, and Opt regions showed comparatively stronger
connectivity with the dorsal PF cortex. As these latter three
regions share similar connectivity fingerprints, they were not
separated/distinguished until hierarchical clustering reaches
a 9-branch dissociation, where posterior IPL and PG were
separated from Opt due to their connectivity with the
peri-arcuate.
The regions with rostral connections—area 31, PGm and
PO—were further divided based on how strongly they
connected with the frontal polar region (branches 6-7). Area
31 and PGm, with stronger connectivity to both dorsal PF and
frontal polar cortex were grouped under the same branch,
whereas PO was separated for having mostly dorsal PF cortex
connectivity.
Just as in the frontal hierarchical clustering solutions,
branches start resolving in to individual regions from 8
branch solution onwards. Hence, to retain and examine the
connectivity profiles of families of regions, the 7 branch
solution was used to subsequently construct the affinity
matrix.

2.3.3 Principles of large-scale organization

Hierarchical clustering results provided insight into the
organization of the cortex at multiple levels. At a specific
level of branching, in which regions with similar connectivity
profiles clustered together, we were able to identify multiple
organizational principles driving the large-scale organization
of the frontal-parietal network.

Dorsal-ventral organization
One of the main principles of organization described for the
parietal-premotor pathways is a distinction between the
dorsal or medial pathway connecting the parietal reach region
at the back of the SPL with the dorsal premotor cortex, and a
ventral or lateral pathway connecting the inferior parietal
lobule with the ventral premotor cortex (Hoshi & Tanji, 2007;
Rizzolatti & Matelli, 2003; Tanné-Gariépy, Rouiller, &
Boussaoud, 2002). To explicitly test whether a dorsal-ventral
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Figure 2.5: Regions in the frontal cortex and their corresponding
exemplar’s connectivity with the parietal cortex. Black
regions indicate seed areas in the frontal cortex,
with the blue-red-yellow colors indicating increasing
connectivity with each parietal vertex. Maximum
connectivity vertices and schematic representation of
the organization of these connections are also shown.
A. Dorsal-ventral organization of parietal connectivity
with the premotor cortex. B. Rostral-caudal or coreshell organization of parietal connectivity with the lateral
frontal cortex, illustrated separately for dorsal (top) and
ventral (bottom) frontal regions. Color bars represent the
parietal connectivity correlation values of the exemplars
of these seed regions. Note that the color of the ROI does
not represent its within-region connectivity, but just a
representation of the region.

gradient in parietal-premotor connectivity was evident in our
data, we plotted the connectivity of the four most posterior
frontal clusters with the whole of parietal cortex
(Figure 2.5A). We found that connectivity strengths of the
four clusters mirrored their dorsal-ventral dissociation in the
parietal cortex. PMd connected strongly with dorsal SPL;
middle premotor regions connected with the posterior IPL
and IPS; PMv connected strongly with the anterior IPL. This
confirms the dorsal–ventral organization of the premotor
cortex, based on receiving information from parallel
visuomotor streams.
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Core-shell organization

A second major organization principle of the frontal-parietal
networks is that the regions on either side of the central sulcus
have highest connectivity with one another, and so do the
parietal and frontal regions progressively farther away from
the sulcus. This is known as a ’core-shell’ organization. Using
a similar strategy as above for the dorsal-ventral organization,
we selected clusters along a caudal-rostral gradient in the
frontal cortex and plotted the connectivity with the whole of
parietal cortex (Figure 2.5B). We selected two series of regions,
one dorsal to the principal sulcus and one ventral to it. As
shown, as the ROIs progress along the posterior to anterior
axis, the peak connectivity in the parietal cortex changes from
anterior to posterior, obeying the "core-shell" organization.

2.3.4 Parallel frontal-parietal connections.

Anatomical studies have established that the premotor cortex
receives information from the parietal cortex through
separate visuomotor pathways. Averbeck et al. (2009) showed
that this organization can be described in terms of families of
frontal regions preferentially connecting to families of
parietal regions (Averbeck et al., 2009; Caminiti et al., 2017).
To infer the existence of such an organization using
functional connectivity data,
we investigated the
parietal–frontal functional connectivity at a single level of
description. Based on the results discussed above, we chose a
level of seven parietal branches and eight frontal branches.
This level of description captures the grouping of areas into
functionally distinct parcels, such as the dorsal/medial
premotor cortex, ventral premotor and caudal ventral frontal
cortex, ventral arcuate, dorsal PFC, and peri-genual ACC.
We created an affinity matrix that describes the average
connectivity strength of the exemplars of families of frontal
regions connecting to the families of the parietal region
(Figure 2.6A). The maximum connectivity strengths in this
affinity matrix indicate some of the main parietal–frontal
pathways (Figure 2.6B). It was successful in capturing the
dorsal “reach” system involving the PMd, SMA and the
posterior–medial SPL (Caminiti, Ferraina, & Johnson, 1996;
Marconi, 2001), the lateral “grasp” system involving the PMv
and anterior IPL (Bonini et al., 2012; Gharbawie et al., 2011),
and the oculomotor intention and attention system consisting
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of the dorsal PFC (area 8, 46) and the posterior IPL (Andersen
& Cui, 2009). These results support the presence of parallel
information processing streams, characterized by stronger
connectivity between regions equidistant from the central
sulcus (Caminiti et al., 2017; Genon et al., 2016).

Figure 2.6: A. Affinity matrix of the 8 frontal hierarchical branches
(rows) with that of the 7 parietal branches (columns),
indicating the average connectivity strength of the
exemplars within each branch.
B. The branches
are overlaid on a macaque brain along with arrows
representing the peak connectivity between branches

2.4 Discussion
We sought to map the organizational principles linking the
parietal and frontal cortex in the macaque monkey using
resting state fMRI. While previous studies using functional
connectivity measures and clustering algorithms have mainly
focused on mapping cortical regions, we aimed to extend this
approach to identify the principles guiding cortical
organization at multiple levels of description—from the
organization of individual functional areas to the nature of
large-scale circuits. Accordingly, we used a data-driven
clustering approach to parcellate the parietal and frontal
lobules based on whole-brain connectivity, and then used
hierarchical clustering to find families of regions between the
two lobules based on parietal–frontal connectivity. The
clusters resulting from the initial parcellation unsurprisingly
showed remarkable similarity with areas previously identified
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by cytoarchitecture (Paxinos et al., 2000). The hierarchical
clustering allowed us to investigate the parietal–frontal
system based on their inter-areal connectivity, which was
able to establish that the higher-level groupings of frontal
clusters show preferential connectivity to particular parietal
groupings. On a larger scale, the affinity matrix between
groupings revealed two concurrent principles of organization:
a dorsal–ventral organization and a core–shell organization
along the anterior–posterior axis.
One of the strongest dissociations in the data was the initial
subdivision of the frontal cortex into a superior branch of
regions showing widespread parietal connectivity, and a
ventral/medial branch showing either low or very restricted
connectivity with parietal cortex. Only then did these
branches dissociate into caudal premotor clusters and rostral
prefrontal clusters. The dorsal/ventral dissociation of the
premotor cortex and their respective connectivity with
superior and inferior parietal cortex mimicked the
dissociation between the dorsomedial stream consisting of
superior parietal areas PO and MIP and the dorsal premotor
cortex, and the dorsolateral stream consisting of the AIP and
anterior IPL and ventral premotor cortex (Rizzolatti & Matelli,
2003).
Areas of the dorsal prefrontal cortex and areas around the
arcuate sulcus also showed strong connectivity with the
parietal cortex, in particular with the IPS and the posterior
IPL. The ventral and medial part of the prefrontal cortex
showed much weaker connectivity with the parietal cortex,
with parietal connectivity of orbitofrontal cortex mostly
focused on the anterior IPL and parietal connectivity of
medial prefrontal clusters focused on medial parietal cluster.
The lack of widespread parietal connectivity of these clusters
is consistent with observations that these regions receive
relatively more white matter fibers from the temporal cortex
and the limbic system (Carmichael & Price, 1995; Folloni et
al., 2017).
We concentrated our discussion on the right hemisphere of
the macaque, but analogous analyses were performed in the
left hemisphere which are reported in the Appendix A,
Section A.7. Importantly, we were able to identify the
dorsal–ventral organization of the premotor cortex, as well as
the core–shell principle of organization in the
parietal–frontal networks in both the hemispheres. However,
at underlying levels of description there were noticeable
differences, which meant the affinity matrices showed
differences in the strength of the organizational principles
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between the hemispheres. Differences in the branches of the
hierarchical clustering analysis and consequently in the
affinity matrices were perhaps driven by the differences in
the parcellation results. For instance, the right hemisphere
contained three exemplars from the mid-cingulate region on
the medial, while the left hemisphere contained one. The
premotor cortex contained four exemplars in the right, and
three in the left. Since parcellation results were based on
within-hemisphere functional connectivity, we acknowledge
that there are variations in the strength of the organizing
principles between hemispheres that deserve future study.
Resting state fMRI in combination with clustering algorithms
has previously been used successfully to parcellate areas of
the cerebral cortex (Goulas et al., 2017; Kahnt et al., 2012), as
well as to understand weighted contributions of such regions
to cortical networks (C. F. Beckmann, DeLuca, Devlin, &
Smith, 2005; S. M. Smith et al., 2013). In effect, these
approaches are aimed at studying cortical organizations at
different levels, but only their extreme ends. As alluded to in
the introduction, connectivity can be described in terms of the
connectivity fingerprint of individual regions, connectional
families of regions, and larger-scale networks. The present
results demonstrate that, by investigating different levels of
hierarchical clustering branches of the parietal and frontal
cortex, one can identify organization at all these levels. We
have previously shown that resting state functional
connectivity is able to identify the main frontal–parietal
connections in both humans and macaques (Mars et al., 2011),
but the current work further demonstrates that the same data
reflect multi-scale organization of these cortices.
In their seminal paper on the importance of brain
connectivity in understanding cortical organization,
Passingham et al. (2002) explicitly linked a cortical area’s
connectivity fingerprint to its functional role. They showed
that regions that group together based on their connectivity
also tend to group together based on their involvement in
specific functions. Moreover, this relationship might scale,
with connectional families of areas and families of areas
based on similarity in function showing similar groupings.
Caminiti et al. (2017) illustrated this point when they
delineated the macaque parietal–frontal pathways based on a
meta-analysis of tracer data in the macaque and then
explicitly linked the pathways to different motor and
attentional functions. For instance, they were able to identify
dorsal reach system involving the SPL and medial and dorsal
premotor areas, and the lateral grasp system consisting of the
anterior IPL and ventral premotor and frontal regions, but
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also the oculomotor and attentional system involving the
posterior IPS and dorsal prefrontal cortex. These functional
systems were also confirmed in our current data and can be
identified based on the affinity matrix as described above
(Figure 2.6). Importantly, the hierarchical analysis of the
resting state data mimics the functional relationship of
regions. For instance, the dorsal SPL-premotor network
separates quite early on from the dorsal prefrontal and
peri-arcuate systems that both have been attributed roles in
attentional behavior. These networks then separate out
themselves at a later stage, and indeed their roles in attention
might be dissociated, with peri-arcuate regions more
involved in top-down orienting of attention and the dorsal
PFC in providing the context of an action based on abstract
goals (Passingham & Wise, 2012).
A more recent view of the functional organization of the
parietal–premotor system emphasizes parallel networks
involved in the control of different ethological movement
categories, such as a defensive posture, eating behavior,
manipulation in near space, and locomotion (Graziano, 2016;
Kaas et al., 2011). This type of organization is particularly
interesting from a comparative perspective, as it would make
predictions of how parietal–premotor systems might be
differentially developed to suit the niche of a particular
animal. It has been argued that human motor behavior, for
instance, might rely on a novel pathway (Peeters et al.,
2009), but an alternative view would be that it relies on an
elaboration of the existing primate pathway for nearby object
manipulation (Hecht et al., 2012). The present approach is
able to dissociate these pathways in a data-driven manner,
allowing future work to test the hypothesis that there is an
additional pathway in the human brain. Although diffusion
MRI tractography studies have shown that the major white
matter pathways connecting the frontal and parietal cortex
can also be identified in the human brain (Makris et al., 2004;
Thiebaut de Schotten, Dell’Acqua, et al., 2012), it has also
demonstrated some lateralizations that are suggested to be
specific to the human (Thiebaut de Schotten, Dell’Acqua, et
al., 2012; Howells et al., 2018) as well as some more
fundamental differences in the projections of certain tracts
(Eichert et al., 2018; Rilling et al., 2008). However, to our
knowledge, a full analysis of human parietal–frontal
organization along the lines of the current study, which sheds
light on unique aspects of our parietal–frontal organization
has not been performed yet and is the topic of ongoing
research in our lab.

2.4 discussion

While the various models discussed above predict various
aspects of our data, it is tempting to consider whether there
is an overarching theory of cortical organization that can
explain the various levels of description within a single
framework. One model that has this potential is the so-called
“dual origin model”, originally described by Sanides (1964)
and recently elaborated upon by Pandya et al. (2015).
According to this model, trends of neocortex expansion and
differentiation emerge from two allocortical sources. The
hippocampal differentiation includes the medial wall of the
hemisphere, and superior parts of the parietal, dorsal
premotor, and dorsal frontal cortex;
the pyriform
differentiation includes ventral premotor and prefrontal
including orbital cortex and temporal pole. The dorsal/ventral
dissociation we observed may then be the result of two
separate expansions, leading to two mostly dissociated
processing streams. According to the dual origin model, this
dorsal–ventral dissociation is complemented by a subdivision
of each part of sensory and motor cortex into parallel lines of
cortical areas, ranging from least differentiated belt regions
to core regions and then to maximally differentiated or
primary root areas. Long-range connections between cortical
systems are thought to occur between areas that are at
similar stages of cortical differentiation, which might start to
explain the core-shell organization of parietal–frontal
connectivity we observed. Although the dual origin model
was originally proposed based on observations in reptiles,
monotremes, and marsupials, recent treatment is fully based
on observations in the macaque monkey (Pandya et al., 2015).
The results of the present study are thus largely consistent
with these suggestions, although it should be noted that the
cingulate areas are originally grouped with ventral premotor
regions in our data, rather than with the dorsal premotor
regions as predicted by the theory (Pandya et al., 2015). This
could, however, be due to the generally weak parietal
connectivity of the cingulate regions.
A related theory, proposed recently by Buckner and Krienen
(2013) and referred to as the “tethering hypothesis”, also
evokes primary cortices in explaining the architecture of
long-range connections. According to this theory, signaling
gradients and extrinsic activity from primary areas place
strong constraints on the developing cortex. When the
cortical sheet expanded dramatically, most of the emerging
novel territory was distant from these constraints and
emerged as association cortex that tended to wire together
forming multiple parallel circuits as opposed to the
hierarchical circuits seen among primary areas. Again, this
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hypothesis predicts some of features of parietal–frontal
connectivity we observed.
These hypotheses, although intriguing, await further
verification. While traditional techniques such as invasive
tract tracing and cytoarchitecture have contributed
immensely to our knowledge of brain anatomy and
organization, they are labor intensive, time consuming, and
cannot be used to study the brain of living animals, including
humans. Moreover, elucidating principles of organization
often requires integration of information from multiple
studies performed on different individual animals (Averbeck
et al., 2009), rather than studying whole-brain organization
within the same group of subjects. Here, we demonstrate that
resting state functional connectivity and clustering
techniques can go beyond mapping cortical areas and can
successfully identify the principles of large-scale brain
organization. As functional MRI data are now obtained in an
increasing number of species, including macaque and other
Old World (Salinas & Szabó, 2015) and New World
(Ghahremani, Hutchison, Menon, & Everling, 2016) monkeys
and other mammals such as the dog (Kyathanahally et al.,
2014), the ferret (Zhou et al., 2016), and rodents (Grandjean,
Zerbi, Balsters, Wenderoth, & Rudin, 2017; Ortiz, Portillo,
Paredes, Young, & Alcauter, 2018), we argue that this
approach has the potential for large-scale comparative
mapping of principles of brain organization across the
mammalian order.

3
On comparing connectopies
Title: Connectional topographies in human and macaque
inferior parietal lobe.
Abstract: Resting state functional connectivity has been
successfully used to compare the macroscopic cortical
organization between macaques and humans. Connectivity
gradient methods have recently been developed to describe
the underlying principles of such organization. Here we used
a particular variant of connectivity gradients method,
Laplacian eigenmaps, to study the connectional topography of
the inferior parietal cortex (IPL) in macaques and humans. In
both species, we found two overlapping gradients of
organization in the IPL, including a posterior-anterior
gradient and a radially outward gradient. We first describe
the principal gradients based on within-hemisphere
connectivity, and then examine the IPL-frontal connectivity
driving these gradients. We demonstrate the feasibility of
employing a gradient approach not only to identify and
compare the principles of large-scale cortical organization
across species, but also to gain insights into the evolutionary
changes in the human brain. We conclude that the organizing
principles of IPL is preserved across macaques and humans,
and provide evidence for human-specific connectivity in
posterior IPL.

In preparation as: Vijayakumar, S., Blazquez Freches, B., Sallet, J.,
Klein-Flugge, M., Jensen, D., Medendorp, W. P., & Mars, R. B. (in prep).
Connectional topographies in human and macaque inferior parietal lobe.
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3.1 Introduction

T

he primary goal of comparative neuroscience is to study
the similarities and differences in the brain organization
of various species in order to understand their unique
environmental adaptations and ecological niches. The field has
strived to find general principles of brain organization across
species while still respecting their anatomical idiosyncrasies.
For example, Neubert and colleagues (2014) argued that there
is an area in the human prefrontal cortex with no obvious
homology in macaques, even though the overall organizational
principles are quite similar (Sallet et al., 2013). Thus, any
comparison between brains should be able to account for the
principles of organization, while providing insights into the
observed deviations.
The inferior parietal cortex (IPL) is an area of particular
interest as it has substantially expanded in humans (Essen &
Dierker, 2007) and this expansion is accompanied by changes
in its connectivity (Mars et al., 2011). Interestingly, parts of
IPL have been associated with functions that are particularly
well developed in the human brain, such as tool use (Peeters
et al., 2009; Ramayya, Glasser, & Rilling, 2009) and language
processing (Price, 2012). The anatomical organization of the
IPL in the macaque is well established, with a number of
cortical areas defined in a anterior-posterior organization
(Pandya & Seltzer, 1982; Rizzolatti et al., 1998; Rozzi et al.,
2005). This organization is accompanied by a particular
connectivity pattern, including a gradient in connectivity
with the frontal cortex, with the more anterior regions in the
IPL connecting to the most posterior regions in the frontal
cortex, and vice versa (Vijayakumar et al., 2019). Given the
well understood organization of macaque IPL, it is interesting
to make a direct comparison with that of the human, to
investigate whether the same general principles of
organization apply even in a brain capable of dramatically
different behaviors.
Parietal-frontal connectivity has been extensively studied in
the macaque brain using invasive tracers (see (Caminiti et al.,
2015) for an overview) and, more recently, using the indirect
approach of resting state fMRI functional connectivity (Mars
et al., 2011; Vijayakumar et al., 2019). Multiple organizational
principles have been described in the parietal-frontal network
ranging from a dorsal-ventral dissociation in the premotor
cortex (Hoshi & Tanji, 2007), to a hierarchical organization
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in the parallel streams of multiple parietal-frontal networks
(Averbeck et al., 2009; Caminiti et al., 2015).
Resting state fMRI has the advantage that it can be used in
both macaques and humans, allowing a direct comparison of
the organization of the two brains using the same method.
This is important because techniques like tractography-based
connectivity and resting state connectivity have inherent
differences, which demand careful consideration before
translating results obtained from one method to the other
(e.g., (Mars et al., 2016; Essen et al., 2014). Moreover, human
IPL has been suggested to have distinct connections to the
temporal lobe supporting tool use (Ramayya et al., 2009).
Thus, it would be important to see whether any established
principles of IPL organization based on its connections with
the frontal cortex also hold when investigating its
connections with the temporal cortex.
Connectivity gradients mapping is a novel method that
describes the organization of a region based on the directional
changes in the underlying connectivity data. It has been used
to delineate the polar angle and eccentricity maps in the
primary visual cortex (Haak et al., 2018) and, on a
macroscale, suggests that the organization of the entire
neocortex can be described in terms of two overlapping
gradients: one from primary to multimodal areas and one
separating different modalities (Margulies et al., 2016). The
technique has also been used to demonstrate gradients in the
neonatal brain (Larivière et al., 2019).
While other
connectivity gradient methods have been used to study
macroscale organization of the brain (diffusion maps in
Margulies et al., 2016; isomaps in Ye et al., 2015), here, we
use Laplacian eigenmaps, which is a specific instantiation of
the connectivity gradients method.
Recently, Blazquez
Freches and colleagues (in prep.) applied this method to
demonstrate the overlapping connectivity gradients in the
white matter tracts using diffusion imaging.
Here, we compare the organization of IPL between human
and the macaque monkey based on its connectional
topography within the hemisphere and functional
connectivity with the lateral frontal cortex. We identified two
overlapping principles of organization in the IPL based on its
connectivity within hemisphere in both species; the first one
was a posterior-anterior organization, and the second one
was a radially outward organization. We examined the
underlying connectivity driving these gradients of
organization based on IPL-lateral frontal connections, and
found evidence for dorsal-ventral dissociation in the
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premotor connectivity and anterior-posterior organization in
ventral frontal regions. We also performed explorative
analysis on IPL gradients based on IPL-temporal connectivity
in humans and obtained preliminary insight into posterior
IPL and middle temporal connectivity-driven gradients.

3.2 Materials & methods
3.2.1 Data

We obtained resting state fMRI data of both humans and
macaque monkeys. Human data were obtained from the
Human Connectome Project (Essen et al., 2013). Given that
the non-human primate fMRI datasets are often of different
quality when compared to that of human studies (Milham et
al., 2018), we used two independent macaque datasets,
allowing us to replicate our findings. We used a datasets
obtained at the University of Oxford and one obtained at
Mount Sinai School of Medicine and available through the
PRIME-DE
data
repository
_
(http://fcon 1000.projects.nitrc.org/indi/PRIME/mssm1.html,
Milham et al., 2018).

Macaque data: Oxford
Macaque data (Macaca mulatta, n=7) from Oxford were
obtained under the same acquisition procedure as explained
in detail by Vijayakumar and colleagues (2019). Briefly,
animals were maintained under anesthesia with isoflurane.
The anesthetized animals were placed in an MRI compatible
stereotactic frame (Crist Instrument Co., Hagerstown, MA,
USA) or on a custom-made mouth mold (Rogue Research,
Mtl, QC, CA, USA) and brought into a horizontal 3T MRI
scanner with a full-size bore. Resting state fMRI data were
collected approximately 4 hours after inducing anesthesia.
1600 volumes of Whole-brain blood oxygen level-dependent
(BOLD) fMRI data were collected with a resolution of
1.5×1.5×1.5 mm3 , slice thickness of 1.5 mm with no gap, TR =
2280 ms, TE = 30 ms. Structural scans with a resolution of
0.5×0.5×0.5 mm3 were acquired for each macaque, using a
T1-weighted MPRAGE sequence.
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Macaque data: Mount Sinai
Mt.
Sinai macaque data (Macaca mulatta, n=5) were
downloaded from the INDI PRIMatE Data Exchange: Mount
Sinai Philips Achieva 3T dataset (Milham et al., 2018).
Froudist-Walsh et al., (2018) describe scanning methods in
detail. Briefly, animals were maintained under anesthesia
along with 1.2% isoflurane, and monitored for depth of
anesthesia throughout the procedure. Data were collected on
a Philips Achieva 3T scanner as animals lay in Sphinx
position, feet first. Resting state fMRI were collected at least
2 hours after inducing anesthesia.
988 volumes of
whole-brain BOLD fMRI data were collected with a voxel
resolution of 1.5×1.5×1.5 mm3 , TR = 2600 ms, and TE = 19
ms. Structural scans were obtained using a T1-weighted
MPRAGE sequence of a voxel resolution of 0.5×0.5×0.5 mm3 ,
TR = 15 ms, TE = 6.93 ms, and flip angle = 8◦ .

Human data: Human Connectome Project
We used 45 subjects data from the test-retest dataset of HCP,
of which we only use the resting state scans from “test”
subset. Resting state BOLD fMRI images were acquired over
two sessions, with two runs in each session using a
gradient-echo EPI sequence with the following parameters:
TR = 720 ms, TE = 33.1 ms, flip angle = 52◦ , FOV = 208×180
mm2 , slice thickness = 2.0 mm; 72 slices, voxel size = 2×2×2
mm3 , multiband factor = 8, echo spacing = 0.58 ms, and
acquisition time = 14min:33s.
Structural images were
acquired using the T1-weighted 3D MPRAGE sequence with
the following parameters: TR = 2400 ms, TE = 2.14 ms, flip
angle = 8◦ , FOV = 224×224 mm2 (handled using the Siemens
AutoAlign feature), voxel size = 0.7×0.7×0.7 mm3 , iPAT = 2,
acquisition time = 7min:40s.

3.2.2 Preprocessing

The pre-processing steps and further analyses were
performed
using
tools
from
FSL
(https://fsl.fmrib.ox.ac.uk/), the Human Connectome
Project
Workbench
(www.humanconnectome.org/software/connectome-workbench), and
the in-house MR Comparative Anatomy Toolbox (MrCat,
www.neuroecologylab.org). Preprocessing steps between the
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two macaque datasets were identical, unless otherwise
mentioned. To address the variability in data quality issue,
we used iterative PCA to create group-level data to be able to
analyze the variance in the data shared across subjects
(S. M. Smith et al., 2014).

Macaque data
Individual T1-weighted structural scans were corrected for the
RF field bias and segmented into cerebrospinal fluid (CSF), grey
matter, and white matter using a modified implementation of
FMRIB’s Automated Segmentation Tool (FAST), brain extracted
using a modified implementation of FSL’s Brain Extraction
Tool (BET), registered to the Yerkes19 template using affine
linear registration, followed by nonlinear registration.
While BOLD functional data for Mt. Sinai dataset were skullstripped using manually drawn masks to include all brain
areas, Oxford dataset were skull-stripped using a modified
implementation of FSL’s BET. Brain extracted data were coregistered to the structural data using linear registration. Data
were filtered to remove scanner drifts and the dominant time
course of CSF and white matter were regressed out before
warping the functional data to Yerkes19 space. The functional
data were then projected onto the cortical surface using the
Workbench command from Human Connectome Project. The
resulting surface-projected time series data were normalized
and smoothed along the cortical surface (FWHM = 3 mm).
Surface-time series data of all individuals were grouped using
the MELODIC’s Incremental Group-PCA (MIGP) (S. M. Smith
et al., 2014) resulting in one group-level dataset. The
algorithm requires one to set the number of components to be
used for internal computations, and to set the number of
components to export/save. Smith and colleagues (2014)
recommended setting the number of components for internal
computation to a number close to the number of timepoints
in the data. So, we set 900 components to be used for internal
computation in Mt.
Sinai data (close to 988
volumes/timepoints in the dataset) and saved 800
components. And 1500 components for internal computation
in Oxford data (close to 1600 volumes/timepoints in the
dataset) and saved 1400 components. This data was then
converted to a dense connectome file using workbench
command “wb_command -cifti-correlation”,
which
represents the strength of connectivity of each vertex with
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every other vertex in the ipsilateral cortex. All further
analyses were performed on this group-level data.

Human data
Preprocessed resting state functional connectivity data were
downloaded for 45 participants from the Human Connectome
Project (HCP) database. The minimal preprocessing pipeline
was already implemented by HCP, which involved performing
bias field correction on T1w and T2w images, and aligning
them to standard MNI space. Then the functional images were
corrected for gradient distortion, and motion, TOPUP-based
field map correction, registered to structural using BoundaryBased Registration (BBR) algorithm, and normalized to global
mean. This data was surface projected onto the individual
space and then registered to the standard space and surface
smoothed with a 2mm FWHM kernel. For a detailed overview
of the preprocessing steps involved, refer to Glasser et. al.,
(2013).
The preprocessed resting state functional connectivity data
contained 4 runs of data for each subject. We first removed
the mean along temporal dimension from each run (demean)
and concatenated the 4 four runs of data. Concatenated data
was then smoothed with a 5 mm FWHM kernel using the
workbench command “wb_command -cifti-smoothing”.
Smoothed time series data of all individuals (n=45) were
grouped using MIGP (S. M. Smith et al., 2014) saving 4500
components, which was then converted to a dense
connectome file (dconn) using workbench command
"wb_command -cifti-correlation". A "Wishart roll-off
correction" was applied to group data to avoid “ring of fire”
artifacts (Andersson, Glasser, Beckmann, Van Essen, & Smith,
2015).
All further analyses were performed on this
group-level data.

3.2.3 Analysis

Region of Interest (ROI)
ROI masks were drawn by hand based on sulcal boundaries of
the cortex on the Yerkes19 template surface for macaques,
and the 32k HCP surface for humans, using the HCP
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Workbench

software

(https://www.humanconnectome.org/
software/connectome-workbench). All ROI masks are shown in
Figure 3.1.

Figure 3.1: ROI masks A. Macaque ROIs drawn on Yerkes19 template,
visualised on 10k pial surface. B. Human ROIs drawn
on HCP standard template brain, visualised on 32k pial
surface.
Colors: red - inferior parietal lobe, green - lateral frontal
cortex, blue - temporal cortex.

In macaques, the posterior IPL border was drawn at the
imaginary intersection of the parieto-occipital sulcus (POS)
and the superior temporal sulcus (STS). The inferior border
traced the superior bank of the lateral sulcus (LS) and
extended anteriorly until the end of the intraparietal sulcus
(IPS). The anterior border simply connected this point on the
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LS to the IPS. The superior border then traced the inferior
bank of the IPS and extended until the intersection of IPS and
the LS.
IPL mask for humans has similar boundaries to that of the
IPL parcellation results of a parietal mask previously used by
Mars et al. (2011). The dorsal boundary traced the ventral bank
of IPS and extended anteriorly into the inferior postcentral
sulcus until an extension of an imaginary line joining the
lateral sulcus. The ventral boundary of the mask then traced
the lateral sulcus and extended into an imaginary line joining
the third-segment of caudal superior temporal sulcus (csts3;
also called the anterior occipital sulcus). The posterior border
traced csts3 until it intersects with the paraoccipital segment
of IPS.
The lateral ROI in macaques included the premotor and
prefrontal regions on the lateral surface. The posterior border
was drawn at the anterior bank of the central sulcus, which
continued on the dorsal bank of the lateral sulcus anteriorly.
The anterior and dorsal border of the ROI were drawn on the
intersection of medial and lateral surface.
The human lateral frontal ROI was also drawn at the
intersection of medial and lateral surface on the dorsal, but
the anterior extension also contained the orbital frontal
cortex and traced the dorsal bank of the lateral sulcus until it
intersected with the imaginary extension of the central
sulcus. The border then traced the anterior bank of the
central sulcus dorsally to include the ventral premotor cortex,
and continued onto precentral sulcus until the intersection of
the superior frontal sulcus and extended through the superior
frontal gyrus to meet the dorsal border.
Temporal ROI was only drawn on the human brain for the
purposes of exploratory analysis. Dorsal border of the ROI
was drawn on the ventral bank of the lateral sulcus, which
extended medially to intersect the collateral sulcus. It then
traced the ventral bank of the collateral sulcus posteriorly
until it intersected with the transverse collateral sulcus and
extended ventrally on the anterior bank of the sulcus along
the preoccipital notch, to meet the anterior occipital sulcus.
The posterior border was then extended dorsally to meet the
lateral sulcus, but excluding the temporo-parietal junction
region in the superior temporal gyrus.
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3.2.4 Connectivity gradient analysis

Connectional topographies were examined using the
connectopic mapping method (Haak et al., 2018), which is
capable of delineating regional connectivity gradients based
on its cortical organization. It is capable of visualizing
organizational principles of certain brain areas by extracting
nonlinear low-dimensional principal components from
high-dimensional connectivity data. All analyses were carried
out on group-level data for both species. A schematic
overview of the various analysis steps is provided in
Figure 3.2. Briefly, we started with the within-hemisphere
(hemisphere vertices × hemisphere vertices) dense connectome
maps and created a seed vertices × target vertices dense
connectome map by excluding vertices that were not
contained in the ROIs. This corresponds to matrix A in
Figure 3.2. We further reduced its dimensionality of this
connectivity matrix into spatial components map by using
Single Value Decomposition (SVD), which resulted in square
matrix B (seed vertices × spatial components). Matrix B was
then used to compute a between-vertex similarity matrix S
using η 2 coefficient method (Cohen et al., 2008) that
represents how similar each vertex of the seed ROI is to the
other on a scale of 0 (dissimilar) to 1 (similar). Using
k-nearest neighbors approach, we were able to transform
similarity matrix S into a weighted graph and estimated the
intrinsic number of dimensions in the data using Maximum
Likelihood Estimation (MLE) approach (Levina & Bickel,
2005).
We performed generalized eigen decomposition on weighted
graph of matrix S (von Luxburg, 2007) on the first two
non-zero eigenvalues and normalized these eigenvectors to
values between 1 and 10 to obtain Laplacian eigenmaps of the
ROI. These are referred to as connectopic topographies or
“connectopies” and an overlay of these on the surface of the
brain are called “connectopic maps”. We performed the
analysis multiple times, first based on the connectivity of the
IPL with the whole ipsilateral hemisphere, then based on the
connectivity of IPL with the lateral frontal cortex, and finally
in an exploratory analysis in the human with the temporal
cortex.

3.3 results

3.2.5 Projection maps

In order to understand the underlying connectivity
differences driving the observed connectopies, we created
“projection maps” of the seed connectopies onto the target
ROI in which vertices in the target ROI took the color of the
IPL vertex with which they had maximum connectivity. Note
that the strength of connectivity is not visualised in these
projections.
To further dissociate the principles of
organization as identified by the gradients, we created 2D
projection maps of gradients of the lateral frontal cortex in
both species. We first identified sub-regions in the macaque
and human lateral frontal regions based on previously
established homologues (Petrides et al., 2005) and drew
non-overlapping ROIs of these regions using the connectome
workbench
“wb_view”
software
(https://
www.humanconnectome.org/software/connectome-workbench).
An
overlay of these regions for both species is shown in appendix
Figure 3.2. Then, we averaged gradient values within these
ROIs for both connectopies, and visualized them on
orthogonal gradient 1 (x-axis) and gradient 2 (y-axis) axes.

3.3 Results
3.3.1 IPL – hemisphere connectopies

We employed the Laplacian eigenmap variant of connectivity
gradient analysis to investigate the connectional topography
of IPL in both macaques and humans. We report results for
the right hemisphere in the main text and provide left
hemisphere results in Appendix B. Intrinsic dimensionality of
the data were determined using the MLE approach (Levina &
Bickel, 2005), which resulted in two dimensions in
connectopies of IPL based on its within-hemisphere
connectivity data in both species. As shown in Figure 3.3, the
connectopic map of the first dimension was organized in a
gradually changing anterior-posterior gradient in both
species (connectopy 1), suggesting that the pattern of
underlying connectivity with the hemisphere changes as we
move from area PF in the anterior IPL to area PG (and Opt in
macaques) in the posterior IPL. To visualise these gradient
profiles, we selected 12 representative vertices (exemplar
vertices) in posterior to anterior direction (appendix
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Figure 3.2: Schematic overview of the connectivity gradient analysis.
IPL ROI (seed, in red) and lateral frontal cortex
ROI (target, in green) are visualized on an inflated
brain. A seed × target matrix (matrix A) is extracted
from the group-level dense connectome (dconn) data.
Dimensionality reduction is applied on this data matrix
using Singular Value Decomposition (SVD) which results
in a seed × components matrix (matrix B). This is
transformed into a similarity matrix (S) which serves as
the input for calculating connectopic map of the seed.
Although only the first connectopic map is visualised
here, we obtained two maps during analysis using the
Maximum Likelihood Estimation (MLE) approach. This
map is then projected onto the surface resulting in a
projection map.
See methods section for more details.

Figure B.1), and plotted their respective gradient value next to
these gradients as a bar graph. Remember that the values of
Laplacian eigenmaps were normalized between 0 and 10, and
hence have no associated significance to the magnitude of
values themselves, but only to the direction in which they
change. While the anterior part of the human IPL gradient
was similar to that of the macaques in its linear increase of
gradient values, the posterior IPL showed a difference with
comparable values in its gradient profile. Given that the
posterior IPL has expanded in humans as compared to
macaques, this difference in its gradient profile could reflect
changes in its connectivity with the rest of the hemisphere.
The 12 exemplars are
shown here for a quick
reference.

The connectopic map of the second dimension in macaques
followed a radially outward gradient with its centre in the area
of PFG as shown in Figure 3.3 (connectopy 2). Gradient profiles
are again visualised for the 12 exemplar vertices changing in
posterior-anterior direction which displayed an inverted U-
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Figure 3.3: Connectopies of right IPL are visualised on a standard
pial surface for macaque data from Oxford, macaque
data from Mt.Sinai, and human data form HCP, in rows.
These connectopies were based on IPL-hemispheric
connectivity of the ipsilateral hemisphere. Gradient
values of 12 exemplar vertices of IPL are visualised next
to these gradients outlining the gradient profiles in
posterior-anterior direction.

profile in the macaques. The second gradient in the human IPL
resembled the macaque gradients in its anterior part with the
peak of the inverted U- profile shifted more anteriorly, with
centre in the area of PF. The posterior IPL showed a relatively
flat profile when compared to the anterior gradient profile.
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3.3.2 IPL – lateral frontal connectopies

Macaque parietal-frontal connectivity has been extensively
studied using the gold-standard tracer results. So, we aimed
to understand the connectional topography of the IPL based
on their underlying functional connectivity with the lateral
frontal cortex. We performed the connectivity gradient
analysis on IPL-lateral frontal connectivity data and found an
anterior-posterior gradient in the first connectopy
(Figure 3.4, connectopy 1) and a radially outward connectopy
in the second (Figure 3.4, connecopty 2). The profiles of
IPL-lateral frontal connectopies were largely similar to
IPL-hemisphere connectopies, with a linear increase in
gradient values for the first connectopy, and an inverted
U-shaped profile for the second. Human IPL-lateral frontal
gradients again showed similarities to macaque gradients in
the anterior part, while posterior IPL regions showed a flatter
profile.
While the two macaque IPL gradients were similar when
based on within-hemisphere connectivity, they showed
differences in their profiles when based on IPL-lateral frontal
connectivity.
Mt.
Sinai data showed a similar
anterior-posterior organization in the first gradient, whereas
it showed a sudden change in its middle IPL organization in
the region of PG. Also, in the second gradient, the inverted-U
shape profile was not observed throughout. To characterize
the underlying differences, we visualised IPL-lateral frontal
connectivity maps for 6 exemplar vertices (6 alternating
exemplar vertices out of 12 vertices used to create gradient
profiles; appendix Figure B.1. Figure 3.5 shows connectivity
strength of these 6 vertices with the lateral frontal cortex.
Firstly, we observed that the Oxford data had lower
magnitudes of connectivity strength in general, with values
ranging from -0.1 to 0.3, whereas Mt. Sinai data had a range
of values between -0.3 and 0.5. Secondly, Oxford data had
strikingly weaker connectivity with the dorsal prefrontal and
dorsal premotor areas, when compared to Mt. Sinai data.
Thirdly, while the Oxford data showed more variation in its
connectivity with the lateral frontal areas, Mt. Sinai data
seems to have largely similar connectivity pattern in most of
IPL with the exception of vertices in the area of PG that
showed lower connectivity with the dorsal prefrontal areas,
and the anterior-most vertices in the area of PF that showed
preferential connectivity with ventral premotor area. Lastly,
dorsal premotor areas had distinctly different connectivity
strengths in the two datasets, with lower connectivity in
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Figure 3.4: Connectopies of right IPL are visualised on a standard
pial surface for macaque data from Oxford, macaque data
from Mt.Sinai, and human data form HCP, in rows. These
connectopies were based on the connectivity of IPL and
lateral frontal cortex in the right hemisphere. Gradient
values of 12 exemplar vertices of IPL are visualised next
to these gradients outlining the gradient profiles in
posterior-anterior direction.

Oxford data than in Mt. Sinai data. Connectivity gradient
analysis is sensitive to changes in patterns of connectivity
and hence it is important to acknowledge the underlying
differences in the data when interpreting these results.
Despite these differences, we found similar connectopies of
organization in both datasets. To understand how underlying
connectivity contributes to each of these gradients, we created
projection maps of connectopies onto their respective target
ROI, the lateral frontal cortex (Figure 3.6. Vertices in the target
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Figure 3.5: Connectivity strengths of 6 right hemisphere IPL
exemplars with the right lateral frontal cortex. The
exemplars change in the posterior-anterior direction
with each row. Macaque data from Oxford (first column),
macaque data from Mt. Sinai (second column), and
human HCP data (third column) are visualised.

ROI were colored based on the colour of the IPL vertex with
which they had maximum connectivity. We remind the reader
that the strength of connectivity itself is not visualised in these
projection maps .
Based on the distinct evolutionary origins of the dorsal and
ventral premotor cortex and their central role in the
parietal-frontal networks (Hoshi & Tanji, 2007), one would
expect a dorsal ventral gradient in these projection maps. The
first connectopy successfully dissociated this dorsal ventral
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organization in the premotor cortex in both species
(Figure 3.6A), placing the ventral premotor cortex and the
dorsal premotor and prefrontal cortex on the opposite ends of
the gradient, suggesting striking differences in their
connectivity with the IPL. The second gradient however,
places these regions together on the gradient but dissociates
the dorsal premotor and ventral prefrontal regions form the
rest of the lateral frontal cortex (Figure 3.6B). In the case of
human IPL gradients, we observed that the posterior IPL was
segregated from the anterior IPL in the first connectopy, and
the area of PGp remained on one end of the gradient even in
the second connectopy. To further understand what aspects
of IPL-lateral frontal connectivity these gradients dissociate,
we made 2D projection maps homologous lateral frontal areas
in the gradient space.
The 2D projection maps of lateral frontal regions based on
their IPL-connectivity gradients are shown in Figure 3.7. The
frontal regions were based on homologues as identified by
Petrides (2005), allowing us to make direct comparisons
across species. Position of each of these regions in gradient
space relative to others informed us about the principles of
organization identified by each gradient.
While the dorsal-ventral distinction of the premotor cortex is
segregated by both gradients in macaques, only first gradient
in humans dissociates PMd and PMv, and not the second. The
first gradient dissociates regions in the ventral frontal cortex
in an anterior-posterior progression of area 10, area 46, area
45, and PMv in macaques, and area 10, area 46, area 9/46,
and PMv in humans. Note that the first gradient also maps to
the anatomical posterior-anterior progression in the IPL. So,
finding anterior-posterior progression in the frontal cortex is
in agreement with the “core-shell” organization.
The second gradient in macaques was able to dissociate the
organization of the dorsal frontal regions in the progression
of area 10, area 8B and area 9d, and PMd. In humans, it
identifies the gradient progression of area 8B and area 9, FEF,
and PMd. Interestingly, the lateral part of the frontal polar
cortex (area 10) was placed with PMd in humans, whereas they
are separated in the 2D projection of macaques, perhaps due
to the differences in connectivity of this region across species
(Neubert et al., 2014).
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Figure 3.6: Projection maps of right IPL gradients on right lateral
frontal cortex of Oxford data, Mt.Sinai data, and human
HCP data in rows. IPL gradients are shown in the first
column, projection map is visualised on pial surface in
the second column, and the same map on inflated surface
in the third column. A. Projection map of connectopy 1.
B. Projection map of connectopy 2.

3.3.3 IPL – temporal cortex

Human posterior IPL and parts of the temporal lobe have
expanded in humans as compared to macaques. Given that
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Figure 3.7: 2D projection of the right hemisphere lateral frontal
areas based on their average IPL projection map values.

the posterior IPL in humans showed differences in its
connectopies when compared to macaque connectopies, we
performed explorative analysis of IPL-temporal connectopies
to study the changes in the organization of IPL in relation to
connectivity between these regions. Again, the number of
intrinsic dimensions in the data were determined by MLE
approach which resulted in two connectopies. The two
connectopies, their gradient profiles, and projection maps are
shown in Figure 3.8.
The first connectopy based on IPL-temporal connectivity was
similar to the first connectopy obtained by whole-brain
connectional topography of IPL. We found a linearly changing
profile in the anterior IPL, and a relatively flat posterior IPL
profile. The anterior IPL regions overlapping with PFop and
PFt showed preferential connectivity with the superior
temporal gyrus in humans, whereas the posterior IPL regions
showed preferential connectivity with the middle temporal
gyrus.
The gradient profile of the second connectopy
indicated that most of the IPL had similar connectivity
pattern with the temporal lobe (for a comparison of number
of vertices with unique gradient values of IPL-lateral frontal,
and IPL-temporal gradients, see appendix Figure B.3). So, it
was not investigated further.

3.4 Discussion
Using resting state functional connectivity data and the
Laplacian eigenmap variant of connectivity gradients method,
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Figure 3.8: IPL-temporal gradient profiles for the 12 IPL exemplars,
the two connectopies as identified by connectivity
gradient analysis, and their projection maps based on
maximum connectivity between temporal lobe and IPL
are provided for connectopy 1 (top row) and connectopy
2 (bottom row).

we were able to identify two overlapping, similar principles of
organization in the IPL of macaques and humans. We report a
posterior-anterior gradient in the IPL and a gradient
expanding radially outward from middle IPL. These gradients
were similar independent of whether they were based on IPL
connectivity with the entire ipsilateral hemisphere or only on
connectivity with the lateral frontal cortex. In the human
brain, a similar anterior-posterior gradient was observed
based on IPL connectivity with the temporal cortex, although
it was more steeply organized, mostly dissociating posterior
IPL from more anterior areas. Overall, the results show that
similar principles or organization are present in the IPL of
both the human and the macaque brain, and to some extent
underlying connectivity with different parts of the ipsilateral
hemisphere.
In previous data-driven efforts to identify principles of
organization, we have used the bottom-up approach of first
parcellating an ROI into subregions and then clustering
techniques to identify functional families (Vijayakumar et al.,
2019). Connectivity gradient approach allows us to study the
principal components of organization without having to
divide an ROI into parcels. At the level of whole-brain
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connectivity, organization of IPL has been described based on
tracer data in macaques, which has established that the
posterior areas of IPL have remarkably different connections
with the rest of the brain, when compared to anterior IPL
areas (Pandya & Seltzer, 1982; Rozzi et al., 2005; Ruschel et
al., 2013). The first connectopy obtained by connectivity
gradient analysis is in agreement with this view of
posterior-anterior organization of IPL. Additionally, in
humans, a functional gradient has also been proposed in the
IPL in the context of language tasks (Shalom & Poeppel,
2007), which also follows a posterior-anterior gradient.
Overall, the principal human IPL connectivity gradient with
specific parts of the brain seems to show less pronounced
change in the posterior part of the IPL than is the case for the
macaque, especially when taking into account the Oxford
data. It is interesting that this part shows a very pronounced
connectivity with the anterior part of the temporal cortex in
humans. Both regions, angular gyrus in the posterior IPL and
the anterior part of the temporal cortex, have been suggested
to process quite abstract information and might belong to the
so-called default mode network (DMN; Buckner,
Andrews-Hanna, & Schacter, 2008). Further anterior in this
region is a patch of cortex that strongly interacts with the
lateral part of the frontal pole, a connection that was
highlighted in previous work as much stronger in the human
than in the macaque (Mars et al., 2011). In the human, the
posterior part of IPL thus seems to show less overall diversity
in connectivity. The second connectivity gradient in the
human also seems to peak more anteriorly than in the
macaque. Within the posterior-anterior gradient proposed by
Shalom and Poeppel (2007), the posterior IPL has been
situated at the top of language processing hierarchy, involved
in semantic processing of language as observed by others
(Price, Moore, Humphreys, & Wise, 1997). Both these regions,
the posterior IPL and the middle temporal lobe, have been
shown to have greatly expanded in humans (Essen & Dierker,
2007), as well as to have differences in their white matter
architecture (Mars et al., 2018) when compared to macaques.
Taken together, deviation in its gradient profiles when
compared to macaques, its involvement in human-specialized
behavior, and expansion in humans, we recommend that
future studies could elaborate on its specific connectivity
differences, and identify its functional specialization
(Medendorp & Heed, 2019).
To investigate what was driving the connectivity gradients in
a more quantitative manner, we created back projection
images that revealed the existence of multiple overlapping
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principles of IPL-frontal organization. One such principle is
described as the “core-shell” organization,
where
progressively more posterior parietal regions have
preferential connections with the progressively anterior
frontal regions (Caspers et al., 2011; Vijayakumar et al., 2019).
The projection maps of the first connectopy in both species
supports the core-shell organization principle of IPL with
respect to its connections with the lateral frontal cortex.
Another distinction was observed in the premotor cortex,
with PMd showing preferential connectivity with the
posterior part of IPL, and PMv with anterior IPL, which is in
agreement with previous literature (Hoshi & Tanji, 2007;
Rizzolatti & Matelli, 2003).
We then distilled the information from these back projection
images to visualise the place of a number of selected lateral
frontal areas in two dimensional connectivity gradient space.
This showed that the two gradients capture different aspects
of IPL-frontal connectivity. In agreement with the general
principles of dorsal-ventral premotor dissociation, PMd and
PMv are separated in gradient space. This distinction in the
premotor cortex has been argued to arise from their separate
origins based on cyto- and myeloarchitecture studies
(Sanides, 1964), and is also deemed important for mapping
sensorimotor transformations to movement through
parietal-frontal network (Rizzolatti et al., 1998). The other
main distinction in our first gradient was a result of gradient
connectivity with the ventral prefrontal cortex, the core-shell
principle, as discussed above, that constitute the lateral grasp
system and the oculomotor attention system (Caminiti et al.,
2017). The frontal regions placed separately along the second
gradient axis were the dorsal frontal regions: the polar cortex
(area 10), area 8B and area 9d, and PMd. There is evidence
that these regions are connected to IPL in macaques via the
dorsal portion of the superior longitudinal fasciculus (SLF 1),
except for area 10 (Yeterian, Pandya, Tomaiuolo, & Petrides,
2012). It is important to note that although we observed
differences in the IPL-frontal projection maps of the two
macaque datasets, and consequently in the 2D projection
maps, the principal gradients were similar in both cases
providing evidence that despite the differences in strengths of
inter-areal connectivity, the principles of organization were
consistent.
Although we have demonstrated the usefulness of
connectivity gradient mapping as a method to identify
principles of organization, the method is limited in its scope
when outlining the underlying anatomical connectivity when
used in conjunction with resting state connectivity data.

3.4 discussion

However, we argue that this approach is valuable in first
identifying
macroscopic
cortical
organization
of
less-understood brains, and in guiding hypothesis-based
testing of underlying anatomical differences across species.
While we have used projection maps as a measure of studying
predominant patterns of functional connectivity between
ROIs, future efforts could focus on using gradient method in
combination with diffusion imaging to gain a complete
understanding of these principles of organization in the
context of brain evolution.
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On alternating attention
Title: Role of caudal prefrontal cortex and association
pathways in redirecting attention.
Abstract: The primate frontal eye fields (FEF), located within
the caudal prefrontal cortex (PFC), have been implicated in
generating saccades, which are rapid eye movements that
move the fovea from one point of interest to another. A
homologue of this region has also been found in early
primates that lacked a fovea. Considering this evolutionary
history of caudal PFC, we tested the hypothesis that the
caudal PFC, in addition to being involved in generating eye
movements, is also part of a supramodal attention network
that can work across multiple sensory modalities. We
conducted an fMRI experiment in which human participants
(n = 17) had to covertly redirect their spatial attention in two
modalities - vision and audition. Univariate analysis revealed
overlapping activation in bilateral caudal PFC, including the
FEF, for visual and auditory spatial attention, and this region
interacts with different parts of the cortex depending on the
modality. Also a multivariate pattern analysis suggested a
common representation for both forms of spatial attention in
this region. Diffusion-weighted imaging implicated both the
arcuate fasciculus and the third branch of the superior
longitudinal fasciculus in reorienting visual spatial attention,
while the arcuate fasciculus dominates the connectivity
pattern during auditory condition. These results add to the
current understanding of caudal PFC as a supramodal region
for attention.

In preparation as: Vijayakumar, S., Uithol, S., Bryant, K. L., Medendorp, W.
P., & Mars, R. B. (in prep). Role of caudal prefrontal cortex and association
pathways in redirecting attention.
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4.1 Introduction

T

he monkey frontal eye fields (FEF), a subregion of the
caudal prefrontal cortex (PFC), were first identified by
David Ferrier in the late 1800s (Ferrier, 1875), showing
that electrical stimulation of the region elicited saccadic
movements. Ever since, the role of the FEF in generating
saccades has been extensively studied both using
electrophysiological recordings (Bruce, Goldberg, Bushnell, &
Stanton, 1985; Fernández-Miranda et al., 2014; Pigarev,
Rizzolatti, & Scandolara, 1979; Schall, 1991) and neural
stimulation studies (Juan, Shorter-Jacobi, & Schall, 2004;
Moore & Armstrong, 2003).
Notwithstanding the involvement of FEF in covert attentional
paradigms, its primary designation is as a premotor region
for the eyes (Hoffman & Subramaniam, 1995; Rizzolatti,
Riggio, Dascola, & Umiltá, 1987; Savaki, Gregoriou, Bakola, &
Moschovakis, 2014), serving to bring the relevant part of
visual space in front of the fovea. However, this seems at
odds with the evolutionary history of this region. Preuss and
Goldman-Rakic (1991) found that the galagos (also known as
bush babies), an early primate that lacks a fovea, contained
an FEF-like region, which they called posterior granular area
(GrP). Electrical stimulation of this region elicited rapid eye
movements (Wu et al., 2000), just like stimulation of
macaque area 8 elicits saccades (Bruce et al., 1985). Finding
such a homologue in early primates, while there is no fovea
that needs to be redirected, led Passingham and Wise (2012)
to argue that the evoked rapid eye movement in fact reflect
rapid changes in covert spatial attention. This may suggest
that during the evolution, the attention systems has played a
central role in developing the control mechanisms of saccades
in foveal animals. Building upon this evolutionary viewpoint,
we tested the possibility that the caudal PFC in modern
primates like humans is still part of a supramodal attention
system that interacts with multiple modalities because of its
connections with visual areas in the parietal and auditory
areas in the temporal lobe.
To expand on this hypothesis, the FEF region in the caudal
PFC has been argued to play a role in attentional processing,
perhaps to detect novelty and information seeking (Gottlieb,
Oudeyer, Lopes, & Baranes, 2013). More and Fallah (2004)
used microstimulation of macaque FEF to show significant
improvements to covert spatial attention. Studies of human
FEF have taken inspiration from this literature and over the
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years their essential role in visual search has been established
using transcranial magnetic stimulation (Muggleton, Juan,
Cowey, & Walsh, 2003) and in covert visuospatial attention
using Positron-emission tomography (PET) (Corbetta,
Miezin, Shulman, & Petersen, 1993; Nobre, 1997) and
functional neuroimaging (Corbetta et al., 1998; Hopfinger,
Buonocore, & Mangun, 2000; Shulman et al., 2009), even in
the absence of saccades. Covert attention to stimuli in the
visuospatial domain has consistently shown activation in the
region of FEF in caudal PFC (Corbetta & Shulman, 2002;
Hopfinger et al., 2000) and the activation pattern largely
overlaps with the network involved in making eye
movements (Corbetta et al., 1998). In the case of auditory
modality, bilateral activation in FEF when directing spatial
attention to auditory cues (Mayer, Harrington, Adair, & Lee,
2006) or when localizing these stimuli (Maeder et al., 2001).
Recently, based on a univariate analysis approach, Smith and
colleagues (D. V. Smith et al., 2010) showed that there is
considerable overlap in caudal PFC for visual and auditory
spatial attention. However, it remains unclear from such
analyses whether the information encoded in this region is
supramodal, and which of the underlying structural pathways
are utilized in redirecting attention in visual and auditory
modalities.
Macaque tracer studies have shown that the caudal PFC has
reciprocal connections with the visual cortex, posterior
parietal regions, temporoparietal regions, as well as the
superior temporal cortex (Petrides & Pandya, 1984, 1999;
Stanton, Bruce, & Goldberg, 1995). The white matter tracts
that facilitate these connections include the superior
longitudinal fasciculus (SLF) between the parietal regions and
the temporoparietal regions with the frontal lobe (Hecht,
Gutman, Bradley, et al., 2015; Makris et al., 2004; Wang et al.,
2015), as well as the arcuate fasciculus (AF) connecting the
superior temporal regions with the frontal lobe
(Fernández-Miranda et al., 2014). Based on AF’s connections,
it can be argued that it would be more involved in redirecting
auditory than visual attention. In contrast, because of SLF’s
connections with posterior parietal areas, it may be more
involved in visual than auditory attention, but this has not
been tested.
Here, we modified an fMRI experiment by Shomstein and
Yantis (2004), by asking participants to switch their attention
from one hemiside or field to the other, or continue to pay
attention to the same side upon identifying specific targets,
in separate blocks of visual and auditory trials. Using
univariate and multivariate analyses we show that the caudal
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PFC, including the FEF, is involved in redirecting attention in
both modalities. Then, using diffusion tensor imaging we
show that caudal PFC utilizes the arcuate fasciculus (AF) and
the third branch of superior longitudinal fasciculus (SLF III)
differently in the two modalities. We discuss these results in
the context of evolutionary brain development and
supramodal function of caudal PFC in redirecting attention.

4.2 Materials & methods
4.2.1 Participants

Twenty five right-handed adults (11 female, mean age = 28.4
years, SD = 3.9 years), recruited through the Radboud
University’s
participant
registration
system
SONA,
participated in the study. They reported to have no history of
neurological disorders, normal vision or corrected-to-normal
vision at the time of the study. All participants gave written
informed consent according to the institutional guidelines of
the local ethics committee (CMO region Arnhem-Nijmegen,
The Netherlands, and received a compensation of 15 for their
participation. Eye tracking data was collected to monitor that
the participant’s eye positions during the course of the
experiment.
Data from one participant was excluded due to technical
issues of the eye tracker, and one was excluded because the
participant fell asleep in the scanner. Six other participants
were excluded because they fixated for less than 50% of the
time on the fixation cross during the experimental blocks
(gaze data of an included participant Figure C.1, and that of
an excluded participant Figure C.2 are provided in the
appendix). The final dataset used for all further analyses
consisted of 17 participants (10 female, mean age = 28 years,
SD = 4 years), except for DTI analysis, which included data
from 23 participants.

4.2.2 Task details

We used a modified version of the rapid serial visual
presentation (RSVP) task by Shomstein and Yantis (2004) in
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both visual and auditory modalities. Each experiment session
consisted of two conditions - visual and auditory, which were
tested in separate blocks. While maintaining central fixation,
the participant was asked to pay attention to either the left
side or the right side of the screen in the visual blocks, or to
the sound played in the left or the right earphone, in the
auditory blocks. A series of distractors were presented in the
form of letters. Participants were asked to either continue to
pay attention to the same side (stay trials) or switch attention
to the opposite side (switch trials) upon identifying target
numbers (more details below).

Stimulus material

Visual stimuli were presented on a grey background, with a
fixation cross ( 0.35◦ x0.35◦ in size) in the centre of the
screen, and the distractor and target ( 0.5◦ x0.7◦ in size)
streams were simultaneously presented 1.8◦ to the left and
right side of the fixation cross. The character stream
consisted of either distractor letters or target numbers, that
appeared in rapid succession for 240 ms on the screen, with
10 ms of only fixation cross between trails, which served as
the inter-stimulus interval. We used letters ’A’, ’C’, ’F’, ’G’,
’H’, ’J’, ’K’, ’M’, ’N’, ’P’, ’R’, ’T’, ’U’, ’V’, ’X’, and ’Y’ as
distractors, and the numbers ’2’ and ’4’ as targets, which is a
subset of letters used by Shomstein and Yantis (2004).
Auditory stimuli consisted of the same letters and numbers
used in the visual condition, recorded by one female native
English speaker in a sound-proof recording room. The
individual utterances were edited to be 240 ms in length, and
a 60 ms silence was added to the end to make each stimulus
300 ms in duration. The volumes of each of these files were
normalised
using
Audacity
software
(https://www.audacityteam.org/).
During the audition
condition, participants were presented with the auditory
stimulus in their ears using scanner compatible Sensimetrics
in-ear
earphones
(model
S14,
http://www.sens.com/products/model-s14/).
Stimulus
presentation speed was optimized during behavioral piloting
to achieve similar error rates for the auditory condition as
observed in the visual condition. This also explains the
difference in inter-trial interval between conditions.
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Procedure
Before starting with the experiment, loudness of auditory
stimuli was adjusted to suit each participant’s comfort. We
used a two stage volume adjustment during which we played
auditory stimuli through the earphones. We also acquired a
few functional scans to mimic the scanner noise and
conditions during the experimental blocks. At the first stage,
we played auditory stimuli in both ears and participants
indicated if the volume needed to be increased, decreased, or
if they were good to continue. At the second stage, we played
the stimuli alternately in left and right ears continuously, and
the participants could indicate whether volume for the left or
the right ear had to be increased, in order to balance loudness
in both ears. Participants continued to practice blocks only
after indicating that the loudness of auditory stimulus was
both comfortable and balanced on both sides.
A schematic representation of task design and procedure is
provided in Figure 4.1A. At the beginning of each block,
participants heard the word “vision” or “audition” through
their ear phones instructing them about the condition for the
current block, and the word “left” or “right” indicating the
side to start paying attention to. A fixation cross appeared at
the centre of the screen and remained until the end of the
block; the stream of stimuli would start seven seconds after
the instruction. Participants were instructed to maintain
visual fixation throughout the block and were asked to detect
the digits ‘2’ or ‘4’ that appeared on the side that they were
supposed to pay attention to, and press a button with their
right-index finger every time they identified a target. Half of
the participants were instructed to hold their attention on the
same side (stay) when they identified the digit ‘2’, and switch
their attention to the opposite side when they identified the
digit ‘4’. This mapping of hold and switch to the two target
digits was counterbalanced across participants.
The order of target presentation had the following three
constraints. Firstly, targets appeared only on the side that the
participant was supposed to be paying attention to. Secondly,
no more than two stay targets appeared in a row. Lastly,
targets appeared after an interval that was pseudorandomly
jittered between 3-5 seconds, which followed a gaussian
distribution with mean = 4 s, and SD = 0.5 s.
Each participant had the chance to practice one visual and
one auditory block before starting with the experiment, and
completed four visual and four auditory blocks as part of the
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main experiment. A total of 600 trials were presented in each
block. 32 of those were targets, with 16 stay and 16 switch
trials. While visual blocks lasted 2 minutes and 30 seconds
each, auditory blocks were 3 minutes long. In the event of
any confusion or that of missed targets, participants were
instructed to continue to pay attention to the recently attended
side. Only correctly identified target trails, defined by a correct
button press within 1.5 s of presenting a target, were included
in further analyses.

4.2.3 MRI data acquisition

Imaging was performed using a Siemens Magnetom Skyra 3T
MRI scanner, in which participants lay in a head-first supine
position, while their head movement restricted using a foam
cushion and a tape running along their forehead. They pressed
a button using the index finger of their right-hand every time
they identified a target. We recorded gaze position of their
left eye using the Eyelink 1000 (SR Research) eye tracker to
monitor fixation behavior.
Following
a
localizer
sequence,
we
acquired
diffusion-weighted figures while participants were practicing
the task. Diffusion figures were acquired using a two-shell
protocol with gradient directions that were uniformly
distributed over the sphere (Caruyer, Lenglet, Sapiro, &
Deriche, 2013). A custom transverse 2D PGSE pulse sequence
scan was used (Setsompop et al., 2012) to acquire 5 b = 0
s/mm2 volumes, 40 b = 1000 s/mm2 volumes, and 40 b = 1900
s/mm2 volumes, with voxel size = 2×2×2 mm3 , FoV =
212×212 mm2 , slices = 69, SMS factor = 3 (interleaved),
GRAPPA factor = 2, TE = 89.60 ms, TR = 2930 ms and total
acquisition duration = 4min:42sec. To allow for offline
distortion correction of the figures, 6 more b = 0 s/mm2
volumes were acquired using the exact same sequence
parameters except for the inverted k-space read-out
trajectory.
A T2*-weighted multi-echo multi-band echo-planar imaging
(EPI) sequence was used to acquire functional scans during
the experiment (TR = 1500 ms, TE1 = 12.4 ms, TE2 = 34.3 ms,
TE3 = 56.2 ms, FOV = 210 mm, flip angle = 75◦ , slice thickness
= 2.5 mm, voxel size = 2.5×2.5×2.0 mm3 ). The number of
figures acquired in each run was unequal as participants took
varying time to complete each block of the experiment.
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Anatomical image was acquired using T1-weighted MPRAGE
sequence (TR = 2400 ms, TE = 2.18 ms, FOV = 256mm, flip
angle = 8◦ , slice thickness = 0.8 mm, voxel size = 0.8×0.8×0.8
mm, number of slices = 208).

4.2.4 Data analysis

Behavioral
In order to directly compare imaging findings between
conditions (vision and audition), we carefully piloted the
experiment to match task difficulty across conditions. Target
trials with less than 1.5 s of reaction time were considered as
valid. 1.5s was half of the least inter-target interval as
intervals between targets varied between 3-5 s. To verify
whether the vision and auditory conditions were of equal
difficulty, we compared average performance of 17
participants
in
percentage
across
conditions
by
non-parametric Kruskal-Wallis test. This resulted in no
significant difference, implying that any activation found in
comparison of these conditions could not have been due to
differences in task difficulty. Overall average performance did
not differ between conditions, as shown in Figure 4.1B.
Performance for each participant, and for each of the factors
(vision stay L, vision stay R, vision switch L-R, vision switch
R-L, audition stay L, audition stay R, audition switch L-R,
audition switch R-L) are presented separately in the appendix
(Figure C.3 and Figure C.4).

Gaze data
After removing gaps in gaze data from the eye tracker, we
identified and removed eye blinks based vertical gaze data
and smoothed it with a moving window of 5 samples and
interpolated across gaps with linear interpolation. Eye blinks
were identified if the derivative of y position (velocity) crossed
-0.5 for negative-going onset, and 1 for positive-going reopening. Once data was corrected for gaps and eye blinks,
saccades were identified based on the peak velocity of eye
movement if it crossed a stringent threshold of 40◦ /s to be
able to detect saccades with magnitudes as low as 0.5◦ (Bahill,
Clark, & Stark, 1975).
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Figure 4.1: A. Schematic representation of task design. B. Average
behavioral performance of participants (n = 17) for
audition and vision conditions. Error bars represent
standard error of the means.

MRI
MRI data were preprocessed using FEAT (FMRI Expert Analysis
Tool) Version 6.00, part of FSL (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl). Functional scans were registered to
the high resolution structural image using the Boundary Based
Registration algorithm (Greve & Fischl, 2009). High resolution
structural data was registered to standard space using FLIRT
(Jenkinson, Bannister, Brady, & Smith, 2002), followed by
FNIRT nonlinear registration algorithms.
Functional scans were motion corrected using MCFLIRT
(Jenkinson et al., 2002). Brain extraction was performed
using BET (S. M. Smith, 2002), followed by smoothing using
a Gaussian kernel of FWHM = 5 mm, and high-pass temporal
filtering (Gaussian-weighted least-squares straight line
fitting, with σ = 50.0 s). Time-series statistical analysis was
carried out using FILM with local autocorrelation correction
(Woolrich, Ripley, Brady, & Smith, 2001) and the Z
(Gaussianised T/F) statistic figures of contrasts were
thresholded using clusters determined by Z > 3.1 and a
(corrected) cluster significance threshold of p = 0.05.
For the first-level analysis, we modeled 8 task regressors stay left, stay right, switch left-to-right, and switch
right-to-left separately for visual and auditory conditions.
Duration of the these regressors were 250 ms for visual trials,
and 240 ms for auditory trials. One saccade regressor was
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included to account for the occasional eye movements.
Duration of saccade events in the saccade regressor was the
duration of identified saccades. These regressors were
convolved with a canonical hemodynamic response function
using the gamma variate option in FSL. Furthermore, 24
regressors accounted for extended head motion parameters.
Group-level analysis was performed using FLAME (FMRIB’s
Local Analysis of Mixed Effects). And the Z (Gaussianised
T/F) statistic figures were thresholded using clusters
determined by Z > 3.1 and a (corrected) cluster significance
threshold of p = 0.05.

Multivariate pattern analysis (MVPA)
To verify if the pattern of activation within the FEF was the
same across visual and auditory conditions, we performed
MVPA using The Decoding Toolbox (TDT; (Hebart, Görgen, &
Haynes, 2015)). A searchlight classifier was trained and tested
in a cross-modal setup to contrast SWITCH from STAY trials
using libSVM (Chang & Lin, 2011) in the unsmoothed
functional MRI data (in subject space), based on the GLM
estimates. The classifier was trained to contrast these trials
in one modality (e.g. visual trials) and tested on the other
modality (auditory trials), and vice versa, using a searchlight
approach. The searchlights had a radius of 12 mm and were
restricted within the individual subject whole-brain mask.
The two decoding results (visual to auditory, and auditory to
visual) were averaged into one decoding accuracy map per
subject. These results were then normalised to a standard
MNI brain (3rd degree B-Spline interpolation) using
structural figures, and smoothed with a 2×2×2 mm FWHM
kernel. These normalised figures were used in a group-level
analysis corrected for multiple comparison (a one-sample
t-test, p < 0.001 FWE at the cluster level (Flandin & Friston,
2017)).

Psycho-physical interaction (PPI) analysis
A PPI analysis was performed using FSL (FMRIB's Software
Library, www.fmrib.ox.ac.uk/fsl) to identify the network of
brain regions involved in switching attention in visual and
auditory modalities, whose activation covaried with that of
the FEF region in caudal PFC. At the individual level,
functional scans were registered to the high resolution
structural image using the same procedure as above.
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Time-series statistical analysis was then implemented using
FILM with local autocorrelation correction and Z
(Gaussianised T) statistic figures were thresholded using
clusters determined by Z > 2.3 and a (corrected) cluster
significance threshold of p = 0.05. At group level analysis, Z
(Gaussianised T) statistic figures were thresholded using
clusters determined by Z > 2.3 and a (corrected) cluster
significance threshold of p = 0.05. However, note that since
these thresholds were too stringent, we used uncorrected
Z-statistic maps for visualization with a threshold of Z > 2.3.
For PPI analysis of the visual condition, we modeled the
following regressors.
One regressor served as the
psychological regressor that contrasted visual switch with
auditory switch events, and was convolved with an HRF. The
second physiological regressor was defined by the average
time-course of FEF that we obtained from conjunction
analysis, restricted by an atlas of FEF (Sallet et al., 2013). The
third regressor modeled the interaction of the first two
regressors. Five additional regressors were used to model the
rest of the task dynamics - stay left vision, stay left audition,
stay right vision, stay right audition, and saccades. The 24
regressors that were used in the univariate analysis were also
included to account for extended head motion parameters.
Regressors for the auditory condition were the same, except
for the first regressor, which modelled auditory switch vs.
visual switch events.

Tractography
Diffusion-weighted imaging data were analysed using
algorithms from FSL (S. M. Smith et al., 2004). Each dataset
was first corrected for susceptibility distortion using “topup”,
then skull-stripped using BET, and corrected for eddy current
distortion using “eddy”. A crossing fibre model adapted to
multi-shell data (Jbabdi, Sotiropoulos, Savio, Graña, &
Behrens, 2012) was then fitted to the data prior to
tractography.
Tractography was then performed using FSL’s "probtrackx2"
as called by the autoPtx analysis pipeline (de Groot et al., 2013).
To create surface projections of the tracts, we multiplied the
specific tractograms resulting from the above analyses with a
matrix of tractography from the cortical surface to the entire
hemisphere’s white matter. This procedure thus creates a
(surface × tracts) matrix as follows:
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(white matter × surface)T × (brain × tracts) = (surface × tracts)

This procedure was chosen to deal with the problem that
tractography algorithms tend to show terminations predominantly
in the gyral crown (Schilling et al., 2017). By tracking away from
the cortex towards the white matter, we avoided this problem. We
then multiplied this surface-based tracing with the volume-based
tracts to create a more accurate surface representation (Mars et al.,
2018).
To identify the contribution of tracts towards reorienting spatial
attention in visual and auditory modalities, we compared surface
projection of tracts and surface projection maps of vision switch vs.
vision stay, and audition switch vs. audition stay contrasts. These
activation maps were projected onto an MNI surface by using
“wb_command -volume-to-surface-mapping” command of
Connectome
Workbench
(Human
Connectome
Project;
https://www.humanconnectome.org/software/connectome-workbench). To
increase the reliability of our tractography results, we performed
these analyses only on the group maps, meaning that the
overarching tract projection and involvement is examined instead
of individual variation.

4.3 Results
Imaging results
The primary question we wanted to address was whether a region
in the caudal PFC, the putative FEF, was involved in reorienting
attention in both visual and auditory modalities. To investigate this,
we contrasted switch conditions with stay conditions in each of the
modalities separately, and then performed a conjunction analysis to
identify regions involved in both.
Figure 4.2A shows regions involved in switching attention within the
visual modality, in contrast with vision stay (vision switch > vision
stay). Table 4.1 reports the anatomical labels of these regions, their
voxel size, Z values, and their MNI coordinates. The largest cluster
of activation was observed bilaterally in precentral cortex, spanning
the premotor cortex (PM, Petrides, 2012); BA6 Eickhoff et al., 2007,
frontal eye fields (area 8A, Sallet et al., 2013), and supplementary
motor area (SMA) medially (Sallet et al., 2013). There were also
bilateral activation in the superior parietal lobule (area 7A, 7P, and
5M according to Scheperjans et al., 2008); SPLA, SPLB, and SPLD
according to Mars et al., 2011); in BA5 and BA7 (Eickhoff et al.,
2007), in area 9/46D (Sallet et al., 2013), in the inferior frontal
cortex (BA44, Eickhoff et al., 2007), and in the intraparietal sulcus.
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Table 4.1: Overview results of the vision switch vs. vision stay
contrast.

MNI coordinates
Laterality

Anatomical label

Voxels

Z value

x

y

z

L

superior frontal gyrus

2891

5.12

-22

-2

58

L

superior parietal lobule

2121

4.69

-24

-64

58

R

intraparietal sulcus

390

4.5

62

-42

24

R

inferior frontal gyrus

273

4.02

54

12

4

R

middle frontal gyrus

184

4.36

30

42

24

L

inferior frontal gyrus

173

3.68

-44

0

34

L

middle frontal gyrus

163

4.1

-28

38

26

R

superior parietal lobule

115

3.83

34

-42

46

Furthermore, we observed activation in the anterior part of the right
temporo-parietal junction (TPJa; Mars et al., 2012).

Figure 4.2: A. Whole-brain activation map contrasting switch and
stay trials in the visual modality. B. Contrast of auditory
attention switch and stay trials. Colorbar represents
cluster-corrected Z-stats thresholded at 3.1.
Abbreviations: A - anterior; L - left; R - right.
Figure 4.2B shows regions that are activated when switching
attention in the auditory modality (auditory switch > auditory
stay). Table 4.2 documents the details as in Table 4.1. The
activation map resulting from this contrast largely overlapped with
that of the visual modality, with the largest cluster spanning
multiple gyri (precentral gyrus, middle frontal gyrus, superior
frontal gyrus) on both hemispheres, including the anterior-dorsal
PM, SMA, and area 8A (Sallet et al., 2013). There was bilateral
activation in the SPL (Mars et al., 2011), and bilateral activation in
the putamen (Frazier et al., 2005). Also, increased activation was
found in the right inferior parietal lobule (Mars et al., 2011), right
TPJ (Mars et al., 2012), and the left middle frontal gyrus (Petrides,
2012). Interestingly, there was bilateral activation also in some
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Figure 4.3: A. Conjunction map showing regions involved in
reorienting attention (switch vs. stay) in both visual
and auditory conditions. B. Z-scores of clusters that lie
within atlas-defined FEF (Sallet et al., 2013), TPJ (Mars
et al., 2012), and SPL (Mars et al., 2011) regions. Error
bars represent standard error of the means.
Abbreviations: FEF - Frontal Eye Fields; TPJ - TemporoParietal Junction; SPL - Superior Parietal Lobule; A anterior; L - left; R - right.

regions in the visual cortex including lingual gyrus, V1 and V2
(Amunts, Malikovic, Mohlberg, Schormann, & Zilles, 2000; Desikan
et al., 2006).
To identify regions involved in reorienting attention irrespective of
modality, we performed a conjunction analysis (Nichols, Brett,
Andersson, Wager, & Poline, 2005) between the thresholded Z-stats
results of vision switch vs. vision stay, and audition switch vs.
audition stay contrasts.
Figure 4.3A shows the results,
demonstrating a large bilateral PM cluster encompassing FEF, SMA,
bilateral SPL, and right TPJ, and left frontal pole.
Figure 4.3B provide the average Z-stats for each of the four trial
types: audition stay (A-stay), audition switch (A-switch), vision
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Table 4.2: Overview results of the audition switch vs. audition stay
contrast.

MNI coordinates
Laterality

Anatomical label

Voxels

Z value

x

y

z

R

precentral gyrus

4385

5.24

26

-6

58

L

inferior lingual gyrus

3301

4.85

-16

-52

-2

R

inferior parietal lobule

1060

4.93

62

-40

22

R

superior parietal lobule

917

4.41

16

-42

54

L

putamen

568

4.25

-22

8

6

L

middle frontal gyrus

260

4.45

-36

46

34

L

superior parietal lobule

250

4.5

-30

-62

62

R

putamen

232

4.15

22

8

0

stay (V-stay), and vision switch (V-switch). ROIs were defined
in the standard space by identifying voxels from the conjunction
map that overlapped with FEF, SPL, and TPJ regions as defined by
atlases (FEF, Sallet et al., 2013); SPL, Mars et al., 2011; TPJ, Mars et
al., 2012). These ROIs were then warped to individual space before
extracting average Z-stats for each of the conditions. These results
confirm that the contrast maps in each modality are driven by an
increased activation during the switch conditions compared to their
respective stay conditions.

MVPA results

While univariate analysis charts out the regions involved in both
visual and auditory attention, one could argue that there might be
separate populations of neurons within these regions responsible for
attention switches in each of the modalities. To test this possibility,
we performed a cross modal multivariate pattern decoding analysis,
in which a machine-learning classifier was trained to distinguish
switch vs. stay trials in one of the modalities, and tested in the other
(and vice versa). Results, as shown in Figure 4.4 and Table 4.3,
revealed above-chance decoding accuracy in bilateral caudal PFC
in the region of FEF, bilateral SPL, IPS, IPL, and TPJ, and right
dorso-lateral PFC. This suggests that the same spatial patterns of
activation in FEF underlie attention-switching in visual and auditory
conditions. Furthermore, the activation pattern across the attention
network was also similar for both modalities.
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Figure 4.4: Results of MVPA showing regions where activation
patterns for switch vs. stay are similar across visual
and auditory conditions.
Abbreviations: A - anterior; L - left; R - right.

Modality-speciﬁc regions involved in reorienting attention

We identified regions involved preferentially in reorienting visual
attention by contrasting visual and auditory switch trials. This
revealed bilateral activation in the inferior division of the lateral
occipital cortex (Figure 4.5A, Table 4.4), spanning V3, and V4, and
the activation cluster extended into the inferior temporal gyrus in
both hemispheres (Desikan et al., 2006).
Regions exclusively involved in reorienting auditory attention were
identified by contrasting audition switch trials with vision switch
trials (audition switch > vision switch; Figure 4.5B, Table 4.5).
This resulted in a large bilateral activation in the superior temporal
gyrus (STG), spanning from the TPJa (Mars et al., 2012) on the
posterior end, until the temporal pole on the anterior end, through
the primary auditory cortex (Desikan et al., 2006). In addition,
we found activation in the lingual gyrus in the visual cortex, left
primary motor cortex, and bilateral SMA in the premotor cortex
(Desikan et al., 2006; Sallet et al., 2013).
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Table 4.3: Overview results of MVPA analysis.

MNI coordinates
Laterality

Anatomical label

Voxels

T value

x

y

z

R

middle frontal gyrus

7102

7.57

34

0

52

L

superior parietal sulcus

2620

6.58

-22

-54

50

R

intermediate frontomarginal sulcus

138

6.38

28

44

12

R

cerebellum

74

6.31

0

-48

-40

R

insula

202

5.82

26

16

10

R

superior frontal gyrus

192

5.27

30

26

34

L

cerebellum

44

5.27

-6

-66

-24

L

insula

124

5.05

-30

20

-4

R

precentral gyrus

46

4.84

58

12

22

R

paracingulate gyrus

62

4.80

2

38

36

R

inferior frontal sulcus

44

4.62

32

28

16

R

middle temporal gyrus

43

4.55

42

-70

12

Table 4.4: Overview results of the vision switch vs. audition switch
contrast.

MNI coordinates
Laterality

Anatomical label

Voxels

Z value

L

lateral occipital cortex

1660

5.04

R

lateral occipital cortex

1454

5

4.3.1 Functional

connectivity
reorientation network

of

the

x

y

z

-40

-80

-8

54

-68

2

attention

We performed a functional connectivity analysis (PPI) to investigate
how caudal PFC interacts with other parts of the brain as a function
of the switching attention in visual and auditory modalities. We
used bilateral FEF as our seed, as obtained from switch vs. stay
conjunction analysis, and masked it by area 8A as defined by Sallet
and colleagues (2013) to identify regions whose activation covaried
with FEF.
During visually guided attention, FEF showed increased
connectivity with bilateral IPS, bilateral lateral occipital cortex
(referred to as extrastriate area in Yantis et al., 2002), and left
IPS-parieto-occipital arcus (Petrides, 2012) (Figure 4.6A). During
auditory attention, FEF showed increased connectivity with a large
cluster in the medial frontal cortex encompassing the medial
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Figure 4.5: A. Whole-brain activation map of vision switch vs.
audition switch contrast. B. Whole-brain activation map
of audition switch vs. vision switch. Colorbar represents
cluster corrected Z-stats thresholded at Z > 3.1.
Abbreviations: A - anterior; P - posterior; L - left; R right.

frontal pole and anterior cingulate cortex, bilateral SMA in BA6
(Eickhoff et al., 2007), bilateral superior and middle temporal
gyrus, right TPJa (Mars et al., 2012), and the lingual gyrus in the
medial visual cortex (Petrides, 2012) (Figure 4.6B).
Hence, while MVPA results showed the common attentional network
between visual and auditory modalities, these results show that the
FEF region in caudal PFC shows preferential connectivity with the
IPS and extrastriate areas in visual condition, and with the right
TPJ and auditory areas in the temporal lobe in auditory condition.
We next tested whether the results find their counterpart in the
structural connectivity.
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Table 4.5: Overview results of the audition switch vs. vision switch
contrast.

MNI coordinates
Laterality

Anatomical label

Voxels

Z value

x

y

z

L

occipito-parietal region

5200

5.12

-4

-90

26

L

Heschl’s gyrus

4626

6.56

-60

-16

4

R

Heschl’s gyrus

4418

6.19

54

-26

10

L

postcentral gyrus

500

4.24

-38

-26

58

L

paracentral lobule

153

4.12

-4

0

62

4.3.2 Tractography results
So far, we have shown that part of caudal PFC is involved in
switching attention in both the visual and auditory domains.
Moreover, this region seems to co-activate with a larger attentional
network and to interact with different parts of cortex depending on
the relevant modality. In our final analysis, we investigated
whether these patterns of activation match the projection zones of
some of the major association fibers, to provide some first evidence
of the structural networks underlying caudal PFC’s operations.
We created surface projection maps of AF, SLF I, SLF II, and SLF III
by multiplying this volume-based tracts with surface-based
tracking away from the cortex towards the white matter tract (cf.
Mars et al., 2018).
This provides a more accurate surface
representation of the tracts.
Since we were interested in
FEF-driven connections, we did not include SLF I in further
analysis based on the anatomical prior that it does not project as
anterior as the other two SLFs (Wang et al., 2015, see Figure C.5 in
the appendix for the surface projection map of SLF I). We then
calculated the number of overlapping vertices of surface-projected
activation maps of visual switch vs. stay, and auditory switch vs.
stay univariate contrasts. Figure 4.7A shows surface projections of
AF, SLF II, and SLF III, along with semi-transparent binarised
activation maps of visual (in green) and auditory conditions (in
blue) for visualisation purposes. Figure 4.7B shows the extent of
overlap between projection maps of tracts and activations. Together
these panels suggest that while activation in the left hemisphere
was driven by SLF II, right hemisphere activation was driven
relatively equally by AF and SLF III in visual condition, and stronger
by AF than SLF III in auditory condition.
In visual condition, main clusters of activation in the left
hemisphere included the caudal PFC, the SPL, and the lateral
inferior frontal cortex. Surface projections of SLF II showed that all
of these regions are reached by the tract, particularly the SPL. In
the right hemisphere, along with SPL and inferior frontal cortex,
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Figure 4.6: Whole-brain activation results of PPI analysis
(uncorrected). Only results with a cluster size of
at least 42 voxels are visualised. A. Regions showing
increased functional connectivity with bilateral FEF
in visual condition. B. Regions showing increased
functional connectivity with bilateral FEF in auditory
condition. Colorbar represents thresholded Z-stats at Z
> 2.3.
Abbreviations: A - anterior; L - left; R - right.

we also found activation in the TPJ, which is connected by the AF
and SLF III, more than the SLF II.
The activation map in the left hemisphere for the auditory
condition was largely similar to that of the visual condition, mainly
driven by SLF II in both conditions. In the right hemisphere,
however, we found a larger cluster of activation in the TPJ,
extending even until the posterior STG. Projection of AF not only
spanned right TPJ more than the SLFs, it also extended into the
temporal lobe, unlike the other two tracts. This is in agreement
with
previous
studies
dissecting
the
AF
pathway
(Fernández-Miranda et al., 2014). It can be argued that due to this
differential involvement of right TPJ in switching attention in the
two modalities, we found hemispheric differences. And differences
in the involvement of tracts between vision and audition were due
to differential involvement of posterior parietal areas in visual
attention switch and temporal areas in auditory attention switch.
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Table 4.6: Overview results of the PPI analysis for visual and auditory conditions.

MNI coordinates
Laterality

Anatomical label

Voxels

Z value

x

y

z

PPI: visual condition
R

lateral occipital sulcus

488

3.65

54

-72

2

R

intraparietal sulcus

292

3.35

48

-44

52

L

lateral occipital sulcus

107

3.05

-50

-80

10

L

intraparietal sulcus

87

3.38

-22

-72

50

L

intraparietal sulcus

75

3.20

-32

-58

50

0

66

12

PPI: auditory condition
R

medial frontal pole

2426

4.09

R

superior temporal sulcus

402

3.4

56

-16

-6

L

paracentral lobule

323

3.78

-6

30

62

R

insula

249

3.18

38

20

-18

R

inferior frontal gyrus

163

3.51

54

34

10

R

lingual sulcus

108

3.31

0

-76

-4

R

caudal superior temporal sulcus

106

3.15

44

-50

18

L

superior temporal sulcus

84

2.68

-60

-2

-8

L

lateral sulcus

81

2.96

-38

14

-14

L

precuneus

73

2.89

-2

-46

30

L

caudate nucleus

54

3.3

-18

20

6

4.4 Discussion
By recording fMRI while participants redirected their attention in
visual and auditory modalities, we obtained overlapping bilateral
activation and information in caudal PFC, including the FEF, in
both univariate analysis and MVPA. This provides strong evidence
that caudal PFC is not only involved in switching attention in both
modalities, but that its underlying pattern of activation is also the
same for these two modalities. We also showed that the caudal PFC
co-activated with larger attentional network, and interacted with
different parts of cortex depending on the relevant sensory modality.
Lastly, we found that the switch-related activation pattern in the
left hemisphere overlapped with the surface projection of SLF II, and
that of the right hemisphere with surface projection maps of the AF
and the SLF III, with AF being more involved than SLF III in audition
condition, providing novel suggestions into the structural networks
underlying caudal PFC’s role in switching attention. Based on the
similarity in the activation pattern in caudal PFC when redirecting
attention in both modalities, and due to its distinct connections to
the auditory and visual areas through separate association pathways,
we argue that this region is supramodal in nature.
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Although electrical stimulation studies in non-human primates
have shown caudal PFC to be directly involved in making saccadic
eye movements by redirecting the fovea, existence of a homologue
of this region in early primates that lacked a fovea lead Passingham
and Wise (2012) to recognise that this region must have played an
important role in orienting covert attention in these animals. Thus,
it could be suggested that the caudal PFC must be a
domain-independent, higher-order attentional region.
By
recording neuronal activation in this region in two macaques while
they performed covert attention task, Everling and colleagues
(2002) have shown that the caudal PFC is involved in maintaining
attention. In our study, we obtained overlapping bilateral activation
in caudal PFC, when participants were asked to switch their
attention separately in visual and auditory modalities. Finding
activation in this region in both univariate analysis, as well as in
MVPA indicated not only that it was involved in switching covert
attention in these modalities, but also that the underlying
activation pattern in this region was similar when redirecting
attention in visual and auditory domains.
Based on evidence from patients with unilateral neglect, Mesulam
(1981, 1990) identified three major hubs of the large-scale spatial
attention network - a frontal hub with FEF as its epicentre, a
posterior parietal hub, and a cingulate hub. Subsequent studies
investigating visual-spatial attention have also identified these
regions as being part of the spatial attention network (Corbetta &
Shulman, 2002; Yantis et al., 2002). In another fMRI study with
visuospatial attention switching, Shulman and colleagues (2009)
used rapid serial visual presentation paradigm and also found
transient activation in the dorsal attention network, similar to the
network of regions identified in our study. In an attempt to study
the subcomponents of attention, Thiel and colleagues (2004)
designed a visual spatial attention task in which a cue indicated the
likely side on which targets would eventually appear. They also
presented a target on the less likely side in 20% of the trials. When
they contrasted trials with targets appearing on the less likely side
with trials with targets appearing on the likely side (which they call
“reorienting” component of attention), they observed activation in
bilateral posterior IPL, bilateral MFG, right TPJ, left IFG, and left
anterior IPS. The activation pattern found in our study is not only
in agreement with the one mentioned above, but we have extended
the findings to auditory modality, further supporting the model of a
distributed spatial attention network that is independent of
modality. Smith and colleagues (2010) recorded brain responses
using fMRI during an analogous auditory and visual task to identify
supramodal brain regions involved in the task. They identified
bilateral FEF, SMA, and posterior parietal regions to be involved in
auditory spatial attention and found that there was considerable
overlap in these regions with the ventral visuospatial attention
network. In our study, by using eye tracking we were able to
account for neuronal responses to eye movements during scanning,
and by using MVPA to compare patterns of activation, we
contribute to this existing body of literature by further providing
evidence for the essential and similar role of caudal PFC in
reorienting spatial attention in both modalities.

4.4 discussion
Modality-specific activation for the visual condition involved the
bilateral lateral-occipital cortex, which agree with the results
obtained by Yantis and colleagues (2002) in a covert visual attention
task. Modality-specific activation for the audition condition showed
bilateral activation in the STG with peaks in Heschl’s gyrus, which
are generally known to be involved in the earliest processing of all
auditory input (Binder, 2000; Price et al., 1996). Our results are in
agreement with the PET study by Alho et al. (1999) in which they
contrasted auditory attention to left or right side with that of visual
attention and obtained activation in bilateral superior temporal
gyrus (along with activation in parts of the frontal cortex). In
addition, we found activation in the lingual gyrus of the visual
cortex during auditory condition. There is evidence showing that
directing covert spatial attention in one modality partially enhances
attention in another modality (Driver & Spence, 1998). Macaluso
and colleagues (2000) have shown that crossmodal influences of
touch on visual attention results in the activation of lingual gyrus,
which is also the region of peak activation in our contrast. So, we
reason that redirecting attention in auditory modality resulted in
redirecting attention in visual modality as well, and hence the
activation in visual cortex. After the experiment, our participants
anecdotally reported that it was difficult to fixate on the cross
during auditory trials and that they were often tempted to move
their eyes to the hemifield that they were paying attention to.
Studying the contribution of various association pathways in
redirecting attention in multiple modalities is essential to better
understand clinical implications arising from their disconnection.
Indeed, many clinical syndromes originally associated with damage
to FEF or other specific cortical regions have recently been
reinterpreted as due to damage of the pathways connecting these
areas (Gaffan, 1997; Shinoura et al., 2009; Urbanski et al., 2010).
Damage to SLF II and SLF III pathways are shown to be predictive
of chronic spatial neglect (Thiebaut de Schotten, Tomaiuolo, et al.,
2012), and damage to SLF and AF result in severe neglect and
impaired functional connectivity in the frontal-parietal attentional
network (He et al., 2007). We made surface projections of the tracts
that are likely to be involved in switching attention (AF, SLF II, and
SLF III) and compared them with the activation patterns of the
attention switch vs. stay in visual and auditory conditions. While
the activation pattern in the left hemisphere overlapped with the
surface projection of SLF II for both modalities, activation in the
right hemisphere suggested that it was likely driven by both AF and
SLF III for vision, whereas AF being more involved than SLF III in
audition condition. Corbetta and Shulman (2002) have made a
distinction between dorsal and ventral attentional systems of which
the ventral system includes the temporoparietal region and inferior
frontal cortex, and is right lateralized. They have argued that this
system is involved in detecting behaviorally relevant stimuli, which
in our case, were the target numbers. Studies using fMRI to study
attentional networks have also identified the network to be right
lateralized (Y. H. Kim et al., 1999; Thiebaut de Schotten et al., 2011;
Thiel et al., 2004). The hemispheric differences found in our study
could reflect some of these functions investigated using fMRI.
However, future research could focus on linking individual behavior
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to subject-specific association pathways using techniques like
diffusion imaging.
Studies investigating frontal-parietal
disconnections could compare deficits in redirecting attention in
multiple modalities to further investigate the involvement of these
tracts. Given that the association pathways have dramatically
expanded in humans as compared to macaques (Eichert et al., 2019;
Rilling et al., 2008; Thiebaut de Schotten, Dell’Acqua, et al., 2012),
it is also important to understand the evolutionary changes in the
function of these tracts if we were to successfully identify human
specialization.
While the premotor theory of attention has argued for the existence
of the same underlying brain mechanisms for both attention and
programming movements (Rizzolatti et al., 1987), considering the
evolutionary development of these brain regions might shed new
light on the argument. Passingham and Wise (2012) proposed such a
hypothesis for the role of caudal PFC in redirecting attention. Here,
we showed that the caudal PFC functions as a domain-independent
region for redirecting covert spatial attention. We have also provided
the first evidence towards the underlying structural differences that
mediate this function.

4.4 discussion

Figure 4.7: A. Surface projection maps of AF, SLF II, and SLF III in
white-red colormap (red signifying more projections)
and semi-transparent binarised activation maps of
univariate visual switch vs. stay contrast in green and
auditory switch vs. stay contrast in blue. B. Number of
overlapping vertices between projection maps of tracts
and activations.
Abbreviations: AF - arcuate fasciculus; SLF - superior
longitudinal fasciculus; L - left; R - right.
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5
Discussion

I

n this thesis, I have described ways to study the large-scale
organization of macaque and human brains that can be readily
applied to other species in order to bridge the gap between
them. We have also drawn attention to the usefulness of arriving at
a hypothesis for a function based on an evolutionary argument. I
begin by summarizing our results before discussing their broader
implications.

5.1 Summary of results
In Chapter 2, we provided a data-driven way of identifying
principles of organization in the macaque parietal-frontal network.
By using resting state connectivity data, AP clustering and
hierarchical clustering, we were able to construct affinity matrices
that could capture principles of parietal-frontal organization. The
key argument was based on the fact that irrespective of underlying
number of subregions, when investigated at the level of
connectional families, the organization is conserved. We identified
two overlapping principles of organization:
dorsal-ventral
dissociation with connectivity in the premotor cortex, and
"core-shell organization" in the parietal-frontal network.
Given the "core-shell organization", where anterior areas of
parietal lobe communicate strongly with posterior areas of the
frontal cortex, and vice versa, we then studied whether the IPL
followed a gradient-like organization, and if this organization also
applied to the human brain. By using connectivity gradient
analysis, we showed that indeed the first principal gradient was
posterior-anterior in nature. In addition, we identified a second
radially outward gradient in the IPL based on within hemisphere
connectivity in both species. To study the nature of the underlying
connectivity driving these gradients, we investigated IPL gradients
based on IPL-frontal connectivity, where we observed similar
posterior-anterior and radially outward gradients.
Upon
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constructing projection maps and representing frontal regions in a
2D gradient space, we again discovered the dorsal-ventral
dissociation in the premotor cortex, and core-shell organization
principles. We also showed that the anterior IPL of humans
displayed similar gradient profiles (linear and inverted U-shaped
profiles) to that of the macaque IPL, whereas posterior IPL of
humans had mostly a flat profile in both gradients, suggesting that
the posterior IPL region has undergone changes in its connectional
topography in humans as compared to macaques. Furthermore, in
an exploratory analysis, we applied the connectivity gradient
mapping method to IPL-temporal connectivity in the human brain
and showed that the expanded regions of IPL preferentially
communicate with the expanded regions of the temporal cortex.
Having studied the parietal-frontal networks in both macaques and
humans, we designed an fMRI experiment to probe its involvement
in an attention switching task. Based on the hypothesis put
forward by Passingham and Wise (2012), we reasoned that the
caudal prefrontal cortex (PFC) in humans should be involved in
redirecting attention in more than just the visual modality. Using
univariate analysis and MVPA, we demonstrated that the frontal eye
fields in caudal PFC is not only involved in attention switching, but
also that the underlying pattern of activation in this region is the
same for both visual and auditory attention switch. Then, by using
PPI analysis and tractography, we identified the network of regions
and association pathways involved in the task.

5.2 Principles of cortical organization
As alluded to in the introduction, brain organization can be
investigated at multiple levels. Early studies of comparison focused
on mapping homologous regions across species. While it is indeed
possible to accurately map such homologies based on
cytoarchitecture for primary cortices, the borders of areas tend to
get blurry as we move to the association areas. This led Rosa and
Tweedale (2005) to conclude that, “Areas that form at progressively
later stages of development correspond to progressively more
recent evolutionary events, their development being less firmly
anchored in molecular specification. The certainty with which areal
boundaries can be delimited, and likely homologies can be
assigned, becomes increasingly blurred in parallel with this
evolutionary/developmental sequence.” Although the boundaries of
parcellated regions of the parietal and frontal areas in Chapter 2
largely coincided with the cytoarchitectonic boundaries, we decided
against focusing on the definition of a region because our main aim
was to study the principles of organization and not map the parietal
and frontal cortices. We acknowledge that parcellation studies
using noninvasive techniques are valuable, but only within the
context of the research question that they answer, when the results
are interpreted pragmatically. So, to investigate the organizing
principles of parietal-frontal system, we focused on interareal
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patterns of connectivity. By doing so, we made the approach more
widely applicable.
While an increasing number of studies are published in favour of
“the tethering hypothesis”11 of whole-brain organization using
connectivity gradient mapping methods in both macaques
(Oligschläger et al., 2019) and humans (Oligschläger et al., 2017),
an understanding of the functional systems driving these gradients
is still rare. Building on the ideas proposed by Striedter (2005) and
Passingham and Wise (2012), we have demonstrated that
comparative neuroscience could benefit from studying the
principles of organization.
So, let us reconsider the three
hierarchical levels of analysis of the brain, proposed by Striedter
(2005) and extend it. Connectional families could be interpreted as
sitting on top of the three hierarchies of analysis proposed by
Striedter (2005), as the focus is shifted away from individual
regions, and towards connectivity between groups of regions.
Organizing principles on the other hand, operate on every level, and
act as the overarching guide for organization Figure 5.1. So, I would
propose that the principles of organization remain relatively stable
across species that share their evolutionary lineage, unless
evolutionary adaptations drive modification. We have provided an
approach to study these principles at the level of connectional
families.
Affinity matrices, gradient method, together with
projection maps, could thus serve as power tools in the toolbox of a
comparative neuroscientist.
The hierarchical nature of the macaque parietal-frontal
connectivity has been distilled into its components by accumulating
evidence from a number of invasive tracer studies (Averbeck et al.,
2009; Caminiti et al., 2017). Although these studies did not discuss
their results in terms of organizing principles, the “core-shell
organization” is evident from their results. There is evidence for
this gradual anterior-posterior shift in IPL connectivity with the
posterior-anterior frontal areas in humans based on probabilistic
tractography, when compared with tracer-based connections in the
macaque brain (Caspers et al., 2011). The organizing principles
captured by noninvasive resting state functional connectivity data
(dorsal-ventral dissociation in parietal-frontal connectivity and the
core-shell organization between the IPL and the frontal lobe) in
Chapter 2 were in agreement with previous literature. In addition,
this approach identified the connectivity driven by prominent
connections between parietal and frontal regions. We then used
connectivity gradient mapping methods and within-hemisphere
connectivity in Chapter 3, and showed that the IPL is organized
along two overlapping gradients in macaques and humans. More
importantly, we identified that the posterior IPL in the human
brain showed differences in its topographic organization, possibly
due to its expansion (Essen & Dierker, 2007) and rearranged
structural connectivity (Mars et al., 2018). We have used affinity
matrices (Figure 2.6) and projection maps (Figure 3.6 and
Figure 3.7) as a means to delineate the underlying organization of
connectivity in the macaque parietal-frontal system because there
is ample evidence for the underlying structural connections
through tracer studies. Since both these methods, affinity matrices

11

Hypothesis refresher:
Due to massive
evolutionary expansion
of the cortex, some
regions emerged as
"untethered" areas from
primary sensory cortices.
These in-between zones
are hypothesized to have
strong connections,
resulting in the
association cortex.
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Figure 5.1: Schematic representation of an extension to “multiple
levels of analysis of the brain”: connectional families,
regions, cell types, and molecules. In this view, principles
of organization remain relatively stable across species
with similar evolutionary lineage and could be studied
at every level of the hierarchy of analysis. These
principles, combined with ecological requirements drive
connectional adaptations whose components could arise
again, from every level of hierarchy. The primary
focus of this thesis, the level of connectional families
is highlighted by a dashed box.
and projection maps, are driven by data, they can be readily applied
to outline the evolutionary trajectory of regions of interest across
species. However, caution is warranted against drawing causal
conclusions of structural connections based on theses analyses
when studying the organization of the less understood species
using resting state data. Especially because correlation between two
regions does not necessarily imply that they are physically
connected.
The organization of connectional families should inform us about
the function of the system. The frontal-parietal system has been
mainly studied in the context of sensorimotor function, separated
into dorsal and ventral streams (Mishkin & Ungerleider, 1982). But
subsequent reports of the system have further divided the dorsal
stream into dorsal-dorsal and dorsal-ventral streams (Rizzolatti &
Matelli, 2003), or into three dorsal streams supporting spatial
working memory, visually guided action, and navigation (Kravitz,
Saleem, Baker, & Mishkin, 2011). Yet another view of dorsal visual
stream being separate reaching and grasping networks has been
recently suggested to be an interacting dynamic system with both
reaching and grasping functions distributed across multiple areas
of the posterior parietal cortex and the frontal cortex (Galletti &
Fattori, 2018). Based on these accounts, Medendorp and Heed
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(2019) have suggested that the posterior parietal cortex functions as
a state estimator, organized in two overlapping gradients. An
anterior-posterior gradient of body-related to environment-related
representations, and a lateral-medial gradient of action classes.
Another review that aimed to map the parietal and frontal areas
into “oculo-motor” (eye) and “manual-motor” (hand)
representation map has also recognised a posterior-anterior
gradient in the parietal lobe (Rizzo et al., 2017). This complex
organization of multiple functional roles in the same network thus
cannot be directly deduced by merely recognizing gradients in the
organizing principles of the parietal-frontal system.
An
evolutionary understanding of function would be necessary to at
least identify some of the functions of these networks.

5.3 Evolutionary hypothesis of function
An evolutionary viewpoint provides us with plausible hypotheses to
test for functional adaptations of brain regions. We made use of the
evolutionary history of the caudal PFC and tested the hypothesis
put forward by Passingham and Wise (2012) that its function
evolved to primarily support an attentional role. Indeed there is
strong evidence for the involvement of FEF in directing covert
attention macaques (Everling et al., 2002). Connections of the
caudal PFC in the macaque brain were considered in the
introduction of this thesis. Mainly, caudal PFC has connections to
both dorsal and ventral streams, allowing it to potentially function
as a modality-independent attentional area. We tested its function
in humans and found that FEF, along with posterior parietal areas
and right temporoparietal junction, was involved in switching
attention in both visual and auditory modalities.
Two contrasting explanations have emerged for the differences
observed in the attention network of macaques and humans. Direct
comparison of visuospatial attention task in the two species has
revealed fewer independent foci of activation in both parietal and
frontal areas in macaques than in humans (Patel et al., 2015). After
ruling out the possibility that the observed differences in activation
patterns across species could be explained by reward structure,
training, or performance, Patel and colleagues (2015) concluded
that the phylogenetic differences in the attentional network must
be the main difference. In contrast, a recent study has claimed that
differences across species could be due to lapses in constantly
maintaining attention in one modality (and failing to successfully
ignore the other) and not due to evolutionary differences (Rinne,
Muers, Salo, Slater, & Petkov, 2017). Although the two studies use
different forms of attentional tasks, it suffices to say that the
parallels between macaque and human parietal-frontal attentional
system is yet to reach an agreement. In Chapter 3, we identified
differences in the organization of human posterior IPL as compared
to macaques, which we demonstrated to be involved in switching
attention in Chapter 4. Our tractography results showed that the
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discussion
visual and auditory modalities employ different pathways to switch
attention between hemifields. Our results indicated that the arcuate
fasciculus was more involved in redirecting auditory attention,
whereas visual attention switching was facilitated by the third
branch of the superior longitudinal fasciculus. Also, previous
research has shown that these longitudinal association pathways
that connect the posterior parietal regions with the frontal regions
have undergone remarkable expansion in humans as compared to
macaques (Thiebaut de Schotten, Dell’Acqua, et al., 2012). Taken
together, our evidence would be in favour the former explanation,
namely the attentional network has undergone phylogenetic
changes between macaques and humans. Further research would be
necessary to identify the extent of these pathways in modulating
attention, and link differences in attentional network to
evolutionary causes.

12 Fitch then goes on to
make specific predictions
that follow from these
hypotheses in the
original publication.

13

which has been widely
studied as "the language
pathway"

The main aim of studying the function of a region in the light of
evolution is not only to confirm what the region does, but also
to understand whether the function displays evolutionary changes
due to ecological adaptations and structural reorganization. This
change in the function of a trait during the course of evolution
is called exaptation or co-option. For example, Fitch (2011) has
outlined three possible hypotheses for the evolution of syntax in
language from the exaptation perspective. One of these states that
the arcuate fasciculus could have evolved for vocal imitation, and
only later was exapted for syntax comprehension by extending its
connections between the premotor areas and the posterior parietal
areas that are involved in semantic comprehension12 . While there is
some evidence for anatomical and functional separation in area 8 in
macaques, with the laterally located area 8A receiving auditory and
visual information from the centre of the visual field and medially
located area 8B primarily receiving peripheral auditory information,
our results from Chapter 4 indicated that the peripheral information
for both modalities were processed by the same FEF (homologous
area of macaque area 8A, Sallet et al., 2013) in humans. Given
the substantial change in the underlying pathways connecting this
region, particularly the arcuate fasciculus13 , it is possible that the
function was exapted to suit our everyday demands of auditory and
visual information processing. Again, we would need more evidence
to be able to confirm such a possibility.

5.4 parting thoughts
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5.4 Parting thoughts
Tinbergen (1951) outlined the four key questions one should ask
when studying any biological system14 :
• Phylogeny: how does it evolve?
• Selection: how does it promote fitness?
• Ontogeny: how does it develop?
• Mechanism: how does it work?
I believe this requires special mention, especially in the context of
comparative neuroscience.
By conducting well designed
experiments and longitudinal studies in humans, we could address
the ontogeny and mechanism questions. But the phylogeny and
selection questions could only be answered by studying the
evolutionary principles of brain organization across a wide range of
species (Striedter, 2006). With advancements in data acquisition
protocols, standardization of procedures, increasing number of
openly available datasets of multiple species, and development of
analysis techniques that can be applied across species, it is only a
matter of time before we unravel the mysteries of brain evolution,
organization, and specialization.
To make headway in this
direction, it is imperative that we start with the right question.
Thankfully, we have four.

14

Passingham and Wise
also emphasized this in
the very beginning of The
Neurobiology of the
Prefrontal Cortex (2012)

Part IV

Appendix

A
On probing principles

A.1 Preference value for AP clustering
The affinity propagation (AP) clustering algorithm requires the user
to specify a “preference” parameter, which determines how
stringent the algorithm should be when deciding on separating a
cluster into two. If the values of our similarity matrix S ranged
from min(S) to max(S), then we show the resulting clusters when
the preference value was set at min(S) – (max(S) – min(S)), min(S),
and median(S)(Figure A.1). A cluster from a stringent preference
condition tended to split into multiple clusters when using a more
lenient preference condition, indicating that the parcellations are
all based on meaningful signal in the data. We used three clustering
validation criteria to evaluate the suitable number of clusters.

A.2 Clustering solution validation
To identify a reasonable clustering solution and select a suitable
preference parameter, we performed agglomerative clustering
using ward linkage on the frontal and parietal regions of interest to
result in 1 to 100 clusters. We used the Davies-Bouldin measure,
gap criterion, and silhouette measure to identify suitable number of
clusters (Figure A.2). They were implemented using the inbuilt
Matlab function “evalclusters”. The number of clusters with
minimum Davies-Bouldin value, and maximum gap criterion and
silhouette values indicate the best solution. Although, the three
measures seem to differ in their final solution, one can identify a
range of these values where they seem to agree that the clustering
solutions are reasonable. For example, in the case of right frontal
clusters (Figure A.2, top panel), Davies-Bouldin value achieves local
minima at 26 and 62 cluster solutions. Gap measure values remain
comparable between 22 and 64 cluster solutions. Silhouette
measure remains comparable between 16 and 35 cluster solutions.
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Figure A.1: Parcellation results of the frontal cortex based on
ipsilateral connectivity. Affinity propagation clustering
provides different clustering results for varying
preference values.
If S is the similarity matrix,
preference values were set to (A) min(S) – (max(S) –
min(S)), resulting in 26 frontal clusters (B) min(S),
resulting in 40 clusters and (C) median(S), resulting in
67 frontal clusters.

The solution of AP clustering, with a preference value of min(S) –

A.3 preference value and stability of functional families
(max(S) – min(S)) yielded 26 cluster solution, which lies within the
range of “good” cluster solutions mentioned above.

Figure A.2: Results of clustering solution validation.
DaviesBouldin measure, gap criterion, and silhouette measures
were computed for 1 to 100 clusters of agglomerative
clustering performed on the frontal and parietal regions
of interest. Solution obtained by using a preference value
of min(S) – (max(S) – min(S)) is shown in red for each
case.

A.3 Preference

value
functional families

and

stability

of

We have shown the parcellation results for three “preference”
parameters in Figure A.1. Our aim however, was to identify the
principles of parietal-frontal organization based on patterns of
functional connectivity at the level of functional families, and not
parcellating the two regions of interest. Parcellation step only
served as a preprocessing step to reduce the complexity in the data
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and identify exemplars that best represented the connectivity
pattern of a family of regions. We argue that irrespective of the
underlying number of clusters, the functional connectivity pattern
of families of regions should remain the same.
We tested the stability of these functional families, irrespective of
the underlying number of clusters, in the right frontal region of
interest (ROI) as proof of concept. While a preference value of
min(S) – (max(S) – min(S)) resulted in 26 frontal clusters, min(S)
resulted in 40, and median(S) resulted in 67 clusters. We used the
exemplars from these results and constructed connectivity
fingerprints for each exemplar with the 15 exemplars of the parietal
cortex (parcellated with preference = min(S) – (max(S) – min(S))).
The frontal cortex was then hierarchically clustered to produce 8
branch solution in each case. Further, to establish the similarity
between these branches, we computed dice coefficients between the
8 branch solutions resulting from each of these parcellations. First,
chance-level dice coefficient was calculated by randomly assigning
vertices to different branches and calculating dice coefficient
between the original 8 branch solution of the min(S) – (max(S) –
min(S)) parcellation, iterated a 1000 times, and found average
chance-level dice coefficient to be 0.125 (range = 0.0988 to 0.1509).
Results showed that the average dice coefficients between 8
branches from min(S) – (max(S) – min(S)) parcellation and min(S)
parcellation was 0.6334, between min(S) – (max(S) – min(S)) and
median(S) was 0.5546, and between min(S) and median(S) was
0.3825, all of which, were above chance-level (Figure A.3).

Figure A.3: Stability of functional families. Preference parameter
set to values in the first column (S:= similarity
matrix). Parcellation results of AP clustering of the
right frontal ROI for each preference value. The 8
branch solution from hierarchical clustering performed
on the frontal exemplars. Dice coefficient values
demonstrating similarity between functional families,
despite containing different number of underlying
clusters.
Having established the stability of functional families despite
difference in underlying number of clusters, we proceeded with

A.4 affinity matrices
min(S) – (max(S) – min(S)) results for further analyses, which
strikes a suitable balance between specificity in the data and an
anatomically interpretable number of clusters.

A.4 Aﬃnity matrices
Organization of the frontal and parietal cortices could be studied at
multiple levels ranging from individual areas to large-scale
functional networks. We aimed to understand the parietal-frontal
organization at the level of functional families, which consist of
multiple parietal regions with similar connectivity profiles with the
frontal cortex, and vice versa. Hence, an appropriate number of
branches were selected based on exploration as explained below
(Figure A.4).

Figure A.4: Affinity matrices at different levels of frontal and parietal
branches are shown along with the projection of these
branches on an inflated macaque brain. Numbers on the
projection indicate branch numbers, and the respective
row/column numbers in their corresponding affinity
matrix.
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Frontal 2 — Parietal 3
At the level of 2 frontal branches and 3 parietal branches, the
organization was primarily driven by frontal regions that showed
positive correlation with regions in the parietal cortex and by
regions that mainly showed negative correlation with the regions in
the parietal cortex. Due to averaging of the correlation coefficients
of multiple exemplars, the strongest correlation observed was less
than 0.2, whereas some of the exemplars in the connectivity
fingerprints figure (Figure 2.2, main text) showed correlations of
over 0.4. Hence, we considered more number of branches.

Frontal 4 — Parietal 4
At the level of 4 frontal branches and 4 parietal branches, we
observed that the dorsal premotor branch showed preferential
connectivity anterior parts of the parietal cortex, and the dorsal
prefrontal and periarcuate branch showed stronger connectivity
with the superior parietal lobe (SPL), indicating the presence of a
core-shell organization. The clusters in the ventral premotor
branch are spatially discontinuous and showed stronger
connectivity with the posterior SPL. Frontal polar branch and the
limbic regions showed weak overall connectivity with the parietal
cortex. Note that even though the principles of organization begin
to emerge at this stage, we are unable to completely dissociate the
contribution specific functional families due to discontinuous
clusters. And averaging connectivity of the exemplars in a branch
results in smoothed connectivity patterns. Hence, we explored
further.

Frontal 7 — Parietal 6
We examined the 7 branch solution for the frontal cortex and the
6 branch solution of the parietal cortex. At this level, we observed
that the ventral branch showed preferential high connectivity with
the anterior parts of the inferior parietal lobe (IPL). The periarcuate
branch showed stronger connectivity with the anterior SPL. The
dorsal prefrontal branch showed stronger connectivity with the
posterior SPL and IPL. And due to the averaging of the exemplars
that span most of the premotor cortex, we see stronger connectivity
of the region with both branches that span SPL and anterior parts
of IPL. This was also the primary reason to select higher number of
branches.

A.5 region of interest (roi) definition

Frontal 8 — Parietal 8
The first and the second parietal branch of the 8 branches solution
(columns 1 and 2 of the corresponding affinity matrix in
Figure A.4), showed similar connectivity pattern with that of the
frontal cortex. Both had comparatively stronger connectivity with
the dorsal premotor and sensorimotor areas, followed by
comparatively strong connectivity with the dorsal prefrontal areas.
Given that these two branches contained a single cluster, we were
now studying connectivity profiles of individual clusters. So, we
decided to select 7 branch solution for the parietal cortex, and 8
branch solution for the frontal cortex to construct a summary
affinity matrix that highlighted the principles of brain organization
(Figure 2.6, main text).
An increase in the number of branches provides little further insight
in to the organization of the parietal-frontal network at the level
of connectional families. As 8 branch solution of the parietal cortex
includes two branches with lone clusters, we utilized 8 frontal and 7
parietal branch solutions to make the summary figure highlighting
the results (Figure 2.6, main text).

A.5 Region of interest (ROI) deﬁnition
A detailed description of the frontal and parietal ROI definition is
given in the main text. Refer to Figure A.5. for the relevant sulcal
anatomy and ROIs used for the analyses. We also demonstrate the
robustness of results for an alternative ROI definition that includes
areas of the somatosensory cortex in the anterior part of the superior
parietal lobule (SPL) (Figure A.5 C) in the following section.

A.6 Alternate parietal ROI
Parcellation
Parietal clusters were identified using AP clustering algorithm for
the alternative ROI (Figure A.4 C), based on its connectivity with
the ipsilateral hemisphere. Results (Figure A.6) included clusters
numbered P1, P2, P3, P4, P5, and P7 along the medial side of the SPL
(V6A, PEci, PGm). Clusters P6, P9, and P12 were in the territory of
dorsal SPL (PEc); clusters P16, P11, and P14 were part of the ventral
SPL (PE); cluster P18 overlapped with anterior inferior parietal lobule
(IPL) (PF) and cluster P17 overlapped with the middle IPL (PFG).
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Figure A.5: (A) Some of the main sulcal landmarks in the macaque
brain are labelled. (B) Parietal and frontal ROI masks
used for parcellation. (C) Alternative parietal mask used
to show the consistency of overarching results.
Clusters P15, P8, P10, and P13 corresponded to the posterior IPL (PG,
Opt).
These results differed from the parcellation results in the main text
in two ways. First, the territory that was included in the new ROI
was assigned to two new clusters: cluster P12 at the rostral-dorsal
end of the SPL and cluster P17 at the border of the inferior parietal
and superior temporal cortex. Second, cluster P13 and part of cluster
P10 from the new parcellation were combined into a single cluster,
cluster P10 in the original parcellation.

Principles of hierarchical organization
Hierarchical clustering of the parietal exemplars based on their
connectivity with the frontal exemplars in the main (Figure 2.1,
main text) and alternative (Figure A.6) parcellations showed

A.7 results of the left hemisphere

Figure A.6: Results of AP clustering of the alternative parietal
ROI based on its connectivity strength within the
hemisphere, back-projected on an inflated macaque
brain. The cluster numbers mark the position of the
exemplar as identified by the AP clustering algorithm.
Hierarchical clustering of the parietal exemplars based
on their connectivity with the frontal exemplars is given
on the right-hand side.

remarkably similar organization, resulting in families similar to the
ones discussed in the main text. The alternative parcellation’s
superior parietal cluster P12 groups with the posterior IPL and
medial parietal, which also tended to cluster together in the main
results. IPL/superior temporal cluster P17 groups together with Opt.
The main groupings of the hierarchical trees are similar, although
the different families tend to be ordered differently.

A.7 Results of the left hemisphere
Parcellation
A detailed description of the definition of the frontal and the parietal
ROIs for the right hemisphere is discussed in the main text. ROIs
for the left hemisphere followed the same sulcal boundaries as the
right hemisphere, drawn using Workbench. Parcellation using AP
clustering with a preference parameter of min(S) – (max(S) – min(S))
resulted in 23 clusters for the left-frontal ROI and in 14 clusters
for the left-parietal ROI (Figure A.7). Connectivity fingerprints of
the exemplars are presented in Figure A.8. Similar to the right
hemisphere, here we label the resulting clusters based on their
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Figure A.7: Results of AP clustering of the parietal and the frontal
ROIs of the left-hemisphere based on their respective
connectivity strength within the hemisphere, backprojected on an inflated macaque brain. The cluster
numbers mark the position of the exemplar as identified
by the AP clustering algorithm. Hierarchical clustering
of the frontal exemplars based on their connectivity with
the parietal cortex is given on left and that of the parietal
exemplars based on their connectivity with the frontal
cortex is on the right side of the parcellation results.

overlap with previously published atlases only to provide a broad
understanding of the parcellation results, and make the clusters
more tractable.
On the lateral surface of the frontal cortex, clusters 1 and 2 overlapped
with the ventral premotor cortex and the macaque homolog area
44. The periarcuate clusters 7, 11, and 10 were in the territory of
area 8. Clusters 9 and 4 overlapped with dorsal premotor cortex,
with cluster 9 also spanning the pre-SMA region on the medial
side. Clusters 13 was part of the dorsal PFC (area 9) and clusters 6
and 3 were in the territory of ventral later PFC, cluster 21 formed
a discontinuous cluster and spanned both these regions. But the
exemplar was situated in the territory of medial dorsal PFC (area
9). Clusters 16 and 12 overlapped with dorso-lateral PFC (area 46).
Cluster 15 corresponded to the fronto-polar cortex. And clusters 14,
8, 5,20, and 17 were in the territory of the orbitofrontal cortex (areas
11, 13, 47/12). One the medial side, clusters 19 and 23 were in the
territory of the ACC (area 14 and area 32 respectively). And cluster
22 corresponded to SMA. Note that cluster 9 also spans the pre-SMA
area, but the exemplar was in the dorsal premotor region (F2).
On the lateral side of the parietal cortex, cluster 1 spanned parts of
both SPL and IPL, but its exemplar was in the territory of anterior
IPL. On the SPL, cluster 2 occupied area PEa, on the anterior bank of
the inferior parietal sulcus (IPS). Posterior to that, clusters 4 and 7

A.7 results of the left hemisphere

Figure A.8: Connectivity fingerprints of the frontal (rows) and the
parietal exemplars (columns) of the left hemisphere,
along with their hierarchical clustering outline. Values
indicated in each cell correspond to the correlation value
of the corresponding frontal and parietal exemplars, as
shown in Figure A.5. Colorbar ranges from the lowest
to the highest correlation value of the exemplars.

largely overlapped with regions VIP and MIP respectively. Cluster 8
was situated dorsal to that, in the territory of area PEc. Cluster 3 on
the inferior bank of IPS was in the territory of LIP and PG. Further
posterior to that, cluster 6 was in the territory of Opt. On the SPL,
cluster 5 overlapped with region PE. On the medial side, cluster 10
was situated in the territory of PE. Ventral to that, clusters 12 and
14 overlapped with PGm, with cluster 12 also spanning parts of PEc.
Posterior to these clusters, clusters 11, 13, and 9 overlapped with
region V6a.

Principles of hierarchical organization
Frontal cortex
Figure A.9 contains the results of hierarchical clustering on the
left frontal exemplars based on their connectivity the left parietal
exemplars. The branching of the frontal cortex at the level of two
branches was driven by regions with widespread strong connectivity
with the parietal cortex, and by regions with overall weak parietal
connectivity, but comparatively stronger focal connectivity. The
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Figure A.9: Hierarchical clustering results of the left-frontal
exemplars based on their left-parietal connectivity
strength. Exemplars (by extension, parcels) that belong
to a branch are overlaid on the surface of the cortex
in the same color, and the branch that splits from its
cluster in the following step is marked with a box.

regions with widespread, strong connectivity were further divided
into ventral premotor and ventro-lateral prefrontal regions with
strong lateral parietal connectivity, and into a branch with dorsal
premotor cortex and the SMA, which showed strong medial parietal
connectivity (see step 2 to 3 branches). The regions with overall
weak, but strong focal connectivity with the parietal cortex were
divided into dorsal bank of the principal sulcus – dorsal prefrontal
and periarcuate regions, and central bank of the principal sulcus and
the fronto-polar region (5-6 branches) based on the preferential
connectivity of the later regions with the posterior IPL and Opt.
The lateral branch of the 3 branch solution was further divided in to
ventral premotor branch that showed stronger connectivity with
the anterior parts of the parietal cortex and Opt, and a branch with
discontinuous clusters that showed moderate connectivity with the
rest of the parietal cortex (3 to 4 branches). The dorsal lateral
prefrontal cortex separated from the branch that showed moderate
connectivity with the parietal cortex based on their preferential
connectivity the medial regions (4 to 5 branches). The lateral

A.7 results of the left hemisphere
branch of 3 branch solution separated into dorsal premotor and
SMA, and single periarcuate cluster (F10) based on its preferential
connectivity with the posterior parietal regions (6–7 branches). The
discontinuous clusters that formed a branch based on overall
moderate connectivity, further divided into regions with slightly
stronger connectivity with the IPS, and regions with overall weak
connectivity (7-8 branches). At the level of 9 branches, we have
branches splitting into individual regions. Hence to retain focus on
the pattern of connectivity displayed by functional families, 8
branch solution was used to construct the affinity matrix.

Parietal cortex

Figure A.10: Hierarchical clustering results of the left-parietal
exemplars based on their left-frontal connectivity
strength. Exemplars (by extension, parcels) that belong
to a branch are overlaid on the surface of the cortex
in the same color, and the branch that splits from its
cluster in the following step is marked with a box.
Figure A.10 contains the hierarchical clustering results of the
parietal exemplars based on their connectivity with the left frontal
exemplars. The two branch solution was driven by regions with
preferential connectivity with the frontal-polar and dorsolateral
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frontal cortex, and by regions with more widespread connectivity
with the frontal cortex. The branch with widespread connectivity
was divided into regions with strong connectivity with the medial
prefrontal cortex, and into regions with strong connectivity with
the lateral frontal cortex (2-3 branches). The branch with lateral
connectivity was then divided into a branch with one cluster (P1)
based on anterior most cluster’s preferential connectivity with the
ventrolateral frontal cortex, and into a branch that showed strong
connectivity with the dorsolateral frontal cortex (3-4 branches).
The dorsal branch was further divided into a branch with only
cluster P10 based on the strong medial connectivity with the SMA,
and into a branch with regions that showed strong connectivity
with the dorsal premotor cortex (6–7 branches).
The branch that showed relatively strong connectivity with the
ventrolateral frontal cortex, was divided into a branch with regions
that show strong connectivity with the ventral premotor, and into a
medial parietal branch of regions in the intraparietal sulcus (IPS) that
show preferential connectivity with the dorsolateral prefrontal cortex
and some parts of orbitofrontal cortex (4–5 branches). The medial
parietal branch was then divided based on a regions with preferential
connectivity with the dorsolateral prefrontal cortex, and into regions
with preferential connectivity with the regions of the orbitofrontal
cortex that extend to the medial side (5–6 branches). The branch
with IPS regions was divided into an anterior and a posterior branch,
based on the preferential connectivity of the anterior branch with
the posterior regions of the frontal cortex, and on the connectivity
of posterior IPS regions with the relatively anterior frontal regions
(7–8 branches). The branch from the two branch solution that
showed selective connectivity with the frontopolar and dorsolateral
prefrontal cortex show similar connectivity pattern with the frontal
cortex. But they were separated in the 9 branch solution based on
the cluster in territory of LIP and PG showing strong connectivity
with the area 8 in the frontal cortex (8–9 branches).

Principles of large-scale organization
Just as in the right-hemisphere, hierarchical clustering results
provided insight into the organization of the macaque left frontal
cortex and the left parietal cortex. We observed both dorsal-ventral
organization of the premotor cortex, as well as the core-shell
principle of organization in frontal-parietal networks (Figure A.11).
We then created an affinity matrix that described the connectivity
strength of the frontal-parietal connectional families (Figure A.12).
Again, similar to the right hemisphere, affinity matrix captured
prominent frontal-parietal pathways (see main text for a detailed
description).

A.8 labelling parcellated clusters based on atlases

Figure A.11: Regions in the left frontal cortex and their
corresponding exemplar’s connectivity with the
left parietal cortex. Black regions indicate seed areas
in the frontal cortex, with the blue-red-yellow colors
indicating increasing connectivity with each parietal
vertex. Bottom panel shows a schematic representation
of the organization of these regions (A) Dorsal-ventral
organization of parietal connectivity with the premotor
cortex. (B) Rostral-caudal or core-shell organization
of parietal connectivity with the lateral frontal cortex.
Color bars represent the connectivity correlation values
of the exemplars of these seed regions. Note that the
color of the ROI does not represent its within-region
connectivity, but just a representation of the region.

A.8 Labelling parcellated clusters based on

atlases
Labelling right frontal and parietal parcellation clusters based on
the atlases of Lewis and Van Essen (2000), Paxinos, Huang, and
Toga (2000), and Markov et al., (2011).
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Figure A.12: (A) Affinity matrix of the 8 frontal hierarchical branches
(rows) with that of the 6 parietal branches (columns) of
the left hemisphere, indicating the average connectivity
strength of the exemplars within each branch. (B)
The branches are overlaid on a macaque brain along
with arrows representing the peak connectivity between
branches.

A.8 labelling parcellated clusters based on atlases
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Table A.1: Exemplars of the right frontal cortex identified and
labelled according to atlases (Lewis & Van Essen, 2000,
Paxinos et al., 2000, and Markov et al., 2011).

Cluster num

Lewis & van Essen

Paxinos et al.,

Markov et al.,

1

24ab

24b

24b

2

Unassigned

Medial wall

Medial wall

3

32

24a

32

4

Unassigned

Medial wall

25

5

6DC

6M

F3

6

10

10M

10

7

9

9M

9

8

Unassigned (14r)

25

25

9

Unassigned

10v

10

10

Unassigned

13

Unassigned

11

Unassigned (24d)

24c

24c

12

6Ds

6DR(F7)

F7

13

46v

46D

46d

14

4

4 (F1)

F1

15

4C

6VC (F4)

F4

16

13m

13L

12

17

6Ds

6DC (F2)

F2

18

46p

9/46D

8

19

Unassigned

47 (12)

12

20

Unassigned

44

8

21

Unassigned

47(12)O

12

22

4C

6DC (F2)

F2

23

4C

6VC (F4)

F4

24

45

8AV

Unassigned

25

12

44

Unassigned

26

6Vb

6VC (F4)

F5
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Table A.2: Exemplars of the right parietal cortex identified and
labelled according to atlases (Lewis & Van Essen, 2000,
Paxinos et al., 2000, and Markov et al., 2011).

Cluster num

Lewis & van Essen

Paxinos et al.,

Markov et al.,

1

PO

PGM

PO

2

Unassigned

PGM

31

3

31

31

31

4

PO

PEC

PO

5

PO

PO

PO

6

5D

PECg

5

7

VIPm

DIP

VIP

8

PIP

PEa

VIP

9

Unassigned

PEC

5

10

7a

OPT

7a

11

5V

PEa

5

12

VIPI

POal

LIP

13

AIP

PEa

5

14

7a

PG

7A

15

7t

2

Unassigned

B
On comparing connectopies

B.1 The 12 exemplar vertices of IPL

Figure B.1: The 12 representative vertices (exemplars) of IPL in
posterior-anterior direction used to visualise gradient
profiles.
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B.2 Frontal ROIs for 2D projection maps

Figure B.2: Frontal ROIs used to make 2D projection maps of IPLlateral frontal connectopies in the right hemisphere.
Macaque (top) and human (bottom) sub regions in the
lateral frontal cortex were hand-drawn to have nonoverlapping boundaries based on regions as described
by Petrides (2005).

B.3 number of vertices with each gradient value

B.3 Number of vertices with each gradient

value

Figure B.3: A comparison of the number of IPL vertices assigned to
normalised gradient values. A. Number of IPL vertices
with specific gradient values of the first and second
connectopies, based on IPL-lateral frontal connectivity.
B. Number of IPL vertices with specific gradient values
of the first and second connectopies, based on IPLtemporal lobe connectivity.

B.4 IPL-lateral frontal connectopies
We studied IPL-lateral frontal connectopies to understand the
organization of IPL based on its lateral frontal functional
connectivity. In the first connectopy, oxford data had a steep
change in its profile in the posterior IPL. In contrast, Mt. Sinai
dataset showed a steep change in the anterior IPL. Second
connectopy followed an inverted U-shaped profile in both datasets.
In human data, consistent with the right hemisphere gradients,
anterior IPL had the linear gradient in the first connectopy, and the
peak of the U-shaped profile of the second connectopy.
We visualised the 12 exemplar IPL connectivity with the lateral
frontal cortex and observed the similar pattern of connectivity as in
the right hemisphere.
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Figure B.4: Connectopies of left IPL are visualised on a standard
pial surface for macaque data from Oxford, macaque
data from Mt.Sinai, and human data form HCP, in rows.
These connectopies were based on the connectivity of
IPL and lateral frontal cortex in the left hemisphere.
Gradient values of 12 exemplar vertices of IPL are
visualised next to these gradients outlining the gradient
profiles in posterior-anterior direction.

Upon creating projection maps for IPL-lateral frontal connectivity,
we identified dorsal-ventral dissociation in the premotor cortex,
and evidence for core-shell principle of organization.
To further characterise the underlying connectivity driving IPLlateral frontal gradients, we created 2D projection maps (Figure B.7)
that visualised lateral frontal areas in gradient space. Here, we
found that the regions occupied similar positions in the Oxford data
and human data. But macaque data from Mt. Sinai showed striking
differences, perhaps due to the differences in the anterior end of

B.4 ipl-lateral frontal connectopies

Figure B.5: Connectivity strengths of 6 left hemisphere IPL
exemplars with the left lateral frontal cortex. The
exemplars change in the posterior-anterior direction
with each row. Macaque data from Oxford (first column),
macaque data from Mt. Sinai (second column), and
human HCP data (third column) are visualised.
the ROI that seems to show strong connectivity with the whole of
premotor cortex.
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Figure B.6: Projection maps of left IPL gradients on left lateral
frontal cortex of Oxford data, Mt.Sinai data, and human
HCP data in rows. IPL gradients are shown in the first
column, projection map is visualised on pial surface in
the second column, and the same map on inflated surface
in the third column. A. Projection map of connectopy 1.
B. Projection map of connectopy 2.

B.4 ipl-lateral frontal connectopies

Figure B.7: 2D projection of the left hemisphere lateral frontal areas
based on their average IPL projection map values.
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On alternating attention

C.1 Assesing gaze data quality
Data quality of eye tracking was measured in terms of percentage
of time spent fixating on the fixation cross. We visualised it for
each block of vision and audition conditions. Figure C.1 shows an
example gaze data distribution across blocks for a participant who
was included. Figure C.2 shows the same for a participant who was
excluded.

C.2 Average individual performances
Average individual performances are shown in Figure C.3 for each
participant, for vision and audition conditions.
Average individual performances are shown in Figure C.4 for each
participant, for each trial type in vision and audition conditions.

C.3 Surface projection of SLF I
Surface projection of SLF I is shown in Figure C.5, which revealed lack
of projections to the frontal eye fields region in the caudal prefrontal
cortex. Hence, SLF I was not included in the main tractography
results.
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Figure C.1: Included participant. An example eye tracking data from
a participant who was included in the study since they
successfully fixated on the fixation cross throughout the
experiment.

C.3 surface projection of slf I

Figure C.2: Excluded participant. An example eye tracking data
from a participant who was excluded from the study
due to saccades (in visual condition).
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Figure C.3: Averaged individual performances of the 17 included
participants for four blocks of audition and vision
conditions each. See Figure C.4 for performance of each
participant in each of the trial conditions.

Figure C.4: Performance across conditions. Participant number is
given on the x-axis, while performance in percentage is
plotted on the y-axis.
top row, left-to-right: audition stay L, audition stay R,
audition switch L-to-R, audition switch R-to-L
bottom row, left-to-right: vision stay L, vision stay R,
vision switch L-to-R, vision switch R-to-L

C.3 surface projection of slf I

Figure C.5: Surface projection map of SLF I in white-red colormap
(red signifying more projections).
Abbreviations: SLF - superior longitudinal fasciculus; L
- left; R - right.
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Part V

Nederlandse samenvatting
Denk aan de laatste keer dat je een dierentuin bezocht. Heb je je
tijdens het rondlopen en het bekijken van deze dieren ooit
afgevraagd hoe raar het was om het enige dier te zijn dat aan de
buitenkant van de hekken staat? Mensen zijn tenslotte sociale
dieren. Wat maakt ons anders dan die andere dieren? Chimpansees
en wij kwamen ongeveer 5 miljoen jaar geleden voort uit een
gemeenschappelijke voorouder. Het kostte ons behoorlijk wat tijd
om op een positie te komen waar we op universiteiten onder een
dak konden samenkomen om te discussiëren, samen te werken en
ideeën te vieren.
Onderweg hebben we geavanceerde taal
ontwikkeld om beter te communiceren, gereedschappen en
technologie om samen te werken, en zelfs een aantal fantastische
architectonische wonderen gebouwd. Dus er is iets veranderd, er
moet iets anders zijn.

Waarom denken we dat de hersenen de oplossing zijn?
Laten we het voorbeeld van taal nemen. Mensen, waaronder Darwin,
dachten lange tijd dat onze naaste familieleden in het dierenrijk
geen verfijnde taal hadden omdat
• ofwel ze simpelweg niet de plooien in de keelspieren hebben
om het soort geluiden te maken dat nodig is om te praten zoals
wij,
• of dat onze hersenen op de een of andere manier andere
verbindingen hebben gevormd, wat ons een bijzonder
voordeel geeft in termen van controle om onze stembanden
anders te bewegen.
Maar tegenwoordig weten we dat apen, alleen al door bestaande
spieren te gebruiken, in potentie een grote verscheidenheid aan
klinkers kunnen maken die we in onze dagelijkse taal gebruiken.
Dus een van de redenen voor mensen om zo’n verfijnde taal te
ontwikkelen, zou moeten zijn dat de manier waarop onze hersenen
zijn verbonden en de manier waarop we onze spieren besturen met
dat brein, op een manier is die fundamenteel anders is dan die van
andere dieren.
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Als je de hersenen van verschillende dieren vergelijkt, zul je merken
dat naarmate hun lichamen groter worden, hun hersenen ook groter
worden. Na correctie voor deze veranderingen in lichaamsgrootte,
hebben onderzoekers geleerd dat mensen relatief grote hersenen
hebben om een gematigd lichaam te besturen. Dus het vergelijken
van hersenen tussen soorten zou ons kunnen informeren over die
belangrijkste vraag: wat maakt ons anders dan die andere dieren.

Hoe bestuderen we verschillen in de hersenen?
Stel je voor dat je twee steden met kaarten moet vergelijken. U kunt
dit op meerdere manieren doen.
• Is de ene stad groter in oppervlakte dan de andere?
• Hoeveel woonwijken hebben deze steden en heeft de ene meer
dan de andere?
• Heeft één stad gespecialiseerde
universiteiten of grote fabrieken?

instellingen

zoals

• Zijn er meer scholen in de ene stad dan in de andere?
• Heeft de ene stad bredere, beter toegankelijke snelwegen dan
de andere?
Enzovoorts.
Een eerder voorbeeld over het vergelijken van hersengrootte tussen
soorten is als vragen welke stad groter is. In het begin van de 20e
eeuw begon Broadmann de hersenen te verdelen in subgebieden
met vergelijkbare cellen. In onze stedenvergelijking zou dit
hetzelfde zijn als kijken naar afbeeldingen van huizen en steden
opdelen in gebieden met vergelijkbare architectuur. Maar dit zegt
ons niets over de vraag of uw vanuit huis gemakkelijk op uw
werkplek kunt komen. Om dat te doen, zou je de infrastructuur van
de steden moeten vergelijken. Evenzo hebben we in onze hersenen
trajecten die hersengebieden met elkaar verbinden die functioneren
als snelwegen voor informatieoverdracht. We zouden kunnen
proberen vast te stellen of vergelijkbare hersengebieden
vergelijkbare verbindingen hebben tussen soorten, en of dat leidt
tot interessante verschillen in hun gedrag.

Wat voor soort veranderingen verwachten we te zien in de
hersenen?
Naarmate hersenen groter worden zou je geheel nieuwe gebieden
kunnen hebben, een nieuwe verbinding tussen bestaande gebieden
kunnen hebben, of de sterkte van de verbinding tussen gebieden

166

kan zijn veranderd, enz. Het is dus belangrijk om de evolutie van de
hersenen op meer dan één manier te bestuderen om een compleet
plaatje te verkrijgen. Je kunt hersenen dan ook op meerdere
niveaus bestuderen. Je zou kunnen zien of er nieuwe gebieden in
een brein zijn, of inzoomen en zien of celtypen in die gebieden zijn
veranderd, of verder inzoomen en kijken of de moleculen die
beschikbaar zijn voor deze cellen zijn veranderd. Als we hersenen
van meerdere soorten vergelijken, kunnen we verwachten dat er op
elk van deze niveaus veranderingen hebben plaatsgevonden!
Onderzoekers bestuderen de evolutie van de hersenen op al deze
niveaus. In dit proefschrift concentreer ik me op een iets groter
geheel en onderzoek ik verbindingen tussen gebieden.

Wat voor soort veranderingen hebben we bestudeerd in dit
proefschrift?
Hersengebieden communiceren met elkaar via die snelwegen voor
informatieoverdracht (zogenaamde witte-stofbanen). Maar om die
informatie te verwerken hebben ze ook energie nodig, die via bloed
wordt aangeleverd. We kunnen iemand in een MRI-scanner
scannen en vaststellen hoe de bloedstroom naar verschillende
gebieden in de loop van de tijd verandert om te bepalen welke
regio’s waarschijnlijk met elkaar praten.
Dit type
hersenscangegevens die ons kunnen informeren over connectiviteit
tussen regio’s wordt “resting state connectivity” genoemd. We
gebruiken deze informatie om makaakhersenen te bestuderen in
hoofdstuk 2, en om makaakhersenen te vergelijken met die van
menselijke hersenen in hoofdstuk 3.
Van alle mogelijke
verbindingen in de hersenen hebben we de verbindingen tussen de
frontale en de pariëtale hersengebieden bestudeerd. Communicatie
tussen deze regio’s is belangrijk voor functies als taal, coördinatie
van beweging, planning van evenementen en actie, enz.
Om hersenen van meerdere diersoorten effectief te bestuderen en te
vergelijken, moeten we eerst methoden vinden die voor alle soorten
gebruikt kunnen worden. Omdat de hersenen van makaken al
decennialang in detail zijn bestudeerd, is het een van de beste
modellen om deze nieuwe methoden te testen. In hoofdstuk 2
hebben we een clusteralgoritme gebruikt dat patronen in gegevens
kan identificeren en hebben aangetoond dat het kan worden
gebruikt om de hersenorganisatie te bestuderen op het niveau van
groepen verbindingen. Belangrijk is dat we hebben laten zien dat,
ongeacht hoeveel subregio’s je hebt in de frontale en pariëtale
gebieden, je met succes organisatieregels kunt identificeren met
behulp van deze clustermethode, genaamd Affinity Propagation
clustering. We hebben vastgesteld dat de frontale en pariëtale
familie van verbindingen georganiseerd zijn in één van boven naar
beneden (dorsaal-ventraal) patroon, en in een kern-schil
organisatie.
In hoofdstuk 3 hebben we deze patronen van frontale-pariëtale
connectiviteit bij makaken nader bekeken en vergeleken met die in
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het menselijk brein. Het onderste deel van de menselijke pariëtale
kwab is bij mensen vergroot in vergelijking met makaken. We
waren dus geïnteresseerd in het vinden van verschillen in het
connectiviteitspatroon van dit gebied, de inferieure pariëtale kwab
(kortweg IPL). In grote lijnen vonden we twee overlappende,
vergelijkbare patronen van organisatie in IPL - ten eerste, van
voren naar achteren (anterieur-posterieur), en ten tweede, een
omgekeerde U-vormige organisatie. Interessant genoeg vertoonde
het geëxpandeerde deel in de menselijke IPL een ander profiel. We
waren benieuwd met welke andere regio’s dit uitgebreide deel van
IPL praat. Bij nadere inspectie ontdekten we dat deze regio
waarschijnlijk meer praat met die gebieden in de temporale kwab
die ook bij mensen zijn geëxpandeerd.

Kunnen we voorspellingen doen over gedrag of functie op basis van
ons begrip van de hersenen?
Het korte antwoord is ja.
Maar om vragen als deze te
beantwoorden, moeten we een voorspelling doen over het
functioneren in nauw verwante diersoorten en een experiment
ontwerpen om deze voorspelling te testen. Een gebied in het brein
van makaken dat de frontale oogvelden wordt genoemd, is in detail
bestudeerd in de context van oogbewegingen en in verband met
aandacht voor verschillende delen van de wereld die het dier ziet.
Op basis van ons evolutionaire begrip van de functie van deze regio
(bij mensen caudale prefrontale cortex genoemd), voorspelden
Passingham en Wise dat dit gebied niet alleen betrokken is bij
visuele aandacht, maar ook bij het verschuiven van aandacht in het
auditieve domain. Om deze voorspelling te testen, hebben we in
hoofdstuk 4 een studie ontworpen waarin deelnemers werden
gescand in de MRI-scanner en werden gevraagd om de aandacht
van links naar rechts of van rechts naar links te verplaatsen.
Belangrijk is dat hen werd gevraagd om hun ogen niet te bewegen
tijdens het proces en dat ze hun aandacht soms moesten verleggen
naar wat er op het scherm werd getoond (visuele modaliteit) en
soms naar wat ze hoorden (auditieve modaliteit). We hebben
inderdaad resultaten gevonden die de voorspelling van Passingham
en Wise ondersteunen.

Belangrijkste bevindingen
Net als groeiende steden, veranderen hersenen op verschillende
manieren. Om echt te begrijpen hoe die veranderingen leiden tot
veranderingen in het gedrag van dieren, zouden we meerdere
soorten met behulp van data-gestuurde methoden.
In dit
proefschrift hebben we twee van dergelijke methoden gebruikt om
de hersenorganisatie bij makaken en mensen te bestuderen en
hebben we in het algemeen meerdere overeenkomsten gevonden,
en daarnaast ook specifieke verschillen in het geëxpandeerde gebied
in
de
menselijke
parietaalkwab
op
basis
van
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connectiviteitspatronen. We toonden ook aan dat een evolutionaire
benadering nuttig is bij het doen van specifieke voorspellingen over
de functie van een hersengebied. Specifiek is een gebied in het
frontale deel van het menselijk brein betrokken bij het verschuiven
van de aandacht bij zowel zien als horen.
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English summary
Think about the last time you visited a zoo. As you walked around,
observing these animals, did you ever wonder how weird it was to
be the only animal standing on the outside of the fences? After all,
humans are social animals. What makes us different from those
other animals? Chimpanzees and us departed from our common
ancestors about 5 million years ago. It took us quite a while to get
to a stage where we could gather under a roof in universities to
discuss, collaborate, and celebrate ideas. Along the way, we
developed sophisticated language to communicate better, tools and
technology to work together, and even built some marvellous
architectural wonders. So, something changed, something must be
different.

Why do we think that the brains hold some of the answers?
Let us take the example of language. For a long time, people,
including the likes of Darwin, thought that our closest relatives in
the animal kingdom did not have sophisticated language because
• either they just did not have the folds in the throat muscles to
make the kind of sounds required to talk like us,
• or that our brains are somehow wired differently that provides
us with a particular advantage in terms of control to move our
vocal cords differently.
But today we know that just by using existing muscles, monkeys
could potentially make a wide variety of vowel sounds that we use
in our day to day language. So, one of the reasons for humans to
develop such sophisticated language should be that the way our
brains are wired, and the way we control our muscles using that
brain, is fundamentally different from other animals.
Also, if you compare the brains of various animals, you will notice
that as their bodies get larger, their brains get larger. After correcting
for these changes in body size, researchers have learnt that humans
do have relatively large brains to control a moderate body. So,
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comparing brains across species could inform us about the main
question - What makes us different from those other animals.

How do we study diﬀerences in the brain?
Imagine you had to compare two cities using maps. You can find
multiple ways of doing this.
• Is one city larger in area than the other?
• How many residential areas do these cities have and does one
have more than the other?
• Does one city have specialized institutions like universities or
large factories?
• Are there more schools in one city than the other?
• Does one city have wider, more accessible highways than the
other?
and so on.

15

The “comparing cities”
analogy for “comparing
brains” of course has its
limitations. But, it is
useful nonetheless.

Earlier example about comparing brain size across species is like
asking which city is larger 15 . In the early 1900’s, Broadmann started
to divide brains into subregions that had similar cells. To draw
parallels with our cities comparison, this would be like looking
at pictures of houses and dividing cities into areas with similar
architecture. But this does not tell us anything about whether or not
you could get to your work place easily from home. To do that, you
would have to compare the infrastructure of the cities. Similarly,
in our brains, we have tracts that connect brain regions that act as
information transfer highways. We could try to identify if similar
brain regions have similar connections across species, and if that
leads to interesting differences in their behavior.

What kind of changes do we expect to see in the brain?
As brains get bigger, you could have entirely new regions, have a new
connection between existing regions, or the strength of connection
between regions might have changed, etc. So, it is important to study
brain evolution in more than one way to get a complete picture. You
could also study brains at multiple levels. You could see if there are
new regions in a brain, or zoom in and see if types of cells in those
regions have changed, or zoom in further and see if the molecules
available for these cells to use have changed. When comparing brains
of multiple species, we can expect changes to have taken place at
each of these levels! Researchers study brain evolution at all these
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levels. In this thesis, I focus on a slightly bigger picture and study
connections between regions.

What kind of changes have we studied in this thesis work?

Brain regions communicate with each other using those information
transfer highways (called white matter tracts). But they also need
more energy to process that information, which is supplied through
blood. We could scan someone in an MRI scanner and identify
how blood flow to various regions changes with time to identify
what regions are likely talking to each other. This type of brain
scanning data that can inform us about connectivity between regions
is called resting state connectivity data.16 We use this information
to study macaque brains in chapter 2, and compare macaque brains
to that of human brains in chapter 3. Of all possible connections in
the brain, we studied the connections between the frontal and the
parietal regions of the brain. Communication between these regions
is important for functions like language, coordinating movement,
planning events and action, etc.
To effectively study and compare brains of multiple species, we
first need to find methods that can be used across species. Since
macaque brains have been studied in detail for decades, it serves as
one of the best cases to test these new methods. In chapter 2, we
used a clustering algorithm that can identify patterns in data and
showed that it can be used to study brain organization at the level
of groups of connections. Importantly, we showed that irrespective
of how many subregions you have in the frontal and parietal areas,
you can successfully identify principles, or rules of organization
using this clustering method called Affinity Propagation clustering.
We identified that the frontal and parietal family of connections
are organized in top-to-bottom (dorsal-ventral) pattern, and in
core-shell organization 17 .
In chapter 3, we took a closer look at these patterns of
frontal-parietal connectivity in macaques, and compared that with
the human brain. The bottom part of the human parietal lobe has
expanded in humans as compared to macaques. So, we were
interested in finding differences in the connectivity pattern of this
region called the inferior parietal lobe (IPL, for short). Broadly
speaking, we found two overlapping, similar patterns of
organization in IPL - first, front-to-back (anterior-posterior), and
second, an inverted U-shaped organization. But interestingly, in
the human IPL, the expanded part showed a different profile. We
were curious to see what other regions this expanded part of IPL
talk to. Upon further inspection we found that this region likely
talks more to those regions in the temporal lobe that have also
expanded in humans.
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16

Think of this as looking
at traffic data between
different areas in a city.

17

much like how layers
in an onion are
organized

Can we make predictions about behavior or function based on our
understanding of the brain?
The short answer is yes. But to answer questions like this, we
need to make a prediction about function in closely related species
and design an experiment to test this prediction. A region in the
macaque brain called the frontal eye fields had been studied in detail
in the context of eye movements and paying attention to different
parts of the world that the animal sees. Based on our evolutionary
understanding of the function of this region (called caudal prefrontal
cortex in humans), Passingham and Wise had predicted that this
region is not only involved in paying attention when seeing, but
paying attention and shifting attention, in general. To test this
prediction, in chapter 4, we designed a study in which participants
were scanned in the MRI scanner and asked to shift attention from
left to right or right to left. Importantly, they were asked to not
move their eyes in the process, and had to shift their attention some
times to what was shown on screen (visual modality) and at other
times to what they heard (auditory modality). Indeed we found
evidence supporting the prediction made by Passingham and Wise.

Take-home message
Much like growing cities, brains change in multiple ways. To truly
understand how those changes lead to changes in animal behavior,
we would have to compare multiple species using data-driven
methods. In this thesis, we have used two such methods to study
brain organization in macaques and humans and found multiple
similarities overall, but specific differences in the expanded area in
the human parietal lobe based on connectivity patterns. We also
showed that an evolutionary approach is useful in making specific
predictions about the function of a brain region. Specifically, a
region in the frontal of the human brain is involved in shifting
attention when seeing as well as when hearing.
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make it so easy to have the most difficult of conversations28 . Your
non judgemental attitude towards mental health in academia, and
commitment towards sharing helpful tips and normalising talking
about it on social media have helped me more times than I can
count. Thank you, so much for inspiring me, for showing me, how
to do better.
Nikos, Janna, Thijs, Grazia, Ella, Lorijn, Kristijan, Tim, Johanna,
Max, Sanne, Wendy, Andrea, Gabriëlle, Katja, Xiaochen29 , Sonal,
Snandan, Sushruth, Gen, and Matt, thank you for all the shared
experiences, the talks, coffees, Friday Afternoon Drinks, the random
dinners after, book clubs, and so much more. You made my PhD
journey an absolute joy. It would not have been the same without
you. Many thanks to people on the Donders Sessions committee,
the Open Science Nijmegen team, people from my peer coaching
groups, various workshops and courses, who made learning fun,
and being responsible researchers an inevitable consequence.
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24

and for cutting more
than half of them

25

insert mental imagery
of people gasping at the
non-Dutch nature of this
26

tsk, tsk, tsk

27

you pursued joint
master’s, acquired
patent, worked for a
company AND for your
PhD. . .
28

every. single. time.

29

hey, neighbor!
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poor jokes

The Nincompoops
So far, I have tried to recount people who made my life on campus
such a joy. But I owe much of my gratitude to the people who
kept me sane and sincere outside of the campus. Ann, Ashutosh,
Hari, Kiran, Kshiti, Payaswini, Prasoon, and Sana. Thank you. This
cliquish group ended up being my safe space for everything, and was
truly, in every sense of the word, my home. I have genuinely tried
to write this paragraph multiple times. But nothing has come even
close to expressing how wonderfully quirky, patiently supportive,
ridiculously curious, and thoroughly decent human beings you are!
So, please settle for an emoticon for now :’) and I promise to express
my gratitude in PJs30 for the rest of our lives.
Indians in Nijmegen
While in Nijmegen, I also met people from India who got together
once in a year to celebrate the Indian festival of lights “Diwali”. But
I soon realized that it was just an excuse for all these wonderful
people to get together and have fun. The year I found out about this
group, I met people who were quick to invite us all over for
rehearsals with the lure of making us delicious food. These
rehearsals turned into dinners every night, and chai sessions, and
jam sessions followed, and it soon went on to become a regular
thing long past Diwali.
Manvendra, Anshika, Swapneel,
Aishwarya, Arushi, Devansh, Suruchi, and Roy babu, thank you
for practically becoming my family here.
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I guess I should also
say Soniji for that’s how
everyone knows you

As people left Nijmegen, new ones showed up and this “Indians in
Nijmegen” group kept waxing and waning over the years.
Bimalji31 , Pooja, Rambir, Dipa, Arghya, de Souza uncle, Annie
aunty, Lokesh, Azhar, Sagar, Papori ba, Piyush, Nivesh, Neha,
Rahul, Kriti, Rava, Varun, Deepak, Sukanth, Asima, Anamika,
Mridula, Renuka, Surekha, Debayani, Malavika, Gargi, Karthick,
Jwalant, Soumya, Vaishnavi, Velin, and people I must have surely
missed naming here, I do not know how to thank you for making
my stay such a memorable one.
Family
I wish I were a better writer. I wish I could describe how amazing a
person my mother, Geetha, is. Ma, you have been such an inspiration
throughout my life, always encouraging me to pursue my dreams,
for allowing me to leave Mysuru despite all the uncertainties about
when I could return. Thank you for understanding and supporting
all my choices, and for showing me how to deal with adversities in
life so gracefully. Many thanks to my late father, Vijayakumar, who
showed me what it means to be a kind and decent human being.
The memories of his sense of humour crack me up even now, which
have certainly helped me look at this world differently. Thanks to
my granny, Kamalamma, who took care of me after my father’s
passing. She had to endure my teenage years...and...I will leave it
at that. Thank you, ajji. Kshiti Mishra, meeting you in Nijmegen
was without a doubt, one of the best parts of my life. Thank you for
bringing science communication, physics discussions, Bollywood,
kindness, love, and generally, magic into my life.
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I owe everything to you people. None of this would have been
possible without you. Thank you.
Paranymphs
Ashutosh Mishra, Ksenija Slivac, and Jordy Thielen, thank you for
being my paranymphs and officially helping me defend my thesis.
Your support obviously started much before that in ways I will fail
to capture in words here. So, thank you for being your awesome
selves and for repeatedly challenging me to do better.
Finally, I would like to thank our participants32 . Without them, this
thesis would not exist.
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and the various coffee
places on campus and
around
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Donders Graduate School for
Cognitive Neuroscience
For a successful research Institute, it is vital to train the next
generation of young scientists. To achieve this goal, the Donders
Institute for Brain, Cognition and Behaviour established the
Donders Graduate School for Cognitive Neuroscience (DGCN), which
was officially recognised as a national graduate school in 2009. The
Graduate School covers training at both Master’s and PhD level and
provides an excellent educational context fully aligned with the
research programme of the Donders Institute.
The school successfully attracts highly talented national and
international students in biology, physics, psycholinguistics,
psychology, behavioral science, medicine and related disciplines.
Selective admission and assessment centers guarantee the
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than
50% of PhD alumni show a continuation in academia with postdoc
positions at top institutes worldwide, e.g. Stanford University,
University of Oxford, University of Cambridge, UCL London, MPI
Leipzig, Hanyang University in South Korea, NTNU Norway,
University of Illinois, North Western University, Northeastern
University in Boston, ETH Zürich, University of Vienna etc..
Positions outside academia spread among the following sectors:
specialists in a medical environment, mainly in genetics, geriatrics,
psychiatry and neurology.
Specialists in a psychological
environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy.
Positions in higher education as
coordinators or lecturers. A smaller percentage enters business as
research consultants, analysts or head of research and
development. Fewer graduates stay in a research environment as
lab coordinators, technical support or policy advisors. Upcoming
possibilities are positions in the IT sector and management position
in pharmaceutical industry. In general, the PhDs graduates almost
invariably continue with high-quality positions that play an
important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming
defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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