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Preface

Psychology is no longer just a matter of IQ tests, reaction times, and question-
naires. Most departments of psychology now have access to an MRI scanner,
and some now even call themselves departments of cognitive neuroscience. The
aim of this book is to show how brain imaging can be used to advance a true
neuroscience of human cognition.

It was written with several groups in mind: these include not only those who
are starting out in imaging, but also those who have already acquired some
expertise. If they are psychologists, they will have been taught how to do behav-
ioral experiments, but may know little neuroanatomy or neurophysiology. If
they are neurologists or psychiatrists, they will know their neuroanatomy and
neurophysiology, but may not realize that there is an expertise to be acquired on
how to carry out experiments on mental phenomena. If they are neurophysi-
ologists, they will know how to record from neurons, but may need to be con-
vinced that it is possible to use the vascular signals from fMRI for physiology.

A short book like this cannot be a substitute for handbooks on the physics,
design, and statistical analysis of imaging experiments. We refer the reader to
the best of these in the relevant chapters. Each major imaging center has its own
materials to tell users how to process the data and interpret the images, and
some of them also offer courses on the methods used. We could not hope to
cover these issues in the detail needed for a proper understanding of the pro-
cedures involved in brain imaging. Nonetheless, since the methods are com-
plex, we point the reader to the most common pitfalls.

The problem is that in some ways imaging has become too easy. The physicist
takes care of the acquisition of the images and the MR technician runs the scan-
ning session. The statistical analysis is carried out with a program such as SPM,
AFNI or FSL, the activations are displayed using a program such as Freesurfer,
and the anatomical areas can be identified using the probability maps from
JuBrain. There are even scripts for automating the analysis from start to finish.
The danger is that users either do not know, or forget, the basic principles, and
are thus not in a position to interpret the results or exert quality control.

Though we call our book a “guide” it is not a technical manual. Instead it was
written to convey a message. This is that those who use imaging should recog-
nize that what they are doing is neuroscience. They are studying the brain, not
colored pictures. It is only because the activations are shown on a computer
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screen that it has been possible to take a detached approach. We hope that this
book will encourage the reader to look behind these beautiful images to think
of the underlying cells and their connections.

We illustrate our message with imaging studies throughout the book. These
are chosen to show how imaging can be used as a tool for neuroscience. We are
aware that we cite our own studies and those of our colleagues more frequently
than would an unbiased authority. We do so, not because we think they are the
best studies, but because we know them best.

Style and terminology

When we use the term “brain imaging” without qualification we are referring to
functional magnetic resonance imaging (fMRI).

We use the term “activations” when referring to positron emission tomog-
raphy (PET) and fMRI because the signal is a vascular one rather than an elec-
trical one. We reserve the term “activity” for electrical or magnetic signals.

We often refer to experiments that are carried out on macaque monkeys. Where
we use the term “monkeys” alone, it is to macaque monkeys we are referring.

Editors insist that the term “subjects” is demeaning to those who volunteer to
take part in psychological experiments. However, the term has the advantage
that it can be used when describing both animal and human experiments.
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Chapter 1

The background

Abstract

Imaging is one of the major tools for neuroscience but it should be
seen against the background of neuroscience in general. The brain
can be studied by charting its connections, by recording its activity,
or by intervening in its workings. In animals the connections can
be demonstrated by tracer techniques, recordings can be taken of
the activity of single cells, and lesions can be placed in selective
cytoarchitectonic areas. Brain imaging provides methods for
studying the human brain. Connections can be inferred using
diffusion weighted imaging, activations can be recorded using
functional magnetic resonance imaging, and transcranial magnetic
brain stimulation can be used to intervene. The development of
these methods has provided the means for studying the neural
basis of cognitive abilities, including those that are unique to the
human brain.

Keywords

brain lesions, Brodmann areas, cytoarchitecture, magnetic
resonance imaging, diffusion weighted imaging, transcranial
magnetic stimulation.

Introduction

There are three ways to study a system. You can chart its internal connections;
you can take measurements while the system is active; and you can intervene in
its workings and assess the effects.

Yet, it was only 20 years ago that Crick and Jones (1993) commented that we
knew very little indeed about the connections of the human brain. Further-
more, for much of the last century the only measurements that could easily be
taken from the active human brain were electro-encephalography (EEG)
recordings, and before the invention of desktop computers these were simply
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sheets of papers to be read by eye. Traditionally, this left psychologists with only
two ways of trying to understand the human brain: they could study the behav-
ioral performance of the system when intact or when damaged.

In either case they sought to devise objective tests of perception, cognition,
and action. By studying the performance of healthy subjects, psychologists
could draw inferences about the transformations that occur from input to out-
put, in other words from stimulus presentation to response. On this basis, com-
putational models can be produced that account for this transformation; there
are two such types of model. Symbolic models describe the components, the
flow of information, and the rules of the system. Connectionist models describe
the input/output transformations that are performed via a layered and inter-
connected set of units. The first type can be thought of as describing the oper-
ation of the overall network and the second as describing the operations that are
performed by particular components of the system.

By studying the performance of subjects with brain damage, psychologists
could try to draw inferences about the normal workings of the brain. Neuropsy-
chologists test patients with tumors, strokes, or surgical resections. Their deduc-
tions rely in particular on noting dissociations. These could be disturbances in
long- but not short-term memory, a failure to detect targets in contralateral but
not ipsilateral space, or an inability to read words aloud while still having a gen-
eral idea of the meaning. Observations of this sort allow inferences about mem-
ory, attention, and reading that are valid even if we do not know the exact
location of the lesion.

But three developments have meant that we no longer need to speculate in
the absence of direct information about the brain itself. The first is that com-
puted tomography (CT) and magnetic resonance imaging (MRI) can be used to
locate the site of the lesion. The second is that positron emission tomography
(PET), functional magnetic resonance imaging (fMRI), EEG with computer
analysis, and magneto-encephalography (MEG) can be used to take measure-
ments of the brain at work, whether in healthy subjects or patients. The third is
that diffusion weighted imaging (DWI) can be used to chart the general layout
of the connections of the human brain. It is the aim of this book to show the
reader how these and related methods can be used to establish the neuroscience
of human cognition.

The effects of lesions

Before the advent of CT and MRI, the location and extent of the lesions in
patients were assessed indirectly either from a surgeon’s drawings or from
X-rays showing the way in which the ventricles were distorted. The situation
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was transformed by the invention of tomographic methods. Tomography refers
to the procedure by which a three-dimensional volume is reconstructed from a
series of two-dimensional slices. For a detailed account of the principles
involved in CT and MRI we refer the reader to Huettel et al. (2009). Since MRI
has come to dominate human brain imaging research, we provide a brief sum-
mary of MRI basics in Box 1.1. Given that it is brief, it is necessarily written in
technical language.

Now that it is possible to visualize lesions directly, it is clear that they are rarely
discrete. Tumors cause pressure within the skull, or cut across the long-fiber
tracts that traverse white matter, and this can disrupt the normal activity of other
areas. Strokes deprive the gray matter of its blood supply but the underlying
white matter also loses its blood supply. This matters because the white-matter

Box 1.1 MRI

The subject lies in a strong magnetic field, causing a net magnetization of the
spins of hydrogen atoms. This magnetization initially aligns with the applied
field. An oscillating radiofrequency pulse of the appropriate resonance fre-
quency is then applied briefly to rotate this magnetization. As the magnet-
ization returnstoits original orientation, called “relaxation,” aradiofrequency
signal is emitted whose frequency depends on the magnetic field.

In order to make a 3-D image of the brain, magnetic field gradients are
applied across the structure so that different places experience different
magnetic fields, and therefore give signals with different frequencies and
phases. So we can use the frequency and phase to determine which part of
the signal is from which part of the brain. The unit measurement is a “voxel,”
analogous to a pixel in a 2-D image.

T1 (spin-lattice) weighted images depend on the relaxation of the longi-
tudinal component of the net magnetization vector, that is the component
aligned with the applied field. They are acquired by using short echo times
(TE) and short repetition times (TR). In these images the cortex (gray mat-
ter) shows up as darker than white matter.

T2 (spin-spin) weighted images depend on the relaxation of the transverse
component, that is the component perpendicular to the applied field. They
are acquired using long echo times (TE) and long repetition times (TR).
These images are useful for showing white matter lesions or cerebral edema.

T2 images are also used for diffusion weighted imaging (DWI), a tech-
nique for following fiber tracts that is described in Box 1.3.
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fibers carry information between other areas, as well as to and from the lesioned
area. This means that the behavioral impairment may also reflect the disruption
to the activity of those distant areas. This is also true for the impairments that
follow from surgical lobectomies or traumatic brain injury in which there is
often shearing of the white-matter fibers.

There is a final problem that natural lesions do not obey the boundaries of the
different cytoarchitectonic areas. It was Brodmann (1909) who first docu-
mented in detail the fact that the cortex is not uniform but is divided into dif-
ferent areas, each characterized by a different pattern of nerve cells. These can
be visualized under a light microscope either by staining cortical sections for
cell bodies (cytoarchitecture) or by staining them for the fibers within the cor-
tex (myeloarchitecture). If the sections are inspected under the light micro-
scope, different areas can be distinguished on the basis of the thickness of the
cell layers, the density of the cells within them, and the types of cells that are
present.

Figure 1.1 compares the cytoarchitecture of three neocortical areas in the
brain of a macaque monkey, the primary visual cortex, primary motor cortex,
and prefrontal association cortex. It will be seen that in primary sensory areas,
layer IV is well developed. This is the inner granular layer, made up of small

7
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Fig. 1.1 Cytoarchitecture of the primary visual cortex (17), motor cortex (4), and
prefrontal cortex (46). Numbers in Roman numerals denote the different cortical layers.

Adapted from Gerhardt von Bonin and Percival Bailey, The Neocortex of Macaca mulatta, Urbana:
University of lllinois © 1947, University of lllinois.
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granular or stellate cells, and it is to this layer that the sensory inputs are first
relayed. The cortex is described as koniocortex after the Greek word “konis”
meaning dust.

It can also be seen from Fig. 1.1 that the primary motor cortex lacks a layer IV,
and is therefore said be agranular cortex. It is characterized by the presence of
giant pyramidal cells, the Betz cells. These are particularly large because their
axons reach to the spinal cord and there is a need for rapid transmission.

Association cortex is described as being “eulaminate” cortex, meaning that
there is a relatively even development of all the layers. Whereas layer IV is miss-
ing in the motor and premotor cortex, the prefrontal cortex clearly differs in
having a clear and continuous layer I'V.

Brodmann (1909) allocated numbers to the different areas as distinguished
on the basis of their cytoarchitecture. The original work was in German but it is
available in an English translation (Garey, 2006). Some years later von Economo
(1929) also studied the cytoarchitecture of the human brain, and he introduced
a letter system to denote the different areas. One advantage is that letters can be
combined to label intermediate areas. For example, in the inferior parietal lobe
of the macaque monkey brain, area PFG is intermediate between area PG and
area PE It is now common to use numbers for some areas, for example, area 46
in the middle frontal gyrus, and letters for others, for example, TE for the infer-
ior temporal cortex.

It is an advantage of such a labeling system that, in principle, equivalent
areas can be identified across species. If the cytoarchitecture of a region in the
human brain appears to be similar to that in a non-human brain, then the
same label can be attached to suggest that they may be homologous. For exam-
ple, Brodmann (1909) himself compared the human brain with that of an Old
World monkey, the guenon, and he suggested that it was possible to identify
many of the same areas in the two species. Later von Bonin and Bailey (1947)
carried out a cytoarchitectonic analysis of the rhesus monkey, a species of
macaque monkey. They adopted the lettering system of von Economo. More
recently, Petrides and Pandya (2007) published their own map of the cyto-
architecture of the rhesus monkey brain, using numbers for some areas and
letters for others. Figure 1.2 shows the complete map. It has become common
in brain imaging studies to call the areas “Brodmann areas” (BA) irrespective
of the system used.

In macaque monkeys, many of the boundaries between cytoarchitectonic
areas occur in the depths of sulci or fissures. This means that it is possible to
selectively remove particular areas. The surgery is performed with the use of an
operating microscope so that one can distinguish the cortex from the under-
lying white matter and thus remove an area of cortex alone.
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Fig. 1.2 Unfolded map of the neocortex in a macague monkey.

Reproduced from Michael Petrides and Deepak N. Pandya, Efferent Association Pathways from the
Rostral Prefrontal Cortex in the Macague Monkey, Journal of Neuroscience, 27 (43), pp. 11573-
11586; doi: 10.1523/JNEUROSCI.2419-07.2007 © 2007, The Society for Neuroscience.

Specific areas can also be experimentally lesioned using injections of selective
neurotoxins such as ibotenic acid. These kill nerve cell bodies while leaving
intact the myelinated nerve fibers that are passing through the tissue. The toxins
do so by causing excitotoxic effects in which excessive stimulation of the cells
leads to cell death. The fibers of passage are spared because there are no
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receptors on the fibers to take up the neurotoxin. Thus, in monkeys, though not
in patients, it is possible to ensure that a lesion is discrete; that is to say, it is con-
fined to the gray matter and to a particular area.

As in the case of studies with patients, the “double dissociation” is the gold
standard for proving localization of function (Young et al., 2000). To give one
example, monkeys can be tested on working memory tasks, and there are two
ways of varying the difficulty of the task: one s to increase the delay between the
presentation of the items and recall; and the other is to increase the number of
items to be remembered at any one time. Monkeys with lesions in the infer-
otemporal cortex are impaired if the delay is increased but not if the number of
items is increased; by contrast monkeys with lesions in the dorsal prefrontal
cortex are impaired if the number of items is increased but not if the delay is
increased (Petrides, 2000).

Chapter 4 will argue that the reason why it is possible to find dissociations of
this sort is that the overall pattern of connections of each area is unique. It is an
advantage of lesion studies in macaque monkeys that we have a very detailed
map of these connections. Furthermore, lesions can be made that specifically
target particular connections. For example, Browning and Gaffan (2008) cut a
pathway in macaque monkeys that interconnects the anterior inferotemporal
cortex with the ventral prefrontal cortex; the pathway is called the uncinate
fascicle. It also exists in humans, but of course deliberate interventions of this
sort are not permissible in the human brain, except in rare cases of surgery for
intractable epilepsy. It is for this reason that our understanding of the human
brain is still dependent in part on insights gained from studies of the brains of
animals such as macaque monkeys.

However, though we cannot cut pathways in the human brain, the develop-
ment of transcranial magnetic brain stimulation (TMS) has now given us a
minimally invasive way of intervening deliberately with cortical activity, and
thus for doing so in the human brain. For a detailed account of TMS we refer the
reader to Wassermann et al. (2008). Box 1.2 provides a brief description of the
method.

TMS and rTMS have proved of great value, and this will be documented in
Chapter 7. However, there are two major limitations. One is that not all parts of
the cortical surface are accessible by placing the coil over the skull. The other is
that the strength of the pulses falls off with distance from the coil and this means
they can fail to influence the cortex that is buried deep in sulci. For the same
reason these techniques cannot be used for studying the functions of subcor-
tical structures, such as the basal ganglia or amygdala. Given these limitations,
these techniques cannot entirely replace studies of animals such as macaque
monkeys.
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Box 1.2 TMS and rTMS

A metal coil, shaped in a figure of eight or circle, is positioned over the scalp.
The location is usually guided by a navigation device that allows the experi-
menter to view the position of the coil superimposed on the MRI scan of that
subject.

The coil induces a brief magnetic pulse: this can be single, in pairs, orin a
series of such pulses. The pulses influence the currents of the underlying
cortical tissue. If a single pulse is applied (TMS), it can act to stimulate activ-
ity; for example, inducing the perception of a phosphene if applied over vis-
ual cortex or a muscle twitch if applied over motor cortex.

If a repetitive train of pulses (rTMS) is applied, it typically acts to disrupt
the ongoing activity of the underlying cortex. The effects can be assessed in
two ways.

First, if the train of pulses is applied during performance, it may cause an
increase in reaction times. This is due to the short period of cortical disrup-
tion before normal activity is resumed.

Second, if the train of pulses is applied before performance, it may cause
the subject to make errors. There are different techniques for achieving this.
For example, one is to apply low-frequency rTMS pulses at 1 Hz for several
minutes before testing, another to apply short bursts of rTMS pulses at the
higher theta frequency. In either case there is a short time window of some
minutes after the rTMS in which the activity of the cortex is abnormal (Di
Lazzaro et al., 2008).

It is an advantage of applying rTMS before testing that the attention of the
subject is not disrupted during performance by the noise, muscle, or skin
sensations that occur during the operation of the coil or by muscle twitches
caused by the stimulation if the coil is positioned near a muscle.

The wiring of the brain

Generalizations from the brains of other species depend on the assumption that
the wiring of those brains is sufficiently similar to that of the human brain. For
many years this assumption could not be tested, but the development of diffu-
sion weighted imaging (DWI) has now made it possible to do so. We refer the
reader to the book on diffusion imaging edited by Johansen-Berg and Behrens
(2014) for details of the various methods. Box 1.3 gives a brief, though tech-
nical, account.
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Box 1.3 Diffusion weighted imaging (DWI)

Water molecules in biological tissue are continually diffusing. The MRI sig-

nal can be sensitized to this movement.

. As in standard MRI, the net magnetization of the spins of the hydrogen

" atoms aligns with the applied field. An oscillating radiofrequency pulse of
the appropriate resonance frequency is then applied to rotate this alignment.
In a diffusion imaging experiment, additional diffusion encoding gradients
are added to vary the magnetic field along a particular direction in space,
meaning that protons at different locations experience slightly different
fields. Following a diffusion encoding gradient, a refocusing gradient is
applied of the same magnitude but in the opposite direction. If a proton has
moved between these two pulses, then it will not be completely refocused,
resulting in a reduction in the signal due to the movement of the water.

Diffusion MRI provides measures of water diffusion along different direc-
tions in space. In tissue with a directionally oriented structure, such as a
white-matter fiber bundle, water diffuses more easily along the axis of a fiber
bundle than across it. This is due to the presence of physical barriers such as
axon membranes and myelin sheaths, which hinder lateral diffusion across
the axon.

Using diffusion MRI we can measure water diffusion along different dir-
ections in space and then fit a model to those measurements. For example,
the diffusion tensor model allows us to estimate useful parameters describ-
ing diffusion at each point in space (a voxel) such as the magnitude of diffu-
sion within the voxel and whether it is anisotropic. Anisotropy refers to the
directional specificity of diffusion, in contrast to isotropy in which diffusion
is identical in all directions.

In probabilistic tractography, the principal direction of the diffusion at
each voxel is followed from one voxel to another, stepwise across the brain,
so as to compute the most probable pathways from any given starting point
(called the seed voxel).

There are many challenges for diffusion imaging, such as the fact that white-
matter pathways can cut across each other; and sophisticated methods have
Seen developed to deal with this issue (Wedeen et al., 2008). However, there are
currently two overriding problems. These are that the axons cannot be visual-
zed just as they leave the cortex in area A or as they penetrate the cortex in area
3. Though improvements in spatial resolution make it possible to visualize fibers
within the cortex (Song et al., 2014), they cannot yet be accurately distinguished

9
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at the gray/white-matter boundary. The danger is, therefore, that fibers of pas-
sage running under area A are mistaken for fibers that originate from, or termin-
ate in, area A.

This problem can be avoided in experiments on animals by injecting tracers
that are transported in vivo along the axons. Using this method, there are two
ways of demonstrating that area A projects to area B. The first is to inject a tracer
inarea A: this is taken up by the cell bodies and is then transported in an antero-
grade direction to the terminals in area B. The second method is to inject a
tracer in area B: this is taken up by the terminals in area B and is then trans-
ported in a retrograde direction to the cell bodies in area A. The location of the
tracer can be identified in the histological material. The different tracers show
up in different ways, for example, because they have a radioactive label, because
they shine bright in fluorescent light, or because they promote reactions due to
their property as an enzyme.

Unfortunately the same methods are not acceptable for studies of the human
brain. It is true that a tracer is available that is visible to MRI because of its para-
magnetic properties, so that the site to which the tracer is transported can be
identified (Murayama et al,, 2006). But it is not ethical to inject such a tracer
into the brain of a human subject for research.

Nonetheless, the general accuracy of diffusion imaging can be checked by
comparing the results with those obtained with tracers. Schmahmann et al.
(2007) used a development of diffusion imaging to compare ten long associ-
ation tracts in monkeys as visualized either by imaging or by the injection of
radioactive tracers. These major tracts could be visualized with either method,
and this acts as a preliminary validation for diffusion tractography.

Diffusion imaging can visualize tracts, but it is unlikely that it will ever reveal
the detail available by using tracers. In one study alone, tracers were injected
into 29 of the 91 cortical areas of the macaque monkey, and 1,615 connections
between areas were described (Markov et al., 2011). Furthermore, in macaque
monkeys tracers can be injected into specific layers so as to compare the internal
connections of the different areas (Kritzer and Goldman-Rakic, 1995).

For the moment, therefore, we still need to depend on animal experiments for
a very detailed knowledge of the wiring of the brain. This means that there is
always the danger that there could be radical differences between the anatomy
of the human brain compared with the brains of the chimpanzee or macaque
monkey. Thus, we need to be clear what these might be.

It is unlikely that the basic unit of cortical computation, the cortical column
(da Costa and Martin, 2010), has changed radically during the evolution of the
human brain. Evolution is opportunistic, keeping what has worked well in
the past.



FUNCTIONAL BRAIN IMAGING | 11

Where we might expect differences is in the number of cortical areas and the
way in which they are wired up. As brains get bigger there are pressures for regions
to become subdivided so as to minimize the length of the wiring between cells with
similar properties (Krubitzer and Huffman, 2000). Thus, there are many fewer cor-
tical areas in a small monkey such as a marmoset than in a larger one such as a
macaque (Kaas, 2007).

The same process has occurred in the evolution of the human brain. Take the
parietal cortex as an example. The general organization of the human parietal
cortex is as in the macaque brain, but there are more subareas (Caspers et al.,
2006; Scheperjans et al., 2008). Furthermore, there has been some rearrange-
ment of where particular functional areas are located. Rushworth et al. (2005)
used diffusion imaging to chart the parts of the parietal cortex that are intercon-
nected with the superior colliculus in the human brain. In macaque monkeys
these are restricted to the inferior parietal cortex, including the ventral bank of
the intraparietal sulcus. But in the human brain there are also collicular con-
nections with the posterior part of the superior parietal cortex.

For these and other reasons, there are limits to the macaque monkey model
(Passingham, 2009). Things would be improved if we had a detailed knowledge
of the chimpanzee brain, but we do not since invasive procedures are not accept-
able in the great apes, our closest ancestors. There is sometimes no alternative
but to study the human brain itself, and its unique features: people are not sim-
ply big monkeys or even big chimpanzees.

There are many abilities of which only humans are capable, and that can there-
fore only be studied in people. Of these the most obvious is language. However,
there are many other capacities that we believe to be unique to humans (Passin-
gham, 2008). People can recall events or episodes from the past, re-experiencing
them in the present, and they can imagine events far into the future (sometimes
called mental time-travel). They can reflect on their own thoughts and on what
others might be thinking or feeling (called a theory of mind). And they can con-
trol their own behavior so that it complies with the rules of their society, includ-
ing legal or moral codes.

Functional brain imaging

The development of functional brain imaging has made it possible to study
these abilities in the human brain. Since fMRI is non-invasive it has provided a
vast impetus to research of this sort. At the time of writing there have been
roughly 150,000 papers published using or referring to fMRI to study the brain.

Because the technique is non-invasive, it is now possible to carry out research
on very large numbers of subjects. For example, the Human Connectome Project
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(Van Essen et al., 2012) is collecting imaging data on 1,200 twins and their sib-
lings, and the UK BioBank study is currently planning to include 100,000 sub-
jects for MRI. A shared aim of these studies is to throw light on genetic factors
that contribute to differences between individuals, in terms of brain structure
and function.

The safety of the method also means that it is possible to study changes over
time, as in child development. We do not know whether fMRI can cause subtle
or long-term undesirable effects when the brain is very immature, but most
centers now permit scanning of young children (Crone et al., 2009), while oth-
ers may even scan in utero. This means that fMRI can be used to compare ado-
lescents and adults (Cohen Kadosh et al., 2013) or even to study the transition
of the same individuals through puberty (Klapwijk et al., 2013).

Similarly longitudinal studies can be carried out in old age. For example, Magu-
ire et al. (2010) were able to study a patient as he developed semantic dementia.
He was scanned three years running as his loss of knowledge set in. By the second
year of study his semantic knowledge was partially preserved, but as well as
decreases in activation, imaging could also detect increases elsewhere that were
thought to reflect compensation.

The ability to repeat scans at different times also means that imaging can be
used to study learning in the healthy brain and recovery after brain damage. For
example, Floyer-Lea and Matthews (2004) used fMRI to compare the changes
that occur when subjects learn a motor task in a single day with the changes that
occur when the subjects are given daily practice over three weeks. Tomassini et al.
(2012) have reviewed the use of fMRI to evaluate the potential of pharmaco-
logical interventions for promoting recovery in multiple sclerosis.

There is a final advantage of brain imaging. Whereas single-unit recordings
are typically taken in animals in one or two selected brain regions, brain imaging
can take measurements simultaneously over the whole brain. The brain is
imaged while subjects perform tasks, and it is the whole brain, or more accur-
ately the person, that carries out these tasks.

Given that one can visualize all the areas that are activated during a task, it
is therefore possible to study the interactions between them. Chapter 6 will
describe the concept of functional systems. These are made up of areas that
are interconnected and that share similarities in their overall pattern of con-
nections. This means that areas within such a system are more likely to inter-
act with other areas in the same system than they are with areas in other
functional systems.

If we are to understand how the brain works as a whole, we need to under-
stand these interactions. It turns out that fMRI can detect slow fluctuations in
the BOLD signal, either when the subject is resting or when the subject is
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performing a task (Raichle and Snyder, 2007). Functional systems can therefore
be identified by the fact that areas within the system show positive covariance
in their fluctuations; and different systems can be distinguished because areas
in different systems fail to covary in this way (Dosenbach et al., 2007).

The same point is sometimes made by pointing out that the use of imaging
can be extended beyond “brain mapping” or “functional specialization” to
study distributed processing or “functional integration” (Friston, 2002). It is the
single greatest advantage of imaging that it allows us to visualize the simultan-
eous workings of the integrated brain.

How to use brain imaging

It is the aim of this book to encourage those who carry out experiments with
brain imaging to use it to explain mental phenomena, rather than simply to
give functional labels to brain areas. Suppose that you are trying to understand
the engine of a car. Of course, the first step must be to name the individual parts
and find out what they do: the distributor distributes the fuel and the spark
plugs ignite it. But the next step is to chart the layout of the system: the pistons
are connected to the camshaft. And the final step is to work out the timing of
events and how each part influences the other parts with which it is connected:
the pistons work in a four-stroke cycle and the camshaft turns the alternator via
the timing belt.

A car is a simple mechanical system, but the human brain is a vastly complex
system. It has an estimated 10! neurons, with some cells having over 25,000
synapses on them; and there are an uncounted number of interconnections
between the different brain areas. It is also a biological system, one that was pro-
duced by evolution and that develops during life. Finally, it is a plastic system,
one that adapts to life events via learning.

One way of trying to make progress is to study simpler systems, recording
from “place cells” in the hippocampus of rodents (Burgess et al., 2005) or from
the parietal cells of macaque monkeys while they make perceptual decisions
about the direction of motion (Huk and Shadlen, 2005). However, recording is
not enough. The empirical data need to be used to devise computational mod-
els of how navigation occurs (Penny et al., 2013) or decisions are made (Wong
etal., 2007).

But if the aim of those studies is to help us to understand human brains, basic
information is needed about the human brain itself. This book sets out how
imaging can be used to provide that information. Diffusion imaging can be
used to chart the connections, the layout of the system. PET and fMRI can be
used to investigate the functions of the different areas and, in combination with
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EEG and MEG, can be used to measure the interactions between them. Finally,
TMS can be used to intervene so as to demonstrate causal influence within the
system.

As in the case of the animal experiments, the empirical data need to be used
to inform theoretical and computational models of how the system works. We
need simulations both of how particular operations might be carried out and of
how networks might work together, even if these simulations are greatly over-
simplified. Imaging can then be used to see if it is possible to find activity that
relates to particular terms in the model.

Summary

Imaging is just one of the methods of systems neuroscience. This chapter there-
fore places it firmly within anatomy and physiology. It emphasizes the import-
ance of cytoarchitectonic differences as the basis for distinguishing between
brain areas. It also says what can and cannot be achieved by studying macaque
monkeys. A major limitation is that there are some abilities that are unique to
humans.

The development of brain imaging has provided the means for studying these
abilities. In this book the term “imaging” is used broadly to cover PET, MRI,
fMRI, diffusion imaging, EEG, MEG, and even transcranial magnetic stimula-
tion because MRI is used to navigate the coil. The methods of fMRI, PET, EEG,
and MEG are alike in being whole brain methods, and this means that they can
be used to visualize functional systems and the interactions between areas
within those systems. To understand how the human brain supports complex
cognition we need to know not only what transformations are performed by the
individual areas, but also how the areas work together in systems. However, in
order to make the problems tractable we need to produce computational mod-
els of how these systems work. Imaging can then be used to test the models and
to measure their parameters.



Chapter 2

The signal

Abstract

Whatever brain imaging method is used, it is essential to
understand the nature of the measurement that is taken. Positron
emission tomography (PET) and functional magnetic resonance
imaging (fMRI) record the activity of the brain indirectly. PET
measures blood flow and fMRI measures the blood oxygenation
level dependent signal (BOLD). The spatial and temporal resolution
of these methods is therefore constrained by the fact that the
signal is a vascular one. The spatial resolution is fully adequate for
studying functional localization; but the temporal resolution is not
adequate for studying the order of events in different brain areas.
To do this it is necessary to use either electro-encephalography
(EEG) or magneto-encephalography (MEG). However, though the
temporal resolution of these methods is in milliseconds, the spatial
resolution is of the order of a centimeter. Given the advantages
and disadvantages of the different methods, it can help to
combine fMRI with EEG or to carry out experiments in parallel
using both fMRI and MEG.

Keywords

positron emission tomography, functional magnetic resonance imaging,
the BOLD signal, spatial resolution, temporal resolution, electro-
encephalography, magneto-encephalography, the inverse problem.

Introduction

The signal that is recorded by functional MRI (fMRI) is not a direct measure of
cell activity. It measures the oxygenation of blood, not electricity. Although the
electrical and metabolic activity of brain cells is closely related to the flow of
blood and its oxygenation, it is important to understand the difference in order
to design and interpret fMRI experiments. For example, the neurons themselves
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discharge with millisecond timing, whereas the fMRI signal unfolds nearby and
over many seconds.

Brain cells are measured in microns, and so to record their individual firing it is
necessary to insert microelectrodes. The procedure is painless because there are no
pain fibers in the brain itself. Recordings are typically made in the brains of ani-
mals, in particular, rats and monkeys, but it is also possible to insert microelec-
trodes into the brain of human patients during surgery (Mukamel and Fried,
2012). Since the recordings can be made while the subjects are awake and perform-
ing tasks, it is feasible to relate the firing of individual cells to aspects of that task.

One way to do this is to characterize the tuning properties of each cell. A tun-
ing curve plots the degree of activity that is evoked by different stimuli or that
occurs during different cognitive states or movements. For example, cells in the
motor cortex of macaque monkeys have directional tuning. None of the indi-
vidual cells have tuning properties that specify the direction of movement with
the precision of which the animal is capable. But if the tuning curves from all of
the task-related neurons are combined, the population can specify each of these
directions precisely (Georgopoulos et al., 1986).

Since it is the local population of cells that performs a particular operation,
means are needed for identifying that operation at the population level. Brain
imaging, whether by PET and fMRI or by EEG and MEG, offers the ability to do
this non-invasively in the human brain. Each of these methods records in a dif-
ferent way, and thus they differ in the advantages that they offer.

Positron emission tomography (PET)

Both PET and fMRI are most commonly used to measure the perfusion of the
brain. The principle on which they are based is that when neurons become active
they need glucose and oxygen, and these are supplied by a local and short-term
increase in the arterial blood supply. The local uptake was first firmly established
by injecting deoxyglucose into the brains of rats, and showing that it was taken
up in areas in which there was an increase in neuronal activity (Kennedy et al.,
1974). Because, unlike glucose, deoxyglucose is not fully metabolized, it remains
at the sites of uptake. The presence of the deoxyglucose can be detected in histo-
logical slices because a radioactive carbon label, 4C, is attached.

Early human studies visualized the flow of blood by using radioactive
133xenon as a label (Sveinsdottir et al., 1971). With an array of 32 detectors,
two-dimensional pictures could be produced that used a color scale to show
where there were increases in regional blood flow. PET came later with the
development of new labels; tomography also made it possible to show the brain
activity in three dimensions (Phelps et al., 1976).
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PET can measure the uptake of deoxyglucose because this can be attached to
a fluorine label (18F) that emits positrons. The way in which these are detected
is briefly described in Box 2.1. We refer the reader to the edited volume by Wahl
and Beanlands (2008) for a more detailed account of PET and its applications.

The half-life of 8F-fluorodeoxyglucose (1¥F-FDG) is 110 minutes. This means
that it is feasible to present tasks outside the scanner and then study the results
afterwards in the scanner. This has its advantages. One is that the scanner envir-
onment is very restrictive and there are tasks that are not practical to present in
the scanner. For example, the subjects may need to stand or make large move-
ments with their head. One experiment investigated the vestibular system and
so the subjects had to tilt their head (Becker-Bense et al,, 2012). Labeled FDG
was injected while the subjects did this outside the scanner, and the subjects
were then scanned so that the uptake of FDG could be visualized.

The long half-life of '®F-FDG also means that it is practical to scan animals.
For example, the behavioral tasks or conditions can be presented before scan-
ning but after the injection. The animals can then be scanned subsequently with
PET while anesthetized. This technique has allowed comparisons to be made
between scans taken from chimpanzees and scans taken from human subjects
(Rilling, 2014).

Box 2.1 PET

A short-lived radiotracer isotope is incorporated into a biologically active
molecule or water. One example is the incorporation of an !¥fluorine label
into deoxyglucose so as to produce '®F-fluorodeoxyglucose or 8F-FDG.
This is injected into the blood supply and circulates to the brain.

The tracer undergoes positron emission decay or positive beta decay. This
decay can be detected because when a positron meets an electron, there is an
annihilation reaction with the simultaneous emission of two photons at 180
degrees to each other.

A ring of detectors around the head measure this emission, by counting

~ the number of times that photons arrive simultaneously at opposite posi-
tions in the array. The rate of these counts provides a measure of the concen-
- tration of the label at that location.

From the statistics of these coincidence events it is possible to reconstruct
the accumulation of radioactivity at particular locations. This is an indirect
measure of neuronal activity at those sites. If the PET image is co-registered
with either a CT scan or an MRI scan, the locations can be identified accur-
ately on the brain.
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The long half-life is, however, a disadvantage for many psychological experi-
ments. The reason is that it is often essential to present several tasks in a session,
including experimental and control conditions; but the long-lasting label would
give only one measure. However an isotope of oxygen, °0, has a half-life of
roughly two minutes. By infusing H,'°O, PET can be used to give a direct meas-
ure of regional cerebral blood flow (rCBF), and independent measurements can
be made if they are taken some minutes apart. Even within the approved radiation
exposure limits, it is practical to present up to twelve conditions in one session. A
typical session might involve three runs of three different experimental condi-
tions together with three runs of a control condition.

Whatever label is used, the PET method involves exposing the subjects to
radiation. This is generally not acceptable if the subjects are women who might
be pregnant or if they are children. The development of fMRI means that there
is usually no need for PET for standard activation studies.

But this does not mean that there is now no use for PET. For example, it can
be used to measure energy metabolism, as in the extraction of oxygen in hyp-
oxia (Gaertner et al,, 2012). And it can be used to study the role of specific
receptors in health and disease. For example, ligands are available to study
dopamine receptors in Parkinson’s disease (Brooks and Pavese, 2011), as well as
the 5-HT receptor in early schizophrenia (Hurlemann et al., 2008). PET con-
tinues to play an important role in studying the brain, alone and in combination
with MRI (Siebner et al., 2014).

The BOLD contrast

It became possible to use MRI for functional brain imaging when it was shown
that it was sensitive to the blood oxygenation level dependent (BOLD) signal
(Ogawa et al., 1993). We refer readers to Huettel et al. (2009) for a detailed
account. The nature of the BOLD signal is briefly explained in Box 2.2.

One cannot simply assume that the BOLD signal will give the same results
as the PET measure of rCBE The reason is that the transformation from
rCBF to BOLD is non-linear (Mechelli et al., 2001). However, fMRI can also
be used to measure local blood perfusion directly via the method of arterial
spin labeling (ASL). One study compared perfusion, as measured by ASL,
with the contrast agent gadolinium, timing its passage through brain areas
(White et al., 2014). The two methods gave similar estimates. Another study
compared blood flow as measured by ASL with measures of hemoglobin as
assessed by near infra-red spectroscopy. As expected, flow as assessed by
ASL related most closely to the total hemoglobin and oxyhemoglobin (Hup-
pertetal., 2006).
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Box 2.2 The BOLD signal

i This signal relates to changes in the ratio of oxygenated to de-oxygenated |
blood. It resembles the oxygen extraction ratio that one can obtain with PET :
imaging, modified by local changes in blood flow and volume. The change in
oxygenation ratio can be detected because de-oxyhemoglobin is paramag-
. netic. There is an increase in the MR signal with an increase in oxygenated .

blood and a decrease in the MR signal with an increase in deoxygenated
' blood.

The BOLD signal depends on T2* loss of magnetization. T2* is a time con-
stant characterized by the combined effects of spin-spin interactions and
field inhomogeneity. Because paramagnetic substances distort the sur-
rounding magnetic field, the hydrogen protons experience different field
strengths and thus there is a more rapid decay of the transverse magnetiza-
tion (T2*).

If the BOLD signal is measured at the same time as near infra-red spec-
troscopy, it turns out that the signal is most closely related to the spectro- |
scopic measure of de-oxyhemoglobin, as predicted on theoretical grounds
(Huppert et al., 2006). ‘

The standard sequence foracquiring the data is EPI (echo-planar imaging). .

Instead of measuring just one echo after each radiofrequency pulse, many

. echoes are measured. Typically, a slice of brain 2-5 millimeters thick can be
. imaged in 40-150 milliseconds, and therefore the whole brain in 1-3 '
seconds. '
Whereas the PET signal is quantifiable in absolute units, since it is cali- '

* brated with a standard radioactive source, there is no such absolute unit with -
fMRI, and researchers rely on the detection of change in response to task !

' events.

Although fMRI can be used to measure rCBF, there are disadvantages to ASL
as a method. The signal to noise is less than BOLD-EPI based fMRI, so acquisi-
tion times are longer. Also, only part of the brain can be scanned at any one time
and the image resolution is slightly worse. For these reasons most psychological
studies measure the BOLD signal instead.

It is important to have some idea of the basic data that are gathered. The plots
of the BOLD signal that come out of the analysis may appear smooth and clean.
They are like the event-related potentials that emerge from electrophysiological
experiments. But these plots result from averaging across many trials and across
subjects.
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Fig. 2.1 BOLD signals for the motor cortex (M), premotor cortex (PM), and
supplementary motor area (SMA) on a go/no-go task.

Reproduced from Kaamil Ugurbil, Xiaoping Hu, Wei Chen, Xiao-Hong Zhu, Seong-Gi Kim and

Apostolos Georgopoulos, Functional mapping in the human brain using high magnetic fields,

Philosophical Transactions of the Royal Society B: Biological Sciences, 354, p. 1199, Figure 3 (¢)
1999, The Royal Society.

Figure 2.1 shows the BOLD signal for a single subject and a single trial. The
data were recorded in the motor cortex, premotor cortex, and supplementary
motor area (SMA) (Ugurbil et al., 1999). The scans were performed with a
magnetic strength of 4 Tesla. It is, of course, because the plots are noisy that the
data are usually smoothed by averaging. However, the data are not only noisy
but also highly variable from person to person and area to area (Handwerker
et al., 2004).

The shape of the BOLD signal

Figure 2.2 illustrates the BOLD signal as recorded in visual cortex (Siero et al.,
2014a).

The scans were performed with a magnetic field strength of 7 Tesla. The data
are again for a single subject, but in this case the data are averaged across trials.
Three curves are shown because the spatial resolution is such that the signal can
be recorded from different depths within the cortex. Region 1 corresponds to
layer 1, region 2 to the middle layers, and region 3 to the deep layers.

The fMRI signal can be visualized in one of several ways. One is to simply plot
the “adjusted data,” averaged over trials and corrected for motion artifacts or
low-frequency drifts. Another is to show the “fitted” data, according to a model
of the BOLD response. One can use a continuous set of impulse functions or
one can use a set of Fourier basis functions, the advantage being that the shape
of the BOLD response can be very flexible. However, the most common method
is to fit a standard or canonical hemodynamic response function that is a close
approximation to a “typical” time course, often with temporal and dispersion
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Fig. 2.2 BOLD signals from three sections (upper, middle, and lower) through the
visual cortex. Black block = visual stimulation.

Reproduced from Jeroen C.W. Siero, Jeroen Hendrikse, Hans Hoogduin, Natalia Petridou, Peter
Luijten, and Manus J. Donahue, Cortical depth dependence of the BOLD initial dip and
poststimulus undershoot in human visual cortex at 7 Tesla, Magnetic Resonance in Medicine,
Figure 4a, DOI: 10.1002/mrm.25349 Copyright © 2014 Wiley Periodicals, Inc.

derivatives that provide some variation in timing and shape. We refer the reader
to Henson and Friston (2006) for a technical account of these methods.

The exact shape of the signal and the time for which it persists depend on sev-
eral factors. The first is the method used to record it. If the measurements are
taken from superficial gray matter, an initial negative dip is detectable at high
field strengths (Fig. 2.2). The explanation of this dip is that there is an increase in
oxygen consumption immediately after the event, and this precedes the increase
inrCBF (Silvaetal., 2000; Shen et al., 2008). The dip is either smaller or undetect-
able if measurements are taken at lower layers within the cortex (Fig. 2.2).

There is then a positive rise that typically reaches a peak 5 seconds after the
stimulation. In Fig. 2.2 the presentation of a checker-board pattern is shown by
a black block on the abscissa. The positive phase reflects the fact that after an
event the local blood flow overcompensates for the increased demand for oxy-
gen that arises from locally increased neural activity. This was first demon-
strated using PET (Fox and Raichle, 1986). The positive phase persists for many
seconds, but the exact time depends on whether the stimulation is phasic or
continuous. In Fig. 2.2 the positive phase lasts for roughly 10 seconds.

21
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The positive phase may then be followed by a brief undershoot. This can be
seen most clearly in the plot for the superficial gray matter in Fig. 2.2. The
undershoot is either smaller or not present at lower layers.

It is also possible to record a negative BOLD signal, which is a signal in which
there is a prolonged negative rather than positive phase. There has been contro-
versy over how a negative BOLD signal is generated and even whether it is of
vascular origin. However, there is now an emerging consensus that the main
contributor to negative BOLD is a decrease in cerebral blood flow and oxygen
extraction (CMRO?) (Huber et al., 2014).

The spatial resolution of the BOLD signal

In a typical fMRI experiment using a 3 Tesla scanner the activations, as meas-
ured by the positive BOLD signal, are represented in small tissue volumes
measuring 3 x 3 x 3 millimeters. As already mentioned, these volumes are
referred to as voxels. This means that the spatial resolution is well within the
'imits of the volume of the different cytoarchitectonic areas. Thus, the standard
spatial resolution is just what is required for asking questions about the func-
:ons of the different areas. It is true that within any voxels there are very many
:zousands of cells, but it is the population as a whole that performs the particu-
.z rransformation.

N0 one pretends that recording at this level will enable us to work out how the
.m.Z:vidual cells in an area operate together so as to perform that transform-
2.2 To do this it is necessary to record from individual cells or groups of cells
-2 2> combine the results so as to calculate the population code. And it is per-
73 Zor this reason that many of those who record from cells have too often
= a lack of interest in the results that can be obtained from brain imaging.
= 22 :n truth, single-unit physiologists sometimes also make statements about
=z “owction of the area in which they are recording. For example, the results of
-z ::r2ing in prefrontal cortex have been said to support the view that the area is
»:¢d in working memory (Funahashi et al., 1989) or numerical coding
‘o.zleretal, 2002). Yet fMRI provides an equally powerful method for check-
.~z wnether this is so.

27z ner spatial resolution is required, it can be achieved by using magnets of
crezzer signal strength. Figure 2.2 illustrates the fact that it is possible to distin-

.37 detween the BOLD signals at three different depths through the cortex.
Zzrrentlv it is possible to achieve an fMRI voxel size of smaller than one milli-
T21er dvrecording at 7 Tesla (Siero et al., 2014b), but this resolution is steadily
“z:mzwith time. The thickness of the primary visual cortex averages 1.8 milli-
“‘ang et al., 2009), but most cortical areas are much thicker, with a
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mean of roughly 2.5 millimeters, and a range extending up to 4 millimeters
(Fischl and Dale, 2000).

Thus, it is worth considering what questions can be answered as the spatial
resolution improves. As already mentioned, it is already possible to distinguish
the contribution to the BOLD signal at the sublayer level. Thus, Huber et al.
(2014) have been able to show that for tasks in which there are positive activa-
tions, the BOLD response peaks at the cortical surface, but that for tasks in
which there is a negative BOLD response the maximum response is in the
deeper layers. And Shmuel et al. (2010) have been able to visualize the ocular
dominance columns in the primary visual cortex.

However, the most exciting prospect concerns the functional organization
within association areas. Functional patches have been demonstrated in the
temporal and prefrontal association cortex. Wang et al. (1998) first recorded
from cells in the inferotemporal cortex of macaque monkeys so as to find out
what stimuli were optimal for driving the cells. They then presented stimuli
with these features during optical imaging. The size of a functional patch was of
the order of half a millimeter in diameter. In the prefrontal cortex of macaque
monkeys, the full half hemispace is represented by a series of patches that are of
roughly a third of a millimeter. Within these patches, pairs of cells can be found
with tight correlations between their firing (Constantinidis et al., 2001). Thus,
the best spatial resolution that can now be achieved at 7 Tesla is of the order of
a functional patch.

So as to study functional organization in the human brain, Haxby et al.
(2014) scanned with fMRI. They found that in the neocortex there are a large
number of features that can be coded for in high dimensional representa-
tions, and that these representations repeat across cortical areas. This dis-
covery depends on two techniques. The first is the introduction of a novel
method for aligning the images of different subjects, based on function as
well as anatomy. The second is the use of multivariate pattern analysis to dis-
cover what features are being coded for. These techniques will be explained
in Chapters 3 and 6.

The temporal resolution of the BOLD signal

While the spatial resolution of the BOLD signal is more than adequate for func-
tional studies, the temporal resolution is not. The reason is not related to the
noise in the signal. It is possible to distinguish the time of the responses in two
different conditions if the latencies differ by around 200 milliseconds (Friston
et al., 1998). This can be done by measuring the difference in time at which the
positive rise reaches half its maximum height.
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The problem is that this method is only valid when comparing BOLD responses
for two conditions within the same area. The reason is that there is a potential
confound if the comparison is made between areas. This is that the size and shape
of the responses can vary across areas (Handwerker et al., 2004) because of dif-
ferences in the vascular bed. This has been shown in two ways. First, the ratio of
blood flow to the metabolic rate of oxygen consumption CMRO? has been shown
to differ between regions (Chiarelli et al., 2007). Second, the relation of the BOLD
response to activity evoked by electrical stimulation is not the same in all the
areas in which activations are found (Sloan et al., 2010).

Thus, if comparisons are to be made between the timing of activations in dif-
ferent areas, it is essential to control for possible differences in vasculature. Weilke
et al. (2001) compared two conditions. In one the subjects made movements in
response to an external cue and in this condition there was no statistical diffe-
rence in latency between activation in the pre-supplementary motor area (Pre-
SMA) and motor cortex. In the experimental condition the subjects initiated the
movements on their own and in this condition the activation of the Pre-SMA
occurred earlier than that of the motor cortex. This could not be due to differ-
ences in the vascular bed because that would have produced similar differences
in the control condition.

The relation of the BOLD signal to cell activity

As explained in previous sections, the BOLD signal is an indirect measure of
blood flow. Though it is clear that blood flow increases when neurons become
active, it is less clear what aspect of that activity relates most closely to the
BOLD signal. The way to find out is to measure the BOLD signal at the same
time as recording from cells with microelectrodes. In an influential paper, Log-
othetis and Wandell (2004) reviewed what has been established both in their
own and other laboratories. The results do not appear to differ greatly whether
the animals are or are not anesthetized (Goense et al., 2008). The conclusions
are summarized in Box 2.3.

Logothetis and Wandell (2004) have proposed that the BOLD signal reflects
most closely changes in the local field potentials. These potentials reflect the
summation of the dendritic synaptic activity of all the cells within the volume
of tissue from which the recording is taken. To record these, the high frequen-
cies are filtered out so as to remove the effects of action potentials. The
remaining signal, the local field potential, can then be decomposed like the
EEG into non-overlapping frequency bands. These are alpha (9-12 Hz), beta
(13-30 Hz), and gamma (31-100 Hz). Magri et al. (2012) recorded BOLD
and local field potentials simultaneously in anesthetized macaque monkeys,
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Box 2.3 The BOLD signal and cell activity

In studies of the visual cortex of macaque monkeys, the BOLD signal appears
to be related more closely to local field potentials than to the spiking activity
of single cells (Goense et al., 2008). However, it is not the correlations that
are critical. The key observation is that it is possible to record the BOLD sig-
nal in the absence of significant spiking activity, and also to record spiking
activity without BOLD. This has been demonstrated in three ways.

First, it has been shown that in visual cortex there can be transient multi-
unit activity that rapidly returns to baseline, whereas both the BOLD signal
and local field potentials continue on (Goense et al., 2008).

Second, if a 5-HT1A agonist is injected into visual cortex, the multi-unit
activity is greatly reduced, whereas there is no significant change in either
the BOLD signal or the local field potentials (Rauch et al., 2008).

Third, if bicuculline is applied so as to increase the spiking output of the
Purkinje cells in the cerebellum, there can be large increases in firing with-
out any change in the rCBF (Thomsen et al., 2009).
| Given these results, Logothetis (2008) has argued that the BOLD signal
reflects most closely the fluctuations in the post-synaptic polarizations,
which may or may not cause action potentials. It is likely that the signal is
most sensitive to these fluctuations in cortical pyramidal cells. Local field
potentials are less sensitive to depolarization in inter-neurons because these
are variable in layout. The contribution of inter-neurons to the local field
potentials can therefore be cancelled out.

and found that it was the gamma band that was most informative about the
BOLD signal. However, the amplitude of the signal was also dependent on the
relation between alpha and gamma power, and the latency on the relation
between beta and gamma power.

Given that BOLD relates to the summed dendritic activity, it is therefore sen-
sitive to modulatory effects on the post-synaptic cell. Direct evidence that the
BOLD signal reflects modulatory effects comes from an experiment that used a
perceptual manipulation called “generalized flash suppression” When moving
dots appear abruptly around a visual target stimulus, they suppress the percep-
tion of that stimulus. The critical observation is that when cell activity was
recorded in the visual cortex of a macaque monkey, there was no change in the
spiking activity during suppression; yet there was an effect on the BOLD signal
(Maier et al., 2008). This can be explained either by inhibitory synaptic inputs
or by excitatory inputs that are below the threshold for driving cell activity.
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The fact that the BOLD signal can reflect modulatory effects has proved use-
ful for studies of the interactions between activations in different brain areas. In
particular, top-down effects operate via feedback paths and there are sugges-
tions that these paths have modulatory effects (Shipp, 2005). An example is the
enhancement of activations in posterior areas as the result of goal-directed
attention (Corbetta and Shulman, 2002). Chapter 6 considers these effects in
more detail.

EEG and MEG

Whatever the relation between the BOLD signal and cell activity, it is necessar-
ily indirect because it is vascular events that are measured. EEG and MEG rec-
ord cellular events directly, and this means that they score in terms of temporal
resolution. EEG records electrical activity by electrodes on the scalp or occa-
sionally at the cortical surface; these are macro-electrodes, very much larger
than those that are used for single cell recordings. MEG records the magnetic
fields that are associated with this electrical activity. MEG uses superconduct-
ing quantum interference devices (SQUIDS) to detect the minute magnetic sig-
nals. We refer the reader to Sanei (2013) for a full account of how the recordings
are made and analyzed.

The magnetic signals that are detected by MEG are generated perpendicular
to the electrical signals. This means that MEG is particularly sensitive to signals
from the pyramidal cells as they lie in sulci, even though the MEG signals rap-
idly decay with distance from the SQUID detectors. For this reason it can be
helpful to carry out the same experiment with both MEG and EEG simultan-
eously so as to be most sensitive to cortical signals from one or other method.

Both methods can be said to measure brain “activity” However, the relation-
ship of the signals to that activity is complex. It has been suggested that the EEG
signal relates most closely to the extra-cellular activity caused by dendritic poten-
tials and that the MEG signal to the intra-cellular activity caused by ionic cur-
rents (Buszaki, 2006). Claims of this sort can only be properly tested by measuring
these signals at the same time as recording directly from the cells themselves.

Irrespective of the source of the signals, they have the advantage that they are
recorded on a millisecond time base. This means that they can be used to record
the order of events in the brain. One might think this implausible since the
delays at the synapse are of the order of 2 milliseconds. However, any one area
may take time to process the incoming information, perhaps involving the syn-
chronizing of subpopulations of cells within the area. Furthermore, if commu-
nication between areas depends on the synchronization between the input and
output cells, this too may take time.
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In fact we have evidence for these delays. Hari et al. (2010) review studies
that they have carried out using MEG in which they were able to follow the sig-
nals as they progressed across areas. In one study, for example, the subjects
were presented with faces and required to copy the facial expression. The activ-
ity in the visual, temporal, parietal, and premotor cortex occurred at different
times in succession: the delays between activation of successive areas varied
from 20 to 90 milliseconds.

Oscillations

Whether recorded with EEG or MEG, the signals show periodic oscillations,
and these can be separated into different frequency bands. By recording the
EEG at the same time as multi-unit activity in animals, it has been shown that
the relationship of the EEG to multi-unit activity is closest when there is an
increase in the EEG power in the gamma band (Whittingstall and Logothetis,
2009). The variable amplitude of the gamma band has also been proposed to be
the closest EEG correlate of the BOLD response (Scheeringa et al., 2011).

The relation between the power of the different spectral bands and cognitive
operations has been studied by recording from an array of electrodes implanted
intracranially in patients with epilepsy (Lachaux et al., 2012). These intracranial
EEG recordings reveal high-frequency activity from 40 to 150 Hz. Different
perceptual and cognitive operations are associated with different frequencies.
For example, during reading there are differences in the mean frequencies for
the visual, phonological, and semantic responses.

It is likely that the fluctuations in the gamma band serve an essential role in
synchronizing activity within and between brain areas (Nikolic et al., 2013). It
has been proposed that the effective communication between cells depends on
coherence between their fluctuations in the gamma band (Fries, 2009). Maris
et al. (2013) recorded local field potentials in macaque monkeys. The record-
ings were taken from pairs of sites within one area, the secondary visual area V4.
The phase relation between different site pairs was influenced both by the pres-
entation of visual stimuli and by the direction of attention. Roberts et al. (2013)
recorded simultaneously in monkeys from sites in different but connected areas,
the visual areas V1 and V2; and there was strong coherence between pairs when
high-contrast gratings were presented.

It will be clear that, though it is possible to record slow fluctuations of the
BOLD signal, a critical element of information processing is missed if all that is
recorded is the amplitude of a signal and not its spectral components. For this
reason, EEG and MEG are essential tools for studying the mechanisms via
which the brain operates.



Combined use of fMRI and EEG or MEG

~his does not mean that fMRI no longer has a place. This is because there is a
cundamental problem in accurately localizing the source of the signals that are
recorded by EEG and MEG. The localization requires a solution to the inverse prob-
lem of converting observed measurements into information about the brain itself.
As explained in Box 2.4, the problem is that there is no single “correct” solution. We
refer the reader to Henson et al. (2011) for a technical treatment of the issue.

The spatial resolution that can be achieved with EEG and MEG is of the order
of a centimeter (Barkley, 2004). However, it remains to be established to what
extent sources can be pinpointed from deep structures. Some success has been
had in identifying the basal ganglia as a source (Attal et al., 2007), but it is as yet
znclear what other deep signals can be resolved.

Box 2.4 The inverse problem

Inverse problems involve relating a set of observations to parameters of the
svstem, whereas forward problems involve relating parameters of the system
to observations.

The problem with localizing the brain sources that could account for any
observations made with EEG or MEG is that there are many possible solutions.
However, there are several ways of cutting down this number given prior
knowledge about the brain. We mention several common solutions here.

The first is that the sources must lie in gray matter. Thus, if an MRI scan is
taken for each subject, solutions are only acceptable if they suggest sources
in gray matter (Dale and Sereno, 1993).

The second is that the orientation of the signals with respect to the cortical
surface is known both for EEG and MEG. This orientation can be imposed
on local patches of cortex.

The third is that, if the subjects are scanned with fMRI as well as with
either EEG or MEG, the location of the signals in fMRI can be used to con-
strain the localization of the sources. This is not foolproof, however, since
the MEG/EEG signals and BOLD-fMRI are sensitive to different neuronal
populations and activity patterns.

Finally, one can impose regularization or smoothness on the solution, for
example, by modeling that one area of the brain has properties that are simi-
lar to its close neighbors; this is a robust but inherently low-resolution solu-
tion. Alternatively, the model can assume that the activity is greater than in
other regions, as in beamformer analyses.




THE IMAGING ENVIRONMENT

Thus, an obvious strategy is to capitalize on the strengths of EEG and fMRI by
carrying out the same experiment with both. It is now possible to record EEG
in the fMRI scanner (Huster et al., 2012) and this has the advantage that one can
be sure that the tasks are presented in the same way for the two modalities. It is
true that one might worry that the EEG results could be distorted by the scan-
ner environment, but a comparison of the EEG results obtained inside and out-
side the scanner suggests that the concern is needless (Bregadze and Lavric,
2006). It is also possible to carry out the same experiment using fMRI and MEG,
though in this case the experiments must carried out successively (Dale et al.,
2000). This provides the advantage of the good spatial resolution of fMRI and
the good temporal resolution of MEG.

The imaging environment

In designing and analyzing imaging experiments, the user needs to take into
account not only the nature of the signal, but also the conditions under which
it is recorded. The various imaging techniques differ greatly in the experimen-
tal environment.

During PET, the head is held in the ring of detectors, but the body lies outside
and relatively free movement of the arms is allowed. So, for example, subjects
can be required to copy gestures or demonstrate the use of objects in mime
(Rumiati et al., 2004). Furthermore, the subjects can be asked to speak, for
example, reading words aloud (Price et al., 1994). This produces relatively little
movement artifact in the emission signal.

By comparison, the MRI scanner is cramped, claustrophobic, and noisy. Fur-
thermore, since the subject lies face-up in the scanner, the stimuli must be pro-
jected onto a small mirror. And the subject must lie still because movement in
the scanner can produce artifactual signals, and this includes the movements
involved in speaking.

These conditions put severe limits on the presentation of the task, the way in
which the subjects treat it and the range of responses that they can make. These
limits encourage the use of very simplified and artificial tasks. For example, in
their normal environment people generate a wide variety of voluntary actions
but this ability is often investigated in the scanner with simple button presses. It
requires ingenuity to devise tasks that are rich and more typical of those encoun-
tered in everyday life. Fortunately virtual reality provides a way of introducing
tasks that are more ecologically valid (Maguire, 2012).

The conditions are such that many subjects will be anxious, both about the
noise and the need to stay still for up to an hour. These factors will produce vari-
ability in their attentional state and thus in the recorded images. It is for this
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reason that it is better to compare the images between two task conditions both
of which engage attention rather than making comparisons with a resting base-
line in which attention can wander.

It is a severe constraint that for most experiments it is necessary to avoid gross
movement, which is why the responses are usually recorded via finger presses.
So long as the arm does not move at the elbow, the subjects can press buttons
without significant effect on the images. But this greatly limits the study of the
motor repertoire. If the study requires gross movements, as in reaching and
grasping, one may try to compensate for the distortions in the images using the
recorded head movements as regressors in the analysis model (Barry et al.,
2010), but even subtle movements can have systematic effects on the results and
may bias group comparisons (Power et al., 2012).

It is less easy to record the movements of the jaw and mouth that are involved
during speech so as to use them as regressors. For this reason, other techniques
must be used if speech is to be permitted in the MRI scanner. One method is to
detect trends in the data that might be accounted for by these movements and
to remove them by a mathematical method (Gopinath et al., 2009).

Another is to use “sparse sampling” This depends on the fact that the peak of
BOLD signal does not occur for five or more seconds after the movement,
whereas the artifactual signal is restricted to the period during which the move-
ment occurs. This means that if the scans only start some seconds after the word
is spoken, the images will be free of motion artifact. In this way it has proved
possible to study subjects who stutter (Watkins et al., 2008).

There is, however, currently no way of scanning with MRI in a free environ-
ment. This is what is offered by EEG, and this is why it is so useful in studies of
children and even babies. For example, Marshall et al. (2013) were able to record
cortical responses in babies of 14 months old while they made particular move-
ments or observed others making the same movements.

Although the subjects are less free in MEG, they sit in a comfortable chair and
look at a large screen in front on which the stimuli are presented. The arms are
free rather than being constrained in a narrow tube. The conditions do not dif-
fer too radically from those of a psychologist’s testing suite, except that the
movements of the head are restricted.

This is only one of the reasons why the user should be encouraged to consider
MEG. It is almost a direct measure of cortical activity, it records it in real time
and it does so while the subject is relaxed and relatively unconstrained. It is true
that the analysis of the signals has proved complex, but a variety of methods are
now available, for example, in SPM, BrainVoyager, Freesurfer, and elsewhere.
Packages such as these increasingly converge in integrating the solutions avail-
able for data analysis and source localization.



SUMMARY

There is yet another reason for advocating the use of MEG. The history of
functional brain imaging is that it started as a method for brain mapping, in
other words as an anatomical technique. But the future lies in physiology. We
need to know not only where particular operations are performed but also how
the network operates so as to support human cognition (Bastos et al., 2012).

Summary

The spatial resolution of fMRI is adequate for answering many questions about
the functions of particular cytoarchitectonic areas. Furthermore, at 7 Tesla the
spatial resolution that can be achieved is now of the order of functional patches
within areas, and this holds the promise of studying the functional organization
of these areas. However, though it is possible to distinguish the time at which
the BOLD signal rises in two different conditions within the same area, it is
problematical to compare the times between different areas because of differ-
ences in the vascular bed.

EEG and MEG offer millisecond timing, but the problem of source localiza-
tion remains troublesome, and the spatial resolution is thus limited. It is for this
reason that laboratories increasingly combine fMRI with EEG or fMRI with
MEG. EEG has the advantage of being relatively cheap and mobile. The cost of
MEG and the complexity of analyzing the data have meant that MEG studies
are not yet common in the literature. However, we see MEG as an increasingly
important imaging technology, not least as the focus of brain imaging turns to
physiology; that is to how the human brain supports complex cognition.
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Chapter 3

Experimental methods

Abstract

Having recorded a signal, it is necessary to interpret its functional
significance. The way in which this is done is to relate the signal to
a psychological condition. As in other branches of science, an
experimental condition is contrasted with a control condition. The
interpretation is clearest when these differ in just one respect,
though this can be difficult to achieve. Standard statistics are used
to evaluate the significance of the difference. However, the
analysis of imaging data can be onerous and many methods have
been developed to avoid false-positive and false-negative results.
These include robust correction for the number of statistical
comparisons that are made, as the image is made up of thousands
of voxels across many regions. Researchers also use targeted
region-of-interest analysis; in this case the region must be
specified beforehand. One must also study enough subjects: if
small groups are used, the study may be underpowered.

Keywords

control conditions, subtraction technigue, false positive, false
negative, type | error, type Il error, region of interest analysis,
replication, number of subjects.

Introduction

The logic of imaging experiments is the same as the logic of scientific experi-
ments in general. In physics or chemistry an experimental condition is com-
pared with control conditions. Such comparisons between conditions can be
made in biology, psychology, and medicine. For example, the bio chemist adds
an enzyme and compares the product with the substrate without the enzyme.
However, in the biological sciences comparisons can also be made between dif-
ferent groups of subjects. The doctor can compare the results for one group
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taking a drug and another group taking a placebo. In either case the result of the
experiment is a difference.

Thelogic demands that, in order to interpret the effects of the drug, the experi-
mental and control conditions should differ in just one respect; otherwise it will
not be clear which is the critical factor. For example, there are two effects of giv-
ing a drug, one pharmacological and the other psychological; hence a placebo
medication of identical appearance but without any pharmacological effects is
needed to exclude psychological differences between conditions. It is the bane of
psychology—and brain imaging—that, even if the stimuli are closely specified
and the responses accurately measured, it is not possible to control completely
the interpretation that the subjects place on the stimuli or the considerations
that enter into their decisions. People have spontaneous thoughts and the
experimenter has limited influence over these. The problem can be magnified
when the subjects are lying in an enclosed scanner, perhaps anxious and dis-
turbed by the repetitive noise.

A classic attempt in psychology to achieve the ideal experimental comparison
between conditions involves the measurement of decision times. The original
paper on this was by Donders in 1868, and because the paper is a classic it was
republished in the 1960s (Donders, 1969). In one condition he measured simple
reaction times (S): the subjects responded with the same finger whatever the
stimulus. In the other condition he measured choice reaction times (C): the
subjects responded with different fingers, depending on the identity of the
stimulus. Since a finger is moved in both conditions, subtracting the simple
reaction time from the choice reaction time (written as ‘C — S’) controls for the
time to move a finger. The difference between C and S then provides an estimate
of the time taken to make a decision.

The same logic applies in an imaging experiment. Take an experiment that
was carried out by the authors (Rowe et al., 2005), in which the subjects were
required to press one of four buttons on each trial. In the experimental condi-
tion, subjects chose which button to press; while in the control condition, they
were required to press the button that was indicated to them. For convenience
we will call the experimental condition the “internally generated” condition (I)
and the control condition the “externally specified” condition (E). Both condi-
tions involved finger movements, and thus in the comparison of I — E, the effect
of moving fingers could be considered as having been subtracted out, leaving
differences related to the choice of which finger to press. And the subtraction
method appeared successful, since in the study by Rowe et al. there was no acti-
vation in motor cortex. But there was activation in the prefrontal cortex, and
the assumption was that this reflected the choice associated with internal gen-
eration of action.
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The problem of interpretation

As so often in science, the most obvious explanation is not the right one. The
interpretation can be challenged because the two conditions differ in more than
one respect. For example, in the internally generated condition (I), the subjects
can prepare which finger to move during the inter-trial interval, even though
they do not need to do so, and even though they do not know whether the next
trial will be of the I or E type. In the externally specified condition (E), they can-
not do this because they do not yet know which finger they will be required to
move. So the prefrontal activation could reflect preparation, and other studies
suggest that there is activation in the prefrontal cortex when subjects have been
instructed to prepare the next finger movement (Rowe et al., 2002). It would be
possible to control for preparation (P) by presenting the cues for the next trial
earlier: the two conditions would then both include preparation, with the ana-
lysis comparing [I + P] - [E + P].

Another respect in which the conditions differ concerns the relevance of the
previous trial. In the externally specified condition, what happened on the pre-
vious trial is irrelevant to which button will be required on the next trial. In
principle this is also true for the internally generated condition, but in practice
subjects take into account what they did on recent trials when making choices
about future responses (Zhang and Rowe, 2014). For example, they may think
that they should vary their responses across trials in a particular way. In this
case, the prefrontal activation could either reflect memory of previous trials or
the use of previous trials as the context for generating the next movement.

To find out whether working memory is the critical factor, Taylor et al. (2008)
compared a condition in which the subjects decided what to do (I) with a con-
dition in which they were simply required to remember their last response (M).
It turned out that there was activation for the comparison [I + M] - [E + M], and
this suggested that the prefrontal activation does not simply reflect working
memory.

However, even if the activation in the prefrontal cortex does not reflect
memory of previous responses, it could still be crucial that what the subjects
do ontrialn + 1 is influenced by what they did on trial n. To put it another way,
che response on trial n + 1 is performed “in the context of” what was done on
rial n.

To find out if this was the critical factor, Rowe et al. (2010) analyzed the data
or the internal generation of movements in a sample of 57 subjects. Surpris-
:=gly, there was no prefrontal activation on the very first internally generated
-zsponse trial. Yet, this was not for lack of statistical power because there was
Zzzectable prefrontal activation for a single trial in the middle of the series. So
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the prefrontal activation reflects the fact that subjects take previous trials into
account when deciding on their next response: on the first trial there are no
such previous trials to take into account.

Yet in a previous paper (Rowe et al., 2005) we had taken the prefrontal activa-
tion to reflect internal generation. This is a natural interpretation since the sub-
jects were indeed instructed to generate actions at will. But it was the wrong
interpretation.

The problem comes in part from labeling a task and then assuming that an
activation fits that label. We called it “the internally generated task” (Rowe et al.,
2005) and assumed that the activation reflected internal generation. The danger
in labeling a task condition is that it may lead one (and other people) to ignore
other explanations of the activations that occur when the task is performed.

This mistake is a general one, and even if the authors of a paper are careful to
be precise and cautious in their specific interpretation, readers of the same
paper may not be so careful. Funahashi et al. (1989) devised an oculomotor
delayed response task for monkeys and called it a “working memory task” On
each trial a spot of light was briefly presented followed by an unfilled delay and
the monkeys were then required to indicate where the light had appeared by
making a saccade to that location. When recordings were taken, roughly 50% of
the task-related cells fired differentially, depending on the location, and con-
tinued to fire during the delay. For many years the conclusion drawn was that
this area was involved in working memory. After all, the cells specified the loca-
tion to be remembered and continued to do so during the delay.

However, there is another factor. The monkey’s attention is drawn to the loca-
tion of a light and, even when the light goes off, they could solve the task by
simply continuing to attend to that location. Attention to the periphery is pos-
sible, even if fixation is maintained on a central point. A control is therefore
needed in which the monkeys are required to attend to one location without
their having to remember it.

This was achieved in a study by Lebedev et al. (2004). On each trial two cues
were presented. The monkeys had to attend to one of them but to remember
the other one. When that control was included, it turned out that 61% of the
recorded cells coded for the attended location and only 16% for the remem-
bered location.

This second example reinforces the point that problems of design are not
unique to imaging. It emphasizes the need to conduct controlled experiments,
and to challenge the simple or “obvious” explanation of a result; and this applies
in brain imaging as in any other branch of science. The function of control con-
ditions is to exclude explanations in which the experimenter is not interested.
Thus, there should be as many control conditions as there are potential
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explanations. For brain imaging, it is often impractical to put all the control
conditions into a single experiment and a series of connected studies may
therefore be required.

Multiple factors and the interaction between factors

The problem of interpretation is complicated when there is no single critical
factor but two or more factors that interact. For example, in an early PET study,
Petersen et al. (1988) compared the activations for repeating (R) words with the
activations for simply viewing (V) words. Thus, they performed the subtraction
R - V. It was assumed that repeating words has no influence on the degree to
which the words are processed. But this assumption may not be valid (Friston
etal., 1996). In the passive condition, the subjects might view the words without
concern for their meaning, whereas the requirement to repeat them might
encourage further semantic processing.

The way to find out is to analyze not only the differences between conditions,
but also how they may interact. In brain imaging, the most common method of
analysis uses a general linear model (GLM), or the special case of a GLM known
in other fields as an analysis of variance (ANOVA). In the simplest case it div-
ides the variance into that part that is due to viewing (V) and repeating (R),
together with that part that is due to an interaction between them (R x V). If
repeating words recruits extra-semantic processing, the effect would show up
as a significant effect of the interaction term.

As in psychology in general, analysis of variance provides a powerful means
of evaluating the influence of the different factors in imaging experiments.
Box 3.1 gives an example of a simple factorial design.

Analysis of variance can be used to find out how information is integrated in
the brain. In the example given in Box 3.1, the integration is between kinemat-
ics (moving dots) and a particular configuration (of a person’s limbs). A signifi-
cant interaction term may reflect a specific conjunction of properties in a brain
region, but it may also indicate synergism or antagonism between experimental
factors.

In electrophysiology, analysis of variance can be used to look for cells that
code for the integration between factors. For example, Wallis and Miller (2003)
taught macaque monkeys a task in which the animals had to respond differen-
tially to different cues and were rewarded with different amounts of juice.
Whereas cells in the orbitofrontal cortex coded for the amount of reward, there
were cells in the dorsal prefrontal cortex that integrated information about the
appropriate response and the expected reward. The analysis of the cellular activ-
ity in the dorsal prefrontal cortex revealed a non-linear interaction between
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Box 3.1 Factorial design

Factorial designs are a powerful and efficient way to examine the neural cor-
relates of cognitive processes, especially where a task’s processes may inter-
act with the context in which it is performed. For example, Jastorff and
Orban (2009) carried out an fMRI study to investigate the perception of
biological motion. Point light displays were presented, and when these rep-
resented the movements of the limbs as people or animals walk, the displays
were said to show “biological motion”

The design was a 2 x 2 factorial design. One factor was “Configuration.”
Either the shape of the displays accurately reflected the configuration of the
limbs (Full) or it was distorted by scrambling the dots (Scrambling). The
other factor was “Kinematics”” Either the motion of the dots was an accurate
display of walking (Biological) or the motion of the dots was up or down,
thus not being an accurate display of walking (Translation). The design can
therefore be set out as follows:

Full Scrambled
g
g A B
o
o
C
]
2 C D
C
S
=

The statistical analysis looked for the main effect of configuration, the
main effect of kinematics, and the interaction between these effects. This
interaction is expressed as the difference between A and B versus the diffe-
rence between C and D, or “[A - B] - [C - D]” A significant interaction in
this study reflects what is special about biological motion rather than motion
in general. .

In the study there was a main effect of configuration in the occipito-
temporal cortex, a main effect of kinematics in the MT/V5 complex, and
an interaction in the fusiform gyrus. The interaction was in the area in
which previous studies had reported activations when subjects view the
human body. So the interaction was specific for the perception of a person
walking.
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responses and reward. This means that the degree of firing of the cells was greater
than could be accounted for by the simple addition of the amplitude of the
responses and reward alone. This is sometimes referred to as a “super-additive”
interaction.

An analysis of variance, like linear regression and the Student’s t-test, is a spe-
cific case of the general linear model. Linear regression relates the observed
effect (dependent variable) to the task factor (independent variable) by estimat-
ing the regression parameter (B). The distribution of errors around the regres-
sion line is assumed to be Gaussian (also called “normal”). Multiple linear
regression does the same thing for many independent variables at once. The
different 3 weights provide an estimate of the degree to which each of the inde-
pendent variables accounts for the variation in observations.

In the general linear models used for most brain imaging studies of the last
20 years, a set of measurements (the observed brain imaging data) is related
to a “design matrix” that expresses the known experimental variables and the
weighting parameters (B weights) of each of these variables (which are to
be estimated). For a technical account of how the linear model is applied
in the analysis of imaging data, we refer the reader to Poldrack et al. (2011).
The present account is not meant to substitute for tutorial materials on how
to set up the design matrix or calculate the parameter estimates, but to discuss
the major principles in terms of their impact on experimental design and
interpretation.

A variety of designs and methods of analysis are available to the user. Blocked
designs present a series of the same trial types in blocks that last many seconds
(typically 20-40 seconds), and the analysis then compares the averaged activa-
tions during the different blocks. Event-related designs present brief trials, usu-
ally in a random or semi-random order, and the analysis then collects together
the data for each trial type separately, even if the responses to individual trials
overlap in time, so as to compare the activations statistically using a model of
the time course of activation (Mechelli et al., 2003). Many experiments com-
bine blocks of one condition (an experimental context, such as attention or
familiarity) with brief trial events that occur within that context. Parametric
designs vary some factor systematically across a range of values, such as the
number of items to be remembered, and then correlate this value with the
degree of activation (Buchel et al., 1996). The decision as to which design to use
will depend on the question asked and the demands for sensitivity (Amaro and
Barker, 2006).

For block designs, event-related designs and mixed designs one can apply
simple subtraction logic to the analysis, or more complex analysis of variance
and general linear models. One can also combine tests, for example, using a test
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of one factor (e.g., the effect of movement versus rest) to define a set of brain
areas as a “mask” within which one looks for the effect of another factor (e.g.,
the effect of having an illness affecting the motor system, such as a stroke or
Parkinson’s disease). Conjunction analyses test whether there are activations
that are common to two or more task conditions (Friston et al., 2005).

The use of imaging for physiology

Each of these designs and analysis methods can be used to ask where there is
activation during a particular task condition. The question is anatomical. But
imaging is limited if it is restricted to “brain mapping” While it is important to
establish localization of function, this should only be a preliminary to asking
how the functions are performed.

So we strongly advocate that, wherever possible, imaging should use the same
approach as electrophysiology. Consider the way in which the EEG is analyzed
s0 as to detect event-related potentials (ERPs). As already mentioned, these are
visualized by averaging across many trials. An essential step in doing this is to
lock the record in time to particular events.

If the EEG record is time-locked to the presentation of a stimulus, it is pos-
sible to detect later fluctuations that relate to processing of that stimulus. These
are referred to by polarity and order, the N100 or N1 (negative at 100 millisec-
onds), P200 or P2 (positive at 200 milliseconds) and so on (Fig. 3.1). Of particu-
lar interest, for example, is the mismatch negativity (MMN) that occurs at
around 150 milliseconds after an unexpected event occurs in a series that is
otherwise predictable. The MMN can be visualized by time-locking the record
to the unexpected events.

The same technique of time-locking is used in single-unit physiology. For
example, Weinrich et al. (1984) taught macaque monkeys to move a spot of
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light to the left or right depending on the identity of the cue. A variable delay
was interposed between presentation of the cue and the time at which the
animals were allowed to respond. If the data were aligned to the presentation
of the cue there was a brief phasic response, and if they were aligned to the
response there was a similar phasic increase. However, the critical finding
was that if the data were aligned to the presentation of the cue, there was con-
tinuous tonic or “set” activity during the delay period, in preparation for the
response.

The method can as easily be applied to the BOLD fMRI time series. Toni
et al. (1999) scanned subjects while they performed a visuomotor task in
which there was a variable delay between the cue and response. Visual acti-
vations could be visualized by locking the record to the presentation of the
cue and motor activations by locking the record to the time of the response.
Figure 3.2 also shows that, as in the macaque monkey, in the premotor cor-
tex there was an initial component that reflected the stimulus, a tonic com-
ponent reflecting preparation of the response. and a final component at the
time of the response.

Event-related methods can also be used to visualize areas in which there is a
change in activation when an event is unexpected. Seymour et al. (2004)
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Fig. 3.2 BOLD signals in the dorsal premotor cortex (upper trace) and motor cortex
(lower trace) for trials with a long delay. IC = instruction cue.

Reproduced from Ivan Toni, Nathaniel D. Schluter, Oliver Josephs, Karl Friston, and Richard E.
Passingham, Signal-, Set- and Movement-related Activity in the Human Brain: An Event-related
fMRI Study, Cerebral Cortex, 9 (1), pp. 35-49 doi:10.1093/cercor/9.1.35 © 2015, Oxford
University Press.
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compared the activations when a stimulus occurred that the subjects had not
expected and when a stimulus failed to occur that the subjects had expected.
There was a positive BOLD signal in the orbitofrontal and anterior cingulate cor-
tex when the stimulus was unexpected and a negative BOLD signal when it was
absent, though expected. These opposing effects are the same as predicted by
single-unit studies in monkeys (Schultz and Dickinson, 2000).

Imaging offers other ways of studying physiology. By definition this involves
changes over time, whether it be the beat of the heart or the rate of neuronal
firing. In spite of its poor temporal resolution, the BOLD signal provides valu-
able information about time as well as amplitude.

For example, the duration of the BOLD signal is related to the length of
time for which a stimulus is presented or a motor act is performed (Logothe-
tis and Wandell, 2004). The duration can simply be measured using the points
at which the amplitude is half its maximum. The full width half maximum
(FWHM) is greater with the longer duration of stimulation presentation or
motor response.

This relationship can be used to infer differences in the duration of cortical
processing within a region. This was done in an imaging experiment by Richter
et al. (2000) in which the subjects performed a mental rotation task. Pairs of
complex objects were presented and the subject had to say whether if one was
rotated it would match the other. The analysis looked for activations in which
the width of the BOLD signal related to the time taken to make the judgment.
There were activations in the parietal, premotor, and motor cortex for which
this was true. Figure 3.3 plots the width of the BOLD signal in a single subject
against the reaction times, and it is clear that the fit is very good.

There is, however, a limitation: for short trials, variations in the intensity of
neuronal activity and variations in the duration of neuronal activity are almost
indistinguishable from their resulting BOLD responses. The distinction can
only be made if, as in the experiment by Richter et al, one has other evidence
such as reaction times for differences in duration.

The amplitude of the BOLD signal serves as another important indicator of
the underlying processing. This is best illustrated by considering the changes
that occur during learning. If subjects are given a motor task to learn and they
are trained by trial and error, there is strong activation at first in the dorsal pre-
frontal cortex (Fig. 3.4) (Floyer-Lea and Matthews, 2004). There could be many
reasons: the task makes demands on attention, associative learning, and
response preparation.

However, if the subjects are allowed to practice until the task becomes rela-
tively automatic, these demands decrease. When the task is overlearned, the sub-
jects no longer have to learn the associations and they no longer have to direct
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Fig. 3.3 Plot of width of the BOLD signal against the time taken to respond on a
mental rotation task.

Reproduced from Wolfgang Richter, Peter M. Andersen, Apostolos P. Georgopoulos, and Seong-Gi
Kim, Sequential activity In human motor areas during a delayed cued finger movement task studied
by time-resolved fMRI, NeuroReport, 8 (5), pp. 1257-1261 © 1997, Wolters Kluwer Health, Inc.
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Fig. 3.4 Amplitude of the BOLD signal in the dorsal prefrontal cortex during learning
of a motor sequence task.

Replotted from A. Floyer-Lea and P. M. Matthews, Changing Brain Networks for Visuomotor
Control With Increased Movement Automaticity, Journal of Neurophysiology, 92 (40), pp. 2405-
2412, Fig 3e, DOI* 10.1152/jn.01092.2003 © 2004, American Physiological Society.
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their attention in advance to the response that they are going to make (Rowe
et al., 2002). Figure 3.4 shows that, late in learning, the amplitude of the BOLD
signal in the dorsal prefrontal cortex decreases until it is near the baseline level.

It will be clear that the BOLD signal can be used to study physiology, but there
is a limitation in the examples presented so far. This can be illustrated by con-
sidering the study by Toni et al. (1999) on visuomotor learning. It is true that the
analysis could visualize activations that related to the cue or response. But it
could not distinguish whether cue A or B had been presented or whether the
subjects had moved finger 1 or 2.

The problem is that in a single voxel there are very many thousands of cells.
Although single-unit recording can find individual cells that code for cue A or
B or for movement 1 or 2 (Asaad et al., 1998), the imaging methods described
so far cannot draw similar distinctions. As a result they have not tackled the
issue of neurophysiological coding.

The way in which fine-grained coding has begun to be investigated using
fMRI is to analyze the pattern of activation across voxels, exploiting the uneven
distribution of coding cells in neighboring voxels. This involves a “multivariate
pattern analysis” The reader can find a detailed account of the method in
Haynes and Rees (2006). Box 3.2 presents a simplified version.

Box 3.2 Multivariate analysis :

This method was first applied to fMRI by Kamitani and Tong (2005) in an
experiment on decoding the orientation of the lines that were presented to
subjects in the scanner. The method analyzes the differences in the pattern
of activation across a small group of voxels for the different stimuli, identify-
ing a difference in the distributed signal even where no voxel individually
differs significantly between conditions. !

Figure 3.5 illustrates the method (adapted from Norman et al., 2006). This
shows voxels in a one-dimensional array, whereas in the brain they are usu-
l ally taken from a small three-dimensional volume of brain tissue or two-
| dimensional cortical sheet. Each column shows a trial, and the orientation of
! the bar for that trial is shown above the column. The degree of activation for
| each voxel is indicated by the shading.

The pattern of activation for the array of voxels will vary across trials, but
it will be more similar for the same trial types (orientation in Fig. 3.5) than
for different trial types. The aim of the analysis is to find a way of separating
these patterns. The separation may best be achieved by a linear or non-linear
function.
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Box 3.2 Multivariate analysis (continued)

The classifier is trained on a series of trials (shown as run 1 and run 2) and
then the accuracy of decoding is tested on a new series of trials (shown as
test run 3).

The analysis can be directed toward a pre-chosen area of voxels, for example,
the visual cortex. Alternatively a “searchlight” technique can be used to inter-
rogate where within the whole brain or cortex there are groups of voxels from
which the information can be decoded significantly above chance.

Training set Test set
Run 1 Run 2 Run 3
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Fig. 3.5 lllustration of the use of multivariate pattern analysis. The voxels are shown as
if in a column. The amplitude of the signal in each voxel is marked by the shading. The
pattern across voxels is therefore shown in 2-D, whereas in the actual brain the
pattern is read across voxels in 3-D. The orientations shown are given above the
columns. The critical point is that, though there is variation from trial to trial with

the same stimulus, the overall pattern for one orientation is different from the overall
pattern for the other orientation.

Adapted from Trends in Cognitive Sciences, 10 (9), Kenneth A. Norman, Sean M. Polyn, Greg
J. Detre, James V. Haxby, Beyond mind-reading: multi-voxel pattern analysis of fMRI data,
pp. 424-30, Copyright (2006), with permission from Elsevier.

In the experiment by Kamitani and Tong (2005), mentioned in Box 3.2, dif-
ferent orientations were presented across trials. This meant that the pattern of
activation could be related to the stimuli that were presented. The classifier
could be trained to separate the populations because it was known what stimu-
lus was shown on any particular trial.

However, multivariate analysis has also been used to decode cognitive stazes
such as memories (Chadwick et al., 2010) and intentions (Haynes et al., 200~
Here there are no external stimuli and thus the classifier can only be trairec ==
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there is feedback at the end of the trial as to what the subject was remembering
or intending.

Given sufficient sensitivity, it is also possible to decode from single voxels.
Jerde et al. (2008) scanned at the ultra-high magnetic strength of 7 Tesla. They
presented mazes and required the subjects to attend to one of four different
orientations on each trial. Tuning curves were plotted for each voxel, and 51%
of the voxels in the superior parietal cortex had a tuning curve with a peak for
one of the orientations (Fig. 3.6). These curves are similar to those found for
single cells in parietal cortex in macaque monkeys performing the same task
(Crowe et al., 2004).

Voxels tuned to a particular orientation tended to occur in clusters. There was
an average of 22 voxels for each cluster and a separation of 9.4 millimeters
between clusters with the same tuning.

Whether a multivariate analysis or single voxel analysis is used to decode,
there is nothing magical in the procedure. There is no difference in principle
between using experimental conditions to predict activations in the brain
(encoding) and using activations in the brain to predict the experimental con-
ditions (decoding).
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Fig. 3.6 Tuning curve for a voxel in parietal cortex, plotting the amplitude of the BOLD
signal against the orientation of the maze exit.

Reproduced from Experimental Brain Research, 187 (4), pp. 551-561, Ultra-high field parallel imaging
of the superior parietal lobule during mental maze solving, Trenton A. Jerde, Scott M. Lewis, Ute
Goerke, Pavlos Gourtzelidis, Charidimos Tzagarakis, Joshua Lynch, Steen Moeller, Pierre-Francois Van
de Moortele, Gregor Adriany, Jeran Trangle, Kamil Ugurbil, Apostolos P. Georgopoulos © 2008
Springer International Publishing AG. With kind permission from Springer Science and Business Media.
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There are currently still important unanswered questions about the mechan-
isms underlying the accuracy of decoding by multivariate pattern analysis
methods, and their limits (Haxby et al., 2014). In an attempt to clarify the
mechanisms, Shmuel et al. (2010) scanned the visual cortex at 7 Tesla. At a fine
scale they could discriminate the ocular dominance columns, but at a coarse
scale of several millimeters, the multivariate analysis was also able to discrim-
inate the eye to which the stimulus was being presented. The power to do this
was contributed both by gray matter and by the distribution of the blood ves-
sels. The combination of neuronal and vascular information suggests that the
spatial scale at which coding occurs neuronally need not be the same as the
scale at which decoding is most sensitive using fMRIL

Detecting small signals

If fMRI is to be used for physiology, the methods need to be as sensitive as pos-
sible because the signals can be small, of the order of as little as 1% change. So it
is critical that the signal-to-noise ratio is good. This ratio can be improved by
scanning at higher magnetic field strengths (Zwanenburg et al., 2010) or by
using specialized coils (Carmichael et al., 2006). This increases the chance that
small effects can be detected.

The problem is that, however optimal the methods, fMRI is less sensitive to
individual neuronal responses than is single-unit recording, and so there is a
danger that an effect that is real is missed. This is referred to as a “false negative”
or “type Il error” This error can matter. Take the experiment already mentioned
by Floyer-Lea and Matthews (2004). They studied motor sequence learning and
the activation in the prefrontal cortex fell near to baseline when the motor
sequence task had become automatic (Fig. 3.4). Given the variance around each
value (not shown in Fig. 3.4) there was no significant activation in the dorsal
prefrontal cortex by the end of the session. One might think that this meant that
the prefrontal cortex is no longer involved when the task is overlearned.

But we know from work on macaque monkeys that this is not so. Rainer and
Miller (2000) trained monkeys on a task that required them to recognize
objects. An object was presented, followed by a delay before the animal made its
response. If the objects were new, there was sustained activity during this
period, and we know that this reflects, in part, preparation for the response
(Rainer et al.,, 1999). However, if the animals had been overtrained so that the
objects were familiar, the delay activity was minimal, though it could still be
detected just before the response. It is quite possible that after overtraining,
similar activity was present in the imaging study, but that lack of sensitivity
meant that it was not detected.

a7
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It will be clear that if imaging is to be used for physiological studies, we can-
not neglect small signals. In the early days of imaging, the balance was different
because the concern was with functional anatomy. Short studies with few sub-
jects (say 12 or fewer, each scanned for several minutes) can be quite adequate
to detect large effects (Friston, 2012), and imaging has had great success in
mapping out the different functional areas in this way. But in neurophysiology,
small effects can be of as much interest as large effects. And the same is true in
brain imaging.

The danger of false signals

There is, of course, a danger in relying on small effects, and this is that they may
be due to chance variation. This is referred to as a “false positive” or a “type I
error” Any experiment, whether in physiology, psychology, or social science,
has to be alert to errors of this sort. The problem is that if in the analysis many
comparisons are made, some of them may turn out as statistically significant
when actually these are false positives.

The issue is particularly acute in imaging experiments. The reason is that the
statistics are usually performed on many thousands of voxels. The problem is
slightly reduced because each voxel is not independent of its neighbors, since
the data are usually smoothed by the properties of the BOLD signal and often
smoothed further by the experimenter—by averaging over a set of neighboring
voxels. Nonetheless, a correction for the number of comparisonsis still required.

The danger of relying on uncorrected statistics was famously illustrated by
Bennett et al. (2009). They scanned a dead salmon on a test involving the per-
ception of social situations, and when uncorrected values were used, the whole
brain analysis produced “activations” The point of the experiment was, of
course, precisely to show that the danger of depending on uncorrected values is
that they can mislead you because of false positives. In the case of a dead sal-
mon, there is no argument.

Given that a correction is needed, there is a choice. The Bonferoni correction
is strict and protects against false positives, but it fails to take into account the
spatial correlation between voxels (Bennett et al., 2009). An alternative is to
place limits on the false discovery rate (FDR) to ensure that, for example, only
5% of the significant results represent false positives (Benjamini and Hochberg,
1995). However, in fMRI the use of FDR is appropriate if applied to a statistical
analysis of clusters of activation, but not if applied to voxel-based statistics
(Chumbley et al., 2010).

One way of controlling for false-positive rates is to appeal to random field
theory (Kiebel et al., 1999). In this application images are treated as continuous
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processes and activations are regarded as topological features like peaks. A stat-
istical parametric map is then a collection of statistics reflecting the activation
at any point in the brain. By using a suitable statistics’ value as a threshold, it is
then possible to accurately control the false-positive rate for activated voxels,
and the clusters that these significant activations form.

Region of interest analysis

Though correcting for multiple comparisons should protect against false posi-
tives, it can lead to false negatives. One way of increasing sensitivity is to make
use of prior knowledge. The experimenter may have a prior expectation con-
cerning the area in which activation is likely to occur. In this situation a region
of interest can be defined for this area. This can be done by specifying a geomet-
ric volume centered on this area or by defining an anatomical mask. Both meth-
ods serve to decrease the number of statistical comparisons made, because
there are fewer voxels to test.

It is an attractive idea to draw an anatomical mask, but in practice it can be
problematical. The reason is if macroscopic landmarks like sulci are used to
draw the mask, they may not match the borders between cytoarchitectonic
areas. If larger masks are used, such as the superior parietal cortex (Scheperjans
etal., 2008) or the inferior parietal cortex (Caspers et al., 2006), they will include
many different cytoarchitectonic areas, and so the hypothesis underlying the
masked region risks becoming so general as hardly to be an hypothesis at all.

For this reason it can be better to define a small region by choosing a coordin-
ate that lies clearly within a particular cytoarchitectonic area. The region of
interest can then be defined by a small circle round this coordinate. The coord-
inate itself can be derived in one of several ways. A peak can be used from a pre-
vious study in which similar, even if not identical, conditions were included. Or
the experimenter can run a pilot study and use the peak to center the region of
interest in a subsequent and independent study. Or the experimenter can define
a region on the basis of one contrast and then run an analysis for that region
using an independent (“orthogonal”) contrast.

But, however the anatomical region of interest is chosen, it must be defined
before the experiment and not after the results are obtained. The reason is that
the justification for the procedure is that there is a prior expectation. You must
metaphorically put the defined region of interest, for example, its coordinates,
in a brown envelope before the experiment. It is too easy to define regions of
interest post hoc, when they should be a priori, and we confess to a concern
about how many researchers and laboratories take a biased approach in their
use of regions of interest.
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One misuse of region of interest analysis has been much discussed. This con-
cerns what has been called “double dipping” (Kriegeskorte et al., 2009). This
refers to the practice of carrying out two statistical tests on the same voxel.
Box 3.3 explains the issue.

If properly conducted, a region of interest analysis has the advantage of sen-
sitivity because there are fewer corrections for multiple comparisons. The
results are also easier to interpret because prior knowledge or theory is used
to constrain the inferences. Such an analysis is entirely appropriate where the
interest is indeed limited to a specific question. For example, Weber et al.
(2009) were interested in the visual analysis of a natural category (mammals).
The question was whether the degree of similarity in the neural activation for
two exemplars was related to the degree of similarity as judged by the subjects

Box 3.3 Double dipping

The term refers to the practice of carrying out an analysis of activations (usu-
ally for the whole brain), and then picking a significant area of activation
. from that analysis so as to carry out a second non-independent statistical test
in it. An example would be to look for activation related to angry faces (ver-
sus rest) in an area that has been identified from the contrast of all-faces ver-
sus rest, where the angry faces are included in the same group of all-faces.
Another example would be to correlate the activation at a voxel with a
measure of performance when performance was used to identify the voxel.
. The reason is that if the initial whole brain analysis has already shown that
| there is a correlation at a voxel, it is extremely biased (“cheating”) to pick
' that voxel and then carry out a second similar test to show the strength of
' that correlation.
|
|
i

v

More formally, use of the same data for both selection and selective ana-

| lysis will give invalid statistical inference if the analysis statistics are not
independent of the selection criteria. Double dipping is occasionally delib-
erate (“voxel shopping”), but it is easy to commit unintentionally if one has
not considered the potential relationship between tests used for defining a |
region of interest and the second test of interest (Kriegeskorte et al., 2009).
. Thereis no such problem if the region of interest is defined before the ana-
; lysis. The reason is that it is independent of the data being analyzed (Pol-
drack and Mumford, 2009). It is also valid to use a contrast from within a
given dataset to define a region of interest, provided that the two stages of
analysis are independent. This is often done if the experimental design is
fully factorial.




NUMBER OF SUBJECTS I 51

on psychophysical tests. To answer the question, the authors first looked for
activations for intact versus scrambled pictures; this contrast is independent
of any analysis of similarity. There was activation for the contrast in six
regions. The second stage of the analysis therefore compared the degree of
neural similarity in just these regions with the degree of similarity as reported
by the subjects.

As imaging advances, so the research questions will indeed become more
sophisticated and more specific. The identification of the relevant areas is a
stepping-stone to asking the more important question as to how they function.
But tasks are performed by the brain (and body) as a whole, and thus a whole
brain analysis can also be appropriate. This is particularly the case where the
question concerns the interactions among all the areas that are involved. There
is also an advantage of a whole brain analysis that is easily overlooked: there
may be activations in areas that had been not expected, and these may merit
following up. It can be such unexpected findings that lead to new avenues of
research.

Number of subjects

Apart from region of interest analysis there is another way of increasing sensi-
tivity, and this is to acquire more data. For questions that rest on understand-
ing differences between individuals, or that ask what is typical of a population
of subjects, increasing the number of subjects increases sensitivity more rap-
idly than lengthening the time for which each subject is scanned. Ideally, a
power analysis should be carried out to tell the experimenter how many sub-
jects are needed, given the effect size and variability. This could use existing
knowledge of similar tasks and make explicit assumptions so as to guide soft-
ware like “Powermap” (Joyce and Hayasaka, 2012) or the power calculation
model developed by Mumford and Nichols (2008). However, the problem is
that the experimenter does not usually have all the information that is needed
to carry out an analysis of this sort.

With unlimited funds or an unrestricted pool of subjects, one might argue
that one should scan as many subjects as possible. But funds are not unlimited.
Unfortunately this has led to a very high number of inherently underpowered
studies that have not been able to deliver the insights that one would demand
for the combined effort and cost. This is a problem that is not restricted to brain
imaging, but also applies to other areas of neuroscience (Button et al., 2013).

So as to investigate how many subjects may be required, Murphy and Gara-
van (2004) scanned 58 subjects. The task was a go/no-go task in which the acti-
vation for no-go trials was compared with the activation for go trials. The data


























































































































































































































































































































































































