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Numerous functionally distinct regions of cortex (e.g., V1, MT, the
fusiform face area) can be easily identified in any normal human
subject in just a few minutes of fMRI scanning. However, the locations
of these regions vary across subjects. Investigations of these regions
have therefore often used a functional region of interest (fROI)
approach in which the region is first identified functionally in each
subject individually, before subsequent scans in the same subjects test
specific hypotheses concerning that region. This fROI method, which
resembled long-established practice in visual neurophysiology, has
methodological, statistical, and theoretical advantages over standard
alternatives (such as whole-brain analyses of group data): (i) because
functional properties are more consistently and robustly associated
with fROIs than with locations in stereotaxic space, functional
hypotheses concerning fROIs are often the most straightforward to
frame, motivate, and test, (ii) because hypotheses are tested in only a
handful of fROIs (instead of in tens of thousands of voxels), advance
specification of fROIs provides a massive increase in statistical power
over whole-brain analyses, and (iii) some fROIs may serve as candidate
distinct components of the mind/brain worth investigation as such. Of
course fROIs can be productively used in conjunction with other
complementary methods. Here, we explain the motivation for and
advantages of the fROI approach, and we rebut the criticism of this
method offered by Friston et al. (Friston, K., Rotshtein, P., Geng, J.,
Sterzer, P., Henson, R., in press. A critique of functional localizers.
Neurolmage).
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Introduction

Near Cape Hatteras, North Carolina, millions of cubic meters of
warm salt water leave the continental shelf each second, and head
north-east across the Atlantic towards Europe. This is the Gulf
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Stream, the most intensively studied ocean current in the world.
One challenge for Gulf Stream oceanography, though, is that
neither the position nor the volume of the Stream remains constant
from month to month, or from year to year. The location where the
current leaves the coastline can vary by as much as a hundred
kilometres, north or south (Mariano et al., 2003), and the Stream is
particularly hard to study as it approaches Europe and splits into
the smaller and more variable branches. As a result of this
variability, scientists wishing to take a measurement of Gulf Stream
water, or mariners looking for an east-wards bump, cannot simply
calculate by longitude and latitude. Instead, they must first
determine the path of the Gulf Stream at that moment, by
measuring the water temperature or looking at satellite photo-
graphs, and then navigate accordingly.

Much as the precise path of the Gulf Stream (measured in
longitude and latitude) varies across seasons and years, the
precise positions of functionally distinct regions of the brain,
such as primary visual cortex (measured in Talairach or MNI
coordinates), vary across individuals. So, just as oceanographers
must first identify the actual path of the Gulf Stream before
using water measurements to make inferences about circulation
in the North Atlantic, cognitive neuroscientists often use
“localizer” contrasts to functionally identify regions in the
brain of a given individual (called “function regions of interest”
or fROIs) before using measurements of the activity in those
regions to test hypotheses about the distribution of cognitive
functions across the cortex. Here, we first sketch the advantages
to using functionally defined regions of interest, and then we
consider the specific concerns about this practice raised by
Friston et al. (in press).

Why use fROIs?

The goal of science is not simply to collect a list of independent
facts about the world, but to organize those facts into general
patterns, to test hypotheses about those patterns, and to explain
them in terms of broader theories. The importance of fROIs
concerns all three stages. We consider each in turn.
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Knowing where we are

Brain imaging relates function to locations in the brain. Because
cognitive neuroscience is not about specific individuals but about
people in general, we need some way to specify brain locations that
will generalize across individuals. The problem is that the shape of
each person’s brain is unique, just like the shape of her face. So
cognitive neuroscientists face a serious challenge: What counts as
the same place in two different brains?

One answer is to consider purely anatomical markers to align
similar structures of each subject’s brain. For brain regions that can
be identified anatomically in vivo, such as the basal ganglia,
amygdala or hippocampus, we have an excellent way to register
these regions across individuals: locate these structures on anatom-
ical scans within each subject individually, and collect that subject’s
functional data from the corresponding location. Ongoing efforts to
identify cytoarchitectonic markers in individual brains may even-
tually enable us to extend these methods to the cortex (Amunts et al.,
2004; Eickhoft et al., 2005; Schuchard et al., 2003). Promising
results have also been obtained in studies using connectivity patterns
to define functional areas (Johansen-Berg et al., 2004). However, for
most cortical regions, we currently lack clear anatomical or
connectivity markers to define specific cortical areas.

As a result, the most prevalent method of anatomical matching,
since the early days of brain imaging, has been to use a standard
Cartesian co-ordinate system such as the Talairach and Tournoux
sterotaxic system (Talairach and Tournoux, 1988). In this system,
each individual’s data are aligned to a “standard” brain, usually
using an automated algorithm to match the subject’s anatomical
scan to an anatomical template. Increasingly, the co-ordinates
reported in the results of individual studies are also used as input to
meta-analyses (Duncan and Owen, 2000; Paus, 1996).

Nonetheless, the practice of normalizing individual brains to a
“standard” brain space has important shortcomings. Well-known
brain areas (defined functionally, or cyto-architectonically) do not
land consistently in the same place in any set of standard
anatomical co-ordinates, across individuals. One illustration of
this problem is seen in the case of primary visual cortex (area V1),
which lies consistently along the calcarine sulcus in all subjects,
but which does not land in the same location across all subjects in
stereotaxic coordinates (see Fig. 1). Another illustration of the

Fig. 1. Aligning V1. A sagittal slice of the MNI template brain (x = +12)
overlaid with the probability map for the location of VI, determined
posthumously from the cytoarchitecture of ten individuals. Color scale
shows number of brains in which V1 occupies each position, from Blue = 1
subject to Red = 10 subjects. From Wohlschlager et al. (2005).

problem is seen in Fig. 2d, where the selectivity of the FFA is
stronger when it is functionally defined individually within each
subject than when it is defined from a standard group analysis
because the necessarily imperfect registration across individuals
entailed in the group analysis precludes selection of all and only
the FFA in each individual, thus blurring the distinctive functional
profile of each region with that of its neighbors (see also Ozcan
et al., 2005).

More sophisticated strategies for registering individual brains
together use reconstructed cortical surfaces that respect sulcal
locations. These systems provide better alignment across subjects
for retinotopic visual areas (Fischl et al., 1999), but they do not do
much better than Talairach co-ordinates for category-selective
regions in the temporal lobe (Spiridon et al., 2005). Moreover,
post-mortem histology shows that sulcal borders do not reliably
coincide with other, well-established anatomical divisions based on
cytoarchitecture (Amunts and Zilles, 2001; Amunts et al., 1999).

Thus, neither standard stereotaxic registration methods, nor
more sophisticated coordinate systems that respect sulcal land-
marks, are likely to bring distinct functional regions perfectly into
register across subjects. As a result, nearby brain regions with
different functional profiles will be averaged together across
individuals, reducing both the resolution and sensitivity of
subsequent functional analyses (Swallow et al., 2003; see also
Fig. 2).

The alternative solution is for cognitive neuroscientists to use
consistent patterns of functional response profiles to constrain the
identification of the “same” brain region across individuals—that
is, to use functional landmarks. The functional landmark approach
requires using the combination of sulcal/gyral divisions (e.g., the
fusiform gyrus) and robust functional profiles (e.g., strong
preference for faces versus objects) in individual subjects to
identify the landmark region, which can then be used to orient
research in the whole patch of neighboring cortex. This practice is
already near-universal among cognitive scientists studying, for
example, early visual cortex, where the borders of each subject’s
retinotopic visual areas are first identified with functional scanning
before the main experimental data are collected.

Note that the use of functional landmarks, as described in this
section, need not hinge on the reification of fROIs—either as the
units of hypotheses about regional functions, or as fundamental
theoretical entities in cognitive neuroscience. Functional profiles
may be used simply as reliable guides to the “same” location from
one brain to another—whether the researcher is interested in the
landmark region itself, or rather in a region that is reliably located
with respect to the landmark. Once we can identify the “same
place” in different brains, we are in a position to combine data
across subjects, studies, and labs. Often, though, researchers use
fROIs in a theoretically deeper way, to gain a richer understanding
of the response profile of each region, in order to test hypotheses
about the neural basis of cognitive functions.

Testing hypotheses

For the most part, cognitive neuroscientists seek to test
hypotheses about the cognitive functions of particular regions of
the brain (for an exception see Haxby et al., 2001). As we will
argue in this section, this work can proceed most effectively (and
can most easily avoid a number of common pitfalls) when
researchers specify their hypotheses in advance—including both
the profile of functional response that would support the
hypothesis, and the specific brain location(s) in which the
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Fig. 2. fROI case study: the right FFA. A small section of one functional slice in one subject showing on the vertical axis the spatial profile of percent signal
increase (compared to a fixation baseline) for faces in (a) and for objects in (b). Note that these displays avoid the problem of arbitrary thresholds by showing
the mean response at each point in the slice; for comparable data presented on the cortical surface see Fig. 7 in Spiridon et al. (2005). Several of the issues
concerning fROIs discussed in the text are illustrated here. 1. Why Name fROIs? Despite the absence of sharp boundaries and the difficulty of defining its
precise border, few would quarrel with the use of the name “Mt. Fuji” to refer to the prominent bump in (c). For similar reasons we find it useful to refer to the
prominent bump in the response profile to faces shown in (a) as the “fusiform face area” or FFA. 2. Why use fROIs tailored individually to each subject rather
than to the group average? Because the FFA varies in anatomical position across individuals in stereotaxic space, an FFA defined on the basis of group- aligned
data will necessarily include regions outside the FFA in some or all subjects, blurring the distinctive functional profile of the FFA and weakening its stimulus
selectivity (“Group ROIs” at right), compared to the case in which the FFA is defined for each subject individually based on that subject’s own data
(“Individual ROIs” at left). In both cases, data were unsmoothed, and the data used to define the ROI were separate from those used to estimate the beta
weights of the response of each condition in that ROI. The analysis x category interaction is highly significant, due to a weaker response to faces in the group
analysis, relative to the individual analysis, and the reverse trend for all of the non-face categories. We thank Paul Downing and Annie Chan for this analysis.

functional profile should be tested. Although functionally-defined
regions of interest are just one of many ways to specify a brain
location, they often serve as the regions about which specific
functional hypotheses can most sensibly be framed.

First, specifying in advance the region(s) in which a hypothesis
will be tested increases statistical power by reducing the search
space from tens of thousands of voxels to just a handful of ROIs.
Greater power allows researchers to investigate with confidence the
relatively subtle aspects of a region’s response profile, such as
those revealed in fMRI adaptation studies (Grill-Spector and
Malach, 2001; Henson et al., 2000; see also Fig. 3). By contrast,
traditional whole-brain analyses produce an explosion of multiple-
comparisons, requiring powerful corrections to control false
positives (Nichols and Hayasaka, 2003). Many researchers appear
to find the necessary corrections too draconian and it is still
common for neuroimaging papers to report uncorrected statistics,
which do not provide valid control of false positives. For example,
in the last 5 years, the Brede database of published neuroimaging

papers (Nielsen, 2003) records that half (49%) of the 1705 articles
that report any brain location P value, only report uncorrected
P values.

Blunted by the loss of statistical power entailed in multiple
comparisons, whole brain analyses are particularly poor tools for
establishing the absence of an effect of interest in a given region, a
real problem because the lack of a difference between two tasks
may be critical for testing a cognitive theory (e.g., Jiang et al.,
2004). Pre-defined regions of interest provide a practical, sensitive,
and statistically rigorous solution to each this challenge.

Second, using a pre-defined region of interest allows the
researcher to test her hypothesis in a statistically unbiased data set.
A common alternative practice that we call “voxel-sniffing”
proceeds as follows: (1) hypothesize that region X will be recruited
differentially for Task A versus Task B, (2) search for the peak
voxel in the neighborhood of X that shows the predicted
differential recruitment, and then (3) display the response of this
voxel showing differential recruitment for Task A versus Task B.
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Fig. 3. fROI Case Study: the right EBA. Lateral extrastriate cortex can be divided into distinct but neighboring fROIs, including the Extrastriate Body Area
(Bodies > Objects), MT (Moving > Stationary), and the lateral occipital complex (Objects > Textures). All three regions show a robust response to stationary
photographs of human bodies but only the right EBA shows a significant enhancement when viewing body parts displayed from an allocentric, rather than an
ego-centric, perspective. These results illustrate the strengths of fROI analyses that we have described. 1. Small effects: the small but significant preference for
allocentric body parts in the TEBA fROI cannot be detected in a whole brain analysis of twelve subjects. 2. Anatomical specificity: combining multiple fROI
analyses allowed the authors to show that the enhanced response to allocentric images was specific to the rEBA. Interaction tests showed that the profile in the
rEBA was significantly different from that in right LO and MT. 3. Cross-lab comparisons: Chan et al. (2004) in Wales and Saxe et al. (in press) in the USA,
using different stimuli and different scanners, both found evidence for the same enhancement for allocentric images in the functionally-defined rEBA. The
result was replicated even though Saxe, Jamal and Powell reported the average response for all voxels in the fROI, while Chan, Peelen and Downing reported
the average response in a small cube around the peak. (a) 3 slices in a single subject, showing the right EBA (red), LO (blue), and MT (green). (b) Stimuli from
Saxe et al. (in press) and Chan et al. (2004). (c) Percent signal change to egocentric and allocentric images of body parts in three neighboring fROIs: right LO,
MT, and EBA (Saxe et al., in press). The fourth column shows the replication of the same result from Chan et al. (2004). (For interpretation of the references to

>

colour in this figure legend the reader is referred to the web version of this article.)

Since the very same aspect of the data is used both to find the
region in which the hypothesis is tested, and show the effect, the
resulting data display is biased toward a false positive. Noise or
measurement error that contributed to the measured response of the
region infects both steps: finding the region and measuring its
response. By contrast, when the precise voxels that will make up
the ROI are determined in advance, any spurious feature of the data
in the localizing step of the analysis cannot contribute to a positive
result in the independent data used to test hypotheses about that
region (see also Liou et al., 2006).

Finally, using a pre-established functional definition of the
region at stake in a hypothesis helps researchers to avoid spurious
claims of contradictions or convergences across subjects and across
experiments. The interpretation of one set of neuroimaging data is
almost always informed by (and responsive to) a wide previous
literature; the challenge is to determine whether the current result
reflects recruitment of the very same brain region as in previous
reports, or of a nearby region blurred together by averaging.

All of these benefits of pre-defined regions of interest can be
garnered using anatomical markers, stereotaxic co-ordinates or
functionally-defined regions of interest. Which of these to choose
is an empirical/pragmatic question: Which kind of ROI is best
suited to the experimental design and the hypothesis being tested?
Anatomical ROIs, defined either by stereotaxic co-ordinates or by
sulcal and gyral landmarks, may be the only way to define regions
of interest in advance for comparisons between healthy subjects
and patient populations, to guide hypotheses about brain damage
based on functional imaging results in healthy subjects, or to make

predictions about healthy brains based on analyses of selective
deficits following lesions (Heberlein and Saxe, 2005; James et al.,
2003). Stereotaxic co-ordinates from prior studies may also be used
to define regions of interest when researchers need to be especially
cautious to avoid a false negative (Jiang et al., 2004; Shuman and
Kanwisher, 2004).

In many cases, though, a broad consensus now exists in the
literature about the locations and properties of particular regions
implicated in a contrast of interest, so a pragmatic and efficient way
to relate results across studies, and to formulate and test hypotheses
about the role of brain regions identified in previous studies, is to
use fROIs.

Note that the use of fROIs to pre-specify the region in which a
hypothesis will be tested does not require a commitment to the
ontological status of that region as a fundamental or homogenous
unit. Instead of assuming such a commitment, fROIs can be used to
empirically test the question of whether a region’s response profile
reflects a coherent, theoretically interesting functional unit, or not.
Some robust and reliable fROIs that can be used as functional
landmarks, and that constrain statistical analyses, turn out to have
complex and disjunctive, or overly general, response profiles; for
example, the lateral frontal and superior parietal regions studied
intensively with fROIs by Jiang and collaborators are implicated
across a wide range of task contexts (Jiang and Kanwisher, 2003)
and so the authors explicitly argued against the interpretation of
these fROIS as theoretical units (Duncan and Owen, 2000; another
example may the lateral occipital complex, Kanwisher et al.,
1997a,b; Malach et al., 1995). In other cases, though, fROI
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analyses do reveal stable, coherent, and theoretically interesting
regional response profiles that may help to constrain cognitive and
computational theories of the mind. It is to these cases, and these
kinds of arguments, that we now turn.

Discovering fundamental natural phenomena

The third and most theoretically committed reason to use fROI
analyses depends on the researcher’s philosophy of cognitive
neuroscience—that is, on a notion of what kind of hypotheses or
theories cognitive neuroscientists should be building and testing
with neuroimaging data. We believe that the functional charac-
terisation of specific brain regions is a critical part of this enterprise.

The central tenet of modern cognitive neuroscience is that
“different brain areas perform different information processing
operations (often referred to as computations) and that an
explanation of a cognitive performance involves both decomposing
an overall task into component information processing activities
and determining what brain area performs each” component
(Bechtel, 2002). At its best, cognitive neuroscience can provide
neural evidence to distinguish between functional psychological
decompositions (or task analyses) of higher cognitive functions.
That is, the observed division of labor across brain regions can help
decide among alternative psychological theories of a cognitive
capacity if the psychological components of the task are reflected
in distinct and reliably localized neural components—i.e., patches
of cortex. In some cases, fROIs seem to pick out cortical patches of
just this kind (Xu, 2005; Yovel and Kanwisher, 2004).

Note that such an anatomical constraint need not apply to all
information processing operations carried out by the brain. First,
the question of whether the cortex actually contains any
functionally distinct components has been hotly debated for much
of the history of neuroscience. The influential early pioneer of
lesion studies Pierre Flourens denied the existence of any
localization of function, claiming instead that all areas of the
cortex served all the same functions, so that any part of the cortex
could accommodate for the loss of any other region. This debate
continues, in changing form (Haxby et al., 2001; Spiridon and
Kanwisher, 2002; Assumptions of homogeneity here describes a
modern version of this controversy). Second, if some functions are
localized in the brain, similar computations could in principle be
realized differently in each individual brain (called ‘multiple
reliability’ in philosophy). Third, in cases when functional
properties do align with some anatomical properties consistently
across subjects, it is still an empirical question which anatomical
marker(s) will constitute the most reliable guide to function: sulcal
and gyral landmarks, cytoarchitectonic divisions, and/or patterns of
functional connectivity? Finally, even if psychological and neural
components of a cognitive capacity are localized and aligned in
some regions, the question of how many such neural components/
entities there are in the brain (and in the mind) remains open.

For all of these reasons, the status of any given functionally-
defined ROI is not something to be assumed from the outset, but is
rather contingent on empirical outcomes. Even the observation of
robust and distinctive regularities in the response profile of a patch
of cortex across individuals may not reflect a neural entity in this
theoretical sense, if those regularities do not reflect any single or
stable elementary computation. So for each ROI, researchers must
assess whether the functional properties of the region are not only
stable, but also theoretically coherent and meaningful. Although
we make no guesses about how often theoretically-important
functions localized to patches of cortex will occur in nature, we

believe this standard has been upheld by at least a few widely-used
functionally-defined ROIs including MT/VS5 (Tootell et al., 1995;
the FFA Kanwisher et al., 1997a,b; see Fig. 2); the region of the
TPJ implicated in understanding another person’s beliefs (Saxe and
Powell, in press); and the AIP which is implicated in grasping
(Culham et al., 2003).

In sum, fROIs are useful for specifying brain locations across
subjects, for testing hypotheses concerning the function of specific
brain regions, and — occasionally — for investigating candidate
separable components of the mind. The use of fROIs is uncontro-
versial and indeed virtually required in any study of visual cortex
involving retinotopic visual areas or MT. We see no reason why the
widely accepted benefits of fROIs in research on these regions
would not apply equally to other cortical regions. Nonetheless,
Friston and colleagues (Friston et al., in press) label the practice a
“missed opportunity”, as well as a “potentially restrictive” and
even “retrograde” development in experimental design. Next we
consider and rebut their main critiques of the fROI method.

Common and uncommon misconceptions about fROI: response to
Friston et al.

Telescopic vision

The most common concern about the use of fROI analyses is that
they will obscure the researchers’ view of the bigger picture. A small
but significant effect observed in the average response of an ROI
might reflect the specific engagement of the region of interest, but it
could equally reflect (1) a small but consistent effect that is actually
occurring across many regions of the brain, or (2) the fringe or tail of
a much bigger activation in the same contrast in a neighboring
region, or (3) a different region, sending feedback connections to the
region of interest. Friston et al. (this issue) express this common
concern by arguing that “anatomical specificity cannot be addressed
by a single fROI.” That is, an fROI-constrained analysis could lead
the scientist to miss the forest for a tree.

The solution, of course, is to combine fROI analyses with each
other, and/or with voxel-based whole brain analyses. None of the
advantages of independent, pre-constrained functional ROIs
precludes comparing multiple ROIs in the same session, or
comparing the results of fROI analyses with whole brain analyses
to look for robust activity outside of the ROI. Many researchers use
multiple fROIs in combination, for just this reason (see Fig. 3). So
the worry that the advantages of fROI analyses will lead
researchers to focus exclusively on a single ROI seems unsub-
stantiated by the actual practice in the field. By adding fROIs to
our repertoire, cognitive neuroscientists can rigorously study both
the forest and the tree.

Assumptions of homogeneity

The second basic concern about fROI analyses is that a focus
on the response of a pre-defined region will lead researchers into
the dangerous — or “untenable” (Friston et al., this issue) —
assumption that the neurones that compose the fROI are all
homogeneous and equally well described by the average. If fROIs
did lead researchers to claim the absolute homogeneity of the
neurones under investigation, this would obviously be unfortunate,
not to say silly. Once again, though, the solution for fROI analyses
is simple: recognize the likelihood of finer grained structure, and
treat the question of homogeneity as an empirical one. Also note
that this advice applies equally to cognitive neuroscientists who do
not use fROIs, but rely on the response of single voxels, each of
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which reflects the average activity of hundreds of thousands of
individual neurones.

Inhomogeneities, or finer grained structure, within the response
of a region or a voxel may arise from any of at least three kinds of
sources: (1) sub-groups of neurones doing similar computations
over different regions of stimulus ‘space’, as seen for example in
V1 (retinotopy) and S1 (somatotopy); or (2) interleaved or tightly
packed groups of neurones performing distinct, even unrelated,
functions, or (3) sub-groups of neurones performing hierarchically-
arranged parts of a single computation, which are too close
together to resolve with current technology, especially based on
blood-flow.

Researchers using fROIs have been at the forefront of empirical
investigations of each of these possibilities for the organization of
responses within regions. For example, several recent studies have
used fROIs to explicitly test the information that is contained in the
profile of response across the voxels within that fROI. Using
classification methods (Haxby et al., 2001; Spiridon and Kan-
wisher, 2002) found that although the pattern of response across
the voxels within the FFA enabled discrimination of faces from
nonfaces, it did not allow discrimination of one nonface category
(e.g., bottles) from another nonface category (e.g., shoes), a result
that reinforces the selectivity of this region for face processing. Far
from assuming homogeneity, this method exploits and directly
investigates fine-grained differences in the response profile of
different voxels within a fROI (see also Kamitani and Tong, 2005)
Note further that the identification of fROIs for early visual areas
using retinotopy depends precisely on the heterogeneous response
profiles of different voxels within an area to stimuli presented to
different retinal locations.

In all, practice in the field does not support the concern that
using fROIs will lead researchers to assume, rather than to fesz, the
finer grain structure of neurones encompassed by a single ROI. But
finally, we must concede that all fMRI investigations sacrifice
some degree of fine-grained precision in favour of a broader
summary view of neural responses, whether by averaging across a
group of voxels, or across even just the thousands of neurones that
drive a single voxel. Once cognitive neuroscientists acknowledge
this trade-off, we can continue investigate aspects of cognitive
function that are shared across, and selectively recruit, whole
groups of neurones.

Factorial designs versus independent localizers

Friston et al., (Friston et al., in press) repeatedly claim that
“people who like localizers should like factorial designs even
more.” Well, we are people who like localizers, and we are
ambivalent about factorial designs. Factorial designs have impor-
tant advantages, but when used to replace (rather than to
complement) independent localizer contrasts, they have significant
disadvantages as well.

In a full factorial design, researchers compare the effects of two
or more stimulus/task manipulations on the resulting neural
response of a region or group of voxels, by presenting the subject
with all possible combinations of those stimuli and/or tasks. In the
example discussed by Friston et al., (Friston et al., in press; Kourtzi
and Kanwisher, 2001) compared the effects of stimulus shape
(same versus different) and depth (same versus different) on the
response of the LOC fROI. Since the authors presented subjects
with all four possible combinations of shapes and depths, the
experiment used a “full factorial” design. Full factorial designs
allow the researcher to simultaneously and rigorously measure both

main effects of the factors of interest, and any interactions between
these factors. Undeniably, such an experimental design is the best
way to test hypotheses about the relative effects of multiple factors
on a regional response, especially when the factors are separable,
and possible interactions between the factors are of theoretical
interest.

Unfortunately, Friston et al’s (Friston et al., in press) argument
for replacing localizer contrasts with full factorial design confuses
three independent issues: (1) the relatively trivial question of
whether the localizer contrasts occur within the same runs, or in
separate but interleaved runs within the same scanning session, (2)
whether full factorial designs are always the best experimental
design for testing hypotheses in cognitive neuroscience; and (3)
whether to use the main effects within a full factorial design in
place of independent localizer contrasts to identify regions of
interest. We consider these three issues in turn.

First, Friston et al. (in press) have emphasized the fact that fROI
experiments often place the localizer experiment in a separate set
of runs from the main conditions of interest. Of course this practice
is irrelevant for the logic of fROIs, as Friston et al. point out in
their paper. Whether to put the localizer contrast in the very same
runs as the main experiment, or in separate runs, interleaved or
counter-balanced with the main experiment (Liou et al., 2006) is a
just a case-specific question of experimental design. Empirical
evidence suggests that the position and selectivity of fROIs is
strikingly consistent both within and between scan sessions (Peelen
and Downing, 2005).

The second point is that full factorial designs are not the only
elegant and rigorous experimental designs available to cognitive
neuroscientists, and are not perfectly suited to testing all kinds of
hypotheses. Other sophisticated experimental designs use para-
metric gradations of a single factor, or sort events by behavioural
response on a trial-by-trail basis, or use classification methods to
investigate the information that is represented in a given area (Cox
and Savoy, 2003; Haxby et al., 2001; Kamitani and Tong, 2005).
This is only to say that the logic of fROIs is compatible with any
well-balanced experimental design in the ‘main’ experiment; there
is no special relationship between full factorial designs and fROIs,
unless the factorial design is being used to replace fROIs as a way
to constrain analyses to regions of interest.

The disadvantages of full factorial designs arise only in this
final case, when a factorial design is proposed to replace fROIs.
Within a full factorial design, orthogonal main effects and
interactions are independent of the main effect used to define the
regions of interest, and so conform to the logic of fROI analyses. In
this sense, a factorial design could simply be used as one way of
doing fROI analyses. The question then becomes: are factorial
designs the best way?

We think not. In a factorial design, though the test of an inter-
action will be independent from the ROI-definition, the test of the
main effect will be biased, since the very same data used to find the
region of interest is then used to estimate the magnitude of the main
effect. Researchers using fROI analyses therefore use an inde-
pendent data set — collected during a separate set of conditions — to
define the region of interest, and constrain the hypothesis space,
from the data that will be used to estimate the magnitude of main
effects and interactions in the ‘main’ experiment.

To illustrate by example, Epstein and Kanwisher (1998) used a
whole-brain analysis to show that a specific area of parahippo-
campal cortex — the Parahippocampal Place Area (PPA) —
responded much more strongly when subjects viewed scenes
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(including furnished rooms) than when they viewed faces or single
objects. They then used thresholded data from this experiment to
define the voxels in the PPA, and performed a second experiment
to investigate whether average PPA activation was better explained
by the multiple objects in the furnished rooms, or by the spatial
layout of the rooms. They therefore included the following
conditions: furnished rooms; rooms with the all objects removed,
preserving only the spatial layout; and displays of the objects from
the furnished rooms rearranged randomly. The inclusion of a
replication of the main effect in the second experiment enabled
them to show not only that spatial layout alone (i.e., empty rooms)
produced a very strong response in the PPA, but further that spatial
layout appeared to be alone sufficient to explain the large response
to the furnished rooms, because the response to furnished and
empty rooms did not differ.

Finally, Friston et al. (in press) imply that there is no cost to
using a full-factorial design and then testing the higher level
interactions, relative to a separate localizer (or “no loss of
statistical efficiency”). On the contrary, simply multiplying the
number of conditions in the experiment may produce many
conditions that are of no interest to the experimenter, and
simultaneously decrease the number of observations that can be
conducted for the critical conditions. The result is a loss of power
where it counts, and therefore reduced statistical efficiency.

The basic message of this section is: people who like factorial
designs should like the combination of factorial designs with an
independent localizer contrast even better.

Averaging signal in the fROI and other summary measures

The fROI approach involves first identifying a candidate
functional region, and then calculating some overall summary
measure of response in that region. This summary measure is used
for two reasons. The first is to decrease the influence of noise that
varies between voxels. Of course this is also one of the main
motivations for smoothing in traditional whole-brain analyses. The
second use of summary measures is to make inferences about the
response of the region as a whole, rather than particular voxels
within the region. Importantly, the choice of summary measure is
not intrinsic to the logic of fROI analyses. The same logical,
statistical and theoretical advantages of fROI analyses apply to all
these summary measures.

In general, if we know the size and shape of a particular
functional area, then the best (most efficient) representation of the
signal from this area will be the mean from the voxels within the
area.' There are three summary measures in frequent use, which we
will call threshold-average, peak-smoothed, and first eigenvariate.
All three take a weighted mean across voxels within a brain area,
but differ in their method for using the localizing contrast to
estimate how much each voxel contributes to the functional area.

The threshold-average method is the most common approach to
region definition for fROI analyses: define the region as the set of
all contiguous voxels passing a pre-determined threshold, and then
average the response across all voxels in the region. The threshold
should be high enough to avoid noise while still detecting signal.
The advantage of this approach is that it can adapt flexibly to detect
regions with almost any size or shape. Friston et al. (in press)

! Here we do not consider the effect of spatial autocorrelation, as this is
rarely addressed in standard analyses, and applies to all three summary
measures.

appear to take particular issue with this practice, and strongly
prefer the two common alternative methods—the peak-smoothed
and first eigenvariate measures.

Peak-smoothed averaging uses smoothed data, and takes the
time-course of the voxel showing maximum activity in the
localizer. In this case the underlying region response is assumed
to be a Gaussian shape with the same size as the smoothing kernel.
The choice between the threshold-average and peak-smoothed
methods will depend on your model of the underlying regional
response. Clearly, if the region of interest is in fact a Gaussian
shape of the same size as the smoothing kernel, there will be very
little difference between the methods. Indeed, the results of average
thresholded and peak smoothed analyses are often highly
convergent (Fig. 3) (Arthurs and Boniface, 2003). If the region
response does not fit this size and shape, though, the peak-
smoothed model will be a less efficient model of the region’s
overall response; for example the PPA is elongated (Epstein and
Kanwisher, 1998), and will therefore not be well matched by a
simple Gaussian. Also, because smoothing is usually in three
dimensions, rather than on the cortical surface, using smoothing for
regions with complex cortical folding may lead to averaging with
nearby sulcal banks, grey matter and CSF.

There is a greater theoretical difference between average
thresholded and the first eigenvariate measure, which is the second
approach suggested by Friston and colleagues (Friston et al., in
press). The first eigenvariate results from performing a principal
components analysis (PCA) on the region data, where the time
points are the observations and the voxels are the variables. The
PCA returns a series of components ordered by the proportion of
variance each component explains; each component is associated
with a vector of weights (one value per voxel) reflecting the
contribution of each voxel to that component. We can reconstruct
signal proportional to the first eigenvariate by multiplying the (time
by voxel) region data by the voxel weights for the first component.
In this case the model of the region shape and size is given by the
voxel weights, and the time course is therefore a weighted average.
The first eigenvariate reflects the time course of the main
component that contributes to a region’s response.

In essence the voxel weights from the PCA can be thought of as
an attempt to extract the shape and size of the underlying response
from within the region activated by the localizer contrast. If the
regional response is homogenous, the average-thresholded and first
eigenvariate measures will produce very similar results. If the area
is not homogenous, we need to treat the first eigenvariate measure
with care; the researcher must analyze the spatial weights of the
component in order to interpret the results. Because of the spatial
weighting, the eigenvariate may refer only to a small portion of the
localized region, rather than representing the region’s overall
response. There is also no guarantee that the eigenvariate will pick
out the same part of the localized region for different subjects.

In sum, little practical difference is expected between the results
of the different methods of summarizing the response within an
fROI. Where differences arise, the standard approach of averaging
across voxels above threshold has the advantages of being easy to
interpret and appropriate for regions of different shapes and sizes.

Why name fROIs?

Even granting the logical and methodological advantages of
fROI analyses, some researchers continue to resist the practice of
giving those fROIs names. Some worry that reifying discrete
regions distorts the actual continuity of the measured BOLD
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response; for others, names should be eschewed altogether because
of the danger of mis-naming regions before their functions are
completely understood. There is merit to each of these concerns,
but we believe that the pragmatic advantages of naming fROlIs,
when such names are treated with care and flexibility, outweigh the
disadvantages.

The “activation map” images that commonly accompany brain
imaging papers can be misleading to inexperienced readers, by
seeming to suggest that the boundaries between “activated” and
“un-activated” patches of cortex are unambiguous and sharp.
Instead, as most researchers are aware, the apparent sharp bound-
aries are subject to the choice of threshold applied to the statistical
tests that generate the image. What, then, justifies dividing the
cortex into regions with boundaries based on this fuzzy, mutable
measure of functional profile?

It is an empirical question whether the slopes of a given
candidate fROI are shallow or sharp. For some regions, such as the
FFA, these boundaries in the measured response are impressively
sharp (Spiridon et al., 2005). In other cases it may still be reasonable
to assume that the “real” boundaries in the underlying tissue are
sharper than the edges in the measured signal, which are distorted
and flattened by blood diffusion, partial-voluming, and/or smooth-
ing during the statistical analyses. These regions will have to await
technological advances to establish the true grade of their sides.

The broader point, though, is that cognitive neuroscientists need
not be shy about reifying fROIs merely because the precise
boundary of the region may be hard to determine. Imprecise
boundaries are a feature of many scientifically respectable objects,
including ocean currents like the Gulf Stream, geographical
features like Mt. Fuji (see Fig. 2), and human body parts like
knees and elbows. Instead, both empirical investigation and
emerging conventions and consensus are needed to establish the
reference of fROI names: to the region surrounding the peak, and/
or to the whole area above a pre-determined altitude.

The second concern is that, in the absence of full knowledge,
functional names may be mis-assigned, leading to long-term
confusion. Cautionary tales of just such confusion come from the
anatomical and functional names assigned to regions of the avian
brain, a confusion that generated many papers, much frustration,
and eventually whole conferences dedicated to nomenclature
(http://avianbrain.org/nomen).

So it is important that researchers recognize that a name is a
tool, not a conclusion. Naming a region should stimulate empirical
research about that region’s function, and not inhibit such research.
Nevertheless the advantages of being able to talk about the results
of fROI analyses outweigh the danger. A name allows researchers
to precisely state both the hypotheses and the results of fROI
analyses, without constant use of long ellipses (e.g., “the region of
the fusiform gyrus recruited significantly more during...”). Also,
note that the most common alternative to fROI names — the use of
simple sulcal—gyral landmarks (e.g., “the fusiform gyrus”, the
“temporo-parietal junction”) — is both imprecise and actively
misleading, since the authors’ claims do not apply to the whole
anatomical region in question, but only to the subset of that region
selected by the fROI.

Of course, fROI names should be used with precision and care.
But even if in some cases, the conventional fROI names do not
capture the full truth about the function of the patch of cortex that
the fROI reflects, we propose that the most powerful way for one
scientist to describe this result to another is a sentence that begins
with the fROI’s name.

Conclusion

In sum, there is much to be gained and little to be lost from the
use of fROI analyses, in conjunction with other analysis methods,
in many imaging studies. FROI analyses are particularly useful for
studies investigating phenomena for which distinctive, well-
described, and anatomically restricted functional regions have
been described that can be easily and straightforwardly identified
in each subject in a few minutes of functional scanning, and where
a broad consensus exists in the literature on how these regions are
to be functionally localized.

Friston et al. (in press) note that “the purpose of [their]
commentary is to provide a reference for people who do not want
to use functional localizers and have to defend themselves against
the contrary attitudes of reviewers”, and they cite in their appendix
specific reviewer comments such as this one: “I am left wondering
about the anatomical relationship between the fusiform region
reported here, and the well-known fusiform face area (FFA). Why
did the authors not use an independent functional localizer for the
FFA?” We do not see an answer to this question in the commentary
by Friston et al. (Friston et al., in press) and we still think that
many studies would benefit from the use of an fROL
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