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“The fifth edition of The Student’s Guide to Cognitive Neuroscience
builds on the impressive strengths of the outstanding previous
editions. Jamie Ward provides a clearly written introduction
to cognitive neuroscience that will both engage and inform
students. He thoughtfully integrates findings and ideas from
neuropsychology, neuroimaging, and cognitive psychology, and
has added new cutting-edge content and novel pedagogy to the fifth
edition. I highly recommend this excellent new edition.’
Daniel L. Schacter, William R. Kenan,
Jr. Professor of Psychology,
Harvard University, USA

“This new textbook represents an invaluable resource for students at
all levels of study. The clearly-written chapters are complemented
by video recordings of Jamie’s lectures and an abundance of other
materials for students, including interviews with key figures in the
field of Cognitive Neuroscience. This is more than a textbook,
it is a compendium.’
Ben Parris, Professor of Psychology,
Bournemouth University, UK

‘The Student’s Guide to Cognitive Neuroscience has long been my

choice of textbook for teaching undergraduates and beginning

graduate students. The 5th edition retains all the virtues of

earlier editions — clear and engaging explanations of key theories,

methods and findings — with new sections on emerging issues such
as replicability and robust research practices.’

Martha J. Farah, Director of the Center for

Neuroscience & Society, Walter H. Annenberg Professor in
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‘In The Student’s Guide to Cognitive Neuroscience (5th edition)
Jamie Ward successfully guides the reader through the fascinating
world of cognitive neuroscience in an accessible and engaging
manner. The author weaves together insights from neurobiology,
psychology, and cognitive science, presenting with great precision
the latest research discoveries on the complexity of the brain, all
enriched by key examples from clinical neuropsychology. I have
used previous editions of this book for teaching and plan to
continue using the new edition, as its clarity and value for both
experts and newcomers are undeniable.’
Manuela Sellitto, Assistant Professor of Neuropsychology
and Cognitive Neuroscience at the
University of Pavia, Italy

‘Jamie Ward’s The Student’s Guide to Cognitive Neuroscience (5th
edition) provides a comprehensive introduction to the field. The
text includes an excellent integration of research from cognitive
psychology, neuroscience, and neuropsychology, with a strong
emphasis placed on explaining the diverse methodologies integral
to the field. A particular strength of this book is the balance
between accessible writing with skillful discussions of research.
The inclusion of foundational studies and recent research, with
clear explanations of the relevance of the findings to current
topics is remarkable.’
Jocelyn R. Folk, Associate Professor and Associate Chair
at the Department of Psychological Sciences,
Kent State University, USA



The Student’s Guide to
Cognitive Neuroscience

Reflecting recent changes in the way cognition and the brain are
studied, this thoroughly updated fifth edition of this bestselling
textbook provides a comprehensive and student-friendly guide
to cognitive neuroscience. Jamie Ward provides an easy-to-follow
introduction to neural structure and function, as well as all the key
methods and procedures of cognitive neuroscience, with a view to
helping students understand how they can be used to shed light on
the neural basis of cognition.

The book presents a comprehensive overview of the latest
theories and findings in all the key topics in cognitive neuroscience,
including vision, hearing, attention, memory, speech and language,
numeracy, executive function, social and emotional behavior, and
developmental neuroscience. Throughout, case studies, newspaper
reports, everyday examples, and student-friendly pedagogy are
used to help students understand the more challenging ideas that
underpin the subject. This edition features expanded coverage of
consciousness, a combined chapter on literacy and numeracy,
and increased coverage of brain networks and computational
approaches.

Written in an engaging style by a leading researcher in the field
and presented in full color including numerous illustrative materials,
this book will be invaluable as a core text for undergraduate
modules in cognitive neuroscience. It can also be used as a key text
on courses in cognition, cognitive neuropsychology, biopsychology,
or brain and behavior. Those embarking on research will find it an
invaluable starting point and reference.

This textbook is supported by an extensive collection of free
digital resources for students and instructors, including lectures
by leading researchers, links to key studies and interviews,
multiple-choice questions, and interactive flashcards to test your
knowledge. Visit the Instructor & Student Resources website at
routledgelearning.com/wardcognitiveneuroscience.

Jamie Ward is Professor of Cognitive Neuroscience at the University
of Sussex, UK. He is the author of a number of books on social
and cognitive neuroscience and on synesthesia and is President of
the British Association of Cognitive Neuroscience.
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Preface to the
fifth edition

The motivation for writing this book came out of my experiences
of teaching cognitive neuroscience. When asked by students which
book they should buy, I felt that none of the existing books would
satisfactorily meet their needs. Other books in the market were
variously too encyclopedic, too advanced or not up to date, or
gave short shrift to explaining the methods of the field. My brief
for writing this textbook was to provide a text that presents key
ideas and findings but is not too long, that is up to date, and that
considers both method and theory. I hope that it will be useful to
both lecturers and students.

In writing a book on cognitive neuroscience I had to make a
decision as to how much would be “cognitive” and how much would
be “neuroscience.” In my opinion, the theoretical underpinnings of
cognitive neuroscience lie within the cognitive psychology tradition.
Some of the most elegant studies using methods such as fMRI
and TMS have been motivated by previous research in cognitive
psychology and neuropsychology. The ultimate aim of cognitive
neuroscience is to provide a brain-based account of cognition, and
so the methods of cognitive neuroscience must necessarily speak
to some aspect of brain function. However, I believe that cognitive
neuroscience has much to learn from cognitive psychology in terms
of which theoretically interesting questions to ask.

In Chapter 1, I discuss the current status of cognitive
neuroscience as I see it. Some of the topics raised in this chapter
are directly aimed at other researchers in the field who are skeptical
about the merits of the methodologies including, in this revised
edition, concerns about the replication of cognitive neuroscience
findings. I hope that students who are new to the field will approach
the topic with open-mindedness and a sense of optimism that the
best is yet to come.

Chapter 2 is intended primarily as a reference source that can be
referred back to. It is deliberately pitched at a need-to-know level.
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Chapters 3 to 5 describe in detail the methods of cognitive
neuroscience. The aim of an undergraduate course in cognitive
neuroscience is presumably to enable students to critically evaluate
the field, and in my opinion, this can only be achieved if the students
fully understand the limitations of the methods on which the field
is based. I also hope that these chapters will be of use to researchers
who are starting out in the field.

Chapters 6 to 16 outline the main theories and findings in
the field. I hope that they convey something of the excitement
and optimism that currently exists. This fifth edition represents
a substantial update in the form of a new chapter called The
Conscious Brain (Chapter 15). This deals with topics such as levels
of consciousness (coma, sleeping and dreaming, etc.), theories of
consciousness (such as those derived from contrasting conscious
and unconscious perception), and awareness of internal states
(including mind-wandering). The previous chapters on Literacy
and Numeracy have been merged into a single one (Chapter 13)
with good integration between them and more focus on the core
themes at undergraduate level.

The other significant addition is a revamp of the online material
and the way in which it can be accessed from within the book itself
(via QR codes). I have created a set of 15 minute “bitesize” videos
that closely relate to content of the book. These are supplemented
by “Short and Sweet” videos on closely related topics that are easy
to digest (e.g., TED talks) and “Deeper Dive” longer, lecture-style
talks by the leaders in this field. These sit alongside an updated set
of pedagogical features such as flashcards and quizzes.

Jamie Ward
Jjamiew(@sussex.ac.uk
Brighton, UK, July 2024
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CHAPTER 1

Introducing coghnitive
neuroscience

CONTENTS

Coghnitive neuroscience in historical perspective 2
Does cognitive psychology need the brain? 11
Does neuroscience need cognitive psychology? 13
The future of cognitive neuroscience 15
Summary and key points of the chapter 21
Example essay questions 21

Between 1928 and 1947, Wilder Penfield and colleagues carried
out a series of remarkable experiments on over 400 living human
brains (Penfield & Rasmussen, 1950). The patients in question
were undergoing brain surgery for epilepsy. To identify and spare
regions of the brain involved in movement and sensation, Penfield
electrically stimulated regions of the cortex while the patient was
still conscious. The procedure was not painful (the surface of the
brain does not contain pain receptors), but the patients did report
some fascinating experiences. When stimulating the occipital
lobe one patient reported, “a star came down toward my nose.”
Upon stimulating a region near the central sulcus, another patient
commented, “those fingers and my thumb gave a jump.” After
temporal lobe stimulation, another patient claimed, “I heard the
music again; it is like the radio.” She was later able to recall the
tune she heard and was absolutely convinced that there must have
been a radio in the operating theater. Of course, the patients had
no idea when the electrical stimulation was being applied — they
couldn’t physically feel it or see it. As far as they were concerned,
an electrical stimulation applied to the brain felt pretty much like a
mental/cognitive event.

DOI: 10.4324/9781003429975-1
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FIGURE 1.1: A timeline for
the development of methods
and findings relevant to
cognitive neuroscience, from
phrenology to present day.
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1800 —

Phrenologists put forward their localizationist manifesto
1820 —

1840 — _First nerve cell described (purkinje, 1837)
1860 — __— Broca (1861) publishes paper on language localization

" Applying electrical currents to dog cortex causes movement

1880 — (Fritsch & Hitzig, 1870)

1900 — EEG developed as a research tool (Berger, 1929)
] / Action potential discovered, enables single-cell recording
1920 / (Hodgkin & Huxley, 1939)
1940 — Cognitive psychology emerges (influential publications by
/Broadbent, Chomsky, Miller and others)

CT (Hounsfield, 1973) and MRI (Lauterbur, 1973) imaging developed

1960 —

1980 —] —____— invivo blood flow measured in humans, enabling PET (Reivich et al., 1979)
—___— First study of TMS reported (Barker et al., 1985)

2000 — BOLD response reported enabling fMRI development (Ogawa et al., 1990)

2010 — T Concept of a connectome first emerges (as an analogy to the genome)

This book tells the emerging story of how mental processes
such as thoughts, memories, and perceptions are organized and
implemented by the brain. It is also concerned with how it is
possible to study the mind and brain and how we know what we
know. The term coghnition collectively refers to a variety of higher
mental processes such as thinking, perceiving, imagining, speaking,
acting, and planning. Cognitive neuroscience is a bridging
discipline between cognitive science and cognitive psychology, on
the one hand, and biology and neuroscience, on the other. It has
emerged as a distinct enterprise only recently and has been driven
by methodological advances that enable the study of the human
brain safely in the laboratory (see Figure 1.1). It is perhaps not too
surprising that earlier methods, such as direct electrical stimulation
of the brain, failed to enter into the mainstream of research.

This chapter begins by placing a number of philosophical and
scientific approaches to the mind and brain in a historical perspective.
The coverage is selective rather than exhaustive, and students with
a particular interest in these issues might want to read more deeply
elsewhere (Wickens, 2015). The chapter then provides a basic
overview of the current methods used in cognitive neuroscience.
A more detailed analysis and comparison of the different methods is
provided in Chapters 3 to 5. Finally, the chapter attempts to address
some of the criticisms of the cognitive neuroscience approach that
have been articulated and outlines how it can move forward.

COGNITIVE NEUROSCIENCE IN HISTORICAL
PERSPECTIVE
Philosophical approaches to mind and brain

Philosophers, as well as scientists, have long been interested in how
the brain can create our mental world. How is it that a physical
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substance can give rise to our sensations, thoughts, and emotions?
This has been termed the mind-body problem, although it should
more properly be called the mind—brain problem, because it is now
agreed that the brain is the key part of the body for cognition.
One position is that the mind and brain are made up of different
kinds of substance, even though they may interact. This is known
as dualism, and the most famous proponent of this idea was
René Descartes (1596-1650). Descartes believed that the mind
was nonphysical and immortal, whereas the body was physical
and mortal. He suggested that they interact in the pineal gland,
which lies at the center of the brain and is now considered part
of the endocrine system. According to Descartes, stimulation of
the sense organs would cause vibrations in the body/brain that
would be picked up in the pineal gland, and this would create a
nonphysical sense of awareness. There is little hope for cognitive
neuroscience if dualism is true because the methods of physical
and biological sciences cannot tap into the nonphysical domain (if
such a thing were to exist).

Even in Descartes’ time, there were critics of his position.
One can identify a number of broad approaches to the mind—
body problem that still have a contemporary resonance. Spinoza
(1632-1677) argued that mind and brain were two different levels
of explanation for the same thing, but not two different kinds of
thing. This has been termed dual-aspect theory, and it remains
popular with some current researchers in the field (Velmans, 2000).
An analogy can be drawn to wave—particle duality in physics, in
which the same entity (e.g., an electron) can be described both as a
wave and as a particle.

An alternative approach to the mind-body problem that
is endorsed by many contemporary thinkers is reductionism
(Churchland, 1995; Crick, 1994). This position states that, although
cognitive, mind-based concepts (e.g., emotions, memories, atten-
tion) are currently useful for scientific exploration, they will even-
tually be replaced by purely biological constructs (e.g., patterns of
neuronal firings, neurotransmitter release). As such, psychology
will eventually reduce to biology as we learn more and more about
the brain. Advocates of this approach note that there are many
historical precedents in which scientific constructs are abandoned
when a better explanation is found. In the seventeenth century, sci-
entists believed that flammable materials contained a substance,
called phlogiston, which was released when burned. This is similar
to classical notions that fire was a basic element along with wa-
ter, air, and earth. Eventually, this construct was replaced by an
understanding of how chemicals combine with oxygen. The pro-
cess of burning became just one example (along with rusting) of
this particular chemical reaction. Reductionists believe that mind-
based concepts, and conscious experiences in particular, will have
the same status as phlogiston in a future theory of the brain. Those
who favor dual-aspect theory over reductionism point out that an
emotion would still feel like an emotion even if we were to fully

KEY TERMS

Mind-body problem

The problem of how a
physical substance (the
brain) can give rise to our
sensations, thoughts,
and emotions (our mind).

Dualism

The belief that mind
and brain are made up
of different kinds of
substance.

Dual-aspect theory

The belief that mind and
brain are two levels of
description of the same
thing.

Reductionism

The belief that mind-
based concepts will
eventually be replaced by
neuroscientific concepts.
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KEY TERMS

Phrenology

The failed idea that
individual differences in
cognition can be mapped
onto differences in skull
shape.

Functional specialization
Different regions of the
brain are specialized for
different functions.

understand its neural basis and, as such, the usefulness of cogni-
tive, mind-based concepts will never be fully replaced.

Scientific approaches to mind and brain

Our understanding of the brain emerged historically late, largely
in the nineteenth century, although some important insights were
gained during classical times. Aristotle (384-322 Bc) noted that the
ratio of brain size to body size was greatest in more intellectually
advanced species, such as humans. Unfortunately, he made the
error of claiming that cognition was a product of the heart rather
than the brain. He believed that the brain acted as a coolant system:
the higher the intellect, the larger the cooling system needed. In
the Roman age, Galen (circa Ap 129-199) observed brain injury
in gladiators and noted that nerves project to and from the brain.
Nonetheless, he believed that mental experiences themselves resided
in the ventricles of the brain. Thisidea went essentially unchallenged
for well over 1,500 years. For example, when Vesalius (1514-1564),
the father of modern anatomy, published his plates of dissected
brains, the ventricles were drawn in exacting detail, whereas the
cortex was drawn crudely and schematically (see Figure 1.2).
Others followed in this tradition, often drawing the surface of the
brain like the intestines. This situation probably reflected a lack of
interest in the cortex rather than a lack of penmanship. It is not
until one looks at the drawings of Gall and Spurzheim (1810) that
the features of the brain become recognizable to modern eyes.

Gall (1758-1828) and Spurzheim (1776-1832) received a
bad press, historically speaking, because of their invention and
advocacy of phrenology. Phrenology had two key assumptions:
first, that different regions of the brain perform different functions
and are associated with different behaviors; and second, that the
size of these regions produces distortions of the skull and correlates
with individual differences in cognition and personality. Taking
these two ideas in turn, the notion of functional specialization
within the brain has effectively endured into modern cognitive
neuroscience, having seen off a number of challenges over the years
(Flourens, 1824; Lashley, 1929). The observations of Penfield and
coworkers on the electrically stimulated brain provide some striking
examples of this principle. However, the functional specializations
of phrenology were not based on controlled experiments and were
not constrained by theories of cognition. For example, Fowler’s
famous phrenologist’s head had regions dedicated to “parental
love,” “destructiveness,” and “firmness” (Figure 1.3). Moreover,
skull shape has nothing to do with cognitive function.

Although phrenology was fatally flawed, the basic idea of dif-
ferent parts of the brain serving different functions paved the way
for future developments in the nineteenth century — the most notable
of which are Broca's (1861) reports of two brain-damaged patients.
Broca documented two cases in which acquired brain damage had
impaired the ability to speak but left other aspects of cognition rel-
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FIGURE 1.2: Drawings of the brain from Vesalius (1543) (top), de Viessens (1685) (bottom left), and Gall
and Spurzheim (1810) (bottom right). Note how the earlier two drawings emphasized the ventricles and/or
misrepresented the cortical surface.

atively intact. He concluded that language could be localized to a
particular region of the brain. Subsequent studies argued that lan-
guage itself was not a single entity but could be further subdivided
into speech recognition, speech production, and conceptual knowl-
edge (Lichtheim, 1885; Wernicke, 1874). This was motivated by
the observation that brain damage can lead either to poor speech
comprehension and good production, or good speech comprehen-
sion and poor production (see Chapter 12 for full details). This sug-
gests that there are at least two speech faculties in the brain and that
each can be independently impaired by brain damage. This body of
work was a huge step forward in terms of thinking about mind and
brain. First, empirical observations were being used to determine the
building blocks of cognition (is language a single module?) rather
than listing them from first principles. Second, and related, they were
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developing models of cognition that
did not make direct reference to the
brain. That is, one could infer that
speech recognition and production
were separable without necessarily
knowing where in the brain they were
located, or how the underlying neu-
rons brought these processes about.
The approach of using patients with
acquired brain damage to inform
theories of normal cognition is called
coghnitive neuropsychology and re-
mains influential today (Chapter 5
discusses the logic of this method in
detail). Cognitive neuropsychology is
now effectively subsumed within the
term “cognitive neuroscience,” where
the latter phrase is seen as being less
restrictive in terms of methodology.
Whereas discoveries in the neu-
rosciences continued apace through-
out the nineteenth and twentieth
centuries, the formation of psy-
chology as a discipline at the end
of the nineteenth century took the
study of the mind away from its
biological underpinnings. This did

FIGURE 1.3: The
phrenologist’s head was
used to represent the
hypothetical functions of
different regions of the brain.

World History Archive/Alamy
Stock Photo

KEY TERMS

Coghitive
neuropsychology

The study of
brain-damaged patients
to inform theories of
normal cognition.

Information-processing
An approach in which
behavior is described in
terms of a sequence of
cognitive stages.

not reflect a belief in dualism. It
was due, in part, to some pragmatic
constraints. Early pioneers of psychology, such as William James
and Sigmund Freud, were interested in topics like consciousness,
attention, and personality. Neuroscience has had virtually noth-
ing to say about these issues until quite recently. Another reason
for the schism between psychology and biology lies in the notion
that one can develop coherent and testable theories of cognition
that do not make claims about the brain. The modern founda-
tions of cognitive psychology lie in the computer metaphor of the
brain and the information-processing approach, popular from the
1950s onwards. For example, Broadbent (1958) argued that much
of cognition consists of a sequence of processing stages. In his
simple model, perceptual processes occur, followed by attention-
al processes that transfer information to short-term memory and
thence to long-term memory (see also Atkinson & Shiffrin, 1968).
These were often drawn as a series of box-and-arrow diagrams
(e.g., Figure 1.4). The implication was that one could understand
the cognitive system in the same way as one could understand the
series of steps performed by a computer program, and without
reference to the brain.

The idea of the mind as a computer program has advanced
over the years along with advances in computational science.
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FIGURE 1.4: Examples of box-and-arrow and connectionist models of cognition.
Both represent ways of describing cognitive processes that need not make
direct reference to the brain.

For example, many cognitive models contain some element of
interactivity and parallel processing. Interactivity refers to the fact
that stages in processing may not be strictly separate and that later
stages can begin before earlier stages are complete. Moreover, later
stagescaninfluence the outcomeof early ones (top-down processing,
in contrast to bottom-up processing). Parallel processing refers
to the fact that lots of different information can be processed
simultaneously (by contrast, serial computers process each piece
of information one at a time). Although these computationally
explicit models are more sophisticated than earlier box-and-arrow
diagrams, they, like their predecessors, do not always make contact
with the neuroscience literature. The same debates concerning
biological plausibility hold true for the latest iterations of these
models which are based on deep learning (Richards et al., 2019),
where “deep” refers to the fact that there are multiple layers trying
to predict and learn from each other.

The notion that the brain contains different regions of
functional specialization has been around in various guises for
200 years. However, one particular variation on this theme has
attracted particular attention and controversy — namely, Fodor’s
(1983, 1998) theory of modularity. First, Fodor makes a distinction
between two different classes of cognitive process: central systems
and modules. The key difference between them relates to the types
of information they can process. Modules are held to demonstrate
domain specificity in that they process only one particular type
of information (e.g., color, shape, words, faces), whereas central
systems are held to be domain independent in that the type

KEY TERMS

Interactivity

Later stages of process-
ing can begin before ear-
lier stages are complete.

Top-down processing
The influence of later
stages on the process-
ing of earlier ones (e.g.,
memory influences on
perception).

Bottom-up processing
The passage of informa-
tion from simpler (e.g.,
edges) to more complex
(e.g., objects).

Parallel processing
Different information is
processed at the same
time (i.e., in parallel).

Modularity

The notion that certain
cognitive processes (or
regions of the brain) are
restricted in the type of
information they process.

Domain specificity

The idea that a cognitive
process (or brain region)
is dedicated solely to
one particular type of
information (e.g., colors,
faces, words).



8 THE STUDENT’S GUIDE TO COGNITIVE NEUROSCIENCE

KEY TERMS

Neural network models
Computational models
in which information
processing occurs using
many interconnected
nodes.

Nodes

The basic units of neural
network models that are
activated in response to
activity in other parts of
the network.

of information processed is nonspecific (candidates would be
memory, attention, executive functions). According to Fodor,
one advantage of modular systems is that, by processing only a
limited type of information, they can operate rapidly, efficiently,
and in isolation from other cognitive systems. An additional
claim is that modules may be innately specified in the genetic
code. Many of these ideas have been criticized on empirical and
theoretical grounds. For example, it has been suggested that
domain specificity is not innate, although the means of acquiring it
could be (Karmiloff-Smith, 1992). Moreover, systems like reading
appear modular in some respects but cannot be innate because
they are recent in evolution. Others have argued that evidence for
interactivity suggests that modules are not isolated from other
cognitive processes (Farah, 1994).

COMPUTATIONAL AND CONNECTIONIST MODELS OF COGNITION

In the 1980s, powerful computers became widely accessible as never before. This
enabled cognitive psychologists to develop computationally explicit models of cognition
(that literally calculate a set of outputs given a set of inputs) rather than the computa-
tionally inspired, but underspecified, box-and-arrow approach. One particular way of im-
plementing computational models has been very influential; namely, the neural network,
connectionist, or parallel distributed processing (PDP) approach (McClelland et al.,
1986). These models are considered in a number of places throughout this book, notably
in the chapters dealing with memory, speaking, and literacy.

Connectionist models have a number of architectural features. First, they are
composed of arrays of simple information-carrying units called nodes. Nodes are
information-carrying in the sense that they respond to a particular set of inputs (e.g.,
certain letters, certain sounds) and produce a restricted set of outputs. The responsive-
ness of a node depends on how strongly it is connected to other nodes in the network
(the “weight” of the connection) and how active the other nodes are. It is possible to

calculate, mathematically, what the output of any node would be, given a set of input ac-
tivations and a set of weights. There are a number of advantages to this type of model.
For example, by adjusting the weights over time as a result of experience, the model can
develop and learn. The parallel processing enables large amounts of data to be pro-
cessed simultaneously. A more controversial claim is that they have “neural plausibility.”
Nodes, activation, and weights are in many ways analogous to neurons, firing rates, and
neural connectivity, respectively. However, these models have been criticized for being
too powerful in that they can learn many things that real brains cannot (Pinker & Prince,
1988). A more moderate view is that connectionist models provide examples of ways

in which the brain might implement a given cognitive function, and they generate new
predictions that can then be tested. Whether or not the brain actually does implement
cognition in that particular way will ultimately be a question for empirical research in
cognitive neuroscience.
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The latest wave of these models are deep neural networks, where the term “deep”
denotes that fact that they have many layers. These are routinely used in everyday machine
learning (/artificial intelligence) applications such as image recognition (e.g., to recognize
that a photograph which has never been encountered before contains an elephant). In this
example, although the network is trained on a set of images (elephant v. not elephant) the
detailed operation of the deep layers is not hard-coded but emerges via experience. The
responsiveness of nodes in different layers resembles, to some degree, the hierarchical
nature of biological visual systems in which lower layers respond to simple features (e.g.,
edges) and higher ones to more complex ones (e.g., a trunk) (Gugli & van Gerven, 2015).

The birth of cognitive neuroscience

It was largely advances in imaging technology that provided the
driving force for modern-day cognitive neuroscience. Raichle (1998)
describes how brain imaging was in a “state of indifference and
obscurity in the neuroscience community in the 1970s” and might
never have reached prominence if it were not for the involvement
of cognitive psychologists in the 1980s. Cognitive psychologists
had already established experimental designs and information-
processing models that could potentially fit well with these emerging
methods. It is important to note that the technological advances in
imaging not only led to the development of functional imaging but
also enabled brain lesions to be described precisely in ways that
were never possible before (except at postmortem).

Present-day cognitive neuroscience is composed of a broad di-
versity of methods. These will be discussed in detail in subsequent
chapters. At this juncture, it is useful to compare and contrast some
of the most prominent methods. The distinction between recording
methods and stimulation methods is crucial in cognitive neurosci-
ence. Direct electrical stimulation of the brain in humans is now
rarely carried out as a research tool, although it has some thera-
peutic uses (e.g., in Parkinson’s disease). The modern-day equiv-
alent of these studies uses stimulation across the skull rather than
directly to the brain (i.e., transcranially). This includes transcranial
magnetic stimulation (TMS) and transcranial electrical stimulation
(tES). These will be considered in Chapter 5, alongside the effect
of organic brain lesions. Electrophysiological methods (EEG/ERP
and single-cell recordings) and magnetophysiological methods
(MEG) record the electrical and magnetic properties of neurons
themselves. These methods are considered in Chapter 3. In con-
trast, functional imaging methods (PET, fMRI, and fNIRS) record
physiological changes associated with blood supply to the brain,
which evolve more slowly over time. These are called hemodynamic
methods and are considered in Chapter 4.

Aside from stimulation versus recording, the methods of
cognitive neuroscience can be placed on a number of other
dimensions (see Figure 1.5):

KEY TERM

Deep neural networks

A neural network model
containing multiple
layers, typically producing
a simple-to-complex
hierarchy of information
processing.
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FIGURE 1.5: The methods of cognitive neuroscience can be categorized
according to their spatial and temporal resolution.

Adapted from Churchland and Sejnowski (1988).

KEY TERMS °

Temporal resolution
The accuracy with which
one can measure when
an event (e.g., a physio-
logical change) occurs.

Spatial resolution

The accuracy with .
which one can measure

where an event (e.g., a
physiological change) is
occeurring.

The temporal resolution refers to the accuracy with which
one can measure when an event is occurring. The effects of
brain damage are permanent and so this has no temporal
resolution as such. Methods such as EEG, MEG, TMS, and
single-cell recording have millisecond resolution. fMRI has a
temporal resolution of several seconds that reflects the slower
hemodynamic response.

The spatial resolution refers to the accuracy with which one
can measure where an event is occurring. Lesion and functional
imaging methods have comparable resolution at the millimeter
level, whereas single-cell recordings have spatial resolution at

the level of the neuron.

THE DIFFERENT METHODS USED IN COGNITIVE NEUROSCIENCE

Method Method type Invasiveness Brain property used
EEG/ERP Recording Noninvasive Electrical
Single-cell (and Recording Invasive Electrical
multi-unit)

recordings

T™MS Stimulation Noninvasive Electromagnetic
tES Stimulation Noninvasive Electrical

MEG Recording Noninvasive Magnetic

PET Recording Invasive Hemodynamic
fMRI Recording Noninvasive Hemodynamic
fNIRS Recording Noninvasive Hemodynamic
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*  The invasiveness of a method refers to whether the equipment
is located internally or externally. PET is invasive because it
requires an injection of a radio-labeled isotope. Single-cell
recordings are performed on the brain itself and are normally
only carried out in nonhuman animals.

DOES COGNITIVE
PSYCHOLOGY NEED THE

BRAIN? RT

As already noted, cognitive psychology
developed substantially from the 1950s,
using information-processing models
that do not make direct reference to
the brain. If this way of doing things

Eye-movements EEG

remains successful, then why change?
Of course, there is no reason why it
should change. The claim is not that
cognitive neuroscience is replacing
cognitive psychology (although some
might endorse this view), but merely
that cognitive psychological theories can
inform theories and experiments in the
neurosciences and vice versa. However,
others have argued that this is not possible by virtue of the fact that
information-processing models do not make claims about the brain
(Coltheart, 2004b; Harley, 2004).
Coltheart (2004b) poses the question:

theory.

Has cognitive neuroscience, or if not might it ever (in
principle, or even in practice), successfully used data from
cognitive neuroimaging to make theoretical decisions entirely
at the cognitive level (e.g. to adjudicate between competing
information-processing models of some cognitive system)?

(p-21)

Henson (2005) argues that it can in principle and that it does in
practice. He argues that data from functional imaging (blood flow,
blood oxygen) comprise just another dependent variable that one
can measure. For example, there are a number of things that one
could measure in a standard forced-choice reaction-time task:
reaction time, error rates, sweating (skin conductance response),
muscle contraction (electromyograph), scalp electrical recordings
(EEG), or hemodynamic changes in the brain (fMRI) — see
Figure 1.6. Each measure will relate to the task in some way and
can be used to inform theories about the task.

To illustrate this point, consider an example. One could ask a
simple question such as, does visual recognition of words and letters
involve computing a representation that is independent of case? For

FIGURE 1.6: One could take many different measures in a
forced-choice response task: behavioral (reaction time [RT],
errors, eye-movements) or biological (electromyographic
[EMG], BOLD response in fMRI or electrical activity in EEG).
All measures could potentially be used to inform cognitive

Adapted from Henson (2005). By kind permission of the
Experimental Psychology Society.
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FIGURE 1.7: Both reaction
times and fMRI activation
in the left fusiform region
demonstrate more efficient
processing of words if they
are preceded by subliminal
presentation of the same
word, irrespective of case.

Adapted from Dehaene et al.
(2001).

example, does the reading system treat “E” and “e” as equivalent at
an early stage in processing, or are “E” and “e” treated as different
letters until some later stage (e.g., saying them aloud)? A way of
investigating this using a reaction-time measure is to present the
same word twice in the same case (e.g., RADIO-RADIO) or differ-
ent case (e.g., radio-RADIO) and compare this with situations in
which the word differs (e.g., mouse-RADIO, MOUSE-RADIO).
One general finding in reaction-time studies is that it is faster to
process a stimulus if the same stimulus has recently been presented.
For example, if asked to make a speeded decision about RADIO
(e.g., 1s it animate or inanimate?), performance will be faster if it
has been previously encountered. Dehaene et al. (2001) investi-
gated this mechanism by comparing reaction-time measures with
functional imaging (fMRI) measures. In this task, the first word
in each pair was presented very briefly and was followed by visual
noise. This prevented the participants from consciously perceiving
it, and hence, one can be sure that they are not saying the word.
The second word was consciously seen and requires a response.
Dehaene ef al. found that reaction times were faster to the second
word when it follows the same word, irrespective of case. Impor-
tantly, there was a region in the left fusiform cortex that shows the
same effect (although in terms of “activation” rather than response
time). This is shown in Figure 1.7. In this concrete example, it is

500 ms
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fMRI activity
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: Same Different
radio case case
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Time
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meaningless to argue that one type of measure is “better” for in-
forming cognitive theory (to return to Coltheart’s question) given
that both are measuring different aspects of the same event. One
could explore the nature of this effect further by, for instance, pre-
senting the same word in different languages (in bilingual speak-
ers), presenting the words in different locations on the screen and
so on. This would provide further insights into the nature of this
mechanism (e.g., what aspects of vision does it entail? Does it de-
pend on word meaning?). However, both reaction-time measures
and brain-based measures could be potentially informative. It is
not the case that functional imaging is merely telling us where cog-
nition is happening and not Aow it is happening.

Another distinction that has been used to contrast cognitive
psychology and cognitive neuroscience is that between software
and hardware, respectively (Coltheart, 2004b; Harley, 2004). This
derives from the familiar computer analogy in which one can,
supposedly, learn about information processing (software) without
knowing about the brain (hardware). As has been shown, to some
extent this is true. But the computer analogy is a little misleading.
Computer software is written by computer programmers (who,
incidentally, have human brains). However, information processing
is not written by some third person and then inscribed into the
brain. Rather, the brain provides causal constraints, honed by
evolution, on the nature of information processing. This is not
analogous to the computer domain in which the link between
software and hardware is arbitrarily determined by a computer
programmer. To give a simple example, one model of visual word
recognition suggests that words are recognized by searching words
in a mental dictionary one by one until a match is found (Forster,
1976). The weight of evidence from cognitive psychology argues
against this serial search, and in favor of words being searched in
parallel (i.e., all candidate words are considered at the same time).
But why does human cognition work like this? Computer programs
can be made to recognize words adequately with both serial search
and parallel search. The reason why human information processing
uses a parallel search and not a serial search probably lies in the
relatively slow neural response time (acting against serial search).
This constraint does not apply to the fast processing of computers.
Thus, cognitive psychology may be sufficient to tell us the structure
of information processing, but it may not answer deeper questions
about why information processing should be configured in that
particular way. The biological constraints imposed by the brain
shape the nature and limitations of cognition.

DOES NEUROSCIENCE NEED COGNITIVE
PSYCHOLOGY?

It would be no exaggeration to say that the advent of techniques
such as functional imaging has revolutionized the brain sciences.
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“Brain scanners will map the differences between love and lust by peering into the male skull

FIGURE 1.8: The media
loves to simplify the findings
of cognitive neuroscience.
Many newspaper stories
appear to regard it as
counterintuitive that sex,
pain, and mood would be
products of the brain.
Sunday Times, 21 November

1999; Metro, 5 January 2001;
The Observer, 12 March 2000.

For example, consider some of the newspaper headlines that
have appeared over the years (Figure 1.8). Of course, it has
been well-known since the nineteenth century that pain, mood,
intelligence, and sexual desire are largely products of processes in
the brain. The reason headlines such as these are extraordinary
is because now the technology exists to be able to study these
processes in vivo. Of course, when one looks inside the brain one
does not “see” memories, thoughts, perceptions, and so on (i.e.,
the stuff of cognitive psychology). Instead, what one sees is gray
matter, white matter, blood vessels, and so on (i.e., the stuff of
neuroscience). It is the latter, not the former, that one observes
when conducting a functional imaging experiment. Developing
a framework for linking the two will necessarily entail dealing
with the mind-body problem either tacitly or explicitly. This is
a daunting challenge.

Is functional imaging going to lead to a more sophisticated
understanding of the mind and brain than was achieved by the
phrenologists? Some of the newspaper reports in Figure 1.8 suggest
it might not. One reason why phrenology failed is because the
method had no real scientific grounding; the same cannot be said of
functional imaging. Another reason why phrenology failed was that
the psychological concepts used were naive. It is for this reason that
functional imaging and other advances in neuroscience do require
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the insights from cognitive psychology to frame appropriate research
questions and avoid becoming a new phrenology (Uttal, 2001).

The question of whether cognitive, mind-based concepts will
eventually become redundant (under a reductionist account) or
coexist with neural-based accounts (e.g., as in dual-aspect theory)
is for the future to decide. But for now, cognitive, mind-based
concepts have an essential role to play in cognitive neuroscience.

THE FUTURE OF COGNITIVE
NEUROSCIENCE

What does the future of cognitive neuroscience look like? Although
nobody knows for sure, there are clues from the current directions
of travel. This final section will consider two shifts within the field:
one theoretical and one more practical. In terms of a theoretical
shift, there is a greater focus on understanding the mind and brain
as a network. On a practical level there is a shift towards big data
and more synthesizing approaches (such as meta-analyses) that
are motivated by a desire to protect future cognitive neuroscience
research from the so-called replication crisis. The replication crisis
refersto systemicdifficultiesin being able toindependently reproduce
published results that have been documented in many scientific
fields, which has eroded confidence in evidence and theories.

From modules to networks

A network is a dynamically changing pattern of activity over
several brain regions. Rather than thinking of the brain as a single
network, there might be a multitude of different networks which are,
themselves, switched on or off depending on the kind of thought
or behavior that is needed. Thus, not only do brain regions have a
degree of functional specialization, but entire networks may also
have some specializations. This network approach is exemplified by
current efforts to map the human connectome (Sporns, 2011). The
Human Connectome Project was launched in 2010 at a cost of over
$40M. The aim is to try to map out the pattern of connectivity in
the human brain at a macro, that is, millimeter, scale (rather than
the micro level of individual synapses). The project is based on
MRI techniques that measure structural connectivity (essentially
white matter fibers) and functional connectivity (essentially
correlated patterns of brain activity between regions). By scanning
and testing thousands of people it will be possible to identify
differences in the connectome that are linked to disease and also,
of particular relevance here, to understand how these networks
support cognitive function. This can be done by, for instance,
linking individual differences in the connectome to individual
differences in specific cognitive abilities (Barch et al., 2013). Thus,
it is not just an enterprise for biologists and neuroimagers — it also
requires the input of psychologists who understand cognition.

KEY TERMS

Replication crisis
Systemic difficulties in
being able to inde-
pendently reproduce
published results that
have been documented
in many scientific fields.

Connectome

A comprehensive map
of neural connections

in the brain that may be
thought of as its “wiring
diagram.”
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A complementary approach is to map the connectome at the micro
scale of individual synapses. This is a daunting prospect as there
are 10 neurons linked by 10 synaptic connections (Azevedo
et al., 2009). By comparison, the size of a human genome is far
smaller (3 x 10°). Aside from the sheer scale of this challenge, there
is no obvious way of interpreting the connectome “code” (unlike
the genome where there is a simple mapping between the DNA
code and the proteins they create).

Of course, networks are nothing new. Networks were there from
the start in the form of black-box-and-arrow diagrams. However, the
contemporary and emerging landscape looks very different from this.
Firstly, the network architecture that supports cognition is derived
from biologically based observations of the structural and functional
connectome. This is supported by advanced mathematical tools such
as graph theory (Bullmore & Sporns, 2009). This essentially creates
a wiring diagram, rather like a subway map, in which some brain
regions act as central hubs within the network (where several subway
lines cross, in that analogy), and other regions are less connected (the
suburbs, in that analogy). Secondly, there has been a shift away from
conceptualizing the hubs in the network as highly specialized units.
Instead, brain regions might perform a range of different functions
depending on which other parts of the brain they are communicating
with. A good example is Broca’s region itself, which, whilst everyone
agrees it is important for language, seems to also be involved in other
cognitive processes such as detecting musical violations (Koelsch
et al., 2006). So it may flexibly switch between processing language
versus other kinds of information depending on the source of inputs
at a given point in time.

Does this mean that the era of functional specialization,
stretching from phrenology through to Broca and Penfield, is now
over? This is certainly not the case. It has even been argued on first
principles that if the brain is a network, then the different hubs in
the network must have different functional specializations (Sporns &
Betzel, 2016), except in the hypothetical scenario that all regions in the
network connect equally strongly to each other (in which case each
hub is identical). However, the function assigned to a region may be
harder to map onto simple cognitive concepts in this new framework.
For instance, the function of a brain region may be something like
“integrating vision and speech” rather than “a store of words.”

Thus, the central challenge for cognitive neuroscience for
the future is to develop new ways of describing the relationship
between brain structure (notably connectomics) and function
(i.e., cognition and behavior). Barrett and Satpute (2013) offer
a useful summary of three different approaches, as shown in
Figure 1.9. In the first scenario (a), there is a very simple one-
to-one mapping between different brain regions and different
cognitive functions. Few researchers would endorse such a
view. In the second scenario (b), there is still a high degree of
specialization of brain regions, but multiple regions need to
interact to generate a cognitive function. In the third scenario (c)
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FIGURE 1.9: Three different ways in which different brain structures might be mapped to different functions

(tasks and processes). In (a) there is a one-to-one association between brain structure and function whereas

in both (b) and (c) a network of regions may make different contributions to a given function. In (b) the network
consists of specialized units that interact, but in (c) the network consists of interactions between nonspecialized
units.

From Barrett and Satpute (2013).

there is far less specialization of regions, and cognitive functions
are generated by the interaction of multiple networks (with each
network having some specialization). Barrett and Satpute (2013)
favor this third option, although others argue that the cognitive
architecture of the brain is more like the second option (Vytal &
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Reproducibility

Ability to examine and
validate an existing set
of analyses.

Replicability

Ability to repeat an
experimental design and
analysis on an indepen-
dent sample and achieve
the same results.

A power analysis

A statistical method for
determining a required
sample size given a
likely effect size (whether
a variable is strong or
weak) and the probability
of detecting it (due to
sample variability).

Meta-analysis

A statistical method for
pooling across equiva-
lent datasets (based on
a weighted average of
effect sizes).

Hamann, 2010). The next generation of cognitive neuroscientists
may be able to resolve these debates or propose new ways of
understanding cognition in terms of the specializations and
network-based structures of the brain.

Research reform in cognitive neuroscience

There are significant concerns around the ability to replicate
and reproduce scientific findings (Ioannidis, 2005; Korbmacher
et al., 2023), including those relating to cognitive neuroscience.
Reproducibility refers to being able to examine and validate an
existing set of analyses, and replicability refers to being able to
repeat an experimental design and analysis on an independent
sample and achieve the same results. To some extent variability in
findings are to be expected: we are not all the same, and even within
individuals, our behavior is never perfectly consistent. There can be
random fluctuations, or uncontrolled variables like mood or time
of day. As such, there is an element of judgment as to how much
variability one can expect and how much one is willing to tolerate.
If one is trying to detect a small effect in the brain, then this would
be harder to detect against the background noise (random and
uncontrolled variability), and one would need a larger sample so
that the noise would be averaged out. But a larger effect would
stand out more against this background noise and a smaller sample
may suffice. A power analysis is one formal way of estimating, in
advance, the size of the sample needed to produce the size of the
effect that is expected (effect size) and the likelihood of finding it,
if it exists (termed power). The smaller the effect size that one is
trying to detect, then the larger the sample size that one will need
to reliably detect it.

If a published finding replicates only half of the time, then
we may be tempted to dismiss it as junk. But that conclusion is
too hasty. One needs to remember that a judgment of statistical
significance is indeed just a judgment rather than a statement of
fact. We commonly apply a statistical threshold such as p < .05
meaning that there is a less than a 5 percent probability that it is
a purely junk finding (also called a type 1 error). If someone did
publish such a junk finding, then others would be able to replicate
it only 1 in 20 times just by chance (p < .05 is equivalent to 1 in 20).
So a result that replicates half of the time (i.e., 1 in 2 successful
replications) could be considered good odds! On what basis could
we have confidence in drawing conclusion from a conflicting set of
evidence? One possibility is to pool all the datasets (significant and
nonsignificant) into a meta-analysis. A meta-analysis calculates
a weighted average of all the effects (so a study with a larger
sample gets weighted more) and then tests the significance of this
aggregate data. It also increases statistical power by increasing the
overall size of the sample. A significant result in a meta-analysis
would give confidence in the overall finding. But even here there
can still be room for doubt. Imagine that for every 20 labs that run
the experiment, only one gets a significant result (they publish it),
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and the other 19 labs find nothing at all. One lab publishes a null
result and the other 18 labs put it in the file-drawer — this is called
the file-drawer problem. In this scenario it would also appear like
1 in 2 studies have produced a positive finding, but that is untrue.
The possible solutions to the file-drawer problem are as follows: try
to search for unpublished results when running a meta-analysis;
reform the publishing system to be more accepting of nonsignificant
findings; engage in more collaborative multi-lab studies from the
outset (so the level of replicability is explicitly measured). Of
course, there could also be interesting reasons why a study does not
replicate, such as cross-cultural differences, sampling differences in
age or gender, and so on. The bottom line: lack of replication is a
real problem, and it can occur for many reasons, not all of which
reflect bad science or require a wholesale rejection of the findings.
Variability in research findings can also occur because the person
conducting the analysis has been confronted with a large number of
arbitrary analysis choices. These include the criteria on which trials or
participants are excluded, the exact choice of statistical test, and so on.
Neuroimaging analyses can have lots of these kinds of decisions, and
some of these arbitrary decisions may result in statistical significance
and others not. Of course, there could easily be 20+ permutations of
an analysis pipeline with the result that meaningless data can appear
as statistically significant but have no hope of independent replication
(except by chance). P-hacking is said to have occurred if a researcher
has analyzed the data in multiple ways but has chosen to publish a
favorable, statistically significant analysis. The famous example here
comes from putting a dead salmon in an MRI scanner and showing
the subject two different kinds of images (Figure 1.10). (Bennett et al.,
2009). Given the “right” choice of analysis, the dead salmon’s brain
appeared active when comparing the two conditions! Of course, this
“experiment” was set up to illustrate the principle of p-hacking rather
than as an attempt at serious science. The recommended practice for
avoiding p-hacking, or any insinuation of p-hacking, is to put the
analysis plan in the public domain before running it, and ideally before
collecting any data at all. This is referred to as a pre-registration or

255

t-value

KEY TERMS

File-drawer problem
The tendency for non-
significant results to be
unpublished.

P-hacking

Analyzing the data in
multiple ways and choos-
ing to publish a single
favorable analysis.

Pre-registration

An open set of hypoth-
eses and analysis plan
that is posted prior to
conducting the analysis.

FIGURE 1.10: fMRI activity
from a dead salmon? No
way! But if you analyze a
complex dataset enough
times, with a hypothesis to
prove, you could generate
the expected results.
Bennett et al. (2009).
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KEY TERMS

Registered report
Peer-reviewed scientific
paper in which hypothe-
ses, methods, and anal-
ysis are reviewed prior to
data collection.

HARKing
Hypothesizing after the
results are known.

Multiverse analysis
Performing multiple analy-
ses of the same dataset
across all reasonable
options for excluding,
transforming, and coding
data.

a registered report (where the latter refers to a method and analysis
plan that has been peer-reviewed). Registering your hypotheses before
analyzing the data also guards against changing one’s hypotheses in
light of the results or so-called HARKing, or hypothesizing after the
results are known (Kerr, 1998).

One important study examined the reproducibility (note: as
opposed to replicability) of a neuroimaging finding by giving 70
teams of researchers the same dataset and the same stated hypoth-
eses but no detailed guidance on the analysis plan (Botvinik-Nezer
et al., 2020). No two teams produced identical analysis workflows,
and there was considerable variability in the exact results. Never-
theless, a meta-analytic approach identified a core set of similar
findings that were common across approaches. Some lessons from
this exercise include the importance of sharing analysis code (and
not just data) to ensure reproducibility and the possible benefits of
trying multiple analyses, providing this is done in a transparent way.
This kind of approach is sometimes called a multiverse analysis
(Steegen et al., 2016) and can be used to assess the robustness of
findings against arbitrary choices in analysis.

TOP TIPS FOR A MORE ROBUST COGNITIVE NEUROSCIENCE

e Open science involves making all your research material freely available for reuse.
This is the key to reproducibility and for creating larger, aggregated datasets (e.g.,
for a meta-analysis).

e Transparency in the hypotheses and analysis plan (ideally before data collection and
certainly before data analysis) protects the field against p-hacking and HARKing.

e Justify your sample size formally (e.g., with a power analysis), and don’t just rely on
previously published sample sizes.

e Replicate your own results before you publish them.

e A nonsignificant result could be weak or inconclusive evidence (as opposed to evi-
dence of absence). There are ways of testing the null hypothesis that don’t rely on
p-values (Dienes, 2014).

In summary, it is important to approach research findings with
a healthy skepticism but not to be overly dismissive of variability
in findings. Some variability is to be expected and can occur for
interesting reasons. There are good grounds to be optimistic given
that there is now a strong consensus on best practice including
more transparency, prior to analysis, and data sharing and
pooling. These kinds of developments may lead to a step change,
or Cognitive Neuroscience 2.0 (Yarkoni et al., 2010).



e The mind-body problem refers to the question of
how physical matter (the brain) can produce mental
experiences, and this remains an enduring issue in
cognitive neuroscience.

¢ To some extent, the different regions of the brain are
specialized for different functions.

e Functional neuroimaging has provided the driving force
for much of the development of cognitive neuroscience,
but there is a danger in merely using these methods to
localize cognitive functions without understanding how
they work.

e Cognitive psychology has developed as a discipline
without making explicit references to the brain.
However, biological measures can provide an alternative
source of evidence to inform cognitive theory, and the
brain must provide constraining factors on the nature
and development of the information-processing models
of cognitive science.

e Attempting to map the human connectome, and link it to
cognition, is the greatest challenge for the next generation
of cognitive neuroscientists. Although old concepts will
remain (e.g., the idea of functional specialization), they
may be understood in entirely new ways.

e There are concerns about the extent to which findings in
cognitive neuroscience will replicate or reproduce (as in
most disciplines), but there are now agreed methods to
tackle this.

EXAMPLE ESSAY QUESTIONS

e What is the “mind-body problem” and what frameworks
have been put forward to solve it?

¢ |s cognitive neuroscience the new phrenology?

e Does cognitive psychology need the brain? Does
neuroscience need cognitive psychology?

e What are the challenges and solutions for producing
reproducible and replicable research findings in
cognitive neuroscience?
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It is hard to begin a chapter about the brain without waxing lyrical.
The brain is the physical organ that makes all our mental life
possible. It enables us to read these words and to consider thoughts
that we have never considered before — or even to create thoughts
that no human has considered before. This book will scratch
the surface of how this is all possible, but the purpose of this
chapter is more mundane. It offers a basic guide to the structure
of the brain, starting from a description of neurons and working
up to a description of how these are organized into different
neuroanatomical systems. The emphasis is on the human brain
rather than the brain of other species.

STRUCTURE AND FUNCTION OF THE
NEURON

All neurons have basically the same structure, as shown in
Figure 2.1. They consist of three components: a cell body (or
soma), dendrites, and an axon. Although neurons have the same
basic structure and function, it is important to note that there are
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FIGURE 2.1: Neurons
consist of three basic
features: a cell body,
dendrites that receive
information, and axons
that send information. In
this diagram the axon is
myelinated to speed the
conduction time.

KEY TERMS

Neuron

A type of cell that makes
up the nervous system
and supports, among
other things, cognitive
function.

Cell body

Part of the neuron con-
taining the nucleus and
other organelles.

Dendrites

Branching structures that
carry information from
other neurons.

Axon

A branching structure
that carries information
to other neurons and
transmits an action
potential.

Cell body
(soma)

___— Dendrites

Track of nerve impulse

Nodes of
Ranvier

Nucleus sheath

Terminal

/; buttons

some significant differences between different types of neurons in
terms of the spatial arrangements of the dendrites and axon.

The cell body contains the nucleus and other organelles. The
nucleus contains the genetic code, and this is involved in protein
synthesis. Proteins serve a wide variety of functions from providing
scaffolding to chemical signaling (they can act as neurotransmitters
and receptors in neurons). Neurons receive information from other
neurons, and they make a “decision” about this information (by
changing their own activity) that can then be passed on to other
neurons. From the cell body, a number of branching structures called
dendritesenablecommunication with other neurons. Dendrites receive
information from other neurons in close proximity. The number and
structure of the dendritic branches can vary significantly depending
on the type of neuron (i.e., where it is to be found in the brain). The
axon, by contrast, sends information to other neurons. Each neuron
consists of many dendrites but only a single axon (although the axon
may be divided into several branches called collaterals).

TEN INTERESTING FACTS ABOUT THE HUMAN BRAIN

whole galaxy.

(1) There are 86 billion neurons in the human brain (Azevedo et al., 2009).
(2) Each neuron connects with around 10,000 other neurons. As such, there are over
3,000 times as many synapses in one person’s brain than there are stars in our

(3) If each neuron connected with every single other neuron, our brain would be 12.5
miles in diameter (Nelson & Bower, 1990). This is the length of Manhattan Island.
This leads to an important conclusion — namely, that neurons only connect with a
small subset of other neurons. Neurons tend to communicate only with their neigh-
bors in what has been termed a “small-world” architecture (Sporns & Zwi, 2004).
Long-range connections are the exception rather than the rule.

(4) The idea that we only use 10 percent of the cells in our brain is generally considered a
myth (Beyerstein, 1999). It used to be thought that only around 10 percent of the cells
in the brain were neurons (the rest being cells called glia), hence a plausible origin for
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the myth. This “fact” also turns out to be inaccurate, with the true ratio of neurons to
glia being closer to 1:1 (Azevedo et al., 2009). Glia serve a number of essential support
functions; for example, they are involved in tissue repair and in the formation of myelin.
The brain makes up only 2 percent of body weight.

It is no longer believed that neurons in the brain are incapable of being regenerat-
ed. It was once widely believed that we are born with our full complement of neu-
rons and that new neurons are not generated. This idea is now untenable, at least
in a region called the dentate gyrus (for a review, see Gross, 2000).

On average, we lose a net amount of one cortical neuron per second. A study has shown
that around 10 percent of our cortical neurons perish between the ages of 20 and 90
years — equivalent to 85,000 neurons per day (Pakkenberg & Gundersen, 1997).
Identical twins do not have anatomically identical brains. A comparison of identical
and nonidentical twins suggests that the three-dimensional cortical gyral pattern is
determined primarily by non-genetic factors, although brain size is strongly heritable

(Bartley et al., 1997).

ciency may be unrelated to size.

height or weight (Pakkenberg & Gundersen, 1997).

People with autism have larger brains in early life (Abell et al., 1999). They also
have large heads to accommodate them (Redcay & Courchesne, 2005). There is
unlikely to be a simple relationship between brain size and intellect, and brain effi-

Men have larger brains than women, but the female brain is more folded, implying a
relative increase in surface area that may offset any size difference (Luders et al.,
2004). The total number of cortical neurons is related to gender, but not overall

The terminal of an axon flattens out into a disc-shaped
structure. It is here that chemical signals enable communication
between neurons via a small gap termed a synapse. The two
neurons forming the synapse are referred to as presynaptic (before
the synapse) and postsynaptic (after the synapse), reflecting the
direction of information flow (from axon to dendrite). When
a presynaptic neuron is active, an electrical current (termed an
action potential) is propagated down the length of the axon.
When the action potential reaches the axon terminal, chemicals
are released into the synaptic cleft. These chemicals are termed
neurotransmitters. (Note that a small proportion of synapses,
such as retinal gap junctions, signal electrically and not chemically.)
Neurotransmitters bind to receptors on the dendrites or cell body
of the postsynaptic neuron and create a synaptic potential. The
synaptic potential is conducted passively (i.e., without creating
an action potential) through the dendrites and soma of the
postsynaptic neuron. These passive currents form the basis of
EEG. These different passive currents are summed together, and
if their summed activity exceeds a certain threshold when they
reach the beginning of the axon in the postsynaptic neuron, then
an action potential (an active electrical current) will be triggered
in this neuron. In this way, different neurons can be said to be

KEY TERMS

Synapse

The small gap between
neurons in which
neurotransmitters are
released, permitting sig-
naling between neurons.

Action potential

A sudden change (depo-
larization and repolar-
ization) in the electrical
properties of the neuron
membrane in an axon,
which forms the basis
for how neurons code
information (in the form
of the rate and synchrony
of action potentials).

Neurotransmitters
Chemical signals that are
released by one neuron
and affect the properties
of other neurons.
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FIGURE 2.2: Electrical
currents are actively
transmitted through axons by
an action potential. Electrical
currents flow passively
through dendrites and soma
of neurons but will initiate
an action potential if their
summed potential is strong
enough at the start of the
axon (called the hillock).

Axon hillock (if summed electrical
\ current is large enough then an
N action potential will be initiated)

Presynaptic axons Postsynaptic dendrite/soma Postsynaptic axon
(active conduction) (passive conduction) (active conduction)

“communicating” with each other. This is shown in Figure 2.2.
It is important to note that each postsynaptic neuron sums
together many synaptic potentials, which are generated at many
different and distant dendritic sites (in contrast to a simple chain
reaction between one neuron and the next). Passive conduction
tends to be short range because the electrical signal is impeded
by the resistance of the surrounding matter. Active conduction
enables long-range signaling between neurons by the propagation
of action potentials.

Electrical signaling and the action potential

Each neuron is surrounded by a cell membrane that acts as a
barrier to the passage of certain chemicals. Within the membrane,
certain protein molecules act as gatekeepers and allow particular
chemicals in and out under certain conditions. These chemicals
consist, among others, of charged sodium (Na*) and potassium
(K*) ions. The balance between these ions on the inside and outside
of the membrane is such that there is normally a resting potential
of =70 mV across the membrane (the inside being negative
relative to the outside).

Voltage-gated ion channels are of particular importance in the
generation of an action potential. They are found only in axons,
which is why only the axon is capable of producing action potentials.
The sequence of events is as follows (see also Figure 2.3):

1. If a passive current of sufficient strength flows across the axon
membrane, this begins to open the voltage-gated Na* channels.
2. When the channelis opened, then Na* may enter the cell and the
negative potential normally found on the inside is reduced (the
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Voltage-gated Na* channels open
and Na* pumped in to the neuron
making the inside +ve
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K* channels continue to
operate leading to an
undershoot

cell is said to depolarize). At about —50 mV, the cell membrane
becomes completely permeable, and the charge on the inside
of the cell momentarily reverses. This sudden depolarization
and subsequent repolarization in electrical charge across the
membrane is the action potential.

3. The negative potential of the cell is restored via the outward
flow of K* through voltage-gated K* channels and closing of
the voltage-gated Na* channels.

4, There is a brief period in which hyperpolarization occurs
(the inside is more negative than at rest). This makes it more
difficult for the axon to depolarize straight away and prevents
the action potential from traveling backwards.

An action potential in one part of the axon opens adjacent
voltage-sensitive Na* channels, and so the action potential moves
progressively down the length of the axon, starting from the cell
body and ending at the axon terminal. The conduction of the
action potential along the axon may be speeded up if the axon is
myelinated. Myelin is a fatty substance that is deposited around
the axon of some cells (especially those that carry motor signals).
It blocks the normal Na*/K* transfer, and so the action potential
jumps, via passive conduction, down the length of the axon at
the points at which the myelin is absent (called nodes of Ranvier).
Destruction of myelin is found in a number of pathologies,
notably multiple sclerosis.

Chemical signaling and the postsynaptic neuron

When the action potential reaches the axon terminal, the electrical
signal initiates a sequence of events leading to the release of

FIGURE 2.3: The action
potential consists of a
number of phases.

KEY TERM

Myelin

A fatty substance that
is deposited around the
axon of some neurons
that speeds conduction.
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neurotransmitters into the synaptic cleft. Protein receptors in the
membrane of the postsynaptic neurons bind to the neurotransmitters.
Many of the receptors are transmitter-gated ion channels (not to be
confused with voltage-gated ion channels found in the axon). This sets
up a localized flow of charged Na*, K*, or chloride (Cl'), which creates
the synaptic potential. Some neurotransmitters (e.g., GABA) have an
inhibitory effect on the postsynaptic neuron (i.e., by making it less
likely to fire). This can be achieved by making the inside of the neuron
more negative than normal and hence harder to depolarize (e.g., by
opening transmitter-gated Cl~ channels). Other neurotransmitters
(e.g., glutamate) have excitatory effects on the postsynaptic neuron
(i.e., by making it more likely to fire). These synaptic potentials are
then passively conducted as already described.

Glutamate and GABA are the workhorse neurotransmitters
of the brain in that nearly every neuron produces one or other of
these. Note that it is not the chemicals themselves that make them
excitatory and inhibitory. Rather it is the effect that they have on ion
channels in the membrane which either pump positive or negative
ions, thus making an action potential more or less likely. Other
common neurotransmitters are serotonin, dopamine, acetylcholine,
and noradrenaline. These are often considered to have modulatory
functions. Rather than being distributed throughout the brain,
as is the case with GABA and glutamate, the cell bodies of the
neurons that release these neurotransmitters tend to be localized
to specific brain areas, but their axonal projections spread diffusely
throughout the brain.

How do neurons code information?

The amplitude of an action potential does not vary, but the
number of action potentials propagated per second varies along
a continuum. This rate of responding (also called the spiking
rate) relates to the informational “code” carried by that neuron.
For example, some neurons may have a high spiking rate in some
situations (e.g., during speech) but not others (e.g., during vision),
whereas other neurons would have a complementary profile.
Neurons responding to similar types of information tend to be
grouped together. This gives rise to the functional specialization of
brain regions that was introduced in Chapter 1.

If information is carried in the response rate of a neuron, what
determines the type of information that the neuron responds to?
The type of information that a neuron carries is related to the input
it receives and the output it sends to other neurons. For example, the
reason neurons in the primary auditory cortex can be considered to
carry information about sound is because they receive input from
a pathway originating in the cochlea and they send information
to other neurons involved in more advanced stages of auditory
processing (e.g., speech perception). However, imagine that one
were to rewire the brain such that the primary auditory cortex was
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to receive inputs from the retinal pathway, originating in the eyes,
rather than the auditory pathway (Sur & Leamey, 2001). In this
case, the function of the primary “auditory” cortex would have
changed (as would the type of information it carries) even though
the region itself was not directly modified (only the inputs to it were
modified). This general point is worth bearing in mind when one
considers what the function of a given region is. The function of a
region is determined by its inputs and outputs. As such, the extent
to which a function can be strictly localized is a moot point.

THE GROSS ORGANIZATION OF THE BRAIN

Gray matter, white matter, and cerebrospinal
fluid

Neurons are organized within the brain to form white matter
and gray matter. Gray matter consists of neuronal cell bodies.
White matter consists of axons and support cells (glia). The brain
consists of a highly convoluted folded sheet of gray matter (the
cerebral cortex), beneath which lies the white matter. In the center
of the brain, beneath the bulk of the white matter fibers, lies another
collection of gray matter structures (the subcortex), which includes
the basal ganglia, the limbic system, and the diencephalon.

White matter tracts may project between different cortical
regions within the same hemisphere (called association tracts), or
project between different cortical regions in different hemispheres
(called commissures; the most important commissure being the
corpus callosum) or may project between cortical and subcortical
structures (called projection tracts) — see Figure 2.4.

The brain also contains a number of hollow chambers termed
ventricles, shown in Figure 2.5. These were incorrectly revered
for 1,500 years as being the seat of mental life. The ventricles are
filled with cerebrospinal fluid (CSF), which does serve some useful
functions, albeit non-cognitive. The CSF carries waste metabolites,
transfers some messenger signals, and provides a protective
cushion for the brain.

A hierarchical view of the central nervous
system

Brain evolution can be thought of as adding additional structures
onto older ones, rather than replacing older structures with newer
ones. For example, the main visual pathway in humans travels
from the retina to the occipital lobe, but a number of older visual
pathways also exist and contribute to vision (see Chapter 7). These
older pathways constitute the dominant form of seeing for other
species such as birds and reptiles. Figure 2.6 illustrates the major
structures of the brain, showing a hierarchical arrangement (older
structures toward the bottom of the diagram).

KEY TERMS

Gray matter
Matter consisting primari-
ly of neuronal cell bodies.

White matter

Tissue of the nervous
system consisting primar-
ily of axons and support
cells.

Glia

Support cells of the
nervous system involved
in tissue repair and in
the formation of myelin
(among other functions).

Corpus callosum

A large white matter tract
that connects the two
hemispheres.

Ventricles

The hollow chambers of
the brain that contain
cerebrospinal fluid.
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FIGURE 2.4: There are three
different kinds of white
matter tract, depending on
the nature of the regions
that are connected.

Adapted from Diamond et al.
(1986). © 1986 by Coloring
Concepts, Inc. Reprinted by

permission of HarperCollins
Publishers.

Association tract

FIGURE 2.5: The brain
consists of four ventricles
filled with cerebrospinal fluid
(CSF): the lateral ventricles
are found in each hemi-
sphere, the third ventricle

(cortical within hemisphere)

Commisure
(cortical between hemisphere)

Projection tract
(cortical to subcortical)

lies centrally around the
subcortical structures, and
the fourth ventricle lies in
the brainstem (hindbrain).
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ventricle
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FIGURE 2.6: The central nervous system (CNS) is organized hierarchically. The upper levels of the hierarchy,
corresponding to the upper branches of this diagram, are the newest structures from an evolutionary
perspective.

KEY TERMS

. Anterior
Terms of reference and section Toward the front.

There are conventional directions for navigating around the brain,  Posterior

just as there is a north, south, east, and west for navigating around ~ Toward the back.
maps. Anterior and posterior refer to directions toward the front  Superior

and back of the brain, respectively. These are also called rostral ~ Toward the top.
and caudal, respectively, particularly in other species that have a  |nferior

tail (caudal refers to the tail end). Directions toward the top and  Toward the bottom.
bottom are referred to as superior and inferior, respectively; they .|

are also known as dorsal and ventral, respectively. The terms  toward the top.
anterior, posterior, superior, and inferior (or rostral, caudal,
dorsal, and ventral) enable navigation in two dimensions: front—
back and top—bottom (see Figure 2.7). Needless to say, the brain is

Ventral
Toward the bottom.
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FIGURE 2.7: Terms of
reference in the brain.
Note also the terms lateral
(referring to the outer
surface of the brain) and
medial (referring to the
central regions).

FIGURE 2.8: Terms of
sections of the brain.

Adapted from Diamond et al.
(1986). © 1986 by Coloring
Concepts Inc. Reprinted by
permission of HarperCollins
Publishers.
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three-dimensional and so a further dimension is required. The terms
lateral and medial are used to refer to directions toward the outer
surface and the center of the brain, respectively, although “medial”
is ambiguous, because it is also used to refer to the middle of
structures more generally. For example, the medial temporal gyrus
lies on the lateral surface of the brain (not the medial surface). It
is labeled medial because it lies midway between the superior and
inferior temporal gyri.

The brain can be sectioned into two-dimensional slices in a
number of ways, as shown in Figure 2.8. A coronal cross-section
refers to a slice in the vertical plane through both hemispheres (the
brain appears roundish in this section). A sagittal section refers to
a slice in the vertical plane going through one of the hemispheres.
When the sagittal section lies between the hemispheres, it is called a
midline or medial section. An axial (or horizontal) section is taken
in the horizontal plane.

THE CEREBRAL CORTEX

The cerebral cortex consists of two folded sheets of gray matter
organized into two hemispheres (left and right). The surface
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of the cortex has become increasingly more convoluted with
evolutionary development. Having a folded structure permits a
high surface area to volume ratio and thereby permits efficient
packaging. The raised surfaces of the cortex are termed gyri

KEY TERMS

Gyri (gyrus = singular)
The raised folds of the
cortex.

(or gyrus in the singular). The dips or folds are called sulci (or

sulcus in the singular).

The cortex is only around 3 mm thick and is organized into

Sulci (sulcus = singular)
The buried grooves of the
cortex.

different layers that can be seen when viewed in cross-section. The

different layers reflect the grouping of different cell types. Different
parts of the cortex have different densities in each of the layers. Most
of the cortex contains six main cortical layers, termed the neocortex
(meaning “new cortex”). Other cortical regions are the mesocortex
(including the cingulate gyrus and insula) and the allocortex

Brodmann’s areas
Regions of cortex defined
by the relative distribu-
tion of cell types across
cortical layers (cytoarchi-
tecture).

(including the primary olfactory cortex and hippocampus).
The lateral surface of the cortex of each hemisphere is
divided into four lobes: the frontal, parietal, temporal, and

occipital lobes (Figure 2.9). The dividing
line between the lobes is sometimes
prominent, as is the case between the
frontal and temporal lobes (divided
by the lateral or sylvian fissure), but in
other cases, the boundary cannot readily
be observed (e.g., between temporal and
occipital lobes). Other regions of the
cortex are observable only in a medial
section, for example, the cingulate
cortex. Finally, an island of cortex lies
buried underneath the temporal lobe;
this is called the insula (which literally
means “island” in Latin).

There are four different ways in
which regions of cerebral cortex may be
divided and, hence, labeled:

(1) Regions divided by the pattern of
gyri and sulci. The same pattern of
gyri and sulci is found in everyone
(although the precise shape and size
vary greatly). As such, it is possible
to label different regions of the brain
accordingly.

(2) Regions divided by cytoarchitecture.

One of the most influential ways of dividing up the cerebral
cortex is in terms of Brodmann’s areas. Brodmann divided
the cortex up into approximately 52 areas (labeled from BA1
to BAS52), based on the relative distribution of cell types across
cortical layers. Areas are labeled in a circular spiral starting
from the middle, like the numbering system of Parisian suburbs.
This is shown in Figure 2.10. Over the years, the map has been

modified.

Precentral  Postcentral

gyrus ayrus Superior

parietal lobule

Inferior pariental lobule
SMG = supramarginal gyrus
AG = angular gyrus

Superior
frontal gyrus

Middle
frontal gyrus

Inferior
frontal
gyrus

Superior Medial Inferior
temporal temporal

temporal
gyrus gyrus gyrus

Cingulate Paracentral
gyrus gyrus

Precuneus
Superior
frontal gyrus

Cuneus

Lingual gyrus

Medial/lateral

Uncus Parahippocampal
gyrus occipitotemporal
gyrus

FIGURE 2.9: The main

gyri of the lateral (top) and
medial (bottom) surface of
the brain. The cortical sulci
tend to be labeled according
to terms of reference. For
example, the superior tem-
poral sulcus lies between
the superior and medial
temporal gyri.
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Regions divided by function. This method tends only to be used
for primary sensory and motor areas. For example, Brodmann
areas 17 and 6 are also termed the primary visual cortex
and the primary motor cortex, respectively. Higher cortical
regions are harder (if not impossible) to ascribe unique
functions to.

Regions divided by connectivity. Different brain regions have
a different connectivity profile (i.e., they connect to some
regions strongly and others weakly) and MRI techniques can
be used to segment individual human brains using this kind of
information (Glasser et al., 2016).
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The subcortex

Beneath the cortical surface and the intervening white matter lies
another collection of gray matter nuclei termed the subcortex. The
subcortex is typically divided into a number of different systems
with different evolutionary and functional histories.

The basal ganglia

The basal ganglia are large rounded masses that lie in each
hemisphere and are illustrated in Figure 2.11. They surround and
overhang the thalamus in the center of the brain. They are involved
in regulating motor activity, and the programming and termination
of action (see Chapter 10). Disorders of the basal ganglia can be
characterized as hypokinetic (poverty of movement) or hyperkinetic
(excess of movement). Examples of these include Parkinson’s and
Huntington’s disease, respectively (see Chapter 10). The basal ganglia
are also implicated in the learning of rewards, skills, and habits (see
Chapters 11 and 16). The main structures comprising the basal
ganglia are the caudate nucleus (an elongated tail-like structure),
the putamen (lying more laterally), and the globus pallidus (lying
more medially). The caudate and putamen funnel cortical inputs
into the globus pallidus, from which fibers reach into the thalamus.
Different circuits passing through these regions either increase or
decrease the probability and intensity of certain behaviors (e.g.,
voluntary movements).

KEY TERMS

Basal ganglia

Regions of subcortical
gray matter involved in
aspects of motor control,
skill learning, and reward
learning; they consist

of structures such as
the caudate nucleus,
putamen, and globus
pallidus.

Limbic system

A region of subcortex
involved in relating the
organism to its present
and past environment;
limbic structures include
the amygdala, hippocam-
pus, cingulate cortex, and
mamillary bodies.

FIGURE 2.11: The basal
ganglia are involved in motor
programming, skill learning,
and reward learning.

Caudate

The limbic system

The structures of the limbic system are
shown in Figure 2.12. The limbic system
is important for relating the organism
to its environment based on current
context and previous experience. It is
involved in the detection and expression
of emotional responses. For example,
the amygdala has been implicated in
the detection of fearful or threatening
stimuli (see Chapter 16), and parts of
the cingulate gyrus have been implicated
in the detection of emotional and
cognitive conflicts (see Chapter 15).
The  hippocampus is  particularly
important for learning and memory (see
Chapter 11). Both the amygdala and
hippocampus lie buried in the temporal
lobes of each hemisphere. Other limbic
structures are clearly visible on the
underside (ventral surface) of the

Amygdala

Putamen

Globus
pallidus




36 THE STUDENT’S GUIDE TO COGNITIVE NEUROSCIENCE
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FIGURE 2.12: The limbic system.
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Thalamus

A major subcortical relay
center; for instance, it is
a processing station be-
tween all sensory organs
(except smell) and the
cortex.

Hypothalamus

Consists of a variety of
nuclei that are special-
ized for different func-
tions that are primarily
concerned with the body
and its regulation.

FIGURE 2.13: The ventral surface of the brain shows
the limbic structures of the olfactory bulbs and ma-
millary bodies. Other visible structures include the
hypothalamus, optic nerves, pons, and medulla.

brain, as shown in Figure 2.13. The mamillary bodies are two
small round protrusions that have traditionally been implicated
in memory (Dusoir et al., 1990). The olfactory bulbs lie on the
under-surface of the frontal lobes. Their connections to the
limbic system underscore the importance of smell for detecting
environmentally salient stimuli (e.g., food, other animals) and its
influence on mood and memory.

The diencephalon

The two main structures that make up the diencephalon are the
thalamus and the hypothalamus. Their locations are shown in
Figure 2.14.

The thalamus consists of two interconnected egg-shaped
masses that lie in the center of the brain and appear prominent
in a medial section. The thalamus is the main sensory relay for
all senses (except smell) between the sense organs (eyes, ears, etc.)
and the cortex. At the posterior end of the thalamus lie the lateral
geniculate nucleus and the medial geniculate nucleus. These are the
main sensory relays to the primary visual and primary auditory
cortices, respectively. In addition to connecting the periphery to the
cortex, there are also multiple pathways between cortical regions
that pass via the thalamus giving it a gatekeeper role in inter-
cortical connectivity (Sherman, 2007).

The hypothalamus lies beneath the thalamus and consists
of a variety of nuclei that are specialized for different functions
primarily concerned with the body. These include body temperature,
hunger and thirst, sexual activity, and regulation of endocrine
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FIGURE 2.14: A coronal sec-
tion through the amygdala

and basal ganglia shows the
thalamus and hypothalamus
as prominent in the midline.

functions (e.g., regulating body growth). Tumors in this region
can lead to eating and drinking disorders, precocious puberty,
dwarfism, and gigantism.

THE MIDBRAIN AND HINDBRAIN

The midbrain region consists of a number of structures (see
Figure 2.15), only a few of which will be considered here. The
superior colliculi and inferior colliculi (or colliculus in singular)
are gray matter nuclei. The superior colliculi integrate information
from several senses (vision, hearing, and touch), whereas the
inferior colliculi are specialized for auditory processing. These

KEY TERMS

pathways are different from the main cortical sensory pathways
and are evolutionarily older. They may provide a fast route that
enables rapid orienting to sensory stimuli (flashes or bangs) before
the stimulus is consciously seen or heard (Sparks, 1999). The
midbrain also contains a region called the substantia nigra, which is
connected to the basal ganglia. Cell loss in this region is associated
with the symptoms of Parkinson’s disease.

The cerebellum (literally “little brain™) is attached to the
posterior of the hindbrain via the cerebellar peduncles. It consists
of highly convoluted folds of gray matter. It is organized into two
interconnected lobes. The cerebellum is important for dexterity
and smooth execution of movement. This function may be
achieved by integrating motor commands with online sensory
feedback about the current state of the action (see Chapter 10).
Unilateral lesions to the cerebellum result in poor coordination

Superior colliculi

A midbrain nucleus that
forms part of a subcor-
tical sensory pathway
involved in programming
fast eye movements.

Inferior colliculi

A midbrain nucleus that
forms part of a subcorti-
cal auditory pathway.

Cerebellum

Structure attached to
the hindbrain; important
for dexterity and smooth
execution of movement.
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FIGURE 2.15: A posterior
view of the midbrain and
hindbrain. Visible structures
include the thalamus (the
two egg-shaped masses

at the top), pineal gland,
superior colliculi, inferior
colliculi, cerebellum, cerebel-
lar peduncle, and medulla
oblongata (the pons is not
visible but lies on the other
side of the cerebellum).
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Pons

Part of the hindbrain;
a key link between the
cerebellum and the
cerebrum.

Medulla oblongata

Part of the hindbrain; it
regulates vital functions
such as breathing, swal-
lowing, heart rate, and
the wake-sleep cycle.

Superior
colliculi

Inferior - gland
colliculi )

Superior
cerebellar
peduncle

Inferior
cerebellar

peduncle Cerebellum

on the same side of the body as the lesion (i.e., ipsilesional side).
Bilateral lesions result in a wide and staggering gait, slurred
speech (dysarthria), and eyes moving in a to-and-fro motion
(nystagmus). The pons is a key link between the cerebellum and
the cerebrum. It receives information from visual areas to control
eye and body movements. The medulla oblongata protrudes
from the pons and merges with the spinal cord. It regulates vital
functions such as breathing, swallowing, heart rate, and the
wake—sleep cycle.

SUMMARY AND KEY POINTS OF THE CHAPTER

* The neuron is the basic cell type that supports
cognition. Neurons form a densely interconnected
network of connections. Axons send signals to other
cells and dendrites receive signals.

¢ Neurons code information in terms of a response rate.
They only respond in certain situations (determined by
the input they receive from elsewhere).

* Neurons are grouped together to form gray matter
(cell bodies) and white matter (axons and other cells).
The cortical surface consists of a folded sheet of gray
matter organized into two hemispheres.

e There is another set of gray matter in the subcortex
that includes the basal ganglia (important in regulating
movement), the limbic system (important for emotion
and memory functions), and the diencephalon
(the thalamus is a sensory relay center and the
hypothalamus is concerned with homeostatic functions).
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EXAMPLE ESSAY QUESTIONS

e How do neurons communicate with each other?

* Describe how electrical and chemical signals are generat-
ed by neurons.

e Compare and contrast the different functions of the fore-
brain, midbrain, and hindbrain.
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The electrophysiological
brain
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How is it possible that the world “out there” comes to be perceived,
comprehended, and acted upon by a set of neurons operating
“in here”? Chapter 2 introduced some of the basic properties of
the neuron, including the fact that the rate of responding of a
neuron (in terms of the number of action potentials or spikes) is a
continuous variable that reflects the informational content of that
neuron. Some neurons may respond, say, when an animal is looking
at an object but not when listening to a sound. Other neurons may
respond when an animal is listening to a sound but not looking
at an object, and still others may respond when both a sound and
an object are present. As such, there is a sense in which the world
out there is reflected by properties of the system in here. Cognitive
and neural systems are sometimes said to create representations
of the world. Representations need not only concern physical
properties of the world (e.g., sounds, colors) but may also relate to
more abstract forms of knowledge (e.g., knowledge of the beliefs
of other people, factual knowledge).

DOI: 10.4324/9781003429975-3
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KEY TERMS

Representations
Properties of the world
that are manifested in
cognitive systems (men-
tal representation) and
neural systems (neural
representation).

Single-cell recordings (or
single-unit recordings)
Measure the responsive-
ness of a neuron to a
given stimulus (in terms
of action potentials per
second).

Electroencephalography
(EEG)

Measurements of elec-
trical signals generated
by the brain through
electrodes placed on
different points on the
scalp.

Event-related potential
(ERP)

The average amount of
change in voltage at the
scalp that is linked to
the timing of particular
cognitive events (e.g.,
stimulus, response).

Reaction time

The time taken between
the onset of a stimulus/
event and the production
of a behavioral response
(e.g., a button press).
Also referred to as
response time.

Cognitive psychologists may refer to a mental representation
of, say, your grandmother being accessed in an information-
processing model of face processing. However, it is important to
distinguish this from its neural representation. There is unlikely
to be a one-to-one relationship between a hypothetical mental
representation and the response properties of single neurons. The
outside world is not copied inside the head, neither literally nor
metaphorically; rather, the response properties of neurons (and
brain regions) correlate with certain real-world features. As such,
the relationship between a mental representation and a neural one
is unlikely to be straightforward. The electrophysiological method
of single-cell recordings has been used to investigate questions
related to neural representations, and this method will be considered
first in this chapter.

The other electrophysiological method that will be considered
in this chapter is electroencephalography (EEG). This is based on
measurements of electrical signals generated by the brain through
electrodes placed on different points on the scalp. Changes in
the electrical signal are conducted instantaneously to the scalp,
and this method is therefore particularly useful for measuring
the relative timing of cognitive events and neural activity. The
method of event-related potentials (ERPs) links the amount of
change in voltage at the scalp with particular cognitive events (e.g.,
stimulus, response). It has also become increasingly common to
link the rate of change of the EEG signal to cognitive processes
(oscillation-based measures) that also depend on the good tem-
poral resolution of EEG.

ERP measurements have much in common with the main
method of cognitive psychology, namely the reaction time (also
called response time) measure. It is important to note that
the absolute time to perform a task is not normally the thing
of interest in cognitive psychology. It is of little theoretical
interest to know that one reads the word “HOUSE” within 500
ms (ms = milliseconds). However, relative differences in timing
can be used to make inferences about the cognitive system. For
example, knowing that people are slower at reading “HoUsE”
when printed in mIXxEd CaSe could be used to infer that,
perhaps, our mental representations of visual words are case-
specific (e.g., Mayall et al., 1997). The extra processing time
for “HoUsE” relative to “HOUSE” may reflect the need to
transform this representation into a more standard one. Other
methods in cognitive neuroscience are sensitive to measures other
than timing. For example, functional imaging methods (such as
fMRI) have a better spatial resolution than temporal resolution
(see Chapter 4). Lesion methods tend to rely on measuring error
rates rather than time-based processes (see Chapter 5). Methods
such as transcranial magnetic stimulation (TMS) have both good
spatial and temporal resolution (see Chapter 5). It is important
to stress that all these methods converge on the question of Aow
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cognitive processes are carried out by the brain. Just because one
method is sensitive to timing differences and another is sensitive
to spatial differences does not mean that the methods just tell us
when and where. The “when” and “where” constitute the data and
the “how” is the theory that accounts for them.

IN SEARCH OF NEURAL REPRESENTATIONS:
SINGLE-CELL RECORDINGS

How are single-cell recordings obtained?

By measuring changes in the responsiveness of a neuron to
changes in a stimulus or changes in a task, it is possible to make
inferences about the building blocks of cognitive processing. The
action potential is directly measured in the method of single-cell
(and multi-unit) recordings. Single-

cell recordings can be obtained by
implanting a very small electrode either
into the neuron itself (intracellular Oscilloscope
recording) or outside the membrane

(extracellular recording). Extracellular

recordings are the norm in the
mammalian brain because of the small Amplifier

size of neurons. The number of times
that an action potential is produced
in response to a given stimulus (e.g.,
a face) is counted, and the dependent
measure is often referred to as spikes
per second, firing rate, or spiking rate.
This is an invasive method. As such,

Microelectrode ~ —{

Screen

the procedure is normally conducted
on experimental animals only. The
method is occasionally conducted on
humans undergoing brain surgery (see

@ | __—Receptive field
| Light

Fried et al., 2014). The electrodes are
implanted during full anesthesia, and
the recordings do not cause pain. After being implanted, the waking
subject can be presented with stimuli as part of the experiment (see
Figure 3.1) or simply as a result of going about its routine behavior.
It is impossible to measure action potentials from a single neuron
noninvasively (i.e., from the scalp) because the signal is too weak
and the noise from other neurons is too high.

An electrode may pick up on activity from multiple nearby
neurons and, when used in this way, is referred to as a multi-cell
(or multi-unit) recording. Special algorithms can then be applied
to separate the combined signal into individual contributions
from different neurons. Technology has now advanced such
that it is possible to simultaneously record from 100 neurons in
multi-electrode arrays.

FIGURE 3.1: A typical
experimental setup for
single-cell recording.

KEY TERM

Multi-cell recordings (or
multi-unit recordings)
The electrical activity

(in terms of action poten-
tials per second) of many
individually recorded
neurons recorded at one
or more electrodes.
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KEY TERM

Grandmother cell

A hypothetical neuron
that just responds to
one particular stimulus
(e.g., the sight of one’s
grandmother).

FIGURE 3.2: Could there
be a single neuron in our
brain that responds to

only one stimulus, such as
our grandmother? These
hypothetical cells are called
“grandmother cells.”

monkeybusinessimages/iStock

Distributed versus sparse coding

Hubel and Wiesel (1959) conducted pioneering studies of the early
visual cortical areas (see Chapter 7 for a detailed discussion). They
argued that visual perception is hierarchical in that it starts from
the most basic visual elements (e.g., small patches of light and
dark) that combine into more complex elements (e.g., lines and
edges) that combine into yet more complex elements (e.g., shapes).
But what is the highest level of the hierarchy? Is there a neuron that
responds to one particular stimulus? A hypothetical neuron such as
this has been termed a grandmother cell because it may respond,
for example, just to one’s own grandmother (Bowers, 2009). The
term was originally conceived to be multimodal, in that the neuron
may respond to her voice, and the thought of her, as well as the
sight of her (including from any viewpoint).

Rolls and Deco (2002) distinguish between three different types
of representation that may be found at the neural level:

1. Local representation. All the information about a stimulus/
event is carried in one of the neurons (as in a grandmother
cell).

2. Fully distributed representation. All the information about a
stimulus/event is carried in all the neurons of a given population.

3. Sparse distributed representation. A distributed representation
in which a small proportion of the neurons carry information
about a stimulus/event.

Several studies have attempted to distinguish between these
accounts. Bayliss et al. (1985) found that neurons in the temporal
cortex of monkeys responded to several different faces (from a set
of five), albeit to different degrees. This is illustrated in Figure 3.3.
Similar results have been found with much larger sets of faces in
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both monkeys (Rolls & Tovee, 1995) and in humans undergoing
surgery for epilepsy (Quiroga et al., 2005). The neurons typically
respond to several different stimuli from within the same category
(e.g., responding to several faces but no objects). This is inconsistent
with a strict definition of a grandmother cell but does suggest a
relatively sparse coding. Chang and Tsao (2017) argue, based on
data of primate single-cell recordings to faces, that the identity of
a face can be decoded from as few as 200 neurons. In their model,
neurons are not tuned to particular people but rather to visuo-
spatial features of faces that vary continuously from face to face.

In a study on humans, Quiroga et al. (2005) recorded from
neurons in parts of the brain traditionally implicated in memory
rather than perception (i.e., medial temporal lobes), further up the
visual hierarchy. The neurons showed a surprising specificity. They
found some neurons that responded maximally to celebrities such
as Jennifer Aniston or Halle Berry, irrespective of the particular
image used, clothes worn, etc. The “Halle Berry neuron” even
responded to the sight of her name and to her dressed up as
Catwoman, but not to other actresses dressed up as Catwoman (see
Figure 3.4). For these neurons, the response is determined by how
familiar a face is rather than its appearance, suggesting it is coding
features that are relevant to memory (Viskontas et al., 2009). So are
these neurons grandmother cells? They certainly have a very sparse
coding. Quiroga (2016) argues that they are not grandmother
cells because they respond to multiple stimuli albeit on the basis
of prior association: for instance, the “Jennifer Aniston neuron”
responded to the sight of Lisa Kudrow, her co-star on Friends, and
experimentally pairing a person with a place (e.g., Jennifer Aniston
at the FEiffel Tower) can activate the neuron when presented with
an image of the place.
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FIGURE 3.4: This neuron, recorded in the human medial temporal lobe, responds to Halle Berry (top panel) more
than comparable stimuli (bottom panel). The response of the neuron is depicted in two ways. A raster plot (blue)
depicts the firing of the neuron over time (represented left to right horizontally) by shading when the neuron fires.
Each row is a different recording with that stimulus. The histogram (red) sums together the number of times that
the neuron fired at each time point.

From Quiroga et al. (2005). Reproduced with permission from Springer Nature.
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views of faces is compared with spontaneous activity in which
no face is shown. The neuron responds strongly to a downward
gaze, both with the eyes and the whole head, but not an upward
or straight-ahead gaze. In this instance, the two stimuli that elicit
the strongest response (head down and head forward with eyes
down) do not resemble each other physically, although they are
related conceptually. Coding of gaze direction may be important
for cognitive processes involved in interpreting social cues (eye
contact is perceived as a threat by many species), or for orienting
attention and preparing action systems. Perhaps there is something
interesting down there that would warrant our attention.

The studies described previously can all be classified as
rate coding of information by neurons in that a given stimulus/
event is associated with a change (typically increase) in the rate
of neural firing. An alternative way for neurons to represent
information about stimuli/events is in terms of temporal coding,
in that a given stimulus/event is associated with greater
synchronization of firing across different neurons. Engel et
al. (1991) obtained multi-cell recordings from neurons in the
primary visual cortex of cats. This region contains a spatial map
of the retinal image (see Chapter 7). If two brain regions were
stimulated with a single bar of light presented to the eyes (-----
-), then the two regions synchronized their neural firing. But if
the two regions were stimulated by two different bars of light
(-- --), there was no synchronization even though both regions
showed a response in terms of increased rate of firing. Temporal
coding may be one mechanism for integrating information across
spatially separated populations of neurons. If many neurons are
synchronized in their firing, then it may also be possible to record
this noninvasively from the scalp, using the method of EEG.
Indeed, there are comparable studies to that of Engel et al. (1991)
in humans using the noninvasive method of EEG. Visual stimuli,
comprising multiple parts, elicit more synchronized activity in
a frequency range called gamma when they are perceived as
belonging together (Tallon-Baudry et al., 1996).

Evaluation

Information is represented in neurons by the response rates
to a given stimulus or event and, in some circumstances, by the
synchronization of their firing. This can be experimentally
measured by the methods of single-cell and multi-cell recordings.
Both ways of representing information may depend on sparse
distributed coding such that activity in several neurons is required
to represent a stimulus (e.g., a particular face). The sparseness of
coding conserves energy and may enable the brain to have a high
memory capacity. Distributed representations protect against
information loss if synapses or neurons are lost. It may also allow
the cognitive system to generalize and categorize: a novel stimulus
that resembles a stored representation would partially activate
this representation.

KEY TERMS

Rate coding

The informational content
of a neuron may be
related to the number

of action potentials per
second.

Temporal coding

The synchrony of firing
may be used by a popu-
lation of neurons to code
the same stimulus or
event.
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FIGURE 3.6: A participant
in an EEG experiment. The
hair and electrode cap is
normally wet with saline
solution to enable good
electrical contact.
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ELECTROENCEPHALOGRAPHY AND EVENT-
RELATED POTENTIALS

This section considers the basic principles behind the electro-
physiological method known as -electroencephalography
(EEG). The following sections go on to consider some concrete
examples of how EEG is used in contemporary cognitive
neuroscience and contrast it with other methods used in
cognitive psychology and cognitive neuroscience (principally
the reaction-time measure).

How does EEG work?

The physiological basis of the EEG signal originates in the
postsynaptic dendritic currents rather than the axonal currents
associated with the action potential (Nunez, 1981). These
were described as passive and active currents, respectively, in
Chapter 2. EEG records electrical signals generated by the
brain through electrodes placed on different points on the scalp
as shown in Figure 3.6. As the procedure is non-invasive and
involves recording (not stimulation), it is completely harmless as
a method. For an electrical signal to be detectable at the scalp,
a number of basic requirements need to be met in terms of
underlying neural firing. First, a whole population of neurons
must be active in synchrony to generate a large enough electrical
field. Second, this population of neurons must be aligned in a
parallel orientation so that they summate together rather than
cancel out. Fortunately, neurons are arranged in this way in the
cerebral cortex. However, the same cannot necessarily be said
about all regions of the brain. For example, the orientation
of neurons in the thalamus renders its activity invisible to
this recording method.

In the previous sec-

oy tion, the notion of rate

coding (how much a neu-
ron fires) and temporal
coding (how synchronous
the firing of neurons is)
was introduced to describe
properties of individual
neurons. Analogous phe-
nomena can be found in
EEG data, although here
they are measuring the
summed electrical activity
over millions of neurons.
The method of event-
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related potentials measures the amount of
electrical activity (in terms of voltage change
at the scalp) as a result of a stimulus or other
event. This is akin to rate coding: the greater
the electrical activity of neurons, the greater
the change at the scalp. Alternatively, one can
measure how synchronous the EEG signal is
in terms of the extent to which it exhibits un-
dulating wave-like properties as opposed to
a random structure. This is akin to temporal
coding. It is possible to have two sets of neu-
rons that have similar levels of electrical activity
(i.e., matched in terms of rate coding) but differ
in terms of whether they respond in synch —
as shown in Figure 3.7. Neurons that respond
in synch are generally believed to be communi-
cating with each other as opposed to respond-
ing in isolation (e.g., Fries, 2005). In this way,
the neural description of cognitive processing
moves from considering highly specialized re-
sponse properties to considering the wider neu-
ral network in which it is situated.

To gain an EEG measure one needs to
compare the voltage between two or more
different sites. A reference site is often chosen
that is likely to be relatively uninfluenced by
the variable under investigation. One common
reference point is the mastoid bone behind the
ears or a nasal reference; another alternative
is to reference to the average of all electrodes.
The experimental electrodes themselves are
arranged at various locations on the scalp and
often described with reference to the so-called
10-20 system of Jasper (1958) and shown, in
simplified form, in Figure 3.8. The electrodes
are labeled according to their location (F =
frontal, P = parietal, O = occipital, T
temporal, C = central) and the hemisphere
involved (odd numbers for left, even numbers
for right and “z” for the midline). For example,
the O2 electrode is located over the right
occipital lobe, and the Fz electrode is located
over the midline of the frontal lobes. It is
important to stress that the activity recorded at
each location cannot necessarily be attributed
to neural activity near to that region. Electrical
activity in one location can be detected at
distant locations. In general, EEG/ERP is not
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FIGURE 3.7: These three neurons (orange, blue,
pink) are all firing at a similar rate: the firing is
shown by the vertical lines. But whereas the orange
and blue neurons fire at the same time, the pink
neuron does not. This enables the orange and
blue neurons to mutually influence each others
excitability and, thus, to communicate. If there
are enough synchronous neurons that repeatedly
fire, then this wave-like structure can be detected
in the EEG signal at a particular frequency range
determined by the distance in time between the
peaks of activity.

From Fries (2005).
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FIGURE 3.8: The 10-20 system of electrodes
used in a typical EEG/ERP experiment.
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best equipped for detecting the location of neural activity (see
later for further discussion).

Rhythmic oscillations in the EEG signal

The EEG signal, when observed over a sufficiently long time
scale, has a wave-like structure. The EEG signal tends to
oscillate at different rates (also called frequency bands) that
are named after letters of the Greek alphabet: thus alpha waves
reflect oscillations in the 7 to 14 Hz range, beta in the 15 to
30 Hz range, and gamma in the 30 Hz and above range (and
so on). These oscillations arise because large groups of neurons
tend to be in temporal synchrony with each other in terms of
their firing (action potentials) and in terms of their slower
dendritic potentials (which form the basis of the EEG signal).
It has long been established that different rates of oscillation
characterize different phases of the sleep—wake cycle (for the
detailed mechanisms see McCormick & Bal, 1997). In recent
decades, attempts have been made to link the relative amount of
oscillations (the “power”) in different bands to different kinds
of cognitive function during normal wakefulness (Ward, 2003).
This section will provide only a few examples from the literature
to illustrate the general principle.

Increases in the alpha band have been linked to increased
attention. More specifically, they have been linked to filtering out
of irrelevant information. If participants are asked to ignore a
region of space in which an irrelevant stimulus will later appear (a
so-called distractor), then increases in the alpha band are found
over electrode sites that process that region of space (Worden
et al., 2000). Alpha is also greater when attending to an
internally generated image which involves ignoring the external
visual input (Cooper et al., 2003). An “increase in the alpha
band” means that neurons become more synchronized in their
electrical activity specifically in the 7 to 14 Hz range. What is
less clear is why this particular neural coding should be linked
to this kind of cognitive mechanism rather than changes in any
other frequency band.

By contrast, increases in the gamma band have been linked to
perceptual integration of parts into wholes. This kind of mechanism
is important for object recognition (e.g., deciding that a handle
and hollowed cylinder is a single object — a mug), and the general
process is referred to as binding or grouping. Rodriguez et al.
(1999) presented participants with an ambiguous visual stimulus
that could be perceived either as a face (parts bound into a whole)
or a meaningless visual pattern (collection of separate parts). They
found that increased gamma synchronization was linked to the face
percept (Rodriguez et al., 1999).
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Although gamma and alpha have been linked to rather
different functions (similarly for other frequency bands),
it is inconceivable that there will be a one-to-one mapping
between particular frequency bands and particular cognitive
functions or particular brain regions. Synchronization (or
desynchronization) of alpha, gamma, and so on are linked to
a wide range of cognitive functions, and each brain region is
capable of producing different kinds of oscillations. However,
they provide another tool with which to understand the different
mechanisms that comprise cognition. Perhaps, most importantly,
they suggest that there is more to cognition than the amount of
brain “activity” (the standard interpretation of fMRI data) and
suggest that the synchronization of brain activity (measurable in
EEG because of its fast temporal resolution) has particular roles
to play in cognition.

Event-related potentials (ERPs)

The most common use of EEG in cognitive neuroscience is the
method known as ERP or event-related potentials. The EEG
waveform reflects neural activity from all parts of the brain.
Some of this activity may specifically relate to the ongoing task
(e.g., reading, listening, calculating), but most of it will relate to

FIGURE 3.9: When different
EEG waves are averaged
relative to presentation

of a stimulus (e.g., a

tone), the signal-to-noise
ratio is enhanced, and an
event-related potential is
observed. The figure shows
the mean EEG signal to 1,
10, 50, and 100 trials.

From Kolb and Whishaw (2002).

© 2002 by Worth Publishers.
Used with permission.

spontaneous activity of other neurons
that do not directly contribute to the
task. As such, the signal-to-noise ratio
in a single trial of EEG is very low (the
signal being the electrical response
to the event and the noise being
the background level of electrical 1
activity). The ratio can be increased by
averaging the EEG signal over many
presentations of the stimulus (e.g.,
50-100 trials), relative to the onset 10
of a stimulus, as shown in Figure 3.9.
In general, the background rhythmic
oscillatory activity (alpha, beta, etc.)
will not be synchronized with the onset
of events, and so these fluctuations are
averaged out during the ERP method.

The results are represented gra-
phically by plotting time (milliseconds)
on the x-axis and electrode potential r
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(microvolts) on the y-axis. The graph 0
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negative peaks, with an asymptote at
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and each will have a slightly different profile. The positive
and negative peaks are labelled with “P” or “N” and their
corresponding number. Thus, P1, P2, and P3 refer to the first,
second and third positive peaks, respectively. Alternatively, they
can be labeled with “P” or “N” and the approximate timing of
the peak. Thus, P300 and N400 refer to a positive peak at 300
ms and a negative peak at 400 ms (rot the 300th positive and
400th negative peak!).

Whether a peak is positive or negative (its polarity) has no
real significance in cognitive terms, nor does a positive peak reflect
excitation and a negative peak inhibition. The polarity depends
on the spatial arrangement of the neurons that are giving rise to
the signal at that particular moment in time. This is illustrated in
Figure 3.10. Positive ions flow into the dendrites when an excitatory

(a) Single neuron
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Postsynaptic

cell axon p

(b) Many neurons in folded cortex

(d) Electrical potential at a single scalp
electrode (averaged over many trials)
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FIGURE 3.10: From electrical activity of neurons to a scalp-recorded event-related potential. (a) Release of
an excitatory neurotransmitter results in positively charged ions flowing into the postsynaptic neuron (and a

net negativity in the extracellular

region). (b) This sets up a dipole that may sum together with dipoles from

surrounding neurons (which tend to be aligned in the same way). (c) This conducts to the scalp as a distribution

of positive and negative charges.

(d) Changes in the negative or positive potential at a given site over time are

the neural basis for the ERP signal.
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neurotransmitter is released, leaving a net negative voltage in the
extracellular space. This creates what is called a dipole (a separation
of electrical charges that creates an electromagnetic field rather
like the ones drawn around bar magnets in high school physics).
Dipoles from different neurons and different regions summate and
conduct to the skull, and these give rise to the characteristic peaks
and troughs of the ERP waveform. What is of interest in the ERP
waveform, in terms of linking it to cognition, is the timing and
amplitude of those peaks. This is considered later.

SOME PRACTICAL ISSUES TO CONSIDER

WHEN CONDUCTING EEG/ERP RESEARCH

Where can a set of guidelines for conducting and reporting
EEG experiments be found?

A detailed set of guidelines is provided by Keil et al. (2014)
and is based on recommendations by a working group set
up by the Society for Psychophysiological Research. This is
recommended reading for all new researchers in the field.

What behavioral measures should be obtained?

In almost all ERP experiments, participants are required to
perform a task in which an overt behavioral response is required
(e.g., a button press), and this can be analyzed independently
(e.g., in terms of reaction times and/or error rates). One ex-
ception to this is ERP responses to unattended stimuli (e.g.,
ignored stimuli, stimuli presented subliminally). It is not possible
to record vocal responses (e.g., picture naming) because jaw
movements disrupt the EEG signal. It is important that the initial
hypothesis places constraints on the ERP component of interest
(e.g., “the experimental manipulation will affect the latency of
the P300 component”) rather than predicting nonspecific ERP
changes (e.g., “the experimental manipulation will affect the
ERP in some way”). This is because the dataset generated from
a typical ERP experiment is large, and the chance of finding a
“significant” result that is not justified by theory or reliable on
replication is high.

How can interference from eye movement be avoided?

Not all of the electrical activity measured at the scalp
reflects neural processes. One major source of interfer-
ence comes from movement of the eyes and eyelids. These
movements occur at the same frequencies as important
components in the EEG signal. There are a number of ways
of reducing or eliminating these effects. One can instruct the

KEY TERM

Dipole

A pair of positive and
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KEY TERMS

Mental chronometry
The study of the time-
course of information
processing in the human
nervous system.

Additive factors method
A general method for
dividing reaction times
into different stages.

participant not to blink or to blink only at specified times in
the experiment (e.g., after making their response). The prob-
lem with this method is that it imposes a secondary task on
the participant (the task of not moving their eyes) that may
affect the main task of interest. It is also possible to discard
or filter out the effect of eye movements in trials in which
they have occurred (Luck, 2014), and so it is important to
have a large number of trials in the first place to ensure
enough “clean” data are obtained.

MENTAL CHRONOMETRY IN
ELECTROPHYSIOLOGY AND COGNITIVE
PSYCHOLOGY

Mental chronometry can be defined as the study of the time-course
of information processing in the human nervous system (Posner,
1978). The basic idea is that changes in the nature or efficiency of
information processing will manifest themselves in the time it takes
to complete a task. For example, participants are faster at verifying
that 4 + 2 = 6 than they are to verify that 4 + 3 = 7, and this is faster
than verifying that 5 + 3 = 8 (Parkman & Groen, 1971). What can
be concluded from this? First of all, it suggests that mathematical
sums such as these are not just stored as a set of facts. If this were
so, then all the reaction times would be expected to be the same
because all statements are equally true. It suggests, instead, that
the task involves a stage in processing that encodes numerical size
together with the further assumption that larger sums place more
limits on the efficiency of information processing (manifested as a
slower verification time). This provides one example of how it is
possible to make inferences about the nature of cognitive processes
from timing measures.

A task such as verification of sums is likely to involve a series
of stages, including visual recognition of the digits, computing
the sum, and producing a response. The reaction-time measure is
the end product of all these stages. Sternberg (1969) developed a
general method for dividing reaction times into different stages
termed the additive factors method. His experiment involved a
working memory task in which participants were given an array of
one, two, or four digits to hold in mind (e.g., 5, 9, 3, 2). They were
then shown a single probe digit (e.g., 9) and asked to press one of
two buttons (labeled “yes” and “no”) to indicate whether this item
had been in the previous array. Sternberg proposed that the task
could be divided into a number of separate stages, including:

1 Encoding the probe digit.
2 Comparing the probe digit with the items held in memory.
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3 Deciding which response to make.
4 Responding by executing the button press.

He further postulated that each of these stages could be indepen-
dently influenced by different factors affecting the task. For
instance, the encoding stage may be affected by the perceptibility of
the probe digit (e.g., presenting it on a patterned background). The
comparison stage may be affected by the number of items in the
array (the more items in the array, the slower the task). He reasoned
that if different factors affect different stages of processing, then
the effects should have additive effects on the overall reaction time,
whereas if they affect the same processing stage, they should have
interactive effects. The strength of this method is that one could then
take an unknown factor (e.g., sleep deprivation, Parkinson’s disease,
reading ability) and determine whether this has an interactive effect
on stimulus perceptibility (implying that the new factor affects
perceptual encoding) or whether it has an interactive effect with the
number of items in the array (implying the new factor affects the
comparison stage) or both (implying the new factor has effects at
multiple levels) — see Figure 3.11.

The additive factors approach has been very influential in
cognitive psychology research, although it is to be noted that
the assumptions do not always apply. For example, the model
assumes that the stages are strictly sequential (i.e., later stages do
not occur until earlier ones are complete), but this assumption
is not always valid.

At this juncture, it is useful to consider how the mental
chronometry approach applies to the analysis and interpretation
of ERP data. Whereas a reaction time consists of a single
measure that is assumed to reflect different stages/components,
an ERP waveform consists of a series of peaks and troughs that
vary continuously over time. These peaks and troughs are likely
to have some degree of correspondence with different cognitive
stages of processing. For example, in the task described previously,
earlier peaks may reflect perceptual encoding and later peaks may
reflect the comparison stage. One could then observe how the
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FIGURE 3.11: Sternberg’s
additive factors method
assumes that if two variables
affect different stages of
processing, then they should
have an additive effect on the
overall reaction time (left),
but if two variables affect the
same stage of processing,
then the factors should have
an interactive effect (right).
His task involved comparing
a probe digit (e.g., 5) with

an array of one, two, or four
digits held in mind.
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FIGURE 3.12: Graph (a)
shows an observed ERP
waveform, and graphs (b)
and (c) show two different
sets of hidden components
that could have given rise to
it. Although different peaks
and troughs can be linked to
different cognitive processes,
we should not necessarily
assume that a single peak/
trough is linked to one single
cognitive process (or reflects
the activity of one single
dipole in the brain).

From Luck, S.J in Handy, Todd
C., ed., Event-Related Potentials,
Figure 2.1 (p. 18), © 2004
Massachusetts Institute of

Technology, by permission of The
MIT Press.
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N170

An ERP component (nega-
tive potential at 170 ms)

linked to perceiving facial
structure.

amplitude of those peaks varied, say, with the number of items
to be compared. One could also observe whether a new variable
(e.g., sleep deprivation) affected earlier or later peaks. The different
peaks and troughs of the ERP signal have been referred to as ERP
components (Donchin, 1981). There may not be a simple mapping
between an ERP component and a cognitive component of a task.
For example, a single cognitive component may reflect the action
of several spatially separate neural populations (i.e., one cognitive
component could affect several ERP components) or several
cognitive components may be active at once and sum together, or
cancel each other out, in the ERP waveform (i.e., several cognitive
components affect a single ERP component). This is illustrated
in Figure 3.12. As such, some researchers prefer to use the more
neutral term ERP deflection rather than ERP component.

Investigating face processing with ERPs and
reaction times

This chapter has already considered the neural representation
of faces as measured by single-cell recordings. ERP studies have
also investigated the way that faces are processed. A full model of
face processing is discussed in Chapter 7, but a consideration of a
few basic stages will suffice for the present needs. An initial stage
consists of perceptual coding of the facial image (e.g., location
of eyes, mouth), followed by a stage in which the facial identity is
computed. This stage is assumed to map the perceptual code onto a
store of known faces and represents the face irrespective of viewing
conditions (e.g., lighting, viewing angle). (Note that this doesn’t
assume grandmother cells because facial identity could be computed
by a population of neurons.) Finally, there may be a representation
of the identity of the person that is not tied to any modality (e.g.,
responds to faces and names) and may enable retrieval of other
types of knowledge (e.g., their occupation).

As with the single-cell results, there is evidence for an ERP
component that is relatively selective to the processing of faces
compared with other classes of visual objects. This has been
termed the N170 (a negative peak at 170 ms) and is strongest over
right posterior temporal electrode sites (Bentin et al., 1996). This is
shown in Figure 3.13. This component is uninfluenced by whether
the face is famous or not (Bentin & Deouell, 2000) and is also found
for cartoon “smiley” faces (Sagiv & Bentin, 2001). It is, however,
reduced if the face is perceptually degraded (Schweinberger, 1996).
The N250, by contrast, is larger for famous and personally familiar
faces relative to unfamiliar faces (Herzmann et al., 2004) and
responds to the presentation of different images of the same person
(Schweinberger et al., 2002b). This suggests that it codes properties
of the specific face rather than the specific image. Later, positive-
going components (from 300 ms onwards) are also sensitive to the
repetition and familiarity of specific person identities, and the effects
generalize to names as well as faces (Schweinberger et al., 2002a).
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Having sketched out a plausible rela-
tionship between different components of
the ERP waveform and different cognitive
processes (see Figure 3.14), it is possible to
use these electrophysiological markers to
adjudicate between different theories of
face processing. One debate in the cognitive
psychology literature concerns the locus of
associative priming. Associative priming
refers to the fact that reaction times are
faster to a stimulus if that stimulus is pre-
ceded by a stimulus that tends to co-occur
with it in the environment. For example,
judging that the face of Mikhail Gor-
bachev (the last President of the Soviet
Union) is familiar is performed faster
if it immediately follows Boris Yeltsin’s

Perceptual coding
of the face

Face recognition
(identity processing)

Person recognition
(faces and names)

N250 (unaffected by view changes,

Putative ERP component

N170 (affected by perceptual
changes to image)

affected by familiarity)

P400-600 (affected by both faces
and names)

face (former President of Russia) or even
Yeltsin’s name (Young et al., 1988). The fact that associative priming
is found between names and faces might imply that the effect arises at
a late stage of processing. However, there is evidence inconsistent with
this. Using Sternberg's (1969) method, it has been found that associa-
tive priming interacts with stimulus degradation (Bruce & Valentine,
1986) and that associative priming interacts with how perceptually
distinctive a face is (Rhodes & Tremewan, 1993). This would imply
that associative priming has a perceptual locus such that perceiving
Gorbachev’s face also activates the perceptual face representation of
Yeltsin. Schweinberger (1996) used ERP measures to determine the
locus of associative priming of faces and names. ERP was suitable for
addressing this question because it enables early and late time points
to be measured separately. He found that associative priming has a
late effect (after 300 ms) on the ERP waveform that is more consistent
with a post-perceptual locus. Effects of stimulus degradation were
found under 150 ms. Schweinberger (1996) suggests that, in this in-
stance, the Sternberg method may have led to an invalid conclusion
because it assumes discrete stages.
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FIGURE 3.13: A simple
model of several
hypothetical stages involved
in face processing together
with their putative ERP
manifestations.

Photo © ZUMA Press, Inc./Alamy
Stock Photo
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Associative priming
Reaction times are faster
to stimulus X after being
presented to stimulus Y
if X and Y have previously
been associated together
(e.g., if they tend to
co-occur).

FIGURE 3.14: The N170 is
observed for both human
faces (purple) and animal
faces (blue), but not other
objects (green).

From Rousselet et al. (2004).
With permission of ARVO.
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KEY TERMS

Exogenous
Related to properties of
the stimulus.

Endogenous
Related to properties of
the task.

Inverse problem

The difficulty of locating
the sources of electrical
activity from measure-
ments taken at the scalp
(in ERP research).

Dipole modeling

An attempt to solve the
inverse problem in ERP
research that involves
assuming how many
dipoles (regions of
electrical activity) contrib-
ute to the signal recorded
at the scalp.

ENDOGENOUS AND EXOGENOUS ERP
COMPONENTS

Traditionally, ERP components have been classified as belonging
to one of two categories. Exogenous components are those that
appear to depend on the physical properties of a stimulus (e.g.,
sensory modality, size, intensity). These have also been called
evoked potentials. Endogenous components, in contrast, appear
to depend on properties of the task (e.g., what the participant is
required to do with the stimulus). These can even occur in the
absence of an external stimulus (e.g., if an expected stimulus does
not occur; Sutton et al., 1967). Exogenous components tend to be
earlier than endogenous components.

Although the exogenous—endogenous classification is useful, it
should be considered as a dimension rather than a true categorical
distinction. To remain with the current example of face processing,
consider the nature of the ERP waveform when viewing two
repeated symbols that are horizontally spaced (e.g., + +). Typically,
such symbols do not evoke the N170 response characteristic of
face processing (Bentin et al., 2002). However, if the symbols have
previously been shown embedded in a face context (as eyes), then
the pair of symbols do elicit the N170 response, but they don’t
if they were shown in a flower context (Bentin et al., 2002) — see
Figure 3.15. Is this an endogenous or exogenous component? It
is impossible to say. Although the N170 is normally taken as
indicative of perceptual processing (an exogenous component), in
this instance it is entirely dependent on the interpretive bias given.

THE SPATIAL RESOLUTION OF ERPS

The discussion so far has emphasized the importance of ERPs
in the timing of cognition. The reason why the spatial resolution
of this method is poor is given by the so-called inverse problem.
If one had, say, three sources of electrical activity in the brain
during a given task, and the magnitude and location of the activity
were known, then it would be possible to calculate the electrical

(a) (b)

potential that we would expect to observe
some distance away at the scalp. However,
this is not the situation that is encountered
in an ERP studyj; it is the inverse. In an ERP
study, the electrical potential at the scalp

FIGURE 3.15: Two horizontally spaced symbols (the
dots in (a)) do not elicit an N170 unless they have
previously been presented in the context of a face (b).
The participant’s task was merely to count flowers (e.g.,
(c)), and so both the faces and “eyes” were irrelevant

to the task.

From Bentin et al. (2002). Reprinted by permission of Blackwell

Publishing.

is known (because it is measured), but the
number, location, and magnitude of the
electrical sources in the brain are unknown.
Mathematically, there are an infinite number
of solutions to the problem.

The most common way of attempting
to solve the inverse problem involves a
procedure called dipole modeling. This
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requires assumptions to be made about how many regions of
the brain are critical for generating the observed pattern of scalp
potentials. Attempts at dipole modeling with the N250 and N170
evoked by face processing (see previously) revealed probable loci in
the fusiform gyrus and the posterior occipital region, respectively
(Schweinberger et al., 2002b). However, the most common way
of obtaining good spatial resolution is to use a different method
altogether, such asfMRI (see Chapter4) or magnetoencephalography
(MEGQG). Itis also possible to collect data from fMRI and EEG at the
same time. Using this approach, Sadeh et al. (2010) found evidence
that the N170 correlated with fMRI activity in the fusiform face
area and the superior temporal sulcus.

WHY ARE CARICATURES EASY TO RECOGNIZE?

Caricatures of faces are typically consid-
ered humorous and are often used for
deliberate mockery or propaganda (Fig-

ure 3.16). As Richard Nixon’s unpopularity
grew during the Watergate scandal, so did
his nose and jowls in published caricatures
(see Rhodes, 1996). The paradox of carica-
tures is that the face is instantly recogniz-
able despite being perceptibly wrong. In
fact, people can sometimes be twice as
fast at recognizing a caricature of a face as
the same face undistorted (Rhodes etal.,  iq\,0e 3 16: This caricature is instantly

1987); the caricature appears to be more recognizable despite significant distortions. We are
like the face than the face itself. What sometimes faster at recognizing caricatures than
does this reveal about the way that faces actual depictions. Why might this be?

are processed and represented?

First of all, it is important to clarify how caricatures are created. Caricatures exag-
gerate the distinctive features of an individual. Computer routines now exist that com-
pare, for example, the size of an individual’s nose with the average nose size. If the per-
son has a larger than average nose, then this will be enlarged further in the caricature.
If someone has a smaller than average nose, it will be shrunk in the caricature. It is
also possible to morph a face to make it look more average (a so-called anti-caricature),
and such faces are typically rated as more attractive than the real or caricatured face.
One explanation for the effect of caricatures is to assume that our memory representa-
tions of faces are caricatured themselves; that is, we store the distinctive properties of
a face rather than the face as it is. However, explanations such as these must assume
that a “norm” or prototype face exists from which to infer what constitutes a distinctive
feature. Another hypothesis is that it is the distinctiveness of caricatures per se that
aids their recognition because there are fewer similar-looking competitor faces
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(Valentine, 1991). This account does not need to assume the existence of a face pro-
totype or that the stored representations themselves are caricatured. Research using
ERPs is consistent with this view. Photographic caricatures of unfamiliar people lead,
initially, to an enhancement of the N170 component relative to undistorted images or
anti-caricatures (Kaufmann & Schweinberger, 2008). As this component is normally
associated with perceptual coding of faces rather than memory of faces, it suggests
that the effect is more likely to be due to perceptual distinctiveness rather than the way
faces are coded in memory.

KEY TERM

Magnetoencephalo-
graphy (MEG)

A noninvasive method for
recording magnetic fields
generated by the brain at
the scalp.

Evaluation

Investigating the time-course of cognitive processes is an important
method in cognitive psychology and cognitive neuroscience. Event-
related potentials have an excellent temporal resolution. This
method has a number of benefits over and above reaction-time
measurements: it provides a continuous measurement of changes
over time (rather than a single timing measure), and it is possible
to link this to neural processes in the brain. ERP also enables
electrophysiological changes associated with unattended stimuli
(that are not responded to) to be measured, whereas a reaction-
time measure always requires an overt behavioral response.

MAGNETOENCEPHALOGRAPHY

All electric currents, including those generated by the brain, have
an associated magnetic field that is potentially measurable. As such,
magnetoencephalography (MEG) can be regarded as a parallel
method to EEG that is similar in many regards. For instance, one
can examine either rhythmic neural oscillations or stimulus-evoked
changes. There are some key differences too. The biggest potential
advantage of MEG over EEG is that it permits a much better spatial
resolution in addition to the excellent temporal resolution (e.g., Hari
etal., 2010). For example, it is possible to detect an MEG equivalent
to the N170 linked, in ERP research, to structural encoding of faces
(MEG components tend to be prefaced by an “m/M”). One MEG
study showed that the M 170 is sensitive both to facial expressions
(angry, happy, neutral) and to head posture that may indicate status
(aloof or downcast) (Arviv et al., 2015). However, the authors were
able to demonstrate that different brain regions were influencing
this process rather than reflecting a single localized mechanism.
This conclusion rested on the enhanced spatial resolution of MEG
relative to EEG. Gross et al. (2013) provide guidelines on current
best practice for researchers who are using this method.

In terms of practicalitiess, MEG is a more challenging
and costly enterprise than EEG. The size of the magnetic field
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generated by the brain is very small
relative to the ambient magnetic
field of the Earth. As such, the
development of MEG had to wait
for suitable technological advances
to become a viable enterprise. This
technological advance came in the
form of superconducting devices
termed SQUIDs (an acronym
of  superconducting  quantum
interference devices). A whole-head
MEG contains 200-300 of these
devices, and the participant typically
sits upright with their head in the
bore (Figure 3.17). The apparatus used requires extreme cooling,
using liquid helium, and isolation of the system in a magnetically
shielded room. More recently, MEG systems have become available
with room-temperature sensors called OPMs (optically-pumped
magnetometers) that also operate as a wearable system for the
participant (Boto et al., 2018).

MEG EEG

- Signal unaffected by skull, menin- - Signal affected by skull, meninges,
ges, etc. etc.

- Poor at detecting deep dipoles - Detects deep and shallow dipoles

+ More sensitive to activity at sulci - Sensitive to gyri and sulci activity

+ Millisecond temporal resolution - Millisecond temporal resolution

- Potentially good spatial resolution + Poor spatial resolution
(2-3 mm)

- Expensive and limited availability - Cheaper and widely available

SUMMARY AND KEY POINTS OF THE CHAPTER

e Neuronal activity generates electrical and magnetic
fields that can be measured either invasively (e.g.,
single-cell recording) or noninvasively (e.g., EEG).

* Studies of single-cell recordings are based on
measuring the number of action potentials generated
and provide clues about how neurons code information,
by measuring the specificity of their responses to
external stimuli.

e When populations of neurons are active in synchrony,
they produce an electric field that can be detected at
the scalp (EEG). When many such waves are averaged

FIGURE 3.17: A MEG
scanner. This extremely
powerful machine measures
the magnetic fields produced
by electrical activity in the
brain.

PJF Military Collection/Alamy
Stock Photo



62 THE STUDENT’S GUIDE TO COGNITIVE NEUROSCIENCE

together and linked to the onset of a stimulus (or
response), an ERP is obtained.

* An ERP waveform is an electrical signature of all the
different cognitive components that contribute to the
processing of that stimulus. Systematically varying
certain aspects of the stimulus or task may lead to
systematic variations in particular aspects of the ERP
waveform. This enables inferences to be drawn about
the timing and independence of cognitive
processes.

e EEG has a wave-like structure, that reflects the rhythmic,
synchronized neural activity of many neurons. Changes
in this measure reflect changes in the coordinated
activity across sets of neurons and are correlated with
cognitive processes such as attention and perceptual
grouping.

EXAMPLE ESSAY QUESTIONS

* How does the brain generate electrical signals, and how
are these used in electrophysiological techniques?

* How do neurons code information?

¢ What is an event-related potential (or ERP), and how can
it be used to inform theories of cognition?

* What have electrophysiological studies contributed to
our understanding of how faces are represented and
processed by the brain?
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If George Orwell had written Nineteen Eighty-Four during our
times, would he have put an MRI scanner in the Ministry of Truth?
Could we ever really know the content of someone else’s thoughts
using functional imaging technology? Already, there have been
attempts to introduce fMRI-based lie detection into US courts
(Farah et al., 2014). There have even been successful attempts at
decoding the visual contents of dreams — normally an entirely
private experience — using fMRI (Horikawa et al., 2013).

This chapter will consider how functional imaging methods
work, focusing in particular on fMRI (functional magnetic
resonance imaging). This chapter is broadly divided into three
parts. The first part considers how structural and functional
brain imaging works, with particular reference to underlying
neurophysiology. The second part considers methodological

DOI: 10.4324/9781003429975-4
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KEY TERMS

Structural imaging
Measures of the spatial
configuration of different
types of tissue in the
brain (principally CT and
MRI).

Functional imaging
Measures temporary
changes in brain phys-
iology associated with
cognitive processing; the
most common method is
fMRI and is based on a
hemodynamic measure.

factors that are important in ensuring that the results obtained can
indeed be meaningfully linked to cognitive theory. The third part
covers how functional imaging data are analyzed to find regions of
activation and considers some of the pitfalls in their interpretation.
Finally, the chapter returns to the question of whether functional
imaging could be used as an Orwellian-like mind reader.

STRUCTURAL IMAGING

One key distinction is the difference between structural imaging
methods and functional imaging methods. Structural imaging is
based on the fact that different types of tissue (e.g., skull, gray matter,
white matter, cerebrospinal fluid) have different physical properties.
These different properties can be used to construct detailed static
maps of the physical structure of the brain (Figure 4.1). The most
common structural imaging methods are computerized tomography
(CT) and magnetic resonance imaging (MRI). Functional imaging
is based on the assumption that neural activity produces local
physiological changes in that region of the brain. This can be used
to produce dynamic maps of the moment-to-moment activity of the
brain when engaged in cognitive tasks.

Computerized tomography

Computerized tomography (CT) scans are constructed according
to the amount of X-ray absorption in different types of tissue. The
amount of absorption is related to tissue density: bone absorbs the
most (and so the skull appears white), cerebrospinal fluid absorbs
the least (so the ventricles appear black), and the brain matter is
intermediate (and appears gray). Given that CT uses X-rays, the
person being scanned is exposed to a small amount of radiation.
CT scans are typically used only in clinical settings, for
example to diagnose tumors or to identify hemorrhaging or other

FIGURE 4.1: An example of CT (left), T1-weighted MRI (center), and T2-weighted MRI (right) scans of the brain.
Note how the MRI scans are able to distinguish between gray matter and white matter. On the T1-weighted scan
(normally used for structural images), gray matter appears gray and white matter appears lighter.
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gross brain anomalies. CT cannot distinguish

between gray matter and white matter in the N p h \\\
same way as MRI, and it cannot be adapted for N f e
functional imaging purposes. P A
e N
- AN
Magnetic resonance imaging \\ o .
\ \

Magnetic resonance imaging (MRI) was one
of the most important advances in medicine v .

. . . agnetic fields of protons
made during the twentieth century. Its impor- initially random
tance was recognized by the awarding of the _
2003 Nobel Prize to its inventors — Sir Peter ?:lg ztgrsn:r;g]?)?gtit:;
Mansfield and Paul Lauterbur. There are a align (in black)
number of advantages of this method over CT
scanning, as summarized here:

* It does not use ionizing radiation and so b Y + - $
is completely safe (people can be scanned $
many times).

* It provides a much better spatial resolution, B .
which allows the folds of individual gyri to v * | N
be discerned. A \ 3

o It provides better discrimination between
white matter and gray matter; thismay enable
early diagnosis of some pathologies, and Brief radio wave pulse l ‘

Protons return back

s orients them to 90
can be used to explore how normal variation (or relax). New slice

degrees and produces a

brain structure is linked to differences in measurable MR signal is scanned
cognitive ability.

* It can be adapted for use in detecting the
changes in blood oxygenation associated O

with neural activity and in this context is ) N —e e
. Radio - /
called functional MRI (fMRI).

wave
>

MRI physics for non-physicists -t

MRI is used to create images of soft tissue of X ~
the body, which X-rays pass through largely
undistorted. Most human tissue is water-based
and the amount of water in each type of tissue FIGURE 4.2: The sequence of events in the
varies. Different types of tissue will thus behave acquisition of an MRI scan involves applying a
in slightly different ways when stimulated, and constant magnetic field and an intermittent radio
this can be used to construct a three-dimensional ~ coueneY pulse-
image of the layout of these tissues (for an accessible but more
detailed description, see Savoy, 2002).

The sequence of events for acquiring an MRI scan is illustrated
in Figure 4.2. First, a strong magnetic field is applied across the part
of the body being scanned (e.g., the brain). The single protons that
are found in water molecules in the body (the hydrogen nuclei in
H,O) have weak magnetic fields. (Other atoms and nuclei also have
magnetic properties, but in MRI it is the hydrogen nuclei in water
that form the source of the signal.) Initially, these fields will be
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oriented randomly, but when the strong external field is applied, a
small fraction of them will align themselves with this. The external
field is applied constantly during the scanning process. The strength
of the magnetic field is measured in units called tesla (T). Typical
scanners have field strengths between 1.5 and 3 T, although 7 T
is becoming more common; the Earth’s magnetic field is of
the order of 0.0001 T.

When the protons are in the aligned state a brief radio
frequency pulse is applied that knocks the orientation of the
aligned protons by 90 degrees to their original orientation. As
the protons spin (or precess) in this new state, they produce a
detectable change in the magnetic field, and this is what forms
the basis of the MR signal. The protons will eventually be pulled
back into their original alignment with the magnetic field (they
“relax). The scanner repeats this process serially by sending
the radio wave to excite different slices of the brain in turn.
With the advent of acquisition methods such as echo planar
imaging, a whole brain can typically be scanned in about 2 s with
slices of around 3 mm.

Different types of image can be created from different
components of the MR signal. Variations in the rate at which
the protons return back to the aligned state following the
radio frequency pulse (called the T1 relaxation time) can be
used to distinguish between different types of tissue. These
T1-weighted images are typically used for structural images of
the brain. In a T1-weighted image, gray matter looks gray and
white matter looks white. When in the misaligned state, at 90
degrees to the magnetic field, the MR signal also decays because
of local interactions with nearby molecules. This is termed
the T2 component. Deoxyhemoglobin produces distortions in
this component and this forms the basis of the image created
in functional MRI experiments (called a T2* image, “tee-two-
star”) (Figure 4.2).

WHY ARE MRI SCANNERS SO NOISY?

Very strong magnetic fields are created by passing electric currents through coils and
switching them on and off rapidly. When the current is switched on, it causes the coil to
expand very slightly, but suddenly, and this generates a loud banging noise. Most MR
scanners generate noise in excess of 100 dB.

FUNCTIONAL IMAGING

Whereas structural imaging measures the static characteristics
of the brain, functional imaging is designed to measure the
moment-to-moment variable characteristics of the brain that may
be associated with changes in cognitive processing.
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Basic physiology underpinning functional
imaging

The brain consumes 20 percent of the body’s oxygen uptake;
it does not store oxygen, and it stores little glucose. Most of the
brain’s oxygen and energy needs are supplied from the local blood
supply. When the metabolic activity of neurons increases, the blood
supply to that region increases to meet the demand (for a review,
see Raichle, 1987; but see Attwell & Iadecola, 2002). Techniques
such as PET (positron emission tomography) measure the change
in blood flow to a region directly, whereas fMRI and the emerging
method of fNIRS (functional near-infrared spectroscopy) are
sensitive to the concentration of oxygen in the blood. All of
these techniques are referred to as hemodynamic methods. PET
requires administration of a radioactive tracer, whereas fMRI
uses a naturally occurring signal in the bloodstream. The use of
PET in cognitive neuroscience has effectively been replaced by
fMRI, although it can still be useful for selectively targeting certain
neurotransmitter pathways (through specialist tracers). Figure 4.5
shows a typical MRI scanner used for neuroimaging.

LINKING STRUCTURE TO FUNCTION BY IMAGING

WHITE MATTER AND GRAY MATTER

Small-scale differences (at the millimeter level) in the
organization and concentration of white matter and gray
matter can now be analyzed noninvasively using MRI. This
is providing important clues about how individual differ-
ences in brain structure are linked to individual differenc-
es in cognition. Two important methods are voxel-based
morphometry, or VBM, and diffusion tensor imaging, or
DTI (Figure 4.3).

Voxel-based morphometry (VBM) capitalizes on the
ability of structural MRI to detect differences between gray
matter and white matter (Ashburner & Friston, 2000). VBM
divides the brain into tens of thousands of small regions,
several cubic millimeters in size (called voxels), and the
concentration of white/gray matter in each voxel is esti-
mated. It is then possible to use this measure to compare
across individuals by asking questions such as these: If
a new skill is learned, such as a second language, will
gray matter density increase in some brain regions? Will it
decrease in other regions? How does a particular genetic
variant affect brain development? Which brain regions are
larger, or smaller, in people with good social skills versus

KEY TERMS

Voxel-based
morphometry (VBM)
A technique for segre-
gating and measuring
differences in white
matter and gray matter
concentration.

Diffusion tensor imaging
(DTI)

Uses MRI to measure
white matter connectivity
between brain regions.

Voxel

A volume-based unit (cf.
pixels, which are 2D);

in imaging research the
brain is divided into many
thousands of these.



KEY TERM

Fractional anisotropy
(FA)

A measure of the extent
to which diffusion takes
place in some directions
more than others.

those who are less socially competent? Kanai and Rees
(2011) provide a review of this method in relation to cogni-
tive differences.

Diffusion tensor imaging (DTI) is different from VBM in
that it measures the white matter connectivity (Le Bihan et al.,
2001). (Note: VBM measures the amount of white matter
without any consideration of how it is connected.) It is able
to do this because water molecules trapped in axons tend
to diffuse in some directions but not others. Specifically, a
water molecule is free to travel down the length of the axon
but is prevented from traveling out of the axon by the fatty
membrane. When many such axons are arranged together, it
is possible to quantify this effect with MRI (using a measure
called fractional anisotropy). This is illustrated in Figure 4.4.
As an example of a cognitive study using DTI, Bengtsson et al.
(2005) found that learning to play the piano affects the de-
velopment of certain white matter fibers. However, different
fibers were implicated depending on whether the piano was
learned during childhood, adolescence, or adulthood.

FIGURE 4.3: Visualization of a DTI measurement of a human brain. Depicted
are reconstructed fiber tracts that run through the midsagittal plane.
Image by Thomas Schultz via Wikimedia commons
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FIGURE 4.4: Diffusion tensor imaging (DTI) measures the degree of
organization of white matter tracts using a measure called fractional
anisotropy (FA). The image on the left has an FA close to 1, the image
on the right has an FA close to O, and the image in the middle is
intermediate in FA.

The brain is always physio-
logically active. Neurons would
die if they were starved of oxygen
for more than a few minutes. This
has important consequences for
using physiological markers as
the basis of neural “activity” in
functional imaging experiments.
It would be meaningless to place
someone in a scanner, with a view
to understanding cognition, and
simply observe which regions were
receiving blood and using oxygen
because this is a basic requirement of  FGURE 4.5: A typical MRI scanner used in functional imaging
all neurons, all of the time. As such, research. Testing of a single participant can normally be
when functional imaging researchers completed in under an hour, allowing 30-40 min to complete the

refer to a region being “active,” what ~ experiment and 10 min for a high-resolution structural MRI scan
to be obtained.

they mean is that the physiological
response in one task is greater Sputnik/Science Photo Library
relative to some other condition.

There is a basic requirement in all functional imaging studies
involving cognitive tasks that the physiological response must be
compared with one or more baseline responses. Good experimental
practice is needed to ensure that the baseline task is appropriately
matched to the experimental task, otherwise the results will be
very hard to interpret.

It is also worth pointing out that hemodynamic methods are
not measuring the activity of neurons directly but, rather, are
measuring a downstream consequence of neural activity (i.e.,
changes in blood flow/oxygen to meet metabolic needs). This is to
be contrasted with methods such as EEG (electroencephalography)
and MEG (magnetoencephalography) that measure the electrical/
magnetic fields generated by the activity of neurons themselves.



70 THE STUDENT’S GUIDE TO COGNITIVE NEUROSCIENCE

ONLINE RESOURCES

Check out the
Cognitive Neuroscience
Bitesize, by Jamie
Ward, on the basics

of fMRI by scanning
the QR code or visit
routledgelearning.com/
wardcognitiveneuro
science.

For a deeper dive,
there are videos of
lectures given by
Professor Geoffrey
Aguirre on the physics
and biology of fMRI, as
well as various other
issues such as study
design and analysis.

KEY TERMS

BOLD

Blood oxygen-level-
dependent contrast; the
signal measured in fMRI
that relates to the con-
centration of deoxyhemo-
globin in the blood.

Hemodynamic response
function (HRF)
Changes in the BOLD
signal over time.

FIGURE 4.6: The HRF has a
number of distinct phases.

Functional magnetic resonance imaging

The component of the MR signal that is used in fMRI is
sensitive to the amount of deoxyhemoglobin in the blood.
When neurons consume oxygen they convert oxyhemoglobin to
deoxyhemoglobin. Deoxyhemoglobin has strong paramagnetic
properties, and this introduces distortions in the local magnetic
field. (Note: a paramagnetic material isn’t magnetic in its own right
but acts like a magnet when put in a magnetic field, e.g., a paper
clip becomes magnetic when next to a magnet.) This distortion
can itself be measured to give an indication of the concentration
of deoxyhemoglobin present in the blood. This technique has
therefore been termed BOLD (for blood oxygen-level-dependent
contrast; Ogawa et al., 1990). The way that the BOLD signal evolves
over time in response to an increase in neural activity is called
the hemodynamic response function (HRF). The hemodynamic
response function has three phases, as shown in Figure 4.6 (see
also Hoge & Pike, 2001):

1. Initial dip. As neurons consume oxygen there is a small rise in
the amount of deoxyhemoglobin, which results in a reduction
of the BOLD signal.

2. Overcompensation. In response to the increased consumption
of oxygen, the blood flow to the region increases. The increase
in blood flow is greater than the increased consumption, which
means that the BOLD signal increases significantly. This is the
component that is normally measured in fMRI, and the size
of this peak is taken as indicative of the extent to which this
region is active in the task.

3. Undershoot. Finally, the blood flow and oxygen consumption
dip before returning to their original levels. This may reflect a
relaxation of the venous system, causing a temporary increase
in deoxyhemoglobin again.

The hemodynamic signal changes are small —approximately 1-3
percent with moderately sized magnets (1.5 T). The hemodynamic
response function is relatively stable across sessions with the same
participant in the same region but is more variable across different
regions within the same individual and more variable between
individuals (Aguirre et al., 1998).

\
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BOLD signal intensity
o
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The spatial resolution of fMRI is up to around 1 mm
depending on the size of the voxel. The temporal resolution
of fMRI is several seconds and related to the rather sluggish
hemodynamic response. This is very slow compared with the speed
at which cognitive processes take place. The sluggishness of the
hemodynamic response to peak and then return to baseline does
place some constraints on the way that stimuli are presented in
the scanning environment that differ from equivalent tasks done
outside the scanner. However, it is not the case that one has to wait
for the BOLD response to return to baseline before presenting
another trial, as different hemodynamic response functions can be
superimposed on each other (Dale & Buckner, 1997), as illustrated
in Figure 4.7. In general, during fMRI, there may be fewer trials
that are more spaced out in time than standard cognitive testing,
and it is common to have “null events” (e.g., a blank screen).
These null events allow the BOLD signal to dip toward baseline,
essentially providing the necessary variability in the signal needed
for the analysis. In standard cognitive psychology experiments (e.g.,
using response time measures), the amount of data is effectively the
same as the number of trials and responses. In the equivalent fMRI
experiment, the amount of data is related to the number of brain
volumes acquired rather than the number of trials or responses.

Timing of stimulus presentation Hemodynamic response function Predicted fMRI data
0 (1] 7 ST N — - 0 - Y
1 1 1 1 J 1 1 1 1 1 J 1 1 1 1 J
0 16 32 48 64 80 0 5 10 15 20 25 30 0 16 32 48 64 80
Time (s) Time (s) Time (s)

FIGURE 4.7: Unless the stimuli are presented far apart in time (e.g., every 16 sec), the predicted change in
BOLD response will not resemble a single HRF but will resemble many superimposed HRFs. Statistically, the
analysis is trying to find out which voxels in the brain show the predicted changes in the BOLD response over
time, given the known design of the experiment and the estimated shape of the HRF. To achieve this there has
to be sufficient variability in the predicted BOLD response (big peaks and troughs).

Functional near infrared spectroscopy

The newer method of fNIRS measures the same BOLD signal as
fMRI although it does so in a completely different way (Ferrari &
Quaresima, 2012). It does not require the use of magnetic fields,
but instead, it sends “light” of a particular wavelength to the brain;
specifically, in the near infrared range, about 800 nanometers (i.e.,
not visible light). This signal passes relatively freely through bone
and skin but is more strongly scattered by oxy- and deoxyhemoglo-
bin, each of which is sensitive to slightly different wavelengths in
the near infrared range. The extent to which the signal is scattered
by these different wavelengths is then used to compute the BOLD
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FIGURE 4.8: fNIRS involves an optical signal that is absorbed differently by oxy- and deoxyhemoglobin. The
equipment can be fixed on a cap, allowing more naturalistic behavior during scanning.

response. As with fMRI, a larger BOLD response is interpreted as
reflecting more cognitive and neural activity.

fNIRS is more portable and more tolerant of movement than
fMRI, and for these reasons, it has become popularin developmental
research (Lloyd-Fox et al., 2010). It is also far cheaper. However, it
can only be used to image shallow neural activity that is close to
the scalp (Figure 4.8).

FROM IMAGE TO COGNITIVE THEORY:
EXPERIMENTAL DESIGN

An example of cognitive subtraction

methodology
One of the groundbreaking studies for establishing the use of
functional imaging of cognition was that by Petersen et al. (1988),
which was designed to look for brain regions specialized for the
Coghitive subtraction processing of written and spoken words. A consideration of this
A type of experimental study provides a good introduction to the principle of cognitive
design in functional imag-  subtraction. The idea behind cognitive subtraction is that,
L i el skl I @ by comparing the activity of the brain in a task that utilizes a

control task is subtracted
from activity in an experi-
mental task.

particular cognitive component (e.g., a store of visual words, or
visual lexicon) to the activity of the brain in a baseline task that
does not, it is possible to infer which regions are specialized for this
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particular cognitive component. As has been noted,
the brain is always active in the physiological sense,
and so it is not possible to infer from a single task
which regions are dedicated to specific aspects of
the task; a comparison between two or more tasks
or conditions is always needed.

Let’s consider the different processes involved
with reading and understanding isolated written
words. A simple model of written word recognition
is given in Figure 4.9, which forms the motivation
for the imaging study to be described. The study by
Petersen et al. (1988) was concerned with identifying
brain regions involved with (1) recognizing written
words, (2) saying the words, and (3) retrieving the
meaning of the words. To do this, the researchers
performed a number of cognitive subtractions.

To work out which regions are involved with

CAKE

Visual analysis

Written word recognition

Word meaning Word sound

Speech

“cake’ output

“eat, sweet, etc.”

FIGURE 4.9: Basic cognitive stages involved
in reading written words aloud and producing
spoken semantic associates to written words.

recognizing written words, Petersen et al. compared brain activity
when passively viewing words (e.g., CAKE) with passively viewing
a cross (+) (see Figure 4.10). The logic is that both experimental
and baseline tasks involve visual processing (and so a subtraction

What regions of brain used for recognizing words?

EXPERIMENTAL
« passive viewing of
written words

BASELINE

« passive viewing of
fixation cross (+)

Cognitive components Cognitive components

visual-processing

word recognition

What regions of brain used for saying words?

EXPERIMENTAL
«read aloud a
written word

BASELINE
* passive viewing of
a written word

Cognitive components Cognitive components

o

phonology/articulation

What regions of brain used for retrieving meaning?

EXPERIMENTAL
« generate an action
e.g. see CAKE say “eat”

BASELINE
« read aloud a
written word

Cognitive components -
o

retrieve meaning

Cognitive components

phenologylarticulation

(verb generation — reading)

Motor areas
(reading aloud — passive)

Left inferior frontal gyrus

Occipital-temporal junction
(word — cross)

FIGURE 4.10: Cognitive subtraction is founded on the assumption that it is possible to find two tasks (an
experimental and baseline task) that differ in terms of a small number of cognitive components. The results
show several regions of activity, but only the main results on the left lateral surface are depicted here.
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KEY TERM

Pure insertion (also pure
deletion)

The assumption that
adding a different compo-
nent to a task does not
change the operation of
other components.

should cancel this out), but only the experimental task involves
visual word recognition (so this should remain after subtraction).

To work out which regions are involved with producing
spoken words, they compared reading aloud the word (see
CAKE, say “cake”) with passive viewing of written words (see
CAKE). In this instance, both experimental and baseline tasks
involve visual processing of the word and word recognition (so
subtracting should cancel these out), but only the experimental
task involves spoken output (so activity associated with this should
remain after subtraction).

To work out which regions are involved with retrieving the
meaning of written words, they compared a verb-generation task
(e.g., see CAKE, say “eat”) with reading aloud (e.g., see CAKE,
say “cake”). In this instance, both experimental and baseline tasks
involve visual processing, word recognition, and spoken output
(so subtracting should cancel out the activity associated with these
processes), but only the experimental task involves generating
a semantic associate (so activity associated with this should
remain after subtraction).

The results of these subtractions show activity in a number of
different sites. Only the principal sites on the left lateral hemisphere
are depicted in the diagram. Recognizing written words activates
bilateral sites in the visual (striate) cortex as well as a site on the left
occipitotemporal junction. Producing speech output in the reading
aloud condition activates the sensorimotor cortex bilaterally,
whereas verb generation activates the left inferior frontal gyrus.
This last result has provoked some controversy because of an
apparent discrepancy from lesion data; this is discussed later.

Problems with cognitive subtraction

With the benefit of hindsight, there are a number of difficulties
with this study, some of which are related to the particular choice
of baseline tasks that were employed. However, there are also
more general problems with the method of cognitive subtraction
itself (Friston et al., 1996). Consider the subtraction aimed at
identifying brain regions associated with written word recognition.
The assumption here was that both tasks involve visual processing
but that one has the added component of word recognition. That
is, one assumes that adding an extra component does not affect
the operation of earlier ones in the sequence. This is referred to
as the assumption of pure insertion (or pure deletion). This idea
was already encountered in Chapter 3 in the context of the additive
factors method. However, it could be that the type or amount of
visual processing that deals with written words is not the same
as for non-linguistic vision. The fact that the visual information
presented in the baseline task (viewing a cross, +) was simpler than
in the experimental task makes this a real possibility. However,
a more basic problem is common to all functional imaging
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experiments that employ this methodology. The addition of an extra
component in the task has the potential to change the operation of
other components in the task. That is, interactions are possible
that make the imaging data, at best, ambiguous. The next sections
consider other types of design that allow one to eliminate or even
directly study these interactions.

The choice of baseline is crucial in imaging experiments and
can have substantial impacts on the data obtained. Ideally, the
baseline should be as similar to the experimental task as possible.
For example, to find brain regions involved with producing
spoken words, Petersen et al. (1988) compared reading aloud with
viewing of written words. This is likely to involve several stages
of processing. It will involve retrieving the word from the brain’s
store of vocabulary (the mental lexicon), preparing and executing a
motor command (to speak) and also listening to what was said. The
pattern of activity observed is therefore ambiguous with regards to
linking a precise cognitive function with brain structure. Another
baseline that could be used is to get the participant to articulate
generic verbal responses, such as saying the word “yes” whenever a
word comes up (Price et al., 1996a). This would enable one to study
the lexical retrieval component while factoring out the articulation
and auditory feedback components.

In summary, functional imaging requires comparisons to be
made between different conditions because the brain is always
physiologically active. Regions of “activity” can only be meaningfully
interpreted relative to a baseline, and the selection of an appropriate
baseline requires a good cognitive theory of the elements that
comprise the task. The simplest way of achieving this is the method
of cognitive subtraction that compares activity in an experimental
task with activity in a closely matched baseline task. However, the
main problem with cognitive subtraction is that it assumes that a
cognitive component can be added on to a task without changing the
other components in the task (the problem of pure insertion). Adding
a new component to a task may interact with existing components,
and this interaction may show up as a region of activity. Other types
of experimental design that reduce this particular problem have been
developed and are discussed in the next section.

Cognitive conjunctions and factorial designs

The method of cognitive conjunction requires that one is able
to identify a set of tasks that have a particular component in
common. One can then look for regions of activation that are
shared across several different subtractions rather than relying on
a single subtraction. A baseline task (or tasks) is still required, but
the problem of interactions can be reduced. This is because the
interaction terms will be different for each pair of subtractions.
Let’s consider one concrete example from the literature: why
can’t we tickle ourselves? Tactile sensations applied to the skin

KEY TERM

Interactions
The effect of one variable
upon another.
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KEY TERM

Efference copy

A motor signal used to
predict sensory conse-
quences of an action.

FIGURE 4.11: Why can’t

we tickle ourselves? Self-
produced touches (condition
A) are less tickly because
we can predict their sensory
consequences using an
“efference copy” of the
motor command. Bottom
diagram adapted from
Blakemore et al. (1998).

are rated as less ticklish if produced by oneself relative to if they
are elicited by another person. The key to explaining this lies in
the fact that it is possible to predict the sensory consequences of
our own actions. The motor commands that we generate specify
where and when the touch will occur and the manner of the touch
(e.g., a rough or gentle tickle). This information can then be used
to predict what the action will feel like. Thus a representation of
the motor command (a so-called efference copy) is sent to the
relevant sensory area, touch in this example, so that the perceptual
system knows what to expect. This may help the brain to prioritize
incoming sensory information toward the most relevant stimuli in
the environment. Being touched by someone or something else is
arguably more important to the organism in terms of detecting
potential threats than being touched by oneself.

To investigate this, Blakemore et al. (1998) set up a factorial
design with two factors. The first factor was whether a tactile
stimulus was felt; the second factor was whether the participants
moved their arm. The experiment involved moving a felt rod that
tickled the palm. The rod could be moved either by the experimenter
or the participant. It could either make contact with the palm
or miss it altogether. In total, this produced four experimental
conditions, which have been labeled A to D in Figure 4.11.

Before going on to consider the neural basis of the less
tickly sensation associated with tickling one’s self in condition
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A (hypothetically due to an efference copy), one can perform
two cognitive conjunctions to identify regions involved in motor
production and the tactile sensation per se. Consider the two pairs
of subtractions, A — B and C — D. If one asks the question, “What
regions do these subtractions have in common [i.e., (A — B) and
(C = D)]?”, then this can isolate regions involved in tactile
sensation. The experiment found activity in the primary and
secondary somatosensory cortex in the hemisphere opposite the
hand that was stimulated. Consider the two pairs of subtractions,
A — Cand B — D. If one asks the question, “What regions do these
subtractions have in common [i.e., (A — C) and (B — D)]?”, then this
can isolate regions involved in motor production. In this analysis,
the experiment found several active regions, including primary
motor, premotor, and prefrontal regions. In terms of methodology,
the key point to note is that both of these results are based on
conjunctions between two different tasks and baselines, and this is
sufficient to minimize the problem of pure insertion faced by using
a single subtraction alone.

However, these conjunction analyses do not enable one
to analyze the neural basis of the efference copy or the reduced
ticklishness when self-produced. To find this out, one can examine
the interaction directly by performing the following analysis: (A —
B) — (C — D). This effectively asks the question: is the difference
between A and B more (or less) than the difference between C
and D (an interaction is simply a difference of differences)? In the
present example, it would ask whether the effect of touch is greater
in the presence of self-movement than in the presence of other-
movement. Blakemore et al. (1998) report that there was decreased
activity in the somatosensory cortex. This is likely to be the neural
correlate of reduced ticklishness. There were also changes in
cerebellum activity that were not found in any other condition and
were interpreted as the neural correlate of the efference copy that
links self-movement with touch.

Parametric designs

The main difference between a parametric design and a categorical
design is that, in a parametric design, the variable of interest is
treated as a continuous dimension rather than a categorical
distinction (Friston, 1997). In intuitive terms, one is measuring
associations between brain activity and changes in the variable
of interest, rather than measuring differences in brain activity
between two or more conditions. Thus, one is ultimately likely
to use correlations (or similar) to analyze data collected using
a parametric design.

Price et al. (1992) conducted an imaging study in which
participants listened passively to lists of spoken words spoken at
six different rates between 0 words per minute (i.e., silence or rest)
and 90 words per minute. The change in activity in various regions
could then be correlated with the rate of speech. Note that in a
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parametric design such as this, a separate baseline condition is not
necessary (the effects are evaluated globally across all levels of the
factor). In terms of the results, a number of interesting findings
were observed. In areas involved in auditory perception (e.g., the
primary auditory cortex), the faster the speech rate, the greater the
activity. However, in regions involved in non-acoustic processing
of language (e.g., Wernicke’s area), the activity was related to the
presence of words irrespective of speech rate. In a region often
associated with verbal working memory (the left dorsolateral
prefrontal cortex), a more complex picture was found (Friston,
1997). Activity increased with speech rate but then decreased as
the speech rate got faster (an inverted-U function). It suggests that
the region has an optimal level at which it functions, beyond which
it fails to keep up. This is consistent with the notion of working
memory having a limited capacity. One interesting point to note
is that, if the experimenters had compared 20 words per minute
with 50 words per minute in a cognitive subtraction or a factorial
design, this region would not have appeared to be implicated in
the task (Figure 4.12).
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FIGURE 4.12: Different regions of the brain respond to changes in speech rate (words per minute, wpm) in
different ways. Note that O wpm is equivalent to rest. rCBF = regional cerebral blood flow (from PET). Adapted
from Price et al. (1992), and Friston (1997).
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Functional integration: measuring networks in
the brain

Most of the functional imaging studies described in this book
could be labeled as studies of functional specialization. Functional
specialization implies that a region responds to a limited range
of stimuli/conditions and that this distinguishes it from the
responsiveness of otherneighboringregions. Itisnotstrictly the same
as localization, in that it is not necessary to assume that the region
is solely responsible for performance on a given task or to assume
that other regions may not also respond to the same stimuli/
conditions (Phillips et al., 1984). Functional integration, on
the other hand, refers to the way in which different regions
communicate with each other. This is likely to be essential for a
full understanding of how cognition is linked to the brain, and also
for dismissing claims that functional imaging is a new phrenology
(Friston, 2002; Horwitz et al., 1999).

The basic approach of functional integration is to model
how activity in different regions is interdependent. This is used
to infer the effective connectivity or functional connectivity
between regions when performing a task (these methods use
techniques such as structural equation modeling and principal
components analysis, which are beyond the scope of the present
discussion). If parametric designs correlate brain activity with
some cognitive/behavioral measure, then designs employing
functional integration correlate different regions of brain activity
with each other. To give a concrete example, Friston and Frith
(1995) conducted an imaging study with a 2 x 2 factorial design
with task instruction as one factor (generate words beginning
with “A” versus repeating letters) and subject group as the other
factor (participants either had or had not been diagnosed as
schizophrenic). Although both groups showed a number of
similar frontal and temporal lobe activities, there was a strong
correlation between activity in these regions in controls and a
striking absence of correlation in the schizophrenics. Friston
and Frith (1995) argued that schizophrenia is best characterized
in terms of a failure of communication between distant brain
regions (i.e., a functional disconnection).

One commonly used procedure for measuring functional
integration does not use any task at all. These are known as
resting state paradigms. Participants are merely asked to
lie back and rest. In the absence of a task, the fluctuations in
brain activity are little more than noise. However, in brain
regions that are functionally connected, the noise levels tend to
correlate together. This has enabled researchers to identify sets of
networks in the brain, consisting of spatially separated regions,
for which fluctuations in activity tend to be shared (Damoiseaux
et al., 2006). For instance, one commonly studied network is
called the default mode network of the brain and is implicated
in internalized thoughts: it tends to be more active when not

KEY TERMS

Functional integration
The way in which different
regions communicate
with each other.

Resting state paradigm
A technique for measur-
ing functional connectiv-
ity in which correlations
between several regions
(networks) are assessed
while the participant is
not performing any tasks.

Default mode network

A set of brain regions
that is more hemodynam-
ically active during rest
than during tasks.
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FIGURE 4.13: Every region of the brain shows fluctuations in the BOLD response over time (shown here in detail
for two regions, 1 and 2). If different regions show a very similar profile of fluctuations, then this is likely to
reflect the fact that they are communicating. In resting state paradigms, fluctuations in the BOLD response from
all brain regions are entered into a correlation matrix and, from the pattern of correlations, sets of regions that
habitually correlate together (i.e., networks) are identified.

Used with permission from David Essen.
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engaged in an experimental task (Raichle et al., 2001). Differences
in the way that these networks operate and are constructed are
found in various conditions such as schizophrenia and autism
(Buckner et al., 2008).

The basic principles behind resting state approaches are illustrated
in Figure4.13. Each region of the brain shows spontaneous fluctuations
in the BOLD response over time. In the figure, this is shown for two
brain regions (1 and 2). The time-varying activity in each brain region
is then correlated with every other brain region, producing a very large
correlation matrix (as shown on the right-hand side, with different
colors representing different magnitudes of correlation). Through a
statistical analysis of the pattern of correlations, it is then possible to
identify sets of regions that show a similar profile of correlations to
each other, presumably because they are communicating. These sets
of regions are inferred to constitute a network.


http://routledgelearning.com/wardcognitiveneuroscience
http://routledgelearning.com/wardcognitiveneuroscience
http://routledgelearning.com/wardcognitiveneuroscience

THE IMAGED BRAIN 81

SAFETY AND ETHICAL ISSUES IN FUNCTIONAL IMAGING RESEARCH

It is essential to be aware of the local regulations that apply in your own institution but the
following points generally apply:

What are the risks of taking part in functional imaging experiments?

fMRI does not use radiation and the same participants can take part in multiple ex-
periments without any harm. Participants wear ear protectors, given that the scanner
noise is very loud. Larger magnets (> 3 T) can be associated with dizziness and nausea
(caused by stimulating the balance organs rather than the brain), and participants need
to enter the field gradually to prevent this.

Are some people excluded from taking part in functional imaging experiments?

Before entering the scanner, all participants should be given a checklist that asks them about
their current and past health. People with metal body parts, cochlear implants, embedded
shrapnel or pacemakers will not be allowed to take part in fMRI experiments. In larger mag-
nets, eye makeup should not be worn (it can heat up, causing symptoms similar to sunburn),
and women wearing some types of contraceptive coil should not be tested. Before going into
the scanner, both the researcher and participant should put to one side all metal objects
such as keys, jewelry, and coins, as well as credit cards, which would be wiped by the magnet.
Zips and metal buttons are generally okay, but metal spectacle frames should be avoided. It
is important to check that participants do not suffer from claustrophobia as they will be in a
confined space for some time. Participants have a rubber ball that can be squeezed to signal
an alarm to the experimenter, who can terminate the experiment if necessary.

What happens if a brain abnormality is detected during scanning?

There is always a very small possibility that a brain tumor or some other unsuspected abnor-
mality could be detected during the course of the study. In such instances, the researcher
has a duty to double-check this by inviting the participant back for a subsequent scan. Poten-
tial abnormalities are followed up by a neurologist (or a clinically qualified member of staff),
who would inform the participant and their doctor, if need be. Wolf et al. (2008) provide a set
of ethics concerning the incidental discovery of abnormalities during nonclinical scanning.

How can I find up-to-date details about safety in fMRI experiments?
The standard safety reference is by Shellock (2020), and updates can be found at: www.
MRIsafety.com.

ANALYZING DATA FROM FUNCTIONAL
IMAGING

The images of brains with superimposed colored blobs are the
outcome of several stages of data processing and statistical
analysis. In fact, these images are not literal pictures of the
workings of the brain at all. What these images depict are
the regions of the brain that are computed to be statistically
significant given the type of design used. Functional imaging is
a statistical science and, as such, is susceptible to error. Although
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KEY TERMS

Stereotactic
normalization

The mapping of individ-
ual differences in brain
anatomy onto a standard
template.

Smoothing
Redistributing brain
activity from neighboring
voxels to enhance the
signal-to-noise ratio.
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model(s)
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FIGURE 4.14: The main stages of analyzing data in a functional imaging
experiment.

different laboratories use different packages to analyze their data,
the challenges faced in analyzing and interpreting functional
imaging data are common to them all (for a detailed discussion,
see Petersson et al., 1999a, 1999b).

A central problem faced in the analysis of functional imaging
data is how to deal with individual differences. Although the gross
brain structure does not differ considerably from one person to the
next, there are nevertheless significant individual differences in the
size of gyri and the location of folds in the brain. For example, the
location of sulci can vary between people by a centimeter or more
(Thompson et al., 1996).

The most common way of dealing with individual differences is
effectively to assume that they do not exist. Or more properly put,
individual differences needn’t get in the way of making claims about
general brain function. Individual differences are minimized by
averaging data over many participants, and one is left with regions
of activity that are common to most of us. Before this averaging
process can occur, the data from each individual need to be modified
in a number of ways. First, each brain is mapped onto a standard
reference brain (called stereotactic normalization). This is followed
by a process called smoothing, which can enhance the signal-to-
noise ratio and facilitates detection of common regions of activity
across individuals. Figure 4.14 summarizes the sequence from initial
hypothesis to data interpretation that typically occurs in a functional
imaging experiment. These main stages will be considered in turn.

Correction for head movement

Perhaps the biggest advantage of the fMRI technique over others is
its good spatial resolution. It is able to identify differences in activity
over millimeter distances (although this resolution still entails
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millions of neurons). However, there is a downside to this; namely,
that small spatial differences can produce spurious results. One
key problem that has already been noted is that every brain differs
spatially in terms of size and shape. The process of stereotactic
normalization attempts to correct for this. A different problem
is that each person’s head might be aligned slightly differently in
the scanner over time. If a person wriggles or moves their head
in the scanner, then the position of any active region will also
move around. This could either result in the region being harder
to detect (because the activity is being spread around) or a false-
positive result could be obtained (if a particular head movement is
correlated with experimental conditions). It is for this reason that
the collected data are corrected for head movement (Brammer,
2001), which is minimized in the first place by physically
restraining the head in position and instructing participants to
keep as still as possible.

Stereotactic normalization

The process of stereotactic normalization involves mapping
regions of each individual brain onto a standard brain. Each
brain is divided up into thousands of small volumes, called voxels
(volume elements). Each voxel can be given three-dimensional
spatial coordinates (x = left/right, y = front/back, z = top/bottom).
This enables every X, y, z coordinate on a brain to be mapped onto
the corresponding X, y, z coordinate on any other brain. Basically,
the template of each brain is squashed or stretched (by applying
mathematical transformations that entail an optimal solution) to
fit into the standard 3D space. Many contemporary studies use
a standard based on an average of 305 brains provided by the
Montreal Neurological Institute (Collins et al., 1994), termed MNI
template, which was a significant advancement over the older atlas
of Talairach and Tournoux (1988) that was based on anatomical
data from a single post-mortem brain.

When it comes to a standard anatomical model of the cortex,
one common approach is to treat this as a 2D surface rather than
a 3D volume. This has the advantage of taking into account the
wrinkled nature of the brain’s surface. For example, imagine that
the cortex folds itself into something resembling the letter U (as
it often does). The two endpoints would be considered as next to
each other in 3D space but would be represented as further apart
in 2D surface space. The latter being more anatomically accurate.
A commonly used 2D surface space is fsaverage, where fs refers
to the FreeSurfer analysis package (Fischl, 2012). Points on the
surface are referred to as vertices rather than voxels.

Smoothing

After each brain has been transformed into this standard space,
further stages of preprocessing may take place before a statistical



84 THE STUDENT’S GUIDE TO COGNITIVE NEUROSCIENCE

analysis. The process of “smoothing” sounds like it could waste
important information, but it is an important part of data
manipulation. Smoothing spreads some of the raw activation level
of a given voxel to neighboring voxels. The closer the neighbor is,
the more activation it gets (the mathematically minded might be
interested to know that the function used is a Gaussian or normal
distribution centered on each voxel). In Figure 4.15, the darker the
square, the more active it is. Consider voxel D4. Prior to smoothing,
this voxel is inactive, but because it has many active neighbors the
voxel gets “switched on” by the smoothing process. In contrast,
consider voxel L8. This voxel is initially active but, because it has
inactive neighbors, it gets “switched off ” by the smoothing process.
Smoothing thus enhances the signal-to-noise ratio. In this instance,
one assumes that the signal (i.e., the thing of interest) corresponds
to the larger cluster of activity, and the noise is the isolated voxel.
Neighboring voxels that are active mutually reinforce each other,
and the spatial extent (i.e., size) of the active region is increased.
If the brain happened to implement cognition using a mosaic of
non-adjacent voxels, then smoothing would work against detecting
such a system. Indeed, there are some statistical techniques (such
as multi-voxel pattern analysis, MVPA) that can be used to analyze
this kind of mosaic-like neural representation that do not require
smoothing (Norman et al., 2006). This is considered later.
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FIGURE 4.15: Smoothing
spreads the activity across
voxels — some voxels (e.g.,
D4) may be enhanced
whereas others (e.g., L8)
may be reduced.

As well as enhancing the signal-to-
noise ratio, smoothing offers an additional
advantage for analyzing groups of
participants. Smoothing increases the spatial
extent of active regions. As such, when
averaging the activity across individuals,
there is a greater chance of finding common
regions of activity.

Statistical comparison

After the data have been stereotactically
normalized, smoothed, and corrected for
head movement, it is possible to perform
a statistical analysis. The standard way
to do this is to ask the question: “Is the
mean activity at a particular voxel in the
experimental condition greater than in
the baseline condition?” The same types
of statistical test as would be employed in
any psychology experiment can be used in
functional imaging (e.g., a ¢-test to compare

means). But there are complications. In most psychology experiments
one would typically have, at most, only a handful of means to
compare. In functional imaging, each brain slice is divided up into
tens of thousands of voxels and each one needs to be considered.
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If one uses the standard psychology significance level of P < 0.05,
then there would be thousands of brain voxels active just by chance.
(Recall that the significance level represents the probability, P, at
which one is willing to say that a result is more than just a chance
occurrence. The value of 0.05 represents a 1 in 20 chance level.) How
could one minimize the influence of lots of brain regions being active
by chance? One could have a more conservative criteria (i.e., a lower
significance level), but the danger is that this will not detect regions
that are important (this is termed a type II error). For instance, in a
Bonferroni correction one would divide the nominal P value (0.05)
by the number of tests (i.e., voxels). A difficulty with this approach
is that the activity at each voxel is not independent: neighboring
voxels tend to have similar activity, particularly if smoothed. This
has led to the development of sophisticated mathematical models
of choosing a statistical threshold, based on spatial smoothness
(so-called random field theory). This general method of correction
is termed Family Wise Error (FWE). Another common approach is
to generate thousands of random brain images (e.g., by permuting
the data) and select a threshold (e.g., P < 0.05) based on random
datasets. This method of correction is termed the False Discovery
Rate (FDR). In this method a more conservative statistical threshold
would be used for datasets in which lots of voxels are active than in a
dataset in which only few voxels are active.

When reading papers that have used functional imaging
methods, one sometimes observes that they report different
significance levels that are “corrected” or “uncorrected.” Why is
this done and is it acceptable? A corrected level implies that a more
conservative criterion has been used to prevent detecting lots of
regions just by chance. However, if the interest is in one particular
voxel, then it is possible to use an uncorrected significance level
(e.g., the standard P < 0.05) because in this instance there are not
multiple comparisons over lots of brain regions. Other procedures
are used when investigating effects in a predetermined region
covering several voxels (a so-called small volume correction).

INTERPRETING DATA FROM FUNCTIONAL
IMAGING

What does it mean to say that a brain region is active in a functional
imaging experiment? Literally speaking, what this means is that the
signal from that region (the BOLD signal in fMRI) is greater in
one condition than in other conditions that are being compared
(whether in a categorical design, parametric design, or whatever).
There are several reasons why a region may be active, and not
all of them are theoretically interesting. Importantly, it need not
imply that the particular region is essential for the task. Alternative
accounts include an increase in signal could reflect the strategy that
the participants happen to adopt, it could reflect use of some general
mechanism (e.g., increased attention) that is not specific to the task,

KEY TERMS

Family Wise Error (FWE)
An approach for correct-
ing for many statistical
comparisons based on
the number of tests
being conducted.

False Discovery Rate
(FDR)

An approach for correct-
ing for many statistical
comparisons based on
the number of positive
results obtained.
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Neuron (A+)

Neuron (A-) INACTIVE Neuron (B-)

INHIBITION

or it could reflect the fact that a region is
receiving input but is not responding to the
input (i.e., inhibition). These competing
scenarios can only be ruled out with

Equivalent more rigorous experimentation. Chance
synapticactivity | sccurrences can be ruled out by replicating

EXCITATION /
Neuron (A+) Neuron (B+) the results and the necessity of a region

for a task can be determined using lesion
methods. This is discussed in more detail
in the next section.

N B- u g i i
euron (B-) Inhibition versus excitation

Functional imaging signals are assumed
to be correlated with the metabolic

FIGURE 4.16: Excitatory
and inhibitory synaptic
connections both involve
metabolic activity and thus
an inhibited region could be
mistakenly interpreted as a
region of activity.

KEY TERMS

Inhibition

A reduction/suppression
of the activity of a brain
region (or a cognitive
process), triggered by
activity in another region/
process.

Excitation

An increase of the
activity of a brain region
(or a cognitive process),
triggered by activity in
another region/process.

Activation

An increase in physi-
ological processing in
one condition relative to
some other condition(s).

Deactivation

A decrease in physio-
logical processing in
one condition relative to
some other condition(s).

activity of neurons, and synapses in
particular (see Jueptner & Weiller, 1995). However, neurons can
be metabolically active by virtue of both inhibitory interactions
(when the presynaptic neurons are active, the postsynaptic
neuron is switched off) and excitations (when the presynaptic
neurons are active, the postsynaptic neuron is switched on) — see
Figure 4.16. Most connections are excitatory in nature. Logothetis
et al. (2001) demonstrated that the BOLD signal used in fMRI
is more sensitive to the neuronal input into a region rather than
the output from the region. Thus, regions that “listen” to other
active regions but do not themselves respond to it could appear
as areas of activation.

It is unclear whether functional imaging can distinguish
between these two types of neural function since both are assumed
to be associated with similar physiological changes.

Activation versus deactivation

Activation and deactivation simply refer to the sign (positive or
negative) of the difference in signal between two conditions. This
is not to be confused with excitation/inhibition which refers to the
nature of the mechanism by which neurons communicate. If the
subtraction (Task A) — (Task B) is performed, there could be a set
of regions that show a significant positive effect (i.e., activation)
because they are used more in Task A than in Task B, and there
could also be a set of regions that show a significant negative effect
(i.e., deactivation) because they are more active in Task B than
in Task A. Of course, if one had done the subtraction (Task B) —
(Task A), then the same regions would be identified, but the positive
and negative signs would merely swap. Thus, the terms activation
and deactivation merely refer to whether there is a difference in
signal between conditions and the direction of that difference.
The question of why there is a difference is open to theoretical
interpretation. If the baseline task is very different from the



THE IMAGED BRAIN 87

experimental conditions, the activations and deactivations may be
very hard to interpret.

Necessity versus sufficiency

In an intriguingly titled paper, “If neuroimaging is the answer, what
is the question?”, Kosslyn (1999) sets out some of the reasons why
functional imaging has its limitations. One particular point that will
be picked up on here is the notion that some of the regions that
appear active may indeed be used during performance of the task but
might not be critical to the task. For example, a region may appear
to be active because of a particular strategy that the participants
adopted, even though other strategies might be available. It could
also be the case that the tasks being compared differ in some other,
more general, way. For example, if one task is harder than the other,
it could demand more attention, and this demanding of attention
would have its own neural correlate. Although paying more attention
could certainly help with the performing of the task, it may not in
and of itself be crucial for performing the task. As such, it has been
claimed that functional imaging gives us a better idea of which
regions may be sufficient for performing a particular task but not
always which regions are crucial and necessary for performing a task.

The value of functional imaging data is likely to be enhanced
when it is used in conjunction with other methods. One early
benefit of functional imaging was mooted to be that it could replace
lesion-based neuropsychology. However, this is unlikely to happen
because the logic of inference is different in these two methods,
as illustrated in Figure 4.17. In lesion-based neuropsychology, the
location of the lesion is manipulated (or selected for in a patient
sample), and the resulting behavior is observed. In doing this, a
causal connection is assumed between the lesion and the ensuing
behavior. In functional imaging the reverse is true. In this instance,
the task given to participants in the scanner is manipulated, and
changes in brain regions are observed. Although some of these
changes are likely to be critically related to the performance of the
task, other changes may be incidental to it. It is for this reason
that functional imaging is unlikely to supplant the traditional
lesion-based approach. The next section discusses in more detail
how divergent results between imaging and neuropsychology
could be reconciled.

FIGURE 4.17: Functional

Functional imaging Lesion-deficit analysis . : .
brain imaging and lesion-
Dependent measure Brain regions Behavior deficit analysis of patients
(i.e. your data) (/task performance) (or TMS, see Chapter 5) are
logically different types of
Independent variable Behavior Brain regions methOdom_gy' Itis unlikely
(i.e. conditions manipulated) (task performance) that one will supplant the

other.
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WHY DO FUNCTIONAL IMAGING DATA
SOMETIMES DISAGREE WITH LESION
DATA?

There are two broad scenarios in which functional imaging data
and lesion-deficit data can disagree. These are listed next, together
with possible ways of resolving the disagreement, as described
in the following box.

Disagreement 1: Imaging data imply that a brain region is used in a given task, but le-
sion data suggest that this region is not essential to the task (imaging +, lesion —)
Possible reasons for disagreement:

The activated region reflects a particular strategy adopted by the participants that is
not essential to performing the task.

The activated region reflects the recruitment of some general cognitive resource (e.g.,
due to increased task difficulty, attention or arousal) that is not specific to the task.
The activated region is being inhibited (i.e., switched off) rather than excited (i.e.,
switched on).

The lesion studies have not been powerful enough to detect the importance of the
region (e.g., too few patients, lesion not in the correct location, tasks used with
patients not the same as those used in imaging).

Disagreement 2: Imaging data imply that a brain region is not used in a given task, but
lesion data suggest that this region is critical to the task (imaging —, lesion +)

Possible reasons for disagreement:

If the experimental task and baseline task both depend critically on this region, then
a comparison between them might produce an artifactual null result.

It might be intrinsically hard to detect activity in this region of the brain (e.g., it is a
very small region, it is in different places in different individuals or genuine activity
produces a small signal change).

The impaired performance after lesion reflects damage to tracts passing through the
region rather than the synaptic activity in the gray matter of the region itself.

This box highlights the fact that disagreements between results
from functional imaging and results from lesion data could lie with
imaging results, with the lesion results, or with both. There is no magic
solution for resolving the disagreements except through more rigorous
experimentation. Each method has some relative merit. As such,
disagreements should be viewed as something that is potentially of
theoretical interest rather than dismissed as a failure of one or other
method (Henson, 2005). To provide a feel for how this might be achieved,
the next section considers a concrete example from the literature.

Having your cake and eating it

A small proportion of unfortunate people in later life start to lose the
meanings of wordsand objects that they previously understood. This
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deterioration can spare, at leastin the early stages, memory for events,
calculation abilities and syntax, among other things (e.g., Hodges
et al., 1992). These patients would probably be given a diagnosis
of semantic dementia, because their functional lesion is
primarily in the semantic memory system that stores the
meaning of words and objects. This has been reported for the
Die Hard actor Bruce Willis. Where are the anatomical lesions in
these patients? Lesion studies based on voxel-based morphometry
(VBM) have shown that the degree of semantic memory impairment
is correlated with the amount of atrophy in the left anterior
temporal lobe (Mummery et al., 2000), as shown in Figure 4.18.
(Semantic dementia is itself a form of frontotemporal dementia
but where patients vary in where the atrophy lies and, hence, in the
accompanying cognitive symptoms). Given this finding, it would
be encouraging if functional imaging studies also activated this
particular region when healthy (non-brain-damaged) people are
given semantic memory tasks. However, this has not always been
the case, and a number of studies have reliably shown activation in
a different region — the left inferior frontal gyrus (also referred to as
the ventrolateral prefrontal cortex). How can these divergent results
be explained? It will be argued that a more careful comparison of
the tasks used can account for this divergence and reveals, in turn,
more about how the brain supports semantic memory.

One of the first ever functional imaging studies of cognition
tried to address the question of where semantic memories are
stored. As already discussed, Petersen et al. (1988) compared brain
activation in two tasks: verb generation (e.g., the participant sees
CAKE and says “eat”) and reading aloud (e.g., the participant
sces CAKE and says “cake”). The

KEY TERMS

Semantic dementia
A progressive loss of in-
formation from semantic
memory, linked to fronto-
temporal dementia.

Semantic memory
Conceptually based
knowledge about the
world, including knowl-
edge of people, places,
the meaning of objects
and words.

Left inferior frontal gyrus
implicated by imaging studies
of semantic memory

verb-generation task is assumed to tap
semantic memory more than the reading
task. However, a comparison of the two
tasks shows activity in regions of the left
inferior frontal gyrus but not in the same
regions that are associated with semantic
memory loss. Is the imaging data or the
lesion data to be believed?

Could it be the case that the left
inferior frontal gyrus is really involved in
semantic memory? To test this hypothesis,
instead of taking a group of patients with
semantic memory difficulties and asking
where the lesion is, one would need to take

Left anterior temporal lobe
implicated in semantic dementia

a group of patients with selective lesions to

the left inferior frontal gyrus and give them the same verb-generation
task that the healthy people were given when they were scanned. As
it turns out, such patients do have subtle but real difficulties with
these tasks. Thompson-Schill et al. (1998) asked these patients to
generate verbs that had either a low selection demand (e.g., scissors),
in which most people agree upon a verb (i.e., cut), and words with a

FIGURE 4.18: Studies of
brain-damaged patients
with semantic memory and
imaging studies of semantic
memory have not always
highlighted the importance
of the same regions.
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high selection demand (e.g., cat), which do not suggest an obvious
single answer. The patients are impaired on the latter but not the
former. More extensive imaging data on controls show that the
region is responsive to the difficulty of semantic memory retrieval
(Thompson-Schill et al., 1997, 1999). Thus, this disagreement is
perhaps more apparent than real. The reason why patients with
damage to the left inferior frontal gyrus do not show clinical
symptoms of semantic memory impairment is because the region
is involved in strategic retrieval operations from semantic memory
when no obvious answer comes to mind. By contrast, the temporal
regions may be the store of semantic information, and lesions here
can produce more devastating impairments of semantic knowledge.
So why didn’t these particular imaging studies activate regions that
are putatively the store of semantic knowledge? One possibility
could be the baseline that was used. Petersen et al. (1988) compared
verb generation (their semantic task) with reading (their putatively
non-semantic task). However, if word reading does depend on the
semantic store, and there is, in fact, good evidence that it might
(Woollams et al., 2007), then the two conditions would cancel each
other out when subtracted away.

In this instance, an initial discrepancy between functional
imaging and lesion data has resulted in a more complete
understanding of how semantic memory is both stored and
retrieved. This is a nice example of how the strengths of different
methodologies can be combined in cognitive neuroscience.

BRAIN-READING: IS “BIG BROTHER”
ROUND THE CORNER?

This chapter started with the specter of functional imaging being
used to reveal one’s innermost thoughts to the outside world. It
therefore seems appropriate to return to this interesting theme in
light of the various points raised so far. It should by now be clear
that the process of analyzing and interpreting data produced by
functional imaging is not straightforward. It entails a number of
stages, each with its own assumptions, rather than a literal reading
of the MR signal. Nonetheless, the technology is still relatively
new, and the amount of progress that has already been made is
substantial. Even at this early stage, there are serious studies
exploring how functional imaging could be used as a lie detector
and studies that try to predict the content of another person’s
thoughts at some basic level (for a review, see Haynes & Rees, 2006).

It is generally believed that different classes of objects (e.g.,
faces, places, words, tools) activate somewhat different regions of
the brain. So is it possible to infer what someone is looking at from
brain activity alone? A number of studies have attempted to guess,
in a third-person way, what a person is observing (Haxby et al.,
2001) or imagining (O'Craven & Kanwisher, 2000) on a particular
trial using only the concomitant neural activity (see Figure 4.20).
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To achieve this, each person requires pretesting on a whole range

of objects to determine the average response to that class of objects

relative to some baseline (e.g., all the other objects). Rather than

locating the peak area of activity (as in regular fMRI analysis),

one can examine the pattern of activation over a distributed set of

voxels to enable a more fine-grained approach. This method is called

MVPA or multi-voxel pattern analysis (for a review see Tong &
Pratte, 2012). For example, Haxby et al. (2001) gave participants

pictures from eight different types of category, including cats, ~ Multi-voxel pattern
houses, faces, and shoes. The neural activity from an individual analysis (MVPfA)

. . .. An fMRI analysis method

trial was then compared to the previous known patterns of activity . wnich distributed
to determine the most probable category that was being viewed.  patterns of activity are
This procedure could predict, given pairwise comparisons, what the  linked to cognitive pro-
person was seeing with 96 percent accuracy. The same regions of  cesses.
the brain are used, to some extent, when thinking about objects
even when they are not physically seen. O'Craven and Kanwisher
(2000) obtained comparable results on individual imagery trials.
Other research has shown that activity in these regions can be
used to accurately predict semantic categories when reading words
(Mitchell et al., 2008) or when recalling previously seen images from
memory (Polyn et al., 2005). Decoding the visual content of dreams
involves essentially the same method as these studies (Horikawa
et al., 2013). Participants were awoken during sleep and asked
to report, in words, the content of their dreams. They were then
shown sets of images, whilst awake, of the objects in their dreams
(faces, places, etc.) and a machine learning algorithm (classifier)
was trained to discriminate the visual images (as in similar previous
studies). The classifier was then tested against the original dream
episodes to predict the dream content at above chance levels.

COULD FUNCTIONAL IMAGING BE USED AS A LIE DETECTOR?

Lying appears to be a normal component of human social interaction. It is likely to be
composed of several cognitive components. For example, it requires an understanding
that other people can have states of mind that are different from one’s own (so-called
theory of mind). Lying also requires an ability to inhibit a truthful response and generate
a plausible alternative response. Given this complexity, there will probably be no single
“deception module” in the brain dedicated specifically to lying (Figure 4.19). Neverthe-
less, there is every reason to believe that studying the brain during deception might lead
to more reliable indices of lying than the traditional lie detector (or “polygraph”), given
that the brain is the organ that produces the lie in the first place.

The traditional polygraph monitors a number of bodily responses, including sweating,
respiration, and heart rate, which are considerably downstream from the thought process
that creates the lie. As these measures are associated with increased arousal generally
(e.g., anxiety), they cannot exclusively detect guilt and their usage is highly questionable.
Also, if a liar does not feel guilty there may be no strong arousal response.
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real-world problem.

FIGURE 4.19: Not all lies are as easy to detect.

Many studies have used fMRI to measure the neural correlates of deception and,
studies have reported accuracies between 69 percent and 100 percent in separating
simple deceitful versus truthful responses (Farah et al., 2014). When participants are
asked to generate a lie to a question (e.g., “Who did you visit during your vacation?”,
“Was that the card you were shown before?”), a number of regions are activated, in-
cluding the anterior cingulate cortex. This region is of particular interest in this context,
because it has been implicated in monitoring conflicts and errors (Carter et al., 1998)
and also in generating the kinds of bodily response that form the basis of the traditional
polygraph (Critchley et al., 2003). However, not all types of deception may recruit this
region. Ganis et al. (2003) found that, if participants memorized a lie in advance of
being interviewed in the scanner, then this region was not involved, but regions involved
in memory retrieval were involved. Thus, to conclude, although fMRI might have some
use in lie detection, it is unlikely to offer a simple solution to this complex and important

The studies described thus far are limited in that they generate
answers from a closed set of options (e.g., cat compared with
dog). However, other studies have used this approach to generate
an open-ended set of responses. The primary visual cortex (also
termed V1) has a particular functional layout such that it is a
mosaic of small regions that are specialized for detecting lines
of certain orientations and also for detecting light in particular
locations. The grid of voxels used in fMRI may capture some
of this patterning, and attempts have been made to reconstruct
visual images (presented to a participant) based on the pattern
of activity in this region. For instance, Miyawaki et al. (2008)
used a 10 X 10 grid of pixels to train a classifier. Just as the
classifier can search for voxels that “prefer” cats over dogs, one
can do the same for voxels that prefer brightness in, say, the top
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Cat or
dog?
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FIGURE 4.20: Multi-voxel pattern analysis (MVPA) has two main phases. In the training phase, participants

are given certain tasks or stimuli — in this example seeing cats or dogs — and fMRI data are collected in the
normal way. The pattern of BOLD activity across many voxels (hundreds, or thousands) is measured for each

trial. A mathematical algorithm (a “classifier”) is trained to optimally discriminate the categories. In the next
phase (testing), the participant is then given more tasks or stimuli (e.g., new images of cats and dogs) and the
algorithm must classify them. In this phase the participant’s mind/brain is effectively being “read.” In this simple
example, we would predict DOG (because it’s pattern of activity more closely resembles the two dog examples).
Note that if we averaged activity across the voxels in this brain region, there would be little hope of being able to
discriminate these categories.

left of the grid as opposed to bottom right or for voxels that
prefer horizontal over vertical orientations. From this simple
training, it was possible to reconstruct letters and words that
were presented to the participants as shown in Figure 4.21 (top).
Again, it is worth reiterating that the experimenter is not literally
seeing words spelled out in a participant’s brain in the scanner.
Instead, a computer algorithm is taking fluctuations in brain
activity and making a best guess about whether each voxel is
being activated in response to a visual stimulus or not (and from
that an image is reconstructed). Attempts at generating more
complex images using this method have more limited success but
are good at finding a close match to a novel image from within
a large database, as shown in the bottom panel of Figure 4.21
(Naselaris et al., 2009).

Much of the discussion has focused on brain decoding of
external inputs. What about intentions and decisions that are, by
their nature, internally driven? Patterns of activity in the prefrontal
cortex can be used to predict (even before the person made their
response) which of two tasks will be performed — in this study
the decision was whether to add or subtract digits (Haynes et al.,
2007). Brain activity when shown a series of goods predicts, above
chance, subsequent purchasing decisions in those same participants
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FIGURE 4.21: Can activity in the brain be used to reconstruct what image is being seen? In the top example,
letters displayed in a 10 x 10 grid to the participants can clearly be read out from the pattern of brain activity.
In the bottom example, the target image is shown on the left (red outline) and, to the right, are shown three
attempts at image reconstruction from the pattern of activity (black outline). The first reconstruction uses

an algorithm based on detecting local contrast. The second reconstruction uses the global (blurred) image
characteristics. The final attempt involves finding a best match from a database of 6 million images (not
including the target image). Top, from Miyawaki et al. (2008). Bottom, from Naselaris et al. (2009).
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(Knutson et al., 2007). These kinds of value predictions can, to
some extent, also generalize to decision-making in larger real-world
samples. Differences in activity in ventral striatum to unknown pop
songs correlates with future commercial success of those songs over
the following three years (Berns & Moore, 2012).

Brain-reading may ultimately have real clinical significance
rather than being an instrument of a “Big Brother” state. For example,
paralyzed patients may be able to control robot arms or vehicles by
reading their brain activity in motor cortex (Bouton et al., 2016)
and non-communicative patients may be able to communicate with
others by having their inner speech read. Spoken language is tricky
to decode with fMRI because of the rapidly changing acoustic signal
and sluggish haemodynamic response. One study has got around
this by extracting the gist (meaning) of language from fMRI rather
than precise words, using technology similar to ChatGPT (Tang et
al., 2023). In the training phase, participants listened to 16 hours of
natural speech, and this was tested on new heard speech, imagined
speech, and silent videos. As an example, when a participant was
played the words “I don’t have my driver’s license yet,” the decoder
translated them as “She has not even started to learn to drive
yet.” Accurate decoding was also found to depend on participants
willingness to cooperate, respecting their mental privacy.
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Evaluation

In summary, brain imaging can be used to infer the 7ype of stimulus
that is being processed and simple cognitive decisions (e.g., add or
subtract). However, it is unclear whether fMRI will ever be able
to infer the specific content of thought. To infer, for example,
whether someone in a scanner is thinking about his or her own cat
or next-door’s cat would require knowledge of how and where an
individual stimulus is represented in the brain. We have all been
exposed to different cats, houses, and so on during the course of
our life. Moreover, all our brains differ in subtle ways. This presents
a natural boundary on the imaging enterprise that technological
developments alone are unlikely to resolve.

SUMMARY AND KEY POINTS OF THE CHAPTER

e Structural imaging reveals the static physical
characteristics of the brain (useful in diagnosing
disease), whereas functional imaging reveals dynamic
changes in brain physiology (that might correlate with
ongoing cognitive function).

¢ Neural activity consumes oxygen from the blood.

This triggers an increase in blood flow to that region
(measured by PET) and a change in the amount of
deoxyhemoglobin in that region (measured by fMRI and
fNIRS). As the brain is always physiologically active,
functional imaging needs to measure relative changes
in physiological activity.

e The most basic experimental design in functional
imaging research is to subtract the activity in each part
of the brain while doing one task away from the activity
in the same parts of the brain while doing a slightly
different task. This is called cognitive subtraction. Other
methods, including parametric and factorial designs,
can minimize many of the problems associated with
cognitive subtraction.

e There is no foolproof way of mapping a point on one
brain onto the putatively same point on another brain
because of individual differences in structural and
functional anatomy. Current imaging methods cope with
this problem by mapping individual data onto a common
standard brain (stereotactic normalization) and by
diffusing regions of significance (smoothing).

e A region of “activity” refers to a local increase in
metabolism in the experimental task compared
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with the baseline, but it does not necessarily mean
that the region is essential for performing the task.
Lesion studies might provide evidence concerning the
necessity of a region for a task.
¢ Functional imaging can be used to make crude

discriminations about what someone is thinking and
feeling and could potentially outperform traditional lie
detectors. However, it is highly unlikely that they will
ever be able to produce detailed accounts of another
person’s thoughts or memories.

EXAMPLE ESSAY QUESTIONS

* What are the physiological processes that underpin
fMRI? What determines the temporal and spatial
resolution of this method?

e What is meant by the method of “cognitive subtraction”
in functional imaging research? What problems does
this method face?

¢ |s functional imaging ever likely to completely replace
lesion methods for informing theories of cognition?

e |f a brain region is shown to be “active” in a given task,
does it mean that this region is critical for performing
the task? If not, why not?

¢ Could functional imaging be used in lie detection? Could
it be used to read someone else’s thoughts and feelings?
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Studies of humans who have been unfortunate enough to acquire
brain damage have provided a rich source of information for
cognitive neuroscientists. The basic premise behind the approach
is that, by studying the abnormal, it is possible to gain insights into
normal function. This is a form of “reverse engineering,” in which
one attempts to infer the function of a component (or region) by
observing what the rest of the cognitive system can and can’t do
when that component (or region) is removed. Following brain
damage, it may be possible to write but not speak, or recognize
objects but not faces. In this way, lesions “carve cognition at its
seams” (McCarthy & Warrington, 1990).

From a contemporary perspective, studies of the effects of brain
lesions on cognition can be regarded as one example of a wider class
of approaches in which brain functioning is disrupted or stimulated
in some way — either in humans or animals. This stands in contrast
to other methods, such as EEG and fMRI, where some aspect of
brain activity is recorded and for which the relationship between
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FIGURE 5.1: A taxonomy of current approaches that directly manipulate brain function either as a result

of brain damage (lesions) or via short- or long-term brain stimulation. The latter can occur either invasively
(shown in purple) or noninvasively (shown in green). Noninvasive brain stimulation methods (NIBS) include TMS
(repetitive, rTMS, or single-pulse), electrical stimulation methods (tDCS, transcranial direct current stimulation;
tACS, transcranial alternating current stimulation; tRNS, transcranial random noise stimulation), or even using
ultrasound (tFUS, transcranial focal ultrasound stimulation). Adapted from Polania et al. (2018).

Reproduced with permission from Springer Nature.
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Noninvasive brain
stimulation (NIBS)

A name for a variety of
methods that stimulate
the brain noninvasively
(i.e., outside the skull)
including by magnetic,
electrical, and ultrasound
methods.

Transcranial magnetic
stimulation (TMS)
Noninvasive stimulation
of the brain caused by
magnetic induction from
a rapidly changing electri-
cal current in a coil held
over the scalp.

Transcranial electrical
stimulation (tES)
Noninvasive stimulation
of the brain caused by
passing a weak electrical
current through it, either
direct currents (tDCS)

or alternating currents
(tACS).

brain and behavior is correlational. Figure 5.1 gives an overview of
these brain manipulation methods summarized according to their
approximate temporal and spatial resolutions. It includes classical
pharmacological manipulations on either the whole brain or local
circuits; together with invasive electrical stimulation of neurons
or — in genetically modified animals — by light stimulation of
neurons that contain light-sensitive proteins that excite or inhibit
neural activity (opto-genetics). Primarily used in humans, there are
various noninvasive brain stimulation (NIBS) techniques of which
transcranial magnetic stimulation (TMS) is the most famous. TMS
involves magnetic stimulation of the intact brain to produce what
has been described as “virtual lesions” or “reversible lesions” (e.g.,
Pascual-Leone et al., 1999). A set of newer methods (tDCS, tACS,
tRNS) are based on the principle of electrical stimulation (Nitsche
et al., 2008). Like TMS, transcranial electrical stimulation (tES)
can be used to temporarily disrupt cognitive function (a virtual
lesion approach). However, it can also be used to boost cognitive
function which has important implications for rehabilitation as well
as for exploring the brain basis of cognition.

WAYS OF ACQUIRING BRAIN DAMAGE

Brain damage can be acquired in a number of ways, as
summarized here:

Neurosurgery
Operations are occasionally performed in cases of severe ep-
ilepsy in which the focus of the epileptic seizure is surgically
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removed. One of the most famous cases in neuropsychology,
HM, had dense amnesia after part of his medial temporal lobe
was surgically removed (see Chapter 11). Another surgical pro-
cedure formerly used to reduce epileptic seizures spreading
across the brain was to sever the fibers of the corpus callo-
sum. This operation was referred to as the split-brain proce- KEY TERMS
dure. Patients who have undergone this intervention have only
mild impairments in daily living, but the impairments can be

Split-brain
A surgical procedure

observed in laboratory conditions in which stimuli are present- i wliielh Gses 6f i
ed briefly to each hemisphere (for a review, see Gazzaniga, corpus callosum are
2000). Surgical intervention was also previously common severed.

in psychiatric patients (see the discussion on the prefrontal Strokes

lobotomy in Chapter 15). In general, surgical procedures are Disruption in the blood
only carried out in the absence of suitable pharmacological supply to the brain; also

called cerebrovascular
treatments. accidents (CVA).
Strokes (or cerebrovascular accident; CVA)

Disruptions to the blood supply of the brain (called strokes or
cerebrovascular accidents, CVA) can result in global or local
death of neurons. They may be hemorrhagic or ischemic de-
pending, respectively, on whether the blood vessel ruptures or
not. If an artery ruptures, this leads to a hemorrhage and an
increase in intracranial pressure (typically relieved by surgery).
Blood vessels may also become blocked if, for example, a fat-
ty clot gets pushed from a large vessel into a smaller one (an
embolism) or a stationary clot becomes large enough to block
the vessel (thrombosis). Other vascular disorders include an-
giomas (tangled and tortuous blood vessels liable to rupture),
arteriosclerosis (hardening of the vessel walls), and aneurysms
(over-elastic arteries susceptible to rupture).

Traumatic head injuries

Whereas vascular disorders tend to affect older people,
traumatic head injuries are the most common form of brain
damage in people of less than 40 years of age. They are
particularly common in young men as a result of road traffic
accidents. Traumatic head injuries are classified in two ways,
“open” or “closed,” depending on whether the skull is frac-
tured. Open head injuries often have more localized injuries,
whereas closed head injuries have more widespread effects
(as the brain ricochets in the skull) and often produce loss of
consciousness.

Tumors
The brain is the second most common site for tumors (after the
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uterus), and brain tumors are often spread from other parts

of the body (these are called metastatic tumors). Tumors are
caused when new cells are produced in a poorly regulated
manner. Brain tumors are formed from supporting cells such as
the meninges and glia (termed “meningioma” and “gliomas,” re-
spectively). Tumors adversely affect the functioning of the brain
because the extra cellular material puts pressure on the neu-
rons, disrupting functioning and possibly leading to cell death.

Viral infections

A number of viruses target specific cells in the brain. These
include herpes simplex encephalitis (HSE), human immunode-
ficiency virus (HIV), and Creutzfeldt-Jakob disease (CJD).

Neurodegenerative disorders

Most Western societies have a large aging population that will,
if anything, continue to get larger and older. In 1900, 4 percent
of people were over the age of 65; in 2030, 20 percent of

the population is estimated to be over 65. An increase in

life expectancy is bringing about an increase in degenerative
illnesses that affect the brain. By far the most common is de-
mentia of the Alzheimer type (or DAT). This is associated with
atrophy in a number of regions of the brain, with memory loss
(amnesia) typically being the earliest noted symptom. Other
neurodegenerative diseases include Parkinson’s disease and
Huntington’s disease (see Chapter 10), frontotemporal demen-
tia (affecting personality and/or language, as in semantic de-
mentia), posterior cortical atrophy (dementia affecting vision),
and multi-infarct dementia (caused by many small strokes that
can be hard to distinguish from DAT).

DISSOCIATIONS AND ASSOCIATIONS IN
NEUROPSYCHOLOGY

In 1990, two very unusual brain-damaged patients came to the attention
of Roberto Cubelli (Cubelli, 1991). One patient, CF, was unable
to write any vowel letters and left gaps in their place (“Bologna” —
B L GN). Another patient, CW, made spelling errors selectively on
vowels (e.g., “dietro” — diatro); equivalent errors were not found in
his spoken language. By contrast, Kay and Hanley (1994) report a
different patient who made spelling errors selectively on consonants
(e.g., “record” — recorg); see Figure 5.2. The basic logic behind the
cognitive neuropsychological approach is that a difficulty in one domain
relative to an absence of difficulty in another domain can be used to
infer the independence of these domains. In the case of the patients
just discussed, the implication was that the brain has separate neural
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resources for the processing of written vowels
relative to consonants. These neural resources
need not lie in different locations of the brain
(at least on a millimeter or centimeter scale),
but might reflect two different populations of
interspersed neurons. Note, also, that one cannot
conclude that the only function of these neurons
is the coding of consonants and/or vowels.
The difference could be relative and, indeed,
without testing a whole range of other stimuli
(e.g., digits), it is unwise to conclude exclusivity
of function. Nonetheless, it is reasonable to
conclude that there are some neural resources
predominantly implicated in written vowel
processing relative to consonants and vice versa.

If a patient is impaired on a particular
task (task A) but relatively spared on another
task (task B), this is referred to as a single
dissociation. If the patient performs entirely
normally on task B compared with a control
group, this has been termed a classical
single dissociation, whereas if the patient is
impaired on both tasks but is significantly
more impaired on one task, this is referred
to as a strong single dissociation, as shown in
Figure 5.3 (Shallice, 1988). In either of these
instances, one inference is that task A and
task B utilize different cognitive processes
with different neural resources. However,
other inferences could also be made.

It could be the case that both task A and
task B use exactly the same cognitive/neural
resources as each other, but task B requires
more of this resource than task A (i.e., task
B is harder). If brain damage depletes this
resource, then task B may be relatively or
selectively impaired (Figure 5.4). This has
been referred to as a task-resource artifact
(Shallice, 1988). Another explanation of a
single dissociationisin termsof a task-demand
artifact (Shallice, 1988). A task-demand
artifact is when a single dissociation occurs
because a patient performs one of the tasks
suboptimally. For example, the patient may
have misunderstood the instructions or have
adopted an unusual strategy for performing
the task. Task-demand artifacts can be
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Kay & Hanley (1994)

0 | |
Vowels Consonants

CF's writing of BOLOGNA and TAVOLINO

BLC(Q

AV
Ny

CW'’s errors on different letter types in different spelling tasks

Stimuli Vowels Consonants
Written spelling 42 16
Oral spelling 18 3
Delayed copying 35 7
Typing 25 15

FIGURE 5.2: Some patients produce spelling errors
selectively on either consonants or vowels. This may
imply separate neural resources for coding consonants
and vowels.

Data from Cubelli (1991). Reproduced with permission from
Springer Nature.
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FIGURE 5.3: In a classical dissociation, performance on
one task lies within the control range (shown by dotted
lines). In a strong dissociation, both tasks fall outside
the control range, but one task is significantly more
impaired than the other.

From Shallice (1988). © Cambridge University Press.
Reproduced with permission of the Licensor through PLSclear.

minimized by assessing the patient’s general intellectual functioning,
giving clearer instructions or training, using ecologically valid tests
and repeating the same (or similar tests) on several occasions.
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FIGURE 5.4: A task-resource
artifact can arise because
one task uses more of a
cognitive/neural resource
than the other (i.e., one task
is harder). One could construe
brain damage as depleting
the amount of resource
available. In this instance, at
moderate brain damage, the
patient can still perform the
easy task normally. A single
dissociation need not reflect
different cognitive/neural
substrates for the tasks.

Adapted from Shallice (1988).
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patient is impaired on a
particular task (task A)
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In general, almost all neuropsychological studies are aimed
at proving that two or more tasks have different cognitive/neural
resources and disproving the task-resource and task-demand
explanations even if this is not explicitly stated in these terms. In
the case of Cubelli’s patients, a task-demand artifact can easily be
ruled out because the same task (i.e., writing) was performed in both
conditions. One of the most powerful ways of discounting a task-
resource artifact is to document a double dissociation, which merely
refers to two single dissociations that have a complementary profile
of abilities. To remain with the current example, Kay and Hanley’s
patient could write vowels better than Cubelli’s patient, whereas
Cubelli’s patient could write consonants better than Kay and Hanley’s.

So far, the discussion has emphasized the importance of
dissociations between deficits, but what about associations
of deficits? For example, if for every patient that resembled
Cubelli’s there were 10, 20, or 100 times as many patients who
had comparable dysgraphia for both consonants and vowels,
then would this diminish the findings of the dissociation? Some
researchers would suggest not. There are some theoretically
uninteresting reasons why two symptoms may associate together,
the main reason being that they are close together in the brain and
so tend to be similarly affected by brain pathology in that region.
For example, patients with difficulties in recognizing faces often
have difficulties in perceiving colors, but this probably reflects
neuroanatomical proximity rather than suggesting a “super-
module” that is specialized for both. Itis the (double) dissociations
between the two that count from a theoretical point of view.

Needless to say, this particular viewpoint has attracted
controversy. It has been argued that it is important to know how
common a particular dissociation is in order to rule out that it hasn’t
been observed by chance (Robertson et al., 1993). For example,
if brain damage affects some written letters more than others in a
random fashion, then it would still be possible to find patients who
appear to have selective difficulties in writing vowels, but it would
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be a chance occurrence rather than meaningful dissociation. Other
researchers have focused more on associations between symptoms (so-
called syndromes) rather than dissociations. The use of the double
dissociation itself has been subject to criticism (see Dunn & Kirsner,
2003). Some have argued that the use of double dissociation implies an
endorsement of the notion of modularity (e.g., as specified by Fodor,
1983; see Chapter 1). However, it need not. Shallice (1988) discusses
why this argument is wrong by setting up the following thought trap: if
modulesexist, then double dissociations are a reliable way of uncovering
them; double dissociations do exist, therefore modules exist. The way
out of this trap, however, is to ask the question: can non-modular
systems produce double dissociations? It has been demonstrated that
other types of cognitive architecture, such as interactive connectionist
models, can produce double dissociations (Plaut, 1995). The reason
why they do so is interesting. It reflects the fact that these systems
also contain units that are functionally specialized for certain types
of process/information, even though the system is interactive, and
even though these units may respond (to a greater or lesser degree)
to a range of stimuli. Recent advances in brain imaging suggest that
functional specialization is an inevitable consequence of the network
architecture of the brain in which neurons processing similar kinds of
information connect densely to each other (Bullmore & Sporns, 2009).

Some have argued that the reliance on double dissociations is
flawed because it requires the study of “pure” cases (Dunn & Kirsner,
2003). However, it need not (Shallice, 1979). First of all, one must be
careful to state what is meant by a pure case. For example, imagine that
the dysgraphic patients mentioned previously also had amnesia. Would
the fact that they were not “pure dysgraphic” exclude them from the
study? This might depend on the theoretical stance one adopts. If one’s
theoretical model assumes that writing and memory are independent
(as most do), then studying writing in isolation is entirely feasible.

It is worth stating that finding a double dissociation between two
patients on two tasks is only part of the neuropsychologist’s toolkit. To
interpret their spared and impaired performance, one requires evidence
from a range of other relevant tasks. For example, to fully interpret the
dysgraphic patients’ impairments, it would be interesting to know if
they could copy vowels and consonants, or recognize them visually. The
types of error that patients produce can also be an important source
of information, irrespective of their performance level (i.e., how good
or bad they are). For example, the independence of consonants and
vowels was initially inferred from the types of errors made in dysgraphia
(Caramazza & Miceli, 1990) and not from the double dissociation logic.
The double dissociation is useful, but it is not a panacea.

SINGLE-CASE STUDIES IN COGNITIVE
NEUROPSYCHOLOGY

Patient-based neuropsychology has tended to take two broad forms.
In one tradition, which I shall call classical neuropsychology, attempts
have been made to infer the function of a given brain region by taking
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A cluster of different
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believed to be related in
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FIGURE 5.5: The purpose
of a neuropsychological
assessment is to ascertain
a patient’s level of
functioning relative to that
expected based on his or her
premorbid functioning. Some
common neuropsychological
tests are shown; clockwise
from top left: patients

with visual recognition
problems find it hard to
identify overlaid letters
relative to non-overlaid ones
(from BORB; Riddoch &
Humphreys, 1995); patients
with semantic memory
impairments may find it
hard to match the palm tree
to the pyramid (Howard &
Patterson, 1992); patients
with aphasia may find it
hard to decide whether
things rhyme (from PALPA;
Kay et al., 1992); patients
with memory problems may
be able to copy but not
remember this figure.

From Rey (1964). Reproduced

by permission of Taylor & Francis
Group.
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performance of different
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Single-case studies

In cognitive neuropsy-
chology, the data from
different patients are not
combined.
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patients with lesions to that region and examining their pattern of
impaired and spared abilities. This type of research has benefited
greatly from the development of imaging methods that enable more
accurate lesion localization and quantification. It also provides an
important source of constraint on functional imaging data. In the
second tradition, which I shall call cognitive neuropsychology, the
pattern of spared and impaired abilities in and of themselves has
been used to infer the building blocks of cognition — irrespective of
where they are located in the brain. Each tradition has tended to rely
on its own methodology, with classical neuropsychology favoring
group studies and cognitive neuropsychology favoring single-
case studies. It will be argued in this chapter that group studies
are more appropriate for establishing lesion-deficit associations,
whereas single-case studies are particularly helpful for establishing
how cognitive processes might be subdivided. Both approaches rely
on detailed assessments of many kinds of cognitive function (see
Figure 5.5) in order to infer the specificity of any deficit.

Caramazza’s assumptions for theorizing in cogni-
tive neuropsychology

Although the use of single cases of brain-damaged individuals to
study normal cognitive/brain function began in the mid-nineteenth
century, attempts to formalize the logic of this approach were
lacking for many years. Caramazza (1986, 1992) provided one
of the first serious attempts to do so. He suggested that three
underlying, and unstated, assumptions underpinned almost all
neuropsychological studies to date:

1. The fractionation assumption. The first assumption is that
damage to the brain can produce selective cognitive lesions.
Note that the assumption is stated with reference to a lesion
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within a particular cognitive model and not to a lesion to a
particular region of the brain (although the two may, of
course, be correlated). Caramazza’s arguments were concerned
with using observations of brain-damaged individuals to
inform theories of cognition (cognitive neuropsychology),
not to localize cognitive processes in the brain (classical
neuropsychology).

2. The transparency assumption. The transparency assumption
states that lesions affect one or more components within
the preexisting cognitive system, but they do not result in a
completely new cognitive system being created. Thisassumption
is needed because one wishes to study the abnormal in order
to understand the normal, and not just to study the abnormal
as an end in itself.

3. The universality assumption. The universality assumption is
that all cognitive systems are basically identical.

Caramazza acknowledged that these assumptions may, under
some situations, not hold true. It is a matter for empirical research
to determine the extent to which they are true (for a discussion
see Shallice, 2015).

Critics have pointed to a number of potential difficulties with
the assumptions. Kosslyn and Van Kleek (1990) have suggested
that whether selective cognitive impairments will be observed (the
fractionation assumption) depends on the neural architecture. For
example, selective deficits may be more likely if neurons performing
a given operation are clustered together rather than distributed
around the brain and if the neurons are dedicated to one operation
rather than shared by many operations. Nevertheless, selective
cognitive impairments can be observed, and so the fractionation
assumption appears to hold true at one level, even if there are
some cognitive processes that may be hard to uncover by the lesion
method by virtue of an atypical neural architecture.

The transparency assumption is potentially the most
problematic. Basically, one needs to assume that brain damage
removes one component of cognition, but does not create, from
scratch, a rearranged or different cognitive system. Examples
of brain plasticity, and rehabilitation and recovery after brain
damage, might at first appear to be convincing arguments against
transparency. But they need not be. For example, imagine that a
patient has severe problems in speaking after a stroke (i.e., aphasia)
but that these problems ameliorate over time. This could be taken
as prima facie evidence that the brain has somehow reorganized
itself after the stroke. However, it could be that the preexisting
cognitive model has just been reinstated rather than that a whole
new way of performing the task has been created. As such, this
would not be a violation of the transparency assumption. Plasticity
at a neural level is a pervasive aspect of brain function (see also
Chapter 11), but plasticity doesn’t necessarily create alternative
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cognitive systems. It is important to point out that the assumption
is more likely to hold true for brain damage acquired during
adulthood than childhood (Thomas & Karmiloff-Smith, 2002).
It is also worth pointing out that the transparency assumption
refers to the cognitive organization of the cognitive system and not
necessarily its location. Consider the case of an epileptic child who
has his left hemisphere removed and then learns to speak using the
right hemisphere (Vargha-Khadem et al., 1997a). Is that a violation
of the transparency assumption? It could be, but it need not be. It
depends on whether the new right hemisphere system is cognitively
equivalent to the one in the left. The transparency assumption refers
to the comparability between premorbid and postmorbid cognitive
systems, and not on where such systems are located. Although the
debate remains open about the validity of this assumption, a good
rule of thumb is that the transparency assumption is less likely to
be violated in adult relative to child cases and when studied soon
after injury relative to later in time (or if the cognitive profile after
injury remains stable over time).

The universality assumption, that all cognitive systems are
basically the same, may also be problematic to neuropsychology.
But Caramazza has argued that it is equally problematic for other
methods within cognitive neuroscience. Basically, one needs to
assume that an individual (or individuals) are representative
of the population at large in order to make generalizations to
normal cognition. Individual differences, such as they are, are
attributable to “noise” (e.g., variations in performance related to
time) or other factors that may be related to the efficiency of the
cognitive system (e.g., expertise) but need not reflect qualitative
differences in the way the task is performed. Of course, if there
are individual qualitative differences, then this is theoretically
interesting. Finding a framework to explore and account for
these differences is a challenge for cognitive neuroscience
in general, rather than patient-based neuropsychology in
particular. As one example, it has been suggested that there are
different routes to reading a word aloud (a semantic route, and
a phonetic route) and that there might be individual differences
in how these routes are weighted: with some people using one
route in preference to the other. Equivalent lesions to a given
route would then produce rather different symptoms depending
on how heavily that route was weighted prior to brain damage
(Woollams et al., 2007).

The case for single-case studies

Caramazza and McCloskey (1988) have gone as far as to
suggest that the single-case study is the only acceptable method
in cognitive neuropsychology. The titles of the papers debating
this position tell a story of their own. The original paper, entitled
“The case for single patient studies” (Caramazza & McCloskey,
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1988), was interpreted as the case against
group studies. A subsequent paper, “The
case against the case against group studies”
(Zurif et al., 1989), defended group studies
on the grounds that “syndromes [i.e.,
associations of symptoms] are what the
world gives us.” This provoked a paper
with a particularly amusing title: “Clinical
syndromes are not God’s gift to cognitive
neuropsychology: A reply to a rebuttal to

In a non-brain-damaged population...

Subjects S S, S3  Spe. S,

Cognitive system M M M M M
Experiment E E E E E

Observations O; O, O3 0O4. O,

In a brain-damaged population...

an answer to a response to the case against Subjects P, P, Py Ps. P,
2

syndrome-based research (Cararpazza & Cognitivesystem M M M ”

Badecker, 1991). To understand this heated Lesion L L L L L

debate, it is necessary to take a step back Experiment E B E E E

and consider the argument as initially laid GlEaERens o, 0, 05 O,. O,

out (see Figure 5.6).

Consider first the logic of testing
participants in the non-brain-damaged population. One may recruit
a sample of participants (S1 to Sn) and make the assumption, valid
or not, that they have broadly equivalent cognitive systems (M).
One may then conduct an experiment (E), making the further
assumption that all participants carry it out in equivalent ways
(i.e., no task-demand artifacts), and derive a set of observations
(O1 to On). In this instance, it is argued that it is quite feasible to
average the observations of the group because it is assumed that the
only difference between the participants is “noise” (i.e., variations
in performance over time, differences in speed or ability).

Consider next the situation in which one wishes to test
a group of brain-damaged patients (P1 to Pn). As before, it is
assumed that each has (before their lesion) essentially the same
cognitive system (M) and that each is given the same experiment
(E) and complies with the experiment in the same way. However,
each patient may have a different lesion to the cognitive system
(L1 to Ln) and so the difference in observed performance may be
attributable to differences in lesion rather than between-patient
noise and, as such, averaging across patients is not possible.
Determining where the lesion is in the cognitive system can only
be done on the basis of empirical observation of each case in turn.
It is crucial to bear in mind the distinction between a lesion to
a cognitive component (which is relevant to the discussion here)
and an anatomical lesion. At present, there is no magic way of
working out what the precise cognitive profile of a given patient
will be from a structural lesion (except in the most general terms).
Thus, establishing the cognitive impairment requires cognitive
testing of individual patients.

What if one were to establish that a group of patients had
identical lesions to the same component of the cognitive system —
could one then average across the patients? Caramazza has
argued that, although legitimate, the study becomes a series of

FIGURE 5.6: Caramazza has
argued that it is possible to
average observations (01

to On) across different non-
brain-damaged participants
(S1 to Sn) because they are
assumed to have the same
cognitive system (M) that
performs the experiment (E)
in comparable ways. The
same logic may not apply to
brain-damaged patients (P1
to Pn) because each patient
will have a different cognitive
lesion (L), which cannot be
known a priori.

From Caramazza and McCloskey
(1988). Copyright © Taylor &
Francis Ltd, reprinted by

permission of Taylor & Francis
Ltd, www.tandfonline.com.
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FIGURE 5.7: The use of
single cases is not peculiar
to neuropsychology. For
example, it is the mainstay
of archaeology and
anthropology. In 1974,
Donald Johanson discovered
a partial skeleton of a single
primate, Lucy, from 3.18
million years ago, which

had walked upright and

had a small brain. Previous
theories had suggested

that brain enlargement
preceded the ability to walk
upright. This single case
proved this not to be so.
Note that Johanson did not
have to provide a group of
“Lucys” for his findings to be
acceptable to the scientific
community.

John Reader/Science Photo
Library.

single-case studies, not a group
study, and so the unit of interest
is still the single case. To establish
that they had the same lesion,
one would have to carry out
the same set of experiments on
each individually. As such, one
would not learn any more from
averaging the set of patients
than could be learned from a
single case itself. The objection
is not against the idea of testing
more than one patient per se, but
rather averaging the results of
many patients assumed (but not
proven) to be equivalent.

Someof thecommon objections
against the use of the single-case
study are that one cannot create a
theory based on observations from
only a single case, or that it is not
possible to generalize from a single
case. The counterarguments are
that nobody is trying to construct
whole new theories of cognition based on a single case. Theories,
in neuropsychology and elsewhere, must account for a wide range
of observations from different sources, both normal and brain-
damaged. Nevertheless, the use of single-case methodology in
the age of “big data” is undoubtedly on the decline. Medina and
Fischer-Baum (2017) discuss various reasons for this including the
popularity of neuroimaging, the logistics of performing in-depth
investigations of one person over several months (or years) and
wider concerns over replicability (even though replicability within
the single case guards against the possibility that a pattern of
data is simply noise).

Evaluation

The argument presented in the previous section has emphasized
the point that single-case studies are a valid methodology, and
they may have a particularly important role to play in determining
what the components of cognitive systems are (Figure 5.7). The
discussion has also argued that the term “lesion” can be construed
both in terms of disruption to a component in a cognitive model
and as a region of organic brain damage. Does this mean that
group studies have no role to play at all? It will be argued that group
studies do have an important role to play, and that they may be
particularly suited to addressing different types of question from
the single-case approach.
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GROUP STUDIES
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The introduction to this chapter (i.e. data) location location ST

discussed the historical schism that

exists between cognitive neuropsychology, which is aimed at ggURE 5.8: There are at
developing purely cognitive accounts of cognition, and classical |east three different ways of
neuropsychology, which is aimed at developing brain-based grouping patients to carry
accounts of cognition. The latter has tended to rely more on outa lesion-deficit analysis.
groups of patients with damage to particular brain regions in

order to determine if the region is important for that task (in

contrast to imaging methods which are more correlational) and

to infer what precise functions that region computes. As such,

this neuropsychological method has benefited greatly from the

knowledge base derived from neurotypical brain imaging studies.

Ways of grouping patients

How does one decide the principle by which patients should be
grouped in order to associate lesion sites with deficits? There are at
least three approaches in the literature (see also Figure 5.8):

1.  Grouping by syndrome. Patients are assigned to a particular
group on the basis of possessing a cluster of different symptoms.
This approach is particularly common in psychiatric studies
(e.g., of schizophrenia), and there are current attempts to
ensure that these diagnostic categories map effectively onto the
latest findings in neurobiology and behavior (Cuthbert & Insel,
2013).

2. Grouping by cognitive symptom. Patients are assigned to a
particular group on the basis of possessing one particular
symptom (e.g., auditory hallucinations; difficulty in reading
nonwords). They may also possess other symptoms, but
assuming that the other symptoms differ from case to case, the
method should be sensitive to the symptom under investigation.

3.  Grouping by anatomical lesion. Patients are selected on the
basis of having a lesion to a particular anatomical region.
This region may have been identified as interesting by
previous functional imaging studies. This method need not
require that patients have damage exclusively to the region of
interest. The patients may have additional damage elsewhere,
but assuming that the other lesions differ from case to case,
the method should be sensitive to the region in question
(Damasio & Damasio, 1989).

There is no right or wrong way of deciding how to group
patients, and to some extent, it will depend on the precise question
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KEY TERM

Edema
A swelling of the brain
following injury.

being addressed. The method of grouping cases by syndrome
is likely to offer a coarser level of analysis, whereas grouping
according to individual symptoms may provide a more fine-grained
level of analysis. In general, the syndrome-based approach may
be more appropriate for understanding the neural correlates of a
given disease pathology rather than developing theories concerning
the neural basis of cognition.

The method of grouping patients by symptom (2 in the
previous list) and then finding out what regions of damage they
have in common is made feasible by techniques that compare
the location of lesions from MRI scans of different patients on a
voxel-by-voxel basis, thus producing a fine-grained statistical map
of the likely lesion “hot spot” (Rorden & Karnath, 2004). For
example, it has been used to separate out the different contributions
of frontal regions in tests of executive function (Shammi & Stuss,
1999; Stuss et al., 2002). One advantage of working forward from
a symptom to a lesion location is that it could potentially reveal
more than one region as being critically involved. For example,
let’s assume that a cognitive deficit can arise from damage to
either region X or region Y. If one were to initially group patients
according to whether they have damage to region X and test for a
deficit (3 in the previous list), then one could falsely conclude that
region X is the key region that gives rise to this deficit, and the
method would not detect the importance of region Y. The main
situation in which one would group patients by lesion site and then
test for the presence of a particular symptom is if one has a specific
testable prediction about what the region is critical for (e.g., the
region has been implicated by functional imaging studies).

Caveats and complications

There are at least two caveats and complications that warrant further
discussion. The first concerns the ability of current structural
imaging techniques to identify lesions. The second concerns the
inferences that can be drawn from lesion-deficit associations that
can, if not articulated properly, lapse into neophrenology.
Damasio and Damasio (1989) discuss how certain types of
neuropathology are more suited to lesion-deficit analysis than
others, at least with current techniques. The most suitable lesions are
those in which dead tissue is eventually replaced by cerebrospinal
fluid. This is frequently the case in stroke (at least in the chronic
rather than acute phase), in damage resulting from the herpes
simplex encephalitis (HSE) virus and following neurosurgery.
Identifying the site of a lesion caused by a tumor is particularly
problematic when the tumor is in situ but is less problematic once
it has been excised. Certain tumors (e.g., gliomas) may infiltrate
surrounding tissue and so have no clear boundary, and physical
strain around the tumor may cause swelling (termed edema). This
distorts the true size and shape of the brain tissue and may render
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neurons inoperative even if they are
not destroyed (Figure 5.9). Similar
arguments apply to the presence of
leaked blood during hemorrhage
and the intracranial swelling
associated with closed head injury.
In general, reliable lesion images
are best obtained three months after
onset and when the neuropsychology
testing is carried out at a similar
time to the structural imaging
(Damasio & Damasio, 1989).

On finding that a function (F)
is disrupted following a lesion to
region X, it is tempting to conclude
that function F is located in region
X or, worse still, that the purpose of
region X is to implement F. These
conclusions, and the second one
in particular, are tantamount to
endorsing a neophrenological view
of the brain structure—function
relationship. Before jumping to
such a conclusion, one would need to consider a number of other
questions. Is this the only function of region X? Do other regions
contribute to the performance of function F, or is this the only
region that does so? On finding that a function (F) is disrupted
following a lesion to region X, a more cautious conclusion is that
region X is critical for performing some aspect of function F. This
assertion does not assume that region X has a single function, or
that function F has a discrete location. It is also important to note
that even a very discrete brain lesion can disrupt the functioning
of distant brain regions that are structurally intact; this is termed
diaschisis. For example, structural lesions to the left frontal lobe
can result in markedly reduced activity in other distant regions
(e.g., left inferior posterior temporal lobe) during a letter judgment
task (Price et al., 2001). This can occur even though this distant
region is not lesioned and may function normally in other contexts.
The implications are that damage to one region can disrupt the
functioning of another, intact region when these two regions work
together as a network to implement a particular cognitive function.

Evaluation

Group studies of patients can be important for establishing whether
a given region is critical for performing a given task or tasks. Two
broad methods are favored, depending on the hypothesis being
addressed. The first method involves establishing (on a case-by-case
basis) whether a patient is impaired on a given task and then

FIGURE 5.9: A tumor (here
shown on a CT scan) can
make it hard to estimate
lesion size, and the
distortion in the shape of the
brain makes it hard to map
onto a standard atlas.

Sovereign, ISM/Science Photo
Library.
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KEY TERM

Behavioral neuroscience
Cognitive neuroscience in
nonhuman animals.

determining the lesion location(s). The second method involves
selecting the group on the basis of a lesion to a predefined area
and then establishing what functional deficits the group has. This
second method is important for testing predictions derived from
functional imaging research.

ANIMAL MODELS IN NEUROPSYCHOLOGY

The two main methods that use nonhuman animals that are
considered in this textbook are single-cell recordings (discussed
in Chapter 3) and lesion methods. Both of these methods have
been greatly assisted by structural MRI scanning enabling
individual differences in each animal’s brain anatomy to be taken
into consideration when placing electrodes and lesions, and also
for determining the extent of lesions in vivo. When nonhuman
animals are used in this way, it is typically referred to as behavioral
neuroscience rather than cognitive neuroscience. The implication
of this difference in terminology is that humans think but animals
behave, or, rather, we know that humans think but we can’t be so
sure about other animals.

Although lesion methods in humans rely on naturally occurring
lesions, it is possible — surgically — to carry out far more selective lesions
on other animals. Unlike human lesions, each animal can serve as
its own control by comparing performance before and after the
lesion. It is also common to have control groups of animals that
have undergone surgery but received no lesion, or a control group
with a lesion in an unrelated area. There are various methods for
producing experimental lesions in animals (Murray & Baxter, 2006):

1.  Aspiration. The earliest methods of lesioning involved
aspirating brain regions using a suction device and applying a
strong current at the end of an electrode tip to seal the wound.
These methods could potentially damage both gray matter and
the underlying white matter that carries information to distant
regions.

2. Transection. This involves cutting of discrete white matter
bundles such as the corpus callosum (separating the
hemispheres) or the fornix (carrying information from the
hippocampus).

3. Neurochemical lesions. Certain toxins are taken up by selective
neurotransmitter systems (e.g., for dopamine or serotonin),
and once inside the cell, they create chemical reactions that
kill it. A more recent approach involves toxins that bind to
receptors on the surface of cells, allowing for even more specific
targeting of particular neurons.

4. Reversible “lesions.” Pharmacological manipulations can
sometimes produce reversible functional lesions. For example,
scopolamine produces a temporary amnesia during the time
in which the drug is active. Cooling of parts of the brain also
temporarily suppresses neural activity.
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Studies of nonhuman animals
have also enabled a more detailed
anatomical  understanding  of
the brain and, in particular, the
anatomical connectivity between
regions. In nonhuman animals,
injecting the enzyme horseradish
peroxidase into axons carries a
visible tracer back to the cell bodies
that send them. The tracer can be
visualized at postmortem. This
enables one to ascertain which
regions project to a given region
(Heimer & Robards, 1981). There
are now a wide variety of chemically-based tract tracing methods
(Lanciego & Wouterlood, 2020).

While the vast majority of neuroscience research is conducted
on rodents, some research is still conducted on nonhuman primates.
In many countries, including in the EU, neuropsychological studies
of great apes (e.g., chimpanzees) are not permitted. More distant
human relatives used in research include three species of macaque
monkeys (rhesus monkey, cynomolgus monkey, and Japanese
macaque; Figure 5.10) and one species of New World primate, the
common marmoset. There are a number of difficulties associated
with the use of animal models in neuropsychology, not least the
concern for the welfare of the animals. Scientists working with
these species must provide a justification as to why the research
requires primates rather than other animals or other methods, and
they must justify the number of animals used. It is also important to
have careful breeding programs to avoid having to catch animals in
the wild and to protect the animals from viruses. It is important to
give them adequate space and social contact. Another disadvantage
of animal models is that there are some human traits that do not
have obvious counterparts in other species. Language is the most
obvious such trait; consciousness is a more controversial one (see
Edelman & Seth, 2009).

TRANSCRANIAL MAGNETIC STIMULATION
(TMS)

Attempts to stimulate the brain electrically and magnetically have
a long history. Electric currents are strongly reduced by the scalp
and skull and, until relatively recently, tended to be an invasive
technique on people undergoing surgery. In contrast, magnetic
fields do not show this attenuation by the skull. However, the
limiting factor in developing this method has been the technical
challenge of producing large magnetic fields, associated with
rapidly changing currents, using a reasonably small stimulator
(for a historical overview, see Walsh & Cowey, 1998). Early
attempts at magnetic stimulation were successful at eliciting

FIGURE 5.10: A family of
macaque monkeys.
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subjective flashes of light or “phosphenes”
(Magnussen & Stevens, 1914), but this
was probably due to stimulation of the
retina rather than the brain (Barlow
et al.,, 1947). It was not until 1985 that
adequate technology was developed to
magnetically stimulate focal regions of
the brain (Barker et al.,, 1985). Since

then, the number of publications using
this methodology has increased rapidly.
Typically, the effects of transcranial
Ny magnetic stimulation (TMS) are small, such
that they alter reaction-time profiles rather
than elicit an overt behavior. But there are
instances of the latter. For example, if the
coil is placed over the region of the right
motor cortex representing the hand, then
the subject may experience a sensation or
involuntary movement in the left hand
(given that the right motor cortex sends
movement signals to the left part of the
body). If the coil is placed over the right
visual cortex, then the subject may report
phosphenes on the left side (given that the

{4 right visual cortex represents the left side

u of space). Even more specific examples
have been documented. Stewart et al.
(1999) stimulated a part of the visual cortex
dedicated to motion perception (area V5/
MT) and reported that these particular
phosphenes tended to move — Figure 5.11.
Stimulation in other parts of the visual

FIGURE 5.11: An example of
two phosphenes produced
by stimulating area V5/

MT. Left hemisphere V5/

MT stimulation produces
right visual field phosphenes
moving away from the center.
The first was described as
“movement of a single point
in a static field” and the
second as “drifting right, not
continuous.”

From Stewart et al. (1999). ©

1999 Elsevier. Reproduced with
permission.

cortex produces static phosphenes.

How does TMS work?

TMS works by virtue of the principle of electromagnetic induction
that was first discovered by Michael Faraday. A change in electric
current in a wire (the stimulating coil) generates a magnetic field.
The greater the rate of change in electric current, the greater the
magnetic field. The magnetic field can then induce a secondary
electric current to flow in another wire placed nearby. In the case of
TMS, the secondary electric current is induced, not in a metal wire,
but in the neurons below the stimulation site. The use of the term
“magnetic” is something of a misnomer as the magnetic field acts as
a bridge between an electric current in the stimulating coil and the
current induced in the brain. Pascual-Leone et al. (1999) suggest
that “electrodeless, noninvasive electric stimulation” may be more
accurate, although it is a less catchy term. The induced electric
current in the neurons is caused by making them fire (i.e., generate
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action potentials) in the same way as they would when responding
to stimuli in the environment. Although the TMS pulse itself is
very brief (less than 1 millisecond), the effects on the cortex may
last for several tens of milliseconds. Moreover, repeated stimulation
by TMS, over several minutes, results in longer aftereffects (~20
minutes) in which synaptic transmission is temporarily affected
in that region (Huang et al., 2011). As such, TMS protocols are
often described as being either online (i.e., single pulse or a short
train of pulses of TMS delivered around the same time as the
stimulus) or offline (i.e., TMS delivered repeatedly before a task so
its aftereffects influence cognition). Obviously, the former method
has a better temporal resolution (refer back to Figure 5.1).

A number of different designs of stimulating coil exist
(Figure 5.13), and the shape of the coil determines how focused
the induced current is. One of the most common designs is the
figure-of-eightcoil. Although thecoilitself is quite big, the focal point
of stimulation lies at the intersection of the two loops and is about
1 cm?in area. If you have access to TMS equipment, try holding the
coil a few centimeters above your arm. When the pulse is released,
you should feel a slight harmless twinge on a small area of skin
that is representative of the area of direct stimulation of the brain.

The “virtual lesion”

TMS causes neurons underneath the stimulation site to be
activated. If these neurons are involved in performing a critical
cognitive function, then stimulating them artificially will disrupt
that function. Although this process is described as a “virtual
lesion” or a “reversible lesion,” a more accurate description would
be in terms of interference. The neurons are being activated both
from an internal source (the task demands themselves) and an
external source (the TMS), with the latter disrupting the former.
Of course, if the region is not involved in the task, then interference
would not occur in this way.

WHAT IS THE “VISUAL” CORTEX OF A BLIND PERSON USED FOR?

Could whole regions of the brain normally dedicated to one type of processing (e.g.,
vision) take on a completely different functional characteristic (e.g., touch)? A number of
studies have investigated the functioning of the visual cortex (in the occipital lobes) in
people who were blind from a very early age.

Sadato et al. (1996) conducted a brain imaging study demonstrating that early blind
Braille readers showed activity in their primary visual cortex (V1) during Braille reading.
This was not found for late blind or sighted individuals with their eyes closed. However,
functional imaging methods can reveal increases in activity that may not be functionally
critical. It could be, for instance, that the blind readers are trying to use the visual cortex
during Braille reading but that this activity is not actually contributing to task performance.
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To address this, lesion methods are appropriate. Given that early blind people with late
brain damage restricted to occipital regions are rare (but see Hamilton et al., 2000), TMS
avails itself as the most appropriate method.

Cohen et al. (1997a) studied tactile identification of Braille letters in early blind
individuals, and tactile identification of embossed letters in Roman type in both early blind
and (blindfolded) sighted individuals. When they placed their finger on the letter, a train
of TMS pulses was delivered. The TMS was delivered to a number of sites, including the
mid-occipital (“visual” cortex), the sensorimotor (tactile/motor cortex) and “air” as the
control condition. For the blind participants, TMS over midoccipital regions impaired tactile
letter discrimination (Figure 5.12). This suggests that the “visual” cortex is used for touch
in the early blind. Sighted people show disruption when TMS is applied over the sensorim-
otor cortex. It is perhaps surprising that blind people do not additionally show an effect
here. It could be that, because they are more skilled, they require a higher intensity of TMS
for disruption to be induced. There is evidence for plasticity in somatosensory, as well as
mid-occipital, regions in the blind as the region of the brain representing their reading fin-
gers is enlarged by as much as two or three times (Pascual-Leone & Torres, 1993). Similar
TMS studies have revealed cortical enlargements are found for skilled racquet players
(Pearce et al., 2000) and cortical reductions found for limb amputees (Cohen et al., 1991).
These suggest that level of use is critical for plasticity.

Is it likely that any brain region can substitute for the function of another? In this
instance, the function of the brain region is largely the same (i.e., it makes fine-grained
spatial discriminations) even though in one instance it responds to vision and in another to
touch. However, more recent research suggests that the occipital cortex in blind individuals
can support tasks of a very different nature (e.g., verb generation; Amedi et al., 2004).
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FIGURE 5.12: TMS over mid-occipital “visual” cortex impairs tactile identification in the blind, but not in
blindfolded sighted people, whereas TMS over sensorimotor (tactile) cortex impairs tactile discrimination
in sighted individuals.

From Cohen et al. (1997b). Reproduced with permission from Springer Nature.
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TMS hasanumber of advantages
over traditional lesion methods
(Pascual-Leone et al., 1999). The first
advantage is that real brain damage
may result in a reorganization of
the cognitive system (a violation
of the transparency assumption),
whereas the effects of TMS are brief
and reversible. This also means that
within-subject designs (i.e., with
and without lesion) are possible
in TMS that are very rarely found
with organic lesions (neurosurgical
interventions are an interesting exception, but in this instance, the  gGURE 5.13: The coil is
brains are not strictly premorbidly “normal” given that surgery held against the participant's
is warranted). In TMS, the location of the stimulated site can be head, and a localized
removed or moved at will. In organic lesions, the brain injury may magnetic field is generated
be larger than the area under investigation and may affect several ~during performance of the
cognitive processes. tafk' ‘ _

Will TMS completely replace traditional neuropsychological Erg'zz:fgﬁ;;?:g‘fo’g SL:E:?Y
methods? Probably not. For one thing, TMS is restricted in the sites
that can be stimulated, that is, those beneath the skull; stimulations
elsewhere cannot be studied with TMS. Moreover, the spatial extent
of the changes induced by TMS is not fully understood, and it is
likely that more distant brain structures receive stimulation if they
are connected to the stimulation site (Bestmann & Feredoes, 2013).

In contrast, organic lesion localization using MRI is more tried
and tested. Another advantage of traditional neuropsychology is
that the “accidents of nature” turn up some unexpected and bizarre
patterns. For example, some patients can name body parts, but
not point to named parts of their body (Semenza & Goodglass,
1985); and some patients can draw a bicycle, but not recognize a
drawing of a bicycle (Behrmann et al., 1994). Perhaps these sorts of
pattern could also be observed with TMS, but nobody would think
to look for them without the patient-based observations. Indeed,
the effects of TMS “lesions” are often only observable through

Advantages of TMS over organic Advantages of organic lesions over

lesions TMS
No reorganization/compensation -« Subcortical lesions can be
studied

Can be used to determine timing -+ Lesions can be accurately localized
of cognition with MRI (effects of TMS are less
well understood spatially)

Lesion is focal

Lesion can be moved within the - Changes in behavior/cognition are
same participant more apparent

Can study functional integration
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slowed reaction times and not through error rates or the externally
observable behavior that characterizes most neurological deficits.

Using TMS to study functional integration

The uses of TMS described so far come within the framework of
functional specialization: that is, trying to understand the functional
contributions of particular regions to certain aspects of cognition.
A complementary approach is functional integration; that is, trying
to understand how one region influences another or how one
cognitive function influences another. One way in which this is
achieved is by undergoing a session of focal TMS and then studying
how this affects the communication between brain regions using
fMRI (Bestmann & Feredoes, 2013). (Note: for safety reasons TMS
cannot be done in the scanner itself without significant modification
of the equipment.) Another approach is to use TMS to examine
competition between brain regions. If there are different processes
competing in the brain, then eliminating one process from the
competition (using TMS) might have a beneficial effect on the other.

The brain divides up the visual world into different attributes
such as color, shape, and motion, and these different attributes are
essentially represented in different regions of the brain (see
Chapter 7 for discussion). One theoretical question is: “Do these
regions compete with each other, and does attending to one
attribute (e.g., motion) have positive or negative consequences for
irrelevant attributes (e.g., color)?” To answer this question, Walsh
et al. (1998b) presented participants with arrays of different shapes
made up of different colors that were either moving or static as
shown in Figure 5.14. The task of the participants was to determine
whether a prespecified target (e.g., a moving cross, a static cross,
a green cross) was present or absent in the array as quickly as
possible. TMS was delivered at area V5/MT (specialized for visual
motion perception) at a number of different time intervals, but for
simplicity, the overall pattern across time only will be discussed
here. In the first two examples, motion is needed to discriminate
between targets and distractors because relying on shape alone will
not help (some Xs move and some Xs are static). Unsurprisingly,
a virtual lesion to V5/MT disrupts this visual search, as has been
found for organic lesions to this area (McLeod et al., 1989). The
unexpected finding comes when there is no motion at all and the
participants must find a target based on color and form (a green
X). In this instance, a virtual lesion to V5/MT facilitates search
efficiency. This suggests that different visual areas may compete
with each other, and eliminating an irrelevant visual area can
improve the operation of relevant ones.

Practical aspects of using TMS

When designing experiments using TMS (or when evaluating other
people’s choice of design), there are three main considerations:
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FIGURE 5.14: The

Stimulus Task Result .
participants must search
T X for the presence or absence
T . X TMS at V5 Slower RT to of a specified target (e.g.,
show moving —) detect target i i
x >f (arrows shows movement) (interferer?ce) movmg X) in an array of
T X other items. TMS was
T X applied over area V5/MT
(involved in visual motion
—_ X perception) at various points
)f _ VS at Vs during search. If motion
show the static X at N g’OWEF RT to was relevant to the search
h t) _etect target
)6 )6 )6 (arrows shows movemen (interference) task, then performance
—_ - was impaired, but if motion
was irrelevant to the search
_ task, then performance was
x - X x facilitated.
TMS at V5 Faster RT to
Find the green X detect target Adapted from Walsh et al.
X X > (facilitation) (1998b).

when to deliver the pulses, where to deliver the pulses, and selection
of appropriate control conditions (for a good overview, see Sandrini
et al., 2011). Finally, given that the brain is being stimulated, one
must be fully aware of safety and ethical considerations when
performing TMS experiments.

Timing issues - repetitive or single pulse?

The issue of when to deliver the pulse is crucial to the success, or
otherwise, of a TMS experiment. On rare occasions, the time taken
for a stimulus to be reg