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Abstract

This paper summarizes the methodology involved in functional neuroimaging, both experimental designs and data

analyses. It is intended as a general introduction to the techniques and terminology involved, and aimed at speech

scientists new to the area. The methods covered are positron emission tomography (PET) and functional magnetic

resonance imaging (fMRI). Other imaging methods, reliant on the pattern of electrical discharges associated with neural

activity, have also been used clinically and experimentally, and provide excellent temporal resolution but poor spatial

resolution. It is not within the scope of this review to address these. The emphasis is on potential criticisms and

problems concerning PET and fMRI, since much has already been published about the advantages, real or perceived.

The strengths and weaknesses of PET and fMRI are addressed, with reference to language studies.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Functional specificity

Early hypotheses about the function of the

human brain did not address its possible role in

cognition: for example, Aristotle felt that such a

senseless and bloodless (post-mortem) organ could

not have an important role. This position changed

radically when more became known about the

structure and function of the human brain through
post-mortem studies.

Specifically, �lesion deficit� analysis related

the loss of a mental faculty in life to the distribu-

tion of a cerebral lesion found at post-mortem.

Famously, Paul Broca demonstrated that the fac-

ulty of speech was lateralized to the left cerebral
hemisphere, more precisely to the left inferior

frontal gyrus. Building on this work, Karl Wer-

nicke identified a role for the posterior left tem-

poral lobe in the perception of speech, and linked

the function of his area to that of Broca through a

white matter tract (the arcuate fasciculus) con-

necting the two. This neat anatomical relation

between areas of cortex involved in speech per-
ception and production was not devoid of a certain

scientific license, as it has become apparent that

the arcuate fasciculus does not project to the left

frontal operculum, considered to be the centre of

classic Broca�s area.
Based on these observations, Lichtheim, using

minimal behavioural data, often gathered indirectly
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and with only limited post-mortem data, con-

structed a model of single word perception, com-

prehension, repetition and production that is still

used by modern neurologists to examine aphasic
patients at the bedside. However, the limitations of

inadequate information about the patient�s behav-
iour in life and the delay until the patient died of

natural causes to allow post-mortem examination

made this technique for establishing structure–

function relations in the human brain ponderous

and inexact. Furthermore, the language �faculties�
considered were usually basic, and the models cre-
ated by the early neurological aphasiologists at best

only crudely captured the complex deficits of pa-

tients.

Since its introduction in the late 1960s, single-

case cognitive neuropsychology has had a major

impact on language research. The method relies

on a detailed behavioural analysis of individual

patients to identify novel, and often counterintu-
itive, dissociations of function. From the data

collected on a limited number of intensively stud-

ied patients, sophisticated information processing

models of language have been constructed: with a

number of assumptions, it is argued that the data

gives insight into normal language structure–

function relationships based on the missing func-

tions (�subtracted� by more or less focal brain
pathology) observed across a variety of theoreti-

cally interesting patients. In general, however,

the main emphasis of this approach has been to

dissociate different cognitive stores and processes

rather than to relate any one function to a par-

ticular region of the cerebral cortex.

The advent of anatomical imaging techniques in

the 1970s has enabled the functional neuroana-
tomy of the human brain to be directly addressed

by relating behaviour to the site of a lesion. The

early X-ray CT scans had poor spatial resolution

and were comprised of large pixels (picture ele-

ments) that made the image slices through the

brain very �grainy�.
Modern CT scanners give resolution several

orders of magnitude better. The images from
magnetic resonance imaging (MRI) however, with

excellent contrast between gray and white matter

structures and between normal and abnormal

brain, yield image slices, oriented at any desired

angle, that are almost indistinguishable from the

photographed brain slices used to illustrate ana-

tomical textbooks (Fig. 1). Combining anatomical
neuroimaging with cognitive neuropsychological

case studies would seem to have enormous po-

tential in answering questions about the relation-

ships between structure and function.

However, the overwhelming limitation has

been the uncontrolled distribution of focal brain

pathology. Cerebral infarcts, haemorrhages, tu-

mours, infections and focal degenerations do not
respect functional boundaries and are often ex-

tensive. All destructive lesions that involve the

cortex also affect underlying white matter tracts to

a greater or lesser extent. Although the functional

deficit is usually attributed to the site of the lesion,

the impact of disconnection of remote, intact

cortical regions by the white matter lesion may be

considerable and is unassessable except in a few
instances. However, the use of anatomical imaging

has had notable successes. A recent example was

the localization of a very precise region, 1 cm

across, in the left hemisphere that seems to be

Fig. 1. Sagittal slice of a T1 weighted 1.5 T MRI of a normal

subject. Individual sulci and gyri can be easily distinguished in

the cortex. Note that the air in the sinuses shows black.
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important in articulation (Dronkers, 1996). At the

other end of the spectrum, a very precise func-

tional dissociation in the ability to process regu-

lar and irregular verbs was identified in patients,
some of whom who had, over time, infarcted large

volumes of both cerebral hemispheres (Marslen-

Wilson and Tyler, 1997): an illustration that the-

oretically important dissociations can be found in

patients whose lesions on scans look unpromis-

ingly �crude� (i.e. large).
Therefore, functional neuroimaging techniques

are the method of choice to investigate structure–
function relationships: studies can be performed

on normal subjects as well as patients; the tech-

niques can explore activated regions across the

whole brain; and the spatial resolution will allow

functions to be attributed to individual gyri or

sulci. The rest of this article discusses the princi-

ples of functional neuroimaging and the strengths

and weaknesses of its application to language re-
search.

2. Positron emission tomography

The brain is a metabolically demanding organ

and receives 20% of cardiac output in the resting

individual, although it comprises <2% of body

weight. The distribution of the blood supply
within the brain is not uniform, the grey matter

(where the cell bodies of neurons are located)

receiving three times as much blood flow as the

white matter (which comprises the axons of neu-

rons and their supporting (glial) cells. Positron

emission tomography (PET) and single photon

emission tomography (SPET) provide images of

the brain by tracing radio-labelled molecules that
have diffused into the brain tissue from the blood

vessels. The scanners estimate the concentration of

local radioactivity. Fig. 2 shows an example of a

structural PET scan; the lighter regions are areas

of increased signal. Broadly speaking, PET can

provide quantitative data (i.e. concentration of

radioactivity per ml of brain tissue) whereas SPET

gives qualitative images of relative concentrations
of radioactivity (although it is now possible to

obtain at least semi-quantitative data from SPET

scans). The requirement is that the tracer molecule

crosses the blood–brain barrier, that its fate in

tissue can be mathematically modelled, and that

radio-labelled metabolites of the original molecule

do not recirculate to be taken up again by brain

tissue and add to the recorded local activity to any
significant extent. Using PET quantitatively, the

rate of delivery of the tracer to the brain is esti-

mated, usually by sampling the radioactivity in

arterial blood. However, to avoid arterial cannu-

lation, models have been developed that rely on

measuring activity with the scanner in �reference�
tissue in which the tracer molecule is not specifi-

cally bound. Commonly, PET scans are obtained
for glucose metabolism (using a radiolabelled

metabolite of glucose, deoxyglucose, tagged with

positron-emitting fluorine-18: 18FDG) or for neu-

rotransmitter function (e.g. using 18-fluoro-dopa,
18F-dopa, which is taken up by presynaptic

Fig. 2. PET scan of resting blood flow of a normal subject. The white and gray matter can be distinguished; there is greater perfusion

throughout the gray matter, leading to higher counts, and these regions are lighter in colour.
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terminals that have the dopa metabolite, dop-

amine, as the neurotransmitter).

These �neurological� uses of PET contrast with

the much more widely used method of �activation�.
Based on good evidence, it has been shown that

measurements of regional cerebral blood flow

(rCBF) correlate with net synaptic activity within

that region. This technique is sufficiently sensitive

to record changes in regional net synaptic activity

in response to behavioural tasks, such as speech

perception or production. At the start of a scan, a

short-lived radio-labelled tracer (usually oxygen-
15-labelled water, H2

15O) that indexes rCBF is

introduced into the blood by intravenous infusion.

The subject lies on a table with their head in the

scanner, which comprises a ring of coincidence

detectors. When the radioactive molecule, 15O,

decays to the more stable 12O form, a positron is

emitted. This travels a short distance (approxi-

mately 1–2 mm) before annihilating, creating two
gamma rays and a neutron. The two gamma rays

travel at very close to 180� to one another and

strike a pair of coincidence detectors almost si-

multaneously, within a time window of about 10

ns. By sampling a slice of tissue from many angles

with multiple pairs of coincidence detectors (or,

more cheaply but much less sensitively, by a ro-

tating pair of detectors), the distribution of ra-
dioactivity across multiple slices of the brain is

reconstructed by back projection of the recorded

coincidences (corrections have to be made for es-

timates of the number of random coincidences).

Thus the resolution of PET is dependent on the

margin of error introduced by the distance the

positron initially travelled before annihilation and

the field-of-view of the coincidence detectors.
SPET records emissions from isotopes that emit

only single particles or photons, which places

constraints on resolution and quantitation that are

avoided in positron-emitting coincidence detec-

tion.

During a PET scan of rCBF, typically coinci-

dence events are recorded over 40–120 s, with the

actual temporal resolution being of the order of
15–20 s, the time course of rapid build-up of brain

tissue radioactivity following slow bolus infusion

of H2
15O. Since the counts are obtained from tis-

sue water, the signal reflects nutrient blood flow,

distinct from the signal obtained within functional

magnetic resonance imaging (fMRI) which arises

from blood within capillaries and venules. Al-

though there are billions of neurons there are
trillions of connections between neurons, and it is

these synaptic connections, with the release and

reuptake of neurotransmitters, that are the ulti-

mate source of the signal in PET. A change in net

synaptic activity within a brain region that can be

spatially resolved by PET (i.e. the sum of activity

within many tens of millions of synapses) is in-

dexed by a change in rCBF of the order of 2–15%,
depending on the brain region. It is important to

realize that inhibitory synaptic activity (i.e. release

of a neurotransmitter that suppresses the rate of

firing of the post-synaptic neuron) consumes en-

ergy and increases local rCBF, so that a local in-

crease in rCBF may be due to either excitatory or

inhibitory synaptic activation. Thus a deactiva-

tion, i.e. a reduction of rCBF in the activation scan
relative to a baseline scan, is not synonymous with

inhibition, but a reflection that the baseline scan

was associated with greater neural activity within

that region. As even a so-called �rest� scan is per-

formed on a conscious, thinking subject, and �rest�
is associated with its own cognitive activations

(such as stimulus-independent thoughts), it is not

surprising that the reverse contrast, of baseline
versus activation condition, is associated with its

own pattern of distributed activations.

A very simple example of a PET design is the

contrast of a condition when subjects listened to

spoken nouns contrasted with a baseline condition

when the subjects listened to non-speech sounds.

The difference in activity seen in the contrast of the

speech with the non-speech scan revealed where
there was greater neural activity in the speech

perception condition (e.g. Fig. 3). To improve the

signal, these two conditions should be repeated as

often as the design allows (the amount of radio-

activity delivered in a PET study is tightly moni-

tored and normally no more than 12–16 scans are

possible).

To further improve sensitivity a number of
subjects were studied (normally six or more sub-

jects comprise one study). To compare activation

both within and across subjects, certain physical

adjustments have to be made to the scan data.
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Since each subject will move over the course of

their scanning session, even if their position is

checked between scans, each subject�s scans need

to be spatially realigned to their first scan. The

next stage, to enable comparison across subjects, is

to normalize their brains into the same stereotactic

space, a necessary stage since brains, like faces,

vary in size and shape across individuals.
It is important to know the template being

employed: a variety of methods are used, including

normalizing to the brain in the (Talairach and

Tournoux, 1988) brain atlas (which was con-

structed from the brain of a small French woman),

or to an �average� brain template, such as that

constructed by the Montreal Neurological Insti-

tute, constructed from anatomical MRI scans
obtained on 305 normal subjects. Methods exist

for translating between different templates, to

avoid discrepancies in the interpretation and

comparison of data.

The final step, prior to statistical analysis, is to

smooth the data. This compensates, at least in

part, for interindividual differences in the distri-

bution of gyri and sulci that persists after nor-
malization. The amount of smoothing influences

the final spatial resolution of the PET data. As the

analysis of the scan data is designed to detect

changes in rCBF, the changes in global blood flow

(gCBF) between scans have to be removed as they

may be of the order of 25% or more.

It is outside the scope of this review to address

in detail the statistical methods used on functional

neuroimaging data sets, and the interested reader

is directed towards far more specific articles (e.g.

McColl et al., 1994; Friston et al., 1995, 1996a,b;

Rabe-Hesketh et al., 1997). The unit of analysis is

the voxel, a cube typically of the order of 2 mm3.

As voxel size is smaller than the resolution of

the scanner, activity within adjacent voxels is

not independent. Activity at each voxel in stan-
dardized space is compared across scans (and,

therefore, behavioural conditions). Although the

various image analysis packages that are available

use different statistical approaches, the general

principle is to consider the peak difference in ac-

tivity, the number of activated voxels that cluster

together, and the number of these discrete clusters

across the brain: all of these variables are amena-
ble to statistical testing. Since the volume of the

brain contains many tens of thousands of voxels, a

correction for multiple comparisons is made, with

allowance for the non-independence of activity

within adjacent voxels.

The actual design of the experiment will affect

the nature of the contrasts performed on the data.

The results may be expressed as the specific co-
ordinates of the peak voxels in stereotactic ana-

tomical space, the cluster size of the individual

activated regions and the number of activated re-

gions across the volume of brain scanned (e.g. see

Table 1). These results will reflect the choice of

thresholds chosen by the experimenters, and Type

I or Type II errors may be present. Lower

thresholds are usually accepted when there is a

Fig. 3. Functional PET scan of activation from six normal subjects, rendered on slices from the MRI of a subject who most closely

matches the average MRI template (MNI template) used in SPM99. The contrast shows regions more activated by speech than by SCN

(from Mummery et al., 1999). The data is thresholded at p ¼ 0:05 (corrected for multiple comparisons).
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prior hypothesis about a particular region but this

is method is open to abuse with �hypotheses� being
constructed after the data set has been analyzed.

Results are much more likely to be reproducible

when an appropriate correction has been made for

analysis across the whole brain volume.

2.1. Design

Design is again an issue that is covered in depth

in other sources (Friston et al., 1997), and this

section is a general summary. As described in the

earlier section, the simplest PET design would

compare two different behavioural conditions, one

that it is predicted will activate the process of in-

terest (the �activation� task) and a baseline task
which does not engage the process under investi-

gation but does engage processes that are not

under investigation and are also engaged by the

activation task. This �subtraction� methodology

allows, all other things being equal, to relate an

activated region to a specific brain function. Ide-

ally the baseline task controls for all cognitive,

motor and perceptual processes that are not of
interest in the experimental condition, but to select

such a baseline is far from easy. The frequent re-

sult is one or more unpredicted activations, be-

cause of processing differences between tasks that

were neither intended nor, even after the event,

understood (although this does not prevent spec-

ulative, post-hoc rationalizations to appear in
the discussion of many functional imaging publi-

cations). There also remains the problem of what

to make, if anything, of the reverse contrast: brain

regions more active in the baseline task are com-

mon, although with correct subtraction design

they should be absent. They are often inexplicable,

and further evidence that hypotheses about the

processes engaged by both tasks are incomplete
(Friston et al., 1995, 1996a,b).

For these reasons, simple subtraction designs

are now used less frequently. There are two general

approaches to improving on this design: factorial

and parametric designs. In factorial designs, as in

an ANOVA with behavioural data, main effects

and interactions can be considered. It has also

been proposed that conjunction analyses can be
performed (Price and Friston, 1997; Friston et al.,

1999): these permit the identification of brain re-

gions that are common to two (or more) contrasts,

Table 1

Output from a statistical parametric mapping analysis (SPM99, Wellcome Department of Cognitive Neurology, London, UK) of a

contrast of speech against SCN, where regions that increase in activity with increasing rates of spoken words, but not with increasing

rates of SCN equivalents, have been identified (Mummery et al., 1999; see Fig. 3)

Set-level Cluster level Voxel-level x (mm) y (mm) z (mm)

p c pðcÞ K pðucÞ pðcÞ Z pðucÞ

0.001 2 0.000 1889 0.000 0.000 7.15 0.000 64 )18 2

0.000 6.81 0.000 62 )4 2

0.000 6.08 0.000 52 )26 8

0.000 1688 0.000 0.000 6.99 0.000 )60 )22 6

0.002 5.49 0.000 )46 )22 6

0.017 5.04 0.000 )58 4 )8

Voxel level significance is the probability that the difference in activity at that voxel is significant, with pðcÞ reflecting significance

corrected for whole brain volume multiple comparisons, and pðucÞ reflecting significance without correction for multiple comparisons.

The numbers in bold are the peak voxels in that cluster, and the numbers beneath are subpeaks within that cluster. The co-ordinates (in

Montreal Neurological Institute space) for each peak are given on the right hand side, expressed as x, y, z, where x expresses the right-

to-left dimension (positive numbers ¼ right), y refers to the anterior–posterior dimension (positive numbers ¼ anterior to the anterior

commissure), and z refers to the superior–inferior dimension (positive values ¼ the anterior–posterior commissure line).

Cluster level significance reflects the probability of seeing this number of adjacent voxels being co-activated, where pðcÞ reflects

significance corrected for whole brain volume multiple comparisons, and pðucÞ reflects significance without correction for multiple

comparisons.

Set level significance. At this level of peak and cluster level significance, this reflects the significance of the number of clusters seen,

against the number of clusters that would be expected by chance.
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and are thus possibly implicated in one or more

processes or representations common to all the

activation tasks relative to their baseline tasks.

This approach has been used to attempt to disen-
tangle cognitive processes that operate at a fairly

generic level. For example, brain regions have been

identified that are activated when naming objects,

versus viewing non-objects and saying �OK�, and
also activated when reading aloud written words

aloud versus viewing false font strings silently and

saying �OK� (Moore and Price, 1999). The use of

conjunction analysis enabled the demonstration
that there was common activation for both words

and real objects (over their respective baselines) in

left medial anterior fusiform gyrus and the right

inferior frontal gyrus, as opposed to activation

specifically to read words (on the superior tem-

poral gyrus) and specific to real objects (bilateral

occipitotemporal regions). It was assumed that the

inclusion of speech responses (silently mouthed) in
each condition meant that activations associated

with articulation were not seen in the contrasts.

Although this approach is intuitively attractive, it

should be borne in mind that the theoretical basis

for conjunction analyses (as opposed to revealing

commonly activated regions as main effects) is not

established in the statistical literature.

Parametric designs (Friston et al., 1997) are
similar to correlation analysis: a parameter is

varied across scans, and used as a co-variate in the

analysis. A simple example is the use of varying the

rates of presentation of acoustic stimuli. Thus,

the contrast in Fig. 3, where speech is contrasted

with non-speech (signal-correlated noise (SCN)),

demonstrates the activation seen when increasing

rates of single, bisyllabic concrete nouns are heard
but not when increasing rates of matched SCN

stimuli are heard (from Mummery et al., 1999).

This effectively performs a correlation, identifying

the neural activity that co-varies positively with

the increasing number of speech events. Other

stimuli can be used in rate paradigms, since the

PET camera is sensitive to the number of events

that occur during a scan (e.g. read words, Leff et
al., 2000; repeated words, Wise et al., 1999; pitch,

Griffiths et al., 1998) or a conceptual property of

the stimuli (e.g. imageability, Wise et al., 2000), or

of the subjects� responses (e.g. proportion of �no�

responses, Scott et al., 2000). Parametric designs

have the advantage that there is no baseline

comparison, and regional correlations with ex-

perimenter-determined input variables or with
patients� on-line behavioural responses are more

compelling evidence when it comes to interpreting

the results.

3. Functional magnetic resonance imaging

MRI has been a major development in the

in vivo study of the human brain. The subject is

placed in a strong and homogeneous magnetic

field. For anatomical imaging the signal is derived
from the protons of tissue water. With the tissue of

interest placed within the magnetic field, the pro-

tons align to the field. This is then disrupted with a

brief radio-frequency pulse at an angle orthogonal

to the main field, and the protons realign to their

original position over time. A head coil detects this

disruption in the �steady� magnetic field. Water

molecules in different tissues �relax� back into their
orientation at different speeds. This recovery time

is called T1 and is longer in cerebrospinal fluid (3

s) than in brain white matter (0.50 s). Varying the

time between the radio pulses allows discrimina-

tion between tissues with long and short T1 values.

Thus T1 acquisition sequences are used for struc-

tural MRI scans (see Fig. 1).

MRI provides clinically useful images of the
brain, with good contrast between white and gray

matter. The development of MRI into a method

for functional neuroimaging was made possible by

another factor that affects the relaxation: small

local field alterations, caused by a contrast agent

or paramagnetic particles. To paraphrase a lot of

physics, this T2� or T2 relaxation factor (depend-

ing on the sequence-gradient echo or spin echo
respectively––this refers to the way the field is

created, although T2 is not normally collected in

a functional scan) was developed as a tracer of

cerebral blood flow, first with a contrast agent

(Villringer et al., 1988) and later using the oxy-

genation state of the blood as a marker (Ogawa

et al., 1990a,b; Turner et al., 1991), in combination

with a fast acquisition method, echo planar
imaging (EPI) (Mansfield, 1977). This led to
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functional scans of visual stimulation (Kwong

et al., 1992; Ogawa et al., 1990a,b). Deoxygenation

in brain regions, due to functional activation,

could thus be detected. This is the blood oxygen
level dependent contrast (BOLD). There is an

initial dip in the BOLD response, corresponding to

the direct deoxygenation of the blood, i.e. an in-

crease in deoxyhaemoglobin. This dip can be dif-

ficult to distinguish, and requires high magnetic

fields or intrinsic optical imaging. It is spatially

very closely tied to the neural activity, since it is

seen in very small vessels. The later rise in the
BOLD response, due to the appearance of more

oxygenated blood on the venous side of the cir-

culation within a brain region, is measured in most

studies. This change in oxygen saturation arises

because the balance between oxygen delivery

(blood flow) and demand (oxygen metabolism)

changes when net local synaptic activity briefly

increases. There is a decrease in deoxyhaemoglo-
bin, associated with a change in the MR signal,

and the location of this measured change is within

venules and not brain parenchyma (which de-

grades, to some extent, the spatial resolution of the

technique). fMRI offers non-invasive scans free of

the use of ionizing radiation. A single study can

comprise many scans, and repeated scanning of a

subject across sessions is permitted. In addition,
fMRI offers good spatial resolution. Although the

temporal resolution does not equate with electro-

physiological techniques, activity associated with

single events (e.g. the presentation of a single

word) can be recorded, whereas PET averages

activity across a number of repeated events.

To optimize the signal across the brain with

respect to the cognitive processes studied, the time
to acquire an image of the whole head (repetition

time) should be as fast as possible. This can be

achieved by using the fast EPI method, which also

gives a reasonable signal-to-noise ratio, at the cost

of a lower but still good spatial resolution (2 mm).

There is generally a trade-off in the design of any

study between the thickness of the slices acquired

and their number: it will take longer to acquire
thinner than thicker slices of the whole brain, al-

though the resolution will be better. If a smaller

region of the brain is studied, less time is needed to

acquire the image. These are parameters that are

decided at the start of the study, and frequently

designs are employed that do not acquire whole

head volumes.

A serious problem is that EPI is susceptible to
distortion and signal loss (e.g. Devlin et al., 2000).

This is particularly severe around brain/bone/air

interfaces where local field inhomogeneities arise

naturally, and thus signal can be lost around the

anterior and medial temporal lobe regions, or-

bitofrontal cortex, and near the ears. This worsens

at higher field strengths. The signal-to-noise ratio

of the BOLD signal, however, improves at higher
magnet strengths.

Some correction for signal attenuation can be

introduced by shimming. This procedure is nor-

mally done before a scan, or at the start of the day

(depending on magnet size), and equalizes the

magnetic field. This corrects for inhomogeneities

caused by the introduction of a body into the

scanner. This can be done to emphasize certain
brain regions e.g. superior temporal plane, to im-

prove the signal from auditory cortex (e.g. Talavage

et al., 2000). However artifacts caused by air–bone

interfaces are harder to correct by shimming.

For multi-subject studies, the data needs to be

normalised and smoothed. Smaller spatial filters

are used to smooth the data than is common in

PET. Since more data can be collected from any
one subject (there is no dose limitation as in PET)

single subject analyses are feasible: in such cases

the subjects� data can be normalized to their own

structural MRI to take even more advantage of

the good spatial resolution.

3.1. Design

In fMRI, data can be acquired continuously;

without the scan-pause-scan cycle required in PET

to allow radioactivity to decay to background
levels before the next scan, more data can be ac-

quired. Because of this continuity, the activation

measured via the BOLD response can be consid-

ered to be a time series analysis, locked to the

condition. As in the analysis of PET data, there are

several ways of doing this, but for blocked fMRI

these tend to be based around identifying BOLD

variations at the voxel level that correlate with the
temporal change of the experimental conditions
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(epoch-related designs). At its simplest, the subject

might lie in the scanner, watching a cross-hair

fixation point for 30 s, followed by 30 s of reading

single words presented at fixed interstimulus in-
terval (ISI), followed by cross hairs etc., for a total

of 5 min. This would give five cycles of the ex-

perimental-baseline conditions (necessary, since it

is relative activation that is being measured). The

analysis program then attempts to fit haemody-

namically smoothed curve functions to the imag-

ing data (at each voxel point), with the same

periodicity as the condition variation. Since the
BOLD response can lag the neural activity by up

to 10 s, this is taken into account. As in the PET

analysis, the significance of this co-variation is

determined, but in terms of the percentage of sig-

nal change, not in terms of the number of counts.

The number of contiguous voxels and the num-

ber of overall blobs are also analysed in order to

determine the significance of the activation. The
continuous collection of fMRI data and the good

temporal resolution allows an event-related design,

in which transient responses are identified (as op-

posed to epoch-related responses). This means that

BOLD responses to single events (e.g. stimulus

presentations, motor responses) can be estimated.

The faster the time to acquire an image of the

whole head, or repetition time (TR), the better the
event-related resolution. If one slice is measured,

TR could be very short (100 ms). The duration of

TR affects the design, since it is important to en-

sure that the ISI of experimental events is different

to, and not a multiple or divisor of, TR. This

sampling of the BOLD response over a number of

points in the cycle of the experimental paradigm

(jittering), enables the shape of the BOLD re-
sponse to be characterised more accurately. Since

the BOLD response lags the neural activity by up

to 10 s, the curve fitted to the data at each voxel is

generally allowed a range of delay functions in the

analysis. At its simplest, this could be done by

testing for an early or late response (Ni et al.,

2000) or by fitting a family of response curves with

different onsets (as in SPM99, Wellcome Depart-
ment of Cognitive Neurology). Since the BOLD

lag can vary across subjects and across a single

brain, this is a stage of the analysis whereby the

basic assumptions need to be carefully identified.

One principled way of doing this is to deter-

mine characteristics of individual subjects� BOLD

response curves using motor cortex transient re-

sponses to thumb movements, and applying this
to subsequent event-related cognitive studies

(Aguirre et al., 1998; Zarahn et al., 1997; see Postle

et al., 2000 for an example).

Other issues, particular to fMRI, need to be

considered when designing the study and analysing

fMRI data. The scan data needs to be filtered to

remove periodic noise, such as that due to meta-

bolic breathing (as opposed to breathing for
speech) and to blood flow, which cause both

movement and blood oxygen level variation, and

also to remove low frequency signal drift (due to

physiological changes and scanner changes). Since

the measure in fMRI is dependent on the move-

ment of the protons within the field, the movement

of the subject must be kept to an absolute mini-

mum. A movement of 0.5 mm could lead to an
apparent signal change of 40%. Unlike PET, where

the subject is lying with just their head in the

scanner, in an fMRI experiment the subject�s
whole body is inserted into the scanner and their

position cannot be monitored throughout the ex-

periment. Movement associated with the subjects�
responses can cause repetitive signal change, which

will resemble real activations time-locked to the
responses: this can be identified and controlled for

to a degree (Bullmore et al., 1999). The issue of

movement artifact is most dramatic when subjects

speak in the scanner, since the movement of the

musculature of the face and the air in the nasal

cavities mean that only the top of the brain is

visible to the scanner. Many fMRI studies have

made a virtue of their use of silent verbal re-
sponding.

Obviously, due to the presence of the magnet,

metal objects (including keyboards, headphones)

cannot be used. Subjects with pacemakers, certain

cochlear implants, permanent eyelining, glitter

make up or tattoos cannot be scanned, and sub-

jects who need to wear glasses must wear contact

lenses or special glasses that have no metal in
them (e.g. corrective swimming goggles). Subjects�
movements are reduced due to the small bore of

the scanner. Visual stimuli can be presented via a

mirror, or prism spectacles.
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fMRI presents particular problems for studies

using auditory stimuli. When the radio pulse oc-

curs, there is a very loud sound: a 1.5 T magnet in

an EPI sequence generates 110 dB SPL complex
tones with low frequency energy peaks from 50 to

1000 Hz (depending on the precise sequence used)

(Counter et al., 1997). This sound increases with

the Tesla value of the magnet: a 4 T magnet gen-

erates a level of approximately 130 dB SPL

(Counter et al., 2000). Use of ear defenders is es-

sential at these high noise levels, and can attenuate

the level by 20–30 dB. Stimuli can be presented at
levels high enough for the subjects to hear against

the background, but a loud, repetitive background

sound is suboptimal for any hearing study. Several

different ways have been developed to counter this,

including sound cancellation and wrapping the

inside of the scanner and the subject in foam, in an

attempt to reduce the transmission of sound by

bone conduction (Ravicz and Melcher, 2001). An
elegant development, known as sparse scanning,

capitalizes on the delay inherent in the BOLD re-

sponse (Hall et al., 1999). The auditory stimuli are

presented in a silent period, followed by the onset

of a cycle of scanning (and associated noise). This

ensures that the BOLD response measured during

scanning is associated with the stimuli, not the

scanner noise. Likewise, during the silent period,
when the stimuli are presented, the BOLD re-

sponse due to the scanner noise can decay. This

has the disadvantage of fewer scans per session,

reducing statistical power. This same basic princi-

ple can be applied to the generation of overt verbal

responses, i.e. when the subject speaks. The sub-

jects� verbal responses are produced, and scanning

immediately follows this, when any movement
artifact due to speaking has ceased. Alternatively,

some groups have used lower Tesla magnets and

overt speech with head control, and have seen

activation during speech (Kircher et al., 2000).

Direct comparison with PET studies of the same

task could reveal the effects of the movement of

muscles and air on the BOLD signal. This study

did not demonstrate effects in the anterior insula, a
region shown to be active during speech produc-

tion in a repetition PET study (Wise et al., 1999) or

other regions shown in PET to be activated in

propositional speech (Blank et al., 2001).

4. General issues in functional imaging

4.1. Control/baseline tasks

The selection of a contrasting baseline against

which to examine the relative blood flow changes

has immense implications for the pattern of ob-

served activation. If brain regions are activated in

both conditions, then they will be subtracted out

of the resulting pattern of blood flow variation. On

occasions this is desirable, on others not. A �rest�
condition was frequently used in early studies,
where subjects were asked to �empty their minds�.
Any introspection on this sort of task reveals that

this is an extremely activating condition, and an

analysis of studies where this has been used as a

baseline (Binder et al., 1999) has revealed that the

cognitive processing during rest (related to stimu-

lus-independent thoughts) has a distinct neural

pattern. This, in turn, means that these brain re-
gions are subtracted from the experimental con-

dition, and are thus thought to play no part in that

task. These issues can also arise with a non-rest

baseline: the use of non-words in a passive reading

study tends to reveal no difference between these

and real words. Possibly, the reading system pro-

cesses the non-words as far as possible, even to a

lexical level, so that they are processed to the same
degree as real words (Price et al., 1996). In con-

trast, baseline conditions that do not control for a

sufficient number of features that are not of in-

terest in the experimental condition can mean that

much of the activation seen is a result of these

properties of the task. For example, in an elegant

study of autobiographical memories, subjects

had previously been given questionnaires about
their lives, which where then used to form true or

false questions for the PET scans (Maguire and

Mummery, 1999). The baseline task used was a

decision about the number of syllables in a string

of function words. This baseline task thus controls

for the production of a motor response, the pre-

sentation of auditory stimuli, and a decision being

performed on the heard input that cannot be made
before the whole string has been processed. It does

not control for the fact that the autobiographical

questions and memories involve the processing of

lexical and semantic structures, as well as general
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memory retrieval processes. The authors in this

case have very precise hypotheses about the role

of particular brain regions in autobiographical

memory, which this study is well able to address,
but their activation patterns reveal additional

cortical regions, which may be due to lexical as-

pects of the task. Similarly, response variation

across scans can lead to activation differences

which are due to an aspect of the task that is of less

interest: if two tasks differ in their difficulty, then

this can lead to activation differences. Thus, reac-

tion time variation across conditions might gen-
erate specific activation differences (which could of

course, be used as a co-variate of specific interest).

This criticism does not mean that all functional

imaging studies that involve some form of baseline

comparison are invalid. Careful analysis of the

tasks used and pilot testing can help address many

of these points, providing the caveats regarding the

assumption of �cognitive insertion� (Friston et al.,
1996a,b) are followed.

4.2. Use of overt responses. Are automatic or

controlled processes being studied?

The other important issue in addition to the

nature of the control conditions, is the nature of

the experimental task. There is a distinct difference

in the types of approaches used. One principal

difference is between so-called �active� and �passive�
tasks. Due to an apparent concern over whether
or not the subject is doing what they have been

asked to do, or whether they are sleeping or

imagining abstract art, some studies have used

explicit tasks (e.g. phoneme monitoring) when

studying �automatic� processes, (e.g. speech per-

ception). Is the activation seen related to normal

speech perception, or to the metalinguistic task?

The issue of controlled versus automatic process-
ing (Schneider and Shiffrin, 1977; Shiffrin and

Schneider, 1977) is key. If the cognitive process(es)

under consideration are themselves controlled, ex-

ecutive processes (e.g. working memory), or utilize

them to some degree (e.g. memory retrieval), then

the performance of the behavioural task associ-

ated with this is appropriate in scanning (e.g.

Maguire and Mummery, 1999). If the process is an
over-learned, automatic one or the representations

involved are obligatorily activated, then the use of

an explicit task may be more problematic. It could

be theoretically difficult to dissociate between ac-

tivation due to the obligatory processing or due to
more controlled processing, or some complex in-

teraction between the two. Thus in semantic pro-

cessing tasks medial prefrontal cortex is frequently

activated (e.g. Mummery et al., 1998; Binder et al.,

1997), but only when the subjects are required to

make explicit decisions about the stimuli. These

regions are not seen when the subjects �passively�
view or listen to meaningful stimuli (e.g. Mum-
mery et al., 1999). The medial prefrontal activa-

tion is more likely to be due to the more generic

aspects of assessing and responding to meaningful

stimuli than to stored semantic memory/semantic

representations. Indeed, patients with medial pre-

frontal lesions do not lose semantic knowledge. In

contrast, several studies have used tasks that ac-

tively disguise from the subject what the point of
the study is, to facilitate interpretation of any re-

sults seen as being due to automatic, obligatory

processing. Studies of basic processing of emo-

tional stimuli (e.g. Morris et al., 1996) have suc-

cessfully used a non-emotional sex decision task,

to focus the subjects� attention upon different

featural information in the faces. These studies are

usefully complemented by functional imaging
studies that contrast an explicit task (emotional

decision) with an implicit task (sex decision) and

demonstrate common areas of activation, thus

emphasising the obligatory nature of the activa-

tion (Gorno-Tempini et al., 2001). Other papers

have expressed in more detail the way that the task

used in activation studies can influence the results

seen (Poeppel, 1996), and this paper will not re-
peat these criticisms. In terms of useful, cogni-

tively relevant functional imaging studies, we

would argue for a parsimonious approach to ex-

perimental design: the data collected is going to be

affected by the task administered, so we would

press for a task that emphasizes the cognitive

construct of interest.

4.3. Global blood flow changes

Most statistical packages for analysing PET
data explicitly identify rCBF. Thus large, global
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blood flow variations (which can contribute to low

frequency drift in fMRI) are controlled out in the

analysis. This procedure, however, makes the im-

plicit assumption that the changes correlated to
the neural activity will be small. If there are large

regional changes (e.g. one hemisphere greater than

the other), then this will not be detected and in-

deed will be controlled out of the data.

4.4. Big signal in one condition can distort other,

smaller activations

Large signal changes, such as are seen when

subjects make motor responses, can elevate the

signal variation in PET sufficiently for activation

from smaller signal changes to become harder to

detect. This can, unfortunately, affect changes as-
sociated with purely cognitive processing. In fRMI

a similar effect can be found, whereby a small

BOLD response can be affected adversely by the

presence of large activations elsewhere in the

brain. This is again worth considering when de-

signing a study, especially the use of a motor re-

sponse when, possibly, a passive task might be

predicted to activate the processes of interest.

4.5. Brain activation does not distinguish between

excitation or inhibition

This is an important issue when trying to model
functional imaging data or even ascribe basic

properties to the activations seen. Since we are

always measuring such data at the level of popu-

lations of millions of neurones rather than indi-

vidual neurones, and since even then the valency of

the activity cannot be labelled, this issue is not yet

resolvable. The one way to deal with it is to use

careful reference to �activations� rather than exci-
tations, and to be particularly careful when ad-

dressing �deactivations�.

5. PET versus fMRI

fMRI is growing in popularity. Compared to

PET, it has many advantages. It is faster in col-

lecting data, since there are no gaps between scans.
There is no injection, which subjects prefer and

which means that a medical doctor need not

be present. There is no radioactivity; while the

amounts involved in a PET scan are trivially small,

it remains a limit on any PET scan since the total
dose given is strictly monitored. PET involves, in

addition to a clinician, a radiographer and a

chemist to run the camera and the tracer synthe-

sis respectively, as well as a cyclotron to generate

the tracer. As it is non-invasive, fMRI attracts

less ethical concern. fMRI can be administered by

a radiographer or trained individual, although

maintenance of the machine is important, as is the
role of a physicist. fMRI therefore has lower

general overhead costs than PET.

Since theoretically limitless scans can be per-

formed, fMRI is more powerful than PET: if a

signal is not seen in a PET study it might be due to

a lack of sensitivity, since the number of overall

scans is limited. Conversely, since the PET signal

relies on the number of counts measured, if the
counts are high enough then a signal will be

measured. The signal in fMRI is a physiological

measure and thus generally smaller. Indeed in

some individuals it can be very hard to determine

(subjects are then labelled as �non-responders�).
fMRI has the spatial resolution to image

structures in the brain stem, a very attractive

prospect in studies of hearing. Unlike cortical re-
gions, however, many brain stem structures move

about due to cardiovascular pulsing. To enable the

imaging of these structures, cardiac gating is used

to image these structures at the same point in the

cardiac cycle (Guimaraes et al., 1998). PET does

not permit cardiac gating and the spatial resolu-

tion is too poor for subcortical regions to be fre-

quently or reliably seen.
As mentioned earlier, event-related fMRI can

be used to model transient neural responses, albeit

over a much longer time scale than event-related

scalp potentials or MEG. In contrast, PET sums

neural activity over 40–50 s. While most of this

activity is associated with the onset of the scan (the

head curve), this still places a wide temporal win-

dow on the data, giving poor time resolution.
However if the features under investigation are

kept constant over the scan, and there is no overt

fatiguing or boring of the subject, then a well-

designed PET study (or blocked fMRI study) will
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still deliver an effective picture of the processes and

representations involved in the task. Furthermore,

parametric variables associated with the subjects�
behaviour (e.g. mean reaction time or percentage
response class) can be used to see how activations

are modified across conditions (Scott et al., 2000).

Parametric uses of fMRI can be problematic, since

the BOLD response may not be linear with respect

to blood flow/neural activity, and may saturate

(Dhankhar et al., 1997).

PET gives a signal that is constant over the

whole brain (with the exception of small brainstem
nuclei). The number of scans is limited, but if there

are enough counts, then the activation is measur-

able (this does not mean it is necessarily mean-

ingful!). The signal loss that is seen in EPI

sequences in fMRI means this assumption cannot

currently be made about fMRI. The signal loss in

the anterior temporal lobes is of particular rele-

vance to speech and language studies: while several
studies have identified a role for anterior temporal

lobe regions in semantic tasks, signals are rarely

seen here in fMRI studies. Scientifically it is hard

to determine whether this is due to signal loss or a

lack of involvement of this region in the task.

Comparative PET and fMRI studies (Devlin et al.,

2000) have indicated that it is due to signal loss,

and that no matter how much the threshold is
dropped, the anterior temporal lobe regions show

no activation, unlike the activity seen in the same

task in PET. Different acquisition sequences and

optimised shimming are techniques that may ame-

liorate things, but this proviso should be borne in

mind when assessing fMRI studies that conflict

with PET studies.

Finally, although PET has a poorer potential
spatial resolution than fMRI, the signal from

PET is detected within neural tissue, whereas in

fMRI it is detected in the venous compartment.

There is the danger, then, that the good spatial

resolution of fMRI may be directed at vascular,

not neural, tissue. This is principally a conse-

quence of the use of the �late� BOLD increase as a

measure: the small �initial dip� is derived from
much smaller vessels and thus is nearer the initial

neural activity. More powerful magnets (up to 9

T) have the potential to make reliable measure-

ments of the initial dip.

6. Conclusions

The aim of this paper was to describe the

methodology and terminology of functional neu-
roimaging with PET and fMRI, consider advan-

tages and disadvantages of each, and particular

issues that should be considered in the design and

interpretation of any functional imaging study.

The conclusions are coloured by the authors� per-
spectives, since one�s topic of interest prejudices

one�s choice of technique. Thus visual scientists are
unhampered in their research by the loud noise
and dramatic loss of signal in the temporal lobes in

fMRI, while for those who wish to study hearing

and speech, the constraints of sparse sampling and

loss of signal in relevant areas means PET has

many advantages. For those who work in a very

temporally defined topic, e.g. priming, PET studies

are possible but event-related fMRI would seem

appropriate. Alternatively, if a parametric design
is used, removing the need for a baseline state,

then PET has some advantages over fMRI due to

the linearity of the response with neural activity

(although the non-linear charcteristics of fMRI

responses can be characterised, Binder et al., 1994).

In more general terms, it is important that the non-

scanning scientific community understands some

of the problems (and solutions) inherent in these
approaches, the assumptions that are made in the

analyses, and most of all the importance of the

study design. Only then can functional imaging

studies provide a useful source of converging in-

formation in the literature.
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