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No amount of hype is aufficient to convey the impact of magnetic resonance imaging
(MRI) on the dudy of human cognition. Very smply, it is revolutionisng psychology. After
thousands of years of pondering, and of deviang tricks to measure its mechaniams, the
scholar can findly peer into the black box and observe it working ingde a live human being.
And what can the scholar see? How might this new image hep him understand the nature of
mind? These questions are tough, but we will do our best to sketch some answers below. Part
of the excitement is that the answers kegp changing. Advancements in MRI methodology are
relentless.

Very generdly, MRI can examine both structure and function in the brain. It uses very
high megnetic fidds' to ascertain the distribution of a population of aomic nude of a given
molecule in different types of tissue (see suggested readings for reviews of MRI physics).
When one sudies nucle in a highly concentrated and pervasve substance, like the hydrogen
atoms in water molecules, it is possble to form a three dimensond picture of the anatomy of
the brain. The didribution of water differs consderably between grey matter, white maiter,
cerebral spind fluid, bone, skin, eic, leading to corresponding changes in sgnd intendty
within these compartments. The sgnd intendty dso depends on the srength and uniformity
(homogeneity) of the applied magnetic fiedd. Digturbances to the homogeneaty of the magnetic
fidd lead to decreases in the Sgnd measured. Scientists have capitdised on this property to
develop functional MRI — with which it is possble to measure locad changes in blood
dirculation associated with neura activity.!!! The theoreticd spatid and tempora resolutions
of fMRI ae excdlent. The gpatid resolution is hypotheticdly unlimited. It is possble to
image a two-dimendond dice of the bran in tens of millissconds, which is dill within the
timeframe of synaptic potentils and of unfolding cognitive functions. However, in practice
the spatid and tempora resolution of fMRI are dictated by the proximity of the protons of

! Magnetic field strengths of standard scanners for research on humans vary between 1.5-3.0 Tesla. One Teslais
equivalent to 10,000 Gauss. The magnetic field of the earth is approximately 0.3 Gauss.
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water molecules in blood to active neurones and by the timecourse of changes in blood

circulation that result from neurd activity.

MRI can reved bran dructure and function safely and nonrinvasvely. For most
scientific gpplications, there is no need to inject any contrast agent. Results can be andysed
on the bass of a sngle subject or across subject groups, enabling investigations of individud
differences as wel a of common principles of neurd and cognitive organisation
Experiments can be repested on the same individuds, enabling longitudind <udies. No
wonder MRI is becoming the dominant method for investigating human brain and cognition.
MRI remains a reatively expensve technology for psychologica and medica research.? Sill,
many psychology and medica depatments in mgor American universties are becoming
equipped with their own MRI scanners dedicated to research.

The specific gpplications of ()MRI to sudy the rdationship between bran and
cognition are many and increesng. Structurd MRI endbles high-resolution studies of brain
sructures and their connections in vivo. Functiond MRI enables the invedtigation of
functiond specidisation of individud bran aress as wel as thar interactions in networks that
support psychological  functions. The role of neurotransmitter and neuromodulatory systems
in cognitive functions can dso be explored. These drengths of (f)MRI are increasingly being
integrated with complementary methods to image or intefere with bran function & high
temporal resolutions. MRl hardware and analyss methods continue to advance a an

accderdting pace, congtantly enhancing our investigative powers.

STRUCTURAL MRI

I maging anatomical structures

Before MRI, a high fidelity anatomica view of corticd and subcorticad structures was only
possble through post-mortem or highly invesve andyses. The image qudity afforded by
sructurd MRI, often with millimetre resolution or better, can be comparable to that in post-
mortem Sudies. There is ds0 the dgnificant advantage that the image of the brain can be

2 A state-of-the-art MRI scanner for functional brain studies costs around a couple of million dollars. In addition,
MRI scanners are continuously switched on, and require thousands of dollars per day for maintenance.
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diced and re-diced a any orientation without the destruction of the tissue. Obvioudy but
importantly, structural MRI can be performed in hedlthy live subjects.

Structurd MRI has consequently become the accepted standard for clinica diagnoses
of neurological deficits. Brain lesions, such as tumours or srokes, can be clearly visble in
dructura images. Structurd MRI is dso sendtive to more subtle or gradud pathologica
changes. For example, high resolution structural MRI can be used to assess widespread
atrophy during degenerative disorders such as Multiple Scleross or Alzheimer’s Disease, as
well as arophy in specific bran regions during disorders such as epilepsy or Parkinson's
Disease (for areview of the gpplication of structurd MRI see[2]).

In addition to dlinicd diagnoss, structurd MRI dso has badc research gpplications.
For example, it is possble to investigate the effects of genetic disorders on neurd
organisation. Recently, structural MRI has been applied to assess the consequences of Turner'
syndrome® on brain anatomy,™®, providing evidence about the neural bases of the disorder’s
specific cognitive profile, which includes problems in spatid—numerical processng and socid
cognition. MRI can dso chart changes of neurd organisation during norma development and
aging. For ingance, usng volumetric MRl measurements, it has been possible to differentiate
changes during normd aging from those in Alzheme’'s dissese and mild cognitive
impairment.[*!

Software developments are increasingly providing automated and accurate anatomical
measurements that can detect and quantify subtle abnormadlities or changes in specific brain
structures. One example is segmentation software,>7! for demarcating the boundaries between
different types of neurd tissue and measuring the volumes in different compartments (eg.,
grey matter and white matter).

I maging anatomical connections

One of the mogt exciting recent deveopments of MRI is Diffusion Tensor Imaging
(DTI), which uses the properties of water diffuson to provide information about anatomical
connectivity. If uncondrained, water molecules diffuse randomly in al directions. This is
cdled isotropic diffuson. If the motion of water molecules is condrained by the Structures of
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their environment, they diffuse in some directions more than others - anisotropic diffuson.
Within the brain, axond fibre tracts condrain diffuson, so that molecules within them move
aong the primary axis of the tract.

There ae different methods to cdculate diffuson anisotropy and, in turn, gan
information about the orientation of axond fibre tracts in the bran. The most widdy used
anisotropy measure is Fractional Anisotropy (FA) — a scaa quantity computed voxe-by-
voxd to express the tendency of water to diffuse in ether an isotropic or anisotropic manner.
By messuring anisotropy, it is possble to esimate the pattern of fibre connectivity in the
brain in vivo, a method known as tractography (for a review of DTI and tractography see [8,

a)).

There are limits and traps to using tractography based on DTI. It is only possble to
define the direction of a fibre track within a voxe when the diffuson anisotropy is high.
Problems occur when fibres cross or when more than one fibre passes through a voxe. One
consequence is that fibre pathways near the neocortex, where there is consderable fibre
divergence, show low anisotropy and are therefore difficult to trace. To overcome these types

of limitations, new probabilistic approaches to tractography are being developed 10-1°!

Tractogrgphy usng DTl will undoubtedly invigorate studies of human functiond
neuroanatomy. Whereas DTl enables the detection of functiona anatomica connections in
vivo, traditiond <udies require paingtaking anatomica tracing methods of fibres that
degenerate after functionadly circumscribed focd lesons (eg., [16]). For example, a
comprehensve description of the connections between thdamus and cortex in the human
brain in vivo has been provided using a probabilisic DTl approach,l*® an endeavour that
would have been difficult to achieve over a lifetime of traditiona anatomica sudies. A better
underganding of anatomical connectivity in the human brain is fundamenta to understanding
the computations of specific brain aread'”! and their organisation into large-scde functiond

systems! 8!

DTI has a key role to play in dinicd research. Some neurologica diseases, such as
multiple sclerosis and vascular dementia, are characterised by severe white matter pathology.

% Turner syndrome is a genetic condition resulting from a partial or complete absence of one of the two
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The reaulting axond damage can be identified as decreases in the fractiona anisotropy in
voxds comprisng affected tissue. DTl is adso beginning to reved sysemdic deficits in
anatomical connectivity in psychiaric disorders whose neurd bases have remained eusve,
such as cognitive deveopmentd disorders. For example, a recent investigation showed
decreased diffuson anisotropy bilateraly in the temporoparietal white maiter of patients with
reeding difficulty.*® Using DTI, it has aso been possble to detect characteristic
microstructural tissue changes within  hippocampal subregions of - schizophrenic - patients!2
(for areview of dlinicd gpplicationsof DTI, see[21]).

FUNCTIONAL MRI

But it is the adility of MRI to visudise human bran function non-invesvely that is
most changing the sudy of human behaviour. The pictures of bright blobs of activation
overlad on the correponding anatomicd image of the bran ae familiar to us dl. They
aopear in newspapers, televison programs and magazines, as well as in hundreds of scientific
aticles published each month. Varied psychologicd functions have been invedtigated,
including those as complex as deception,!??) empathy,!?® and even maternd and romantic
love!?*! However, before discussng some of the applications of functiond MRI (fMRI), it is
important to condder just exactly what kinds of “activity” are measured by those coloured
blobs, and what limits this may pose to interpreting the fMRI data.

Source of the signal

Mog fMRI expeiments measure the blood oxygendation level dependent sgnd
(BOLD dgnd), which mainly reflects changes in blood flow and blood oxygenation
associated with neurond activity.[*! The deoxygenated form of the haemoglobin molecule in
blood is paramagnetic, and therefore causes distortions in the surrounding magnetic field!?®!
The reaulting loss in fidd homogenety leads to an overdl loss in the Sgnd generated by locd
protons in water molecules. The resulting strength of the sgna is proportiond to the ratio of
oxygenated to deoxygenated haemoglobin.!?°!

Activation in a bran area follows a BOLD hemodynamic response function (HRF),
which is typically characterised by a large rise in relaive blood oxygenation, starting around 2
s after simulus onset and pesking after about 710 s, and a return to baseline after 811 s

X chromosomes in a phenotypic female.
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281 The increase in blood oxygenation is thought to represent mainly an increase in blood flow,
which outdrips any increase in oxygen consumption associated with neurd activity. It is
spread over 3-5 mm and lasts severa seconds/?®! Using very high magnetic fidd strengths
(dbove 4 Teda), it is sometimes dso possble to observe an earlier initial dip in the HRF,
which is thought to reflect oxygen consumption that is more closdy coupled to neurond
activity.®% 3 Advances in imaging this initid dip will be discussed later, but the large
maority of published fMRI dudies rdy on the duggish increeses in redive blood

oxygenation occurring seconds after the relevart neurona events.

“Activity” as measured in fMRI experiments is therefore not a direct measure of the
electrochemicd sgnds in neurones or neurond populations. Ingtead, it is a measure of the
hemodynamic consequences of neurd activity. How neurd activity is coupled to these
hemodynamic changesisa dory in itsdlf, of which not dl chapters are fully worked out.

The observation that neurd activity is coupled to loca circulatory changes is an old
one®? but the coupling mechanisms are dill being investigated (see [33]). There is basic
agreement that some part of the neurona eectrochemica sgndling process requires energy
supplied by glucose. In generd, glucose can be deivered through oxidative metabolism
(requiring oxygen consumption) or non-oxidative metabolism. It has been found that glucose
utilisation is highly correlated with blood flow, but oxygen consumption is not.** 3 Possible
interpretations are that at least some energy is supplied by non-oxidative metabolism in highly
active neurons, or that oxygen is extracted less efficiently when blood flow is fast.[®® It is iill
not entirdy cler wha the metabolicaly costly aspects of dectrochemicd sgndling ae. A
large proportion of the energy may be spent reverang changes in intracdlular ion
concentrations caused by action potentids and post synaptic potentids!®”! The recyding of
extracdlular neurotrangmitter into precursor molecules by adrocytes through glycolysis has
a0 been proposed to reguire significant energy.[*¥ Future research is il required to identify
dl the rdevant metabolicaly cogly steps and the mechanisms coupling these to changes in
crculation. A further complication is that, whilst increased blood flow provides necessary
supplies of oxygen and glucose, the haemodynamic response may be triggered in pardld to

these requirements, as a response to increased neurotransmitter cycling (see[39] for review).

An dternative, perhgps more pragmatic, gpproach to determining what aspect of brain
activity the BOLD sgnd reflects is to compare the BOLD response to dectrophysiological
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responses evoked by the same stimulus (see [40]). This was first done directly in monkeys by
Logothetis!*" #?) who compared the BOLD signd with sSimultaneoudly recorded activity from
an dectrode in the monkey's visud cortex. Electrica activity was subdivided into action
potentids (spikes) and postsyneptic potentias (locd field potentids, LFPs) by usng the
different tempora profiles of these two types of activity. Spikes last on the order of 13 ms
whereas syngptic potentids last for tens or hundreds of ms. High-pass and low-pass filtering
can therefore be used to isolate spikes and local field potentids respectively. The studies
showed that BOLD was better corrdated with loca field potentids than multi-unit spike
activity. This means that the fMRI ggnd reflects manly inputs to brain areas and integration
of activity within brain arees. Under most circumstances, these activities dso corrdate with
the output of a brain area (the spikes), but this need not dways be the case. In areas where
grong neurona input leads to neurond inhibition, the BOLD sgnd will corrdate with the
synaptic input but not with neurond output (see [39]). So far neurd activity and BOLD have
only been compared directly in visud cortex. It is likey tha our understanding about the
neurond corrdates of the BOLD response will increase in sophidication with ongoing
research.

The nature of the BOLD dgnd condrans interpretations about the implications of
activations in cognitive dudies. For example, we cannot assume that an activated area
produces an output. Furthermore, the activations could be biased measures of synaptic
activity. Electrochemica dgndling dong some neurotransmitter pathways could be more
metabolicaly cogly than aong others. It is also necessary to bear in mind the nature of the
BOLD response when congdering the contribution of multiple methodologies to a problem
(see bdow). Results from fMRI experiments and eectrophysological studies need not be
quditatively equivaent.

Applications of fMRI

With dl these caveats in mind, it is gill possble to address severd interesting and
important questions regarding the neura bass of human behaviour usng fMRI. The
goplications of fMRI have continudly broadened with the advances in hardware and data
andyss So fa, fMRI has been used effectivdly to reved differences in functiond
goecidisation between bran areas, within bran aeas, and between large-scde neurd
sysdems, to explore the functiona relationships between brain regions, and to investigate the
role of different neurotransmitters on neurd activity.
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Experimenta desgns
Ealy fMRI experiments used very smple experimental designs, where two or more

task conditions dternated in a regular cycle. These blocked desgns used long cycles (usudly
20-50 ) to separate the hemodynamic responses n different conditions. Data andyss relied
on comparisons or subtractions between activations in the different conditions, following the
assumption that the eementa psychologica functions and their neurd corrdates summed
linearly in a task.* Activation maps were influenced by neura processes evoked by the events
in the task as wdl as by tonic processes associsted with the psychologicd <ate of the
participant over block of trids.

Today the experimenter is no longer confined to blocked designs or subtraction
goproaches. Blocked designs continue to be used, since they are a datidticadly powerful way
to compare activations in two conditions in a short period of time. But the experimenta
asend for fMRI dudies is dmogt as varied as that for the norma behavioura |aboratory.
Hemodynamic response functions have been shown to sum sufficiently linearly to separate
activations associated with different events!*!! Using varied intervas between events of
interest (imuli or responses) it is possble to separate HRF functions associated with brief
transient events, even when these are presented at a relatively rapid pace (eg., every 24 5).[4>
8l Saverd types of events can be intermixed in an experimenta run. Interpretations of signa
modulations in event-related designs can be more sraightforward than those in blocked
designs.

Data analys's and processing
Experimentd varidbles in blocked or event-rdaed desgns can be manipulated in any

number of ways (eg., factoridly or parametricdly) and andysed accordingly. It is possible to
andyse resllts usng generd liner models or non-parametric datistics agpplied to the
magnitude or extent of activated voxds Statidicd tools for evauding image data are well
tallored for their task. Anadyss of fMRI data typicaly Bkes into account errors introduced by
multiple comparisons and nonsphericity of data, and can use variance variables to evduate
results uang fixed- or random-effects models (see suggested readings for reviews of fMRI
data andyss). Thee ae dill severd difficult issues regarding experimenta design and

4 This is sometimes referred to as the principle of pure insertion Donders, 1868, reprinted in
43. F. C. Donders, Acta Psychol (Amst). 30: p. 412-31.(1969).S
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andyss, but these are not only specific to fMRI gudies. Choosing the right condition as a
reference for a comparison, or predicting how the putative psychologica factors may interact
between conditions, is a chalenge for any psychologica experiment.

Prepaing fMRI data for andyss requires handling severd possble sources of
atefact. Fortunately, there are many excdlent research groups dedicated to developing
software for processng and amndysng fMRI data The tools are becoming increasngly
sophidicated and well-validated. There are rdiable off-the-shdf dgorithms to correct for the
effects of head motion, remove temporal autocorrelations between successive imeges, filter
away dow drifts in sgnd caused by hardware ingability, co-regiger functiond and sructurd
images, and transform images into Standardised anatomicad frameworks (see suggested
readings for reviews of fMRI data processing). Web stes for the mgor software packages for
processing and andysing fMRI are ligted at the end of thisarticle.

Imaging functions of brain aress

Functiond specidisation is one of the mgor principles of neurd organisgtion. Far
from being a mass of equipotentid tissue, the brain is separated into numerous corticd and
subcortica  Structures with unique patterns of inputs and outputs and profiles of sengtivity to
dimulus parameters. The high spatid resolution and non-invasive nature of fTMRI make it an
ided methodology for identifying ad characterisng these functiond aess in the human
bran. Functiona bran aess can vay subdanttidly rdaive to sulcd and gyrd anatomy
between people, and therefore the ability to andyse data at the sngle-subject levd is dso key.
Mapping functiond brain aress in the human brain provides a darting point for understanding
generd principles of organisation of functiond neura systems.

Mapping the functions of bran aess is probably the most common agpplication of
fMRI. Elegant studies have defined functiond areas within perceptud (eg., [49, 50]) and
motor systems (eg., [51, 52]). For example, visud areas have been characterised in terms of
their retinotopic organisstion and modulation by smple visud features — luminance, location,
colour, motion, disparity, visud shape!®* %¥ The sensitivity to higher level “festures’ has dso
differentiated between visud recognition aress, such as aress activated preferentidly by face
Simuit®® %8 or by letter strings®” 8 Using fMRI it is dso possible to test the modulation of
activity by cognitive factors, such as sdlective attentiot®® ' or memory.[®¥ Characterising the
functiond profiles of brain areas provides an important bridge to experiments on other
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animas, where more detalled invedtigations of neurond mechanisms and computetions are

possible.

Of course it is dso possble to use fMRI to investigate specidisations of bran aress
for functions that cannot be easly measured or may not be well developed in other animals.
Language functions provide a good illugtration. Two critica language aress were discovered
by investigations of brain-lesions patients in the late 1800's!%% ® These formed the core of
models of language processing in the brain (see review by [64]), but their specific anatomica
locations and functiond roles remained difficult to pinpoint. Studies usng fMRI  have
advanced greatly our underganding of the bran aress involved in language processing. For
example, a variety of symptoms have been associated with lesons to the pogterior inferior
fronta cortex — the genera region associated with Brocas area. Such patients can have
difficuies with speech aticulation,®™ grammaticd  comprenension,®®  or  semantic
andysis/®! Imaging experiments are beginning to revise the concept of this traditiond
language area. Ingead of being one unitary area with a redtricted language-specific function,
Brocas aea may contan a mosac of functiondly gpecidised regions with different
sengtivities to linguidtic factors. More poderior portions of inferior frontal cortex around the
pars opercularis are modulated by phonologicd and articulatory factors, whereas more
anterior portions around pars triangularis and pas orbitdis are sendgtive to  semantic
factors!®® 7 Futhermore, functiond imaging sudies have chdlenged the language-
specificity of Broca's region,’t""™ and have raised the possbility thet it is a premotor area
involved in sdlecting and executing specific motor acts as well as in perceiving the same acts
performed by others!’” Some believe that this premotor view of Broca's area may help
explain the evolution of language communicatior!™ (for reviews of the application of fMRI
to the investigation of language see [ 76, 77]).

When functiond areas are smdl and anatomicdly varigble, it may be tricky to map
them rdiably over a group of subjects. To draw correspondences between function and
dructure, it is necessay to locate functiond aress relative to individua anatomica landmarks
(i.e, sulc and gyri). However, most approaches for standardisng results over groups of
subjects do not teke into account variations in individua sulcad and gyra anatomy, which can
vay condderably, leading to possble erors in locdisgion. Alternative coordinate systems
that use flattened maps of corticd tissue and preserve relative gyrd and sulca anatomy have
been developed, but are not yet used routingly.! "8 !
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One mgor problem with fMRI data is that there is just too much of it around. It can
become overwhelming to digtil sense out of reports of activation in a given bran region over
numerous experiments with different experimental desgns and manipulations, and andysd
with different Satistical gpproaches. The need for pooling data in centralised databases is
increedingly recognised, enabling meta-analyses and vdidation of results (see [35, 80-83)).
However, severd thorny issues remain to be resolved before scientists agree on the sructure
and management of a far and effective bran-imaging database, such as confidentidity,
ownership and access to data (see [84]; NIH data sharing policy (http://datasharing.net/). At
the moment, severd databases are running in paradld, competing for the endorsement of the

brain-imaging community. Their web Stes are listed a the end of thisarticle,

Imaging functions within brain areas

Functiond specidisation dso occurs within bran areas. The primary visud cortex
provides a textbook example. Cell populations are subdivided in columns according to which
eyes input prevals in driving the neuron's activity (ocular dominance columns), and the
preferred orientation of the input stimulus (orientation columns). Cdls are dso clustered
according to their sendtivity to colour versus shape and motion parameters (blobs and
interblobs). Some have suggested that cortica hypercolumns, such as those in primary visud
cortex, form the key units of neural functiona specidisation in the brain (for a recent outlook,
see [85]). Idedly, we would like to visudise differences in brain activity a the columnar leve
of neurad organisation. Routine fMRI dudies do not have sufficient spetia fideity to resolve
activity a the columnar level. However, usng a high magnetic fidd (4 Teda) coupled with a
surface head coil placed over occipitd cortex to measure dgnas with higher spetid
resolution, it has been possble to image ocular dominance columns in the human primary

visua cortex.[8€]

Imaging networks of brain areas
The high spatid resolution of fMRI, however, is only one sSde of the coin. The other

mgor advantage of fMRI is its ability to measure activity over severd brain areas nearly

smultaneoudy. Though there is unquestionable functiond specidisation of brain aress, it is
through the interaction of multiple brain areas tha cognitive functions are achieved. For
example, no visud brain areain isolation can ‘see anything.
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Activation studies

Some may fear that fMRI has endorsed a phrenologica view of brain organisation.!®”!
On the contrary, we bdieve fMRI has promoted a systems-view of bran function, and is
beginning to expose principles of organisation of cognitive neurd systems. Neurd systems
involved in mgor cognitive domains ae increasingly wel understood. Two concepts are
emerging: (1) purdy cognitive functions can ‘borrow’ specidisations of brain aress in related
sensorimotor  functions to  achieve behaviourd gods and (2) individud bran aess can
contribute to networksin different cognitive domains.

We have dready mentioned the possbility that areas that contribute core functions to
language may not be language-specific!®® Another example is the parieta-fronta system for
the orienting of spatid attention (see [60, 89, 57]). Brain aress in the podterior parietal cortex
and superior premotor and dorsd prefrontd cortices that shift the focus of spatid attention
overlap extensively with brain aress that control saccadic eye movements toward stimuli.!®®
92 Attentiona orienting seems to capitdlise on the specidisations of the oculomotor system to
map, predict and update spatia posgtions of events a high speeds taking into account severd

gpatid frameworks (retind pogition, head postion, etc, see[89)).

Connectivity studies

In padld with the increesng emphass on imaging functiond drecuits anayss
techniques are being developed to investigate dynamic interactions between different brain
regions. Relationships between activity in different brain aress have been divided into two
types - functiona connectivity and effective connectivity.[®> Functiond connectivity is
defined as the smple corrdations of activity between different brain areas, and does not
necessxily represent meaningful  interactions.  Effective  connectivity is defined as the
influence that one region exeats over another, usudly reflecting meaningful interactions
within an edtablished newrd modd. Reveding paterns of effective connectivity and their
modulation by cognitive factors is of primary interest in current dudies of cognitive neurd
sysdems. Andyses of effective connectivity have yidded an exciting range of results relating
to modulatory roles between discrete brain areas, which would not otherwise have been

discovered using conventiona fMRI techniques.
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Effective connectivity can be edtimated using different approaches. Structurad equation
moddling® was the first step to look a brain connectivity.[®® 44 This method works out
connectivity based on the covariance dructure of activity in a predefined anatomica modd. It
does not accommodate explicit incluson of the experimentaly manipulated factors within the
modd, but modulaory influences can be infered by comparing connectivity vaues in
different task conditions. For example, in an fMRI study on atention to visud motion,[°® 441 g
ggnificant increase in the connectivity between V5 and posterior parietal cortex occurred in
atention conditions, suggesting that attention modulates neurd connectivity adong this
pathway. As with dl moddling techniques, there are disadvantages to Structurd equetion
moddling. The number of aress that can be included in the mode is limited®® *! and their
choice can be difficult!®”! Furthermore, it assumes interactions between brain aress are linear

and instantaneous.

Dynamic causd modeling is a new approach being developed to edimate effective
connectivity under different experimental contexts!®® % Like structura equation modeling, a
pre-defined network of bran aeas is required. The technique is based on a Bayesan
framework. The modd can accommodate nontlinear interactions between brain areas and
condders the tempora evolution of the fMRI sgnd. There is dso no theoretical limit on the
number of connections that can be modelled®® With this new method, it is possble to
edimate the impact that an experimental manipulation has on pathways or connections within
the brain. For example, [100] used dynamic causad modeling to invedigate the interaction
between association areas and category-sdective visud aress (i.e, those showing strong
preferences for face, house, or chair simuli) during visud perception versus visud imagery.
The moddling results suggested tha during visud perception, petterns of activation in
category-sdective extradtriate cortex are modulated by content-sengtive forward connections
from ealy visud aess. During visud imagery however, the category-Hective visud
activations were mediated by content-sensitive backward connections from prefronta  cortex.
These results suggest that there is a dynamic interaction within this network of brain aress
involving bottom-up influences from driate visua aeas during visuad perception, and top-
down influences of prefronta regions during visud imagery.

® Structural equation modelling, or path analysis, was first developed in economics, psychology and the social
sciences.
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Messuring the modulation of effective connectivity in neurd sysems during cognitive
tasks is dealy important for deriving organisationd principles of cognitive neurd systems
This type of measure requires both the high spatid resolution to individuate functiond brain
regions and the globd view of activity in severd brain regions smultaneoudy, making fMRI
paticulaly suiteble to this task. At present, there are gill severd difficulties with estimating
and interpreting the psychophysiologica interactions™*®Y between task conditions and brain
areas with connectivity modds. Predefined anatomical modds are usudly oversmplifications
based on anima research, but the increasng knowledge of human anatomica connectivity
yidlded by methods such as diffuson tensor imaging should help. As discussed above,
interpretation of BOLD results can be difficult. However, as the connectivity methods mature,
fMRI is replacing the phrenological view of the brain with a dynamic systems view.[1%

Imaging pharmacology

Neurotransmitters, such as glutamate, acetylcholine or dopamine, provide the man
currency for the integration and modulation of activity in neura sysems. With sandard fMRI
methods, it is gill not possble to visudise specific neurochemicals (but see [103] for review
of MR gspectroscopy). This remains the doman of Podtron Emisson Tomography (PET),
where specific radioligands can be used to reved the distribution, density and uptake of

neurotransmitter receptors in both norma and diseased brains (for a review see [104]).
However, it is possible to combine fMRI with pharmacologicad manipulations, in order to test
how changes in neuromodulators affect the functioning of brain areas and systems.

Initidly, pharmecologicd fMRI methods were mainly applied to patients suffering
from disorders such as schizophrenia!*®® depression®® or from dug addiction,[*°”! but more
recently, with the development of new neurochemicad ligands, pharmacologicd fMRI sudies
are beng used to tackle quedtions about neurotransmitter involvement in severa cognitive
domains. Studies are addressing longstanding and important questions, such as the role of
acetylchadline in memory,!'%! the role of noradrendine in sdlective atention,!'% the roles of
GABA and acetylcholine in working memory,[*1% U the role of dopamine in evauating
rewards,'**? and the role of serotonin in impulsivity.[!*® Most pharmacologica experiments at
the moment focus on how drug compounds act on specific bran aress. However, another
fruitftul area for dudy is the andyss of how pharmacologicd manipulations modulate
effective connectivity (e.g., [114]).
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However, despite these advantages, there are severd important methodological
condderations about usng pharmacologicd agents with fMRI. The drug agonists or
antagonists used can themselves cause vascular changes (eg. on blood pressure, blood flow)
and therefore directly induce changes in the BOLD response that are independent of ther
neuromodulatory action. It is important therefore to determine the extent to which changes in
ggnd reflect neurond ectivation versus vascular effects (eg. [115, 116]; for a review see
[117]). Other methodological difficulties come from sysemic drug adminidration, which
does not aways provide the targeted effects of interest. Furthermore, currently there are only
asdect number of available drugs licensad for use in humans

Combining fMRI and other I maging Methods

Though there are many fMRI prases to sng, every mehod has its limitations.
Functiond MRI is a corrdaiond method, and it is often difficult to test whether activated
aress play critica or even active roles in the tasks at hand. The tempord resolution is limited
by the duggish hemodynamic response. When the experimenta question requires assessng
the criticd role of bran functions or cdls for real-time tempora resolution, then other
complementary techniques can be employed, such as transcranid magnetic simulation (TMS)
and event-related potentials (ERPs). Current technological developments have been providing
for the simultaneous use of such very different methodologies. The advantages of doing this
are far beyond smply doing two experiments at once.

TMS-fMRI

TMS is an “interference’ technique — its use involves changing bran activity and
observing the consequences upon behaviour or neurd processing. Brief transcranid magnetic
pulses induce voltage changes that dimulate populations of neurons within foca brain
regions. The induced synchronous simulation of large neurond pools normadly interferes
with ongoing neurd processng in the region, and TMS therefore has an effect amilar to a
virud and reversble leson!'® Data recorded in TMS experiments are usudly either
disruptions to behaviourd performance of dterations of responses to further TMS pulses. The
latter is thought to index changes in neurd excitability. TMS has been integrated with
imaging techniques (gpat from fMRI) for nearly a decade!*'® TMS sudies have often
incorporated MRI dudies by usng a dructurd MRI image to co-regiger the dte of
dimulation. But now there is a deadily growing body of studies that have combined the two
techniques Smultaneoudly.
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There are two man obsacles to combining fMRI and TMS. ensuring that TMS
hardware can be placed safdy within a high magnetic fidd, and eiminating the interference
of the strong magnetic pulses ddivered by TMS to the fMRI dgnd. For safety reasons,
experiments need to use TMS equipment made of nonferromagnetic materids. To diminate
ggnd interference, long shielded cables tha fit indde the magnetic coil can be used (and may
resricc which brain aress can be dimulated). The feashbility of TMSfMRI has now been
demonstrated using an event-related fMRI design''®® and using a field strength of 3 Tedal?!
One key application of concurrent TMSfMRI is to examine exactly what effect TMS has on
the brain, and in particular, to what extent the effects of the dectricd noise that TMS inserts
soread to other regions. Understanding this would help interpret the results from TMS-only
expeariments, and may dso illuminate the connectivity of the regions simulated. Recently,
severd  experiments have contrasted the BOLD responses eicited when TMS has been
applied a strengths above and below the motor threshold!'?% 2% The difference is in the
drength and not the pattern of activation: subthreshold TMS has been found to dicit a BOLD
response in many of the same areas as superthreshold TMS, but to a lesser extent. One
aurprigng finding of a number of dudies is that during subthreshold TMS there is no
detectable BOLD response in the area directly stimulated, athough there is activation in the
areas connected to it. It is not currently clear why the effect of TMS should be able to spread
— and be detectable with BOLD — to other regions without being present in the aea
dimulated. This finding has been demondrated with simulation over primary motor and
sensory cortices 2! and lateral premotor cortex,!%¥! and suggests there is a red need for future
experiments to integrale TMS with fMRI to describe TMS effect on the brain, as wel as
invedigating the functiond connectivity usng the causd (raher than plan corrdationd)
power of TMS.

fMRI-EEG

Whereass fMRI is dow because it reies on the hemodynamic response,
eectrophysologicd methods that messure directly voltage changes or their associated
magnetic fidds have red-time resolution. The voltage changes that can be recorded a the
scap reflect summation of synaptic potentids as well as some dow currents associated with
the action potentids over large populaions of neurones (for reviews of EEG/IMEG see [124,
125]). There are many research questions that require the high tempora resolution of methods
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based on dectroencephaography (EEG) or its magnetic counterpart magnetoencepha ography
(MEG).

MEG canot currently be combined with fMRI because it relies on ddicae
superconductor technology that is not eedlly transportable into an MRI scanner environment.
However, EEG-related methods have been successfully integrated with fMRI!2®! Again, one
maor condderation is ensuring safety. It is imperdive to use MRI-compatible materids and
to isolae the subjects from possble simulaion by the radiofrequency pulses through the
EEG dectrodes/*?”) The principle technical problem is removing the fMRI artefact from the
EEG daa MRI scanning requires changes in the magnetic fidd gradient, which, unchecked,
mask dl EEG daa Another problem arises from the balisocardiogram — the prominent
artefact created when the subject’s pulse causes dight movements of the EEG eectrodes.
These movements induce large currents when in the strong megnetic fidd within the MRI
bore. The ERP-fMRI artefacts comprise frequencies within the whole EEG range, which rules
out the use of a dample filter. Many different sgnd processng techniques have been
developed, eg. frequency domain processing,!'?® gpatid filtering,*?® average waveform
subtraction ™! and great improvements in artefact remova have now been made (eg. [131]).

The most commonly used EEG-rdated method in cognitive sudies involves averaging
the ggnds tha ae time-locked to sensory or motor events in order to extract consistent
patterns of voltage changes. Event-rdated potentids (ERPs) contain identifiable pesks and
troughs (known as “components’) that vary according to the perceptua, cognitive and motor
demands in tasks. Some ERP components, especidly in the early phases of the ERP
waveform, have well defined sources. For example, the C1 component evoked by visud
simuli reflects early activation of primary visud cortex.!'®3 Other components, especidly in
later phases of the ERP waveform, probably reflect summation of activity in severd brain
regions that vary in gpatia location as wdl as precise timecourse. For example, there are
books about the possible brain areas and cognitive factors that contribute to the generation of
the P300 component.'®¥! The man advantage of ERPs is that they provide very senstive
measures of trangent modulation of information processng in the brain. These measures are
temporaly specific and can be obtained without the requirement for overt behaviourd
responses. The main problem is that the lack of knowledge about the brain areas contributing
to the ERP components can make the results difficult to interpret.
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One reason to combine ERP and fMRI is to help congtrain source-locdisation anayses
to define the bran aeas contributing to ERP componerts (e.g., [134]). The ERP-fMRI
combination generates a dynamic view of the network of brain aress that support behavioura
tasks!*%! Another reason is to disambiguate interpretation of fMRI results. For example,
while activity in primary visud cortex shows modulation by sdective atention in fMRI tasks,
there is no modulation of the early C1 component of the ERP (see [136]). Findings from non
human primate studies have adso quedioned the ability of sdective atention to modulate
activity in primary visud cortex (eg. [137]). Modulation of primary cortex in fMRI gudies
therefore appears b reflect modulation of later re-entrant pathways, and source localisation in
ERP experiments has supported this interpretation.!'®® Whether modulation in V1 occurs
early or late has dgnificant impact on theoreticd modds of visud selective atention.

One might argue tha it is sufficent to run pardld fMRI and ERP experiments for
these purposes, not judifying the technicd chalenge of combining the methods
amultaneoudy. Simultaneous methods become necessary, however, when it is not possble to
repest the same experiment on a subject without this changing the nature of the task. For
example, drug or patient studies might need to examine trandent ‘one-off’ changes in neurd
activity a particular times (eg. post-adminidration/post-operation). Ancther Stuation is when
the andyss of neurd data requires corrdation with subjective judgments by participants, for
example when comparing bran activity related to subsequently remembered versus forgotten
items, or when corrdating bran activity with emotiond ratings of different gimuli.
Furthermore, there is potential for EEG measures to be used as regressors in BOLD-sgnd
andyss, to find if the trid-by-trid varidion in a paticular waveform — for indance the
enhancement of a visud component by sdective spaid atention — corrdates with the
vaiaion in the BOLD ggnd from a paticular neurd region. In this vein, [126] found a
negative correation between the power of the EEG dpha rhythm (present when an awake
subject closes their eyes) and the BOLD response, in a set of areas that concur with results
from animd expeiments investigaing the location of dpha-band activity. The use of EEG
and ERPs may therefore extend the anadyses of effective connectivity, introducing greater
tempora accuracy.

However, the difference between the bases of the signds measured by fMRI and ERP
prevent these techniques from digning perfectly. Even though the BOLD sgnd has been
shown to corrdate with synaptic activity in locd fidd potentids't 42 (see above), the
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macroscopic behaviour of EEG and BOLD sgnas can differ in some important respects. For
example, the dignment of the orientation of neurons within a brain region is criticad to the
generation of macroscopic voltage changes that can be recorded with EEG'3? but it is
unlikedy to have a dgnificat effect upon the BOLD response in a bran region. Voltage
decays exponentiadly with distance, and therefore the EEG is biased toward populations of
aligned neurones that are close to the scalp, whereas he BOLD sgnd samples brain activity
more homogeneoudy within the brain. Findly, EEG methods can detect very brief trangent
modulations in neurd processng, whereas the sengtivity of BOLD to changes in bran
activity may depend on the duration of modulaion.!'® “® |n integrating these highly
complementary methods, it is essentid to keep these factors in mind, and not smply merge
the data sets blindly.

ERP-fMRI example

New developments of MRI

As indicated by previous sections, (fMRI offers intriguing advantages over other brain
imaging techniques, but it dso suffers from some limitations, eg. the rather coarse tempord
resolution, or the potentia discrepancy between the actuad measured signd and the assumed
underlying neurond processes. Since its relatively recent initid applications!*****¥ technical
advances in fMRI technology have been unrdenting. Over the last few years sSgnificant
progress has been made in overcoming some of the method's limitations. Given the pace of

developments, much more is certain to come.

Ove the past decade, hardware improvements have dgnificantly increased the
drength of the gradient megnetic fidds. The dgnd intensty in MRI is proportiond to the
magnetic fidd. Increesng the magnetic fidd aufficiently mekes it possble to image dgnds
from nucle in less densdy didributed molecules. Recently, a 9.4 Teda scanner for humans
was unveiled, which should enable studies not only to image the anatomy and blood-related
changes, but metabolic processes, by capturing sgnd from molecular building blocks such as
sodium, phosphorus, carbon, nitrogen & oxygen atoms (Nature-News, 09/21/2004). In
addition, such high fidd-strengths also offer advantages for functiond imaging in providing
higher spatia resolution and signd-to-noise ratios.
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A separate development has focused on bridging the knowledge gap between the
measured fMRI BOLD response and the underlying neurona events, i.e. to characterise more
precisdy where and when the neurd activity happened, which dicited the measured
hemodynamic response. One method, which could improve the BOLD contradt, is diffuson
weighted imaging. This method adjusts the contribution of sngle voxels according to the
mobility of protons they contain. For example, protons in blood in large blood vessdls move
more quickly and uniformly then those within smdl capillaries. The BOLD contributions
from large vessds might skew the functiond mep of activity, Snce the true neurd activity is
more tightly coupled with the smdler vessds Diffuson weghting ams a sdectively
reducing such contributions, leading to a higher spatial resolution,[244: 145!

Another method for improving spatid and tempord resolution of fMRI is to measure
the initid dip of the hemodynamic response®® %Y The initid dip is believed to result from
early increases in oxygen consumption coupled to metabolic demands of neurona signdling
that precede the over-compensation by blood flow (see above). As mentioned earlier, it has
been possble to image ocular dominance columns in the human brain. This was achieved by
imaging the early hypoxic response resulting from brief eye-specific simulation usng high
magnetic fidd strength and a surface head coil overlying the occipitd scalp.®®! Researchers
udng high-fidd fMRI have dso been dble to identify separate orientation columns in the
visud cortex in animas using the initid dip, wheress the later postive BOLD response was
blurred over columns[*4® 471 Degpite these exciting resuits, the use of the initid dip remains a
controversiad topic (see [148, 149]). Mog of the convincing results rdy on anima research,
whereas the initid dip is not observed in mogt human fMRI experiments. With the advances
in hardware, it may become possble to use the initid dip as a marker of neurond activity
with much gregter spatia and tempora resolution than is currently standard.

A more daring approach is to overcome the need to rely on indirect hemodynamic
measures atogether, and to measure the activity of neurons directly usng fMRI. In theory this
should be possble, snce the magnetic trangents induced by voltage changes in neurons
should dso creste inhomogeneities in the magnetic fidd. However, because dectricd sgnds
in neurons are reaively wesk, trandent and spaialy inhomogeneous, these measurements
are very chadlenging. The results have not been adtogether disgppointing, and different lines of
ressarch are being pursued. One line ams a messuring Lorentz forces, which arise from
charged patices moving through a magnetic fidd (Lorentzeffect imeging: [150]). Since
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neurons contain moving eectricd charges (eg within active axons) these should be
detectable. Another line of research focuses on the tempord profiles of magnetic transents
induced by neurond eactivity. Electricd dgnds in action potentids are very fast. It may
therefore be possble to identify neurona spikes by suppressng concurrent dow magnetic
changes to emphasise the rapid changes!*®! The ability to visudise neurond activity directly,
and to ignore the hemodynamic response dtogether would greatly enhance the spatid and
tempord resolution of fMRI. The spatid resolution would dimb to its full potentid and
endble imaging of smdl cuders or even individud neurons. The tempora resolution would
be limited only by the radiofrequency pulses used to excite and measure the signd, which
would be within the tempora framework of the evolving cognitive and neurd functions.

Don't be surprised if much more than that unfolds in the MRI world over the next
decade.
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(Sinauer Associates, Sunderland, Massachusetts, USA, 2004).
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A. W. Toga and J. C. Mazziotta, Eds, Brain Mapping: The Methods, second edition (Elsevier
Press, London, UK, 2002).

P. Tofts, Quantitative MRI of the Brain: Measuring Changes Caused by Disease, (Wiley,
John & Sons, West Sussex, UK, 2003).

J. Culham, fMRI for Dummies: defiant.ssc.uwo.ca/Jody web/fmri4dummies.htm.

fMRI databases
BranMap (Fox et d 2002): www.brainmapdbyj.org.
Neurogenerator (Roland et a, 2001): www.neurogenerator.org.
Human Brain Project: www.nimh.nih.gov/neuroinformetics/index.cfm.
Internationd Consortium for Bran Mapping:
www.loni.ucla.edw/1CBM/ICBM _About.html.
Surface Management Systems DataBase: sumsdb.wustl.edu:8081/sums/index.jsp.
FMRI Data Centre (VanHorn et d., 2004): http:/Amww.fmridc.org/.

fMRI methods for data processing and analysis

http:/AMmwww fil.ion.ucl.ac.uk/spm/course/notesD2/overview/Refshtm, Wecome
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http:/Amwww.fmrib.ox.ac.uk/fd course/l ectures/fmri/, Oxford Centre for Functiona

Magnetic Resonance Imaging of the Brain.

http:/Aww.mrc-cbu.cam.ac.uk/lmaging/Common/fmr idefaults.shtml, Cognition and
Brain Sciences Unit, Cambridge Universty.

http:/mww.radiology. northwestern.edu/research/neuro/,  Northwestern  Cognitive  Brain

Mapping Group.

fMRI software for data processing, analysis & visualisation
http:/efni.nimh.nih.gov/old/afni/index.shtml, AFNI (Nationd Inditte of Menta Hedth,
Bethesda).
http://airto.bmap.ucla.edu/BM Cweb/SharedCode/ SharedSoftware.html, software from
UCLA Brain Mapping Center.
http://brainmap.wustl.edu/caret/, Caret (Washington University, St Louis).

http://brainmap.wustl.edu/resources/surefitnew.html/,  SureFit  (Washington  University, S
Louis).

http://surfer.nmr.mgh.harvard.edu/, Free Surfer (CorTechs).

http://whitestanford.edw/'software/, Visa Software (Stanford Vison and Imaging Science
and Technology, Heeger and Wandell [abs).

http://mww.bic.mni.megill.calsoftware/, software from BIC (McConndl Brain Imaging
Centre, Montred Neurologica Inditute, McGill University).

http:/Amww.brainvoyager.com/, Brain Voyager (Brain Innovation).
http:/Amww.cla.sc.edu/psyc/faculty/rorden/mricro.html, MRICro (Chris Rorden,
Universty of Nottinham).

http:/Amww.fil.ion.ud .ac.uk/spm/, SPM (Wdlcome Department of Imaging
Neuroscience).

http:/Amww.fmrib.ox.ac.uk/, FEAT (Oxford Centre for Functiond Magnetic

resonance imaging of the brain).

http:/mww.mrc-cbu.cam.ac.uk/Imaging/, software from CBU (Cognition and Bran
Sciences Unit, Cambridge Universty).

http:/Amww.rsmng.calrepriclen/analyss softwarehtm, FASCO (Quebec Bran Imaging

Research Group).
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