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definition criteria influence the inferred result?
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Prior hypotheses in functional brain imaging are often formulated by
constraining the data analysis to regions of interest (ROIs). In this
context, this approach yields higher sensitivity than whole brain
analyses, which could be particularly important in drug development
studies and clinical decision making. Here we systematically examine
the effects of different ROI definition criteria on the results inferred
from a hypothesis-driven pharmacological fMRI experiment, with the
aim of maximising sensitivity and providing a recommended procedure
for similar studies. In order to achieve this, we compared different
criteria for selecting both anatomical and functional ROIs. Anatomical
ROIs were defined (i) specifically for each subject, (ii) at group level,
and (iii) using a Talairach-like atlas, in order to assess the effects of
inter-subject anatomical variability. Functional ROIs (fROIs) were
defined, both for each subject and at group level, by (i) selecting the
voxels with the highest Z-score from each study session, and (ii)
selecting an inclusive union of significantly active voxels across all
sessions. A single value was used to summarise the response within
each ROI. For anatomical ROIs we used the mean of the parameter
estimates (β values) of either all voxels or the top 20% active voxels.
For fROIs we used the mean β value of all voxels constituting the ROI.
The results were assessed in terms of the achieved sensitivity in
detecting the experimental effect. The use of single-subject anatomical
ROIs combined with a summary value calculated from the top 20%
fraction of active voxels was the most reliable and sensitive approach
for detecting the experimental effect. The use of fROIs from individual
sessions introduced unacceptable biases in the results, while the use of
union fROIs yielded a lower sensitivity than anatomical ROIs. For
these reasons, fROIs should be employed with caution when it is not
possible to make clear anatomical prior hypotheses.
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Introduction

Regions of interest (ROIs) have been employed in functional
magnetic resonance imaging (fMRI) and positron emission tomo-
graphy (PET) as a means of testing prior hypotheses about brain
function, increase statistical power compared to whole-brain
analyses and facilitate comparisons across multiple subjects or
studies. These are particularly important in the case of drug discovery
studies (Wise and Tracey, 2006), in which there is a need for strict
hypothesis testing regarding drug action based on regulatory
requirements as well as decision making about further compound
development. In this context, the advantages offered by the ROI
approach (e.g., increased statistical power) could be exploited in
practical circumstances. Also, fMRI is increasingly used in clinical
decision making (Jezzard and Buxton, 2006) and the ROI approach
could prove useful by tying decisions to regional hypotheses.

In model-based, whole-brain fMRI analyses, the blood oxygen
level dependent (BOLD) measurements in each voxel under
different experimental conditions are fitted independently to a
general linear model and the subsequently computed test statistics
are compared to a threshold in order to assess activation. This
procedure gives rise to a multiple testing problem whereby the
number of test statistics are on the order of thousands. Moreover,
these statistics are correlated across voxels, so corrections, such as
Bonferroni-type corrections, random fields or permutation tests, are
required to control for the number of false positives (Worsley et al.,
1996; Nichols and Hayasaka, 2003). By constraining the area
where one searches for effects, the number of multiple comparisons
reduces dramatically and therefore statistical sensitivity is
increased. Moreover, in the case of whole-brain analysis,
allowance for specific mechanistic or spatial hypotheses is not
normally made. On the other hand, strong prior hypotheses are
required in order to take advantage of the increased statistical
power offered by the ROI approach.

These prior hypotheses are often made on an anatomical basis.
This has led to the development of ROI tools based on the
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Talairach and Tournoux atlas (Talaraich and Tournoux, 1988) and
the Montreal Neurological Institute (MNI) space (Collins et al.,
1994; Lancaster et al., 2000; Maldjian et al., 2003). One approach
is to use anatomical landmarks, such as sulci or gyri, to identify
ROIs in each subject’s brain. The location of subcortical structures,
such as basal ganglia or amygdala, on individual anatomical scans
can be defined reliably in this way. However, in the case of cortical
regions, clear anatomical landmarks are often lacking. Moreover,
sulci or gyri may exhibit limited correspondence to finer structural
organization such as cytoarchitecture. Since microstructural
borders based on measurements of cytoarchitecture can only be
defined post mortem, the use of probabilistic cytoarchitectonic
maps, which provide information on the location and variability of
cortical areas from human post mortem brains, has been proposed
(Amunts and Zilles, 2001; Amunts et al., 2004; Eickhoff et al.,
2005, 2006). In this context, each voxel of the reference space may
be assigned to the most likely cytoarchitectonic area at this point
(Eickhoff et al., 2005, 2006).

The normalization of certain cortical areas to a stereotaxic space
results in non-consistent locations, by using both standard
registration techniques, such as in the V1 area of the primary
visual cortex (Saxe et al., 2006), and reconstructed cortical surfaces
that respect sulcal locations, such as in category-selective areas in
the temporal lobe (Spiridon et al., 2006). Different areas averaged
across individuals may thus reduce the sensitivity of subsequent
analyses (Brett et al., 2002). Moreover, ROIs defined by
anatomical criteria only may not correspond to functional
organization. Therefore, an alternative approach is to define ROIs
based on functional criteria (fROIs), combining the aforementioned
anatomical landmarks with consistent profiles of functional
activation, in individual subjects. These profiles may be defined
either within the main experimental design, i.e., as part of a
factorial design, or from a separate session that constrains the
search space in the main experiment (functional localisers). This
approach has been used extensively in studies of the visual cortex,
where fROIs such as the fusiform face area (Kanwisher et al.,
1997) the MT/V5 (Tootell et al., 1995), the lateral occipital
complex (Kourtzi and Kanwisher, 2001) and the anterior
intraparietal cortex (Culham et al., 2003) have been shown to be
reproducible across studies and have provided a rigorous way for
between-study comparisons. The definition of fROIs from
separate localising sessions or within the main experimental design
has been the subject of debate recently (Friston et al., 2006; Saxe
et al., 2006).

An alternative approach to define functionally distinct regions
is based on the hypothesis that functional differences are reflected
in the corresponding activity time courses of these regions, in an
analogous manner to the hypothesis that functional differences are
reflected in anatomical differences. Therefore, spatio-temporal
profiles obtained from independent component analysis during
natural conditions have been used to identify functionally
specialized cortical subdivisions (Bartels and Zeki, 2005).
Similarly, correlations between remote, functionally homogeneous
areas defined on the basis of their temporal activity have been
employed to identify functionally interconnected networks (Bellec
et al., 2006). Finally, connectivity patterns, obtained from
diffusion-weighted images and fMRI, have been used to define
regions that exhibit similar connectivity profiles and their
corresponding boundaries, where these profiles change. In this
manner, regions connected to the motor and prefrontal cortex were
identified, in agreement with the anatomical distinction between
the supplementary motor area (SMA) and pre-SMA, which were
moreover correlated with activation profiles during suitably
designed tasks (Johansen-Berg et al., 2004).

Once an ROI is defined, an overall summary measure may be
calculated to assess its response as a whole rather than on a voxel-
by-voxel basis, reducing the number of statistical inferences. The
most straightforward way to do so is by taking the average
response (i.e., parameter estimates or t/Z values) of either all or the
top activated voxels within the ROI. In the latter case, the threshold
should be such that signal is detected and noise is avoided. This
approach is flexible and can be applied to any region type;
however, its efficiency depends on the distribution of signal and
noise within the latter.

This paper examines the choices made in a region of interest
analysis of a human pain pharmacological fMRI experiment, by
systematically assessing their influence on the inferred results,
with the aim of maximising sensitivity in detecting drug effects.
This pharmacological study of gabapentin, (Iannetti et al., 2005),
was chosen for detailed reanalysis because of the growing need to
adopt robust and sensitive analysis strategies in drug development
(Wise and Tracey, 2006). Nociceptive inputs also elicit a brain
response in a number of widely distributed regions, allowing us to
assess the applicability of the described methods across the brain.
Therefore, we aimed to develop a recommended procedure for
ROI analyses, which would exploit the advantages and avoid
the pitfalls of this approach, by considering some of the most
common approaches that are applicable in practice. This is
also important for new studies that could benefit from similar
analyses.

Specifically, we considered both anatomical and functional,
anatomically-constrained ROIs within the so-called “pain-matrix”
(Apkarian et al., 2005; Tracey, 2005). The effect of inter-subject
anatomical variability was examined by defining ROIs in
individual anatomical space, group-averaging the former probabil-
istically in standard MNI space, as well as using a standard
Talaraich–Daemon based atlas (Maldjian et al., 2003). We also
considered the effects of between-session functional variability and
the bias introduced by defining fROIs from individual study
sessions, both at first (individual) and group levels. Finally, fROIs
were defined as the union of all significantly active voxels from all
sessions, also at the first and group levels. The fMRI data were
based on a hypothesis-driven study which demonstrated the
increased sensitivity yielded by the ROI approach, compared to
whole-brain analyses. Drug and sensitization effects within the
'pain matrix', which were not deemed significant by whole-brain
analysis, were revealed by ROI analysis (Iannetti et al., 2005). Our
analysis is conducted under the hypothesis that the administered
drug (gabapentin) reduced pain-related brain activity in specific
brain regions.

Methods

Experimental data

The original study aimed to assess the effects of gabapentin, a
pain relieving drug, on brain processing of nociceptive stimuli
during the normal state and the capsaicin-induced central
sensitization state. Twelve right-handed male volunteers aged
25–30 years (mean, 27±2.1) participated in the study. The subjects
underwent four fMRI sessions (Fig. 1) after the administration of
placebo or gabapentin in the absence (sessions P1 and D1) and



Fig. 1. Experimental design. Periods 1–2 (normal state) preceded periods 3–
4 (sensitization), while the order of placebo or drug administration was
randomized.
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presence (sessions P2 and D2) of central sensitization. The order of
the drug and placebo administration, which was 1800 mg per os,
was randomized. Punctate mechanical stimuli were delivered on a
48-cm2 target area on the shin area of both legs. Central
sensitization was induced by combined thermal and chemical
(0.075% capsaicin cream) stimulation on the right leg. Capsaicin
application was always performed in periods 3–4 to avoid long-
lasting effects (i.e., desensitization). The fMRI scans were
performed 3 h after drug/placebo administration.

Data were collected at 3T with an Oxford Magnet Technology,
1m bore magnet which was driven by a Varian Unity Inova con-
sole. A whole-brain gradient-echo, echo-planar imaging sequence
for functional scans (echo time=30 ms, 24 contiguous 6-mm-thick
axial slices, field of view 256×192 mm, matrix 64×64) with a
repetition time of 3 s over 500 volumes was used, corresponding to
a total scan time of 25 min. During the scans, 40 identical,
pseudorandomly jittered 1 s punctate stimuli, with an average
interstimulus interval of 30 s (range 20–40 s), were delivered on the
right or left leg, using a 60-g von Frey hair. Thirty seconds after the
last mechanical stimulus, visual stimulation was delivered to
control for a possible confounding effect of global modulation of
BOLD signal by gabapentin. A T1-weighted, 1×1×3 mm
structural image was collected during period 1. For more details
on the experimental design, the reader is referred to Iannetti et al.
(2005).

After data preprocessing (motion correction, spatial smoothing,
demeaning and high-pass temporal filtering at a 50 s cutoff),
parameter estimates for the fMRI signal in each voxel were
obtained by a general linear model approach with local
autocorrelation correction (Woolrich et al., 2001). Test statistics
were calculated using FEAT (www.fmrib.ox.ac.uk/fsl). Group
analysis was carried out using a mixed-effects approach (Beck-
mann et al., 2003), after registering the low-resolution functional
images to high-resolution structural space (Jenkinson and Smith,
2001) and subsequently to standard MNI space (Collins et al.,
1994). The group-level Z statistic images were thresholded at
ZN2.3 using a cluster threshold of Pb0.01 to correct for multiple
comparisons (Forman et al., 1995). The whole-brain group analysis
revealed a main gabapentin effect in reducing the stimulus-induced
deactivations during central sensitization in response to right leg
stimulation (periods 3–4). However, ROI analysis further revealed
sensitization and drug effects within the “pain-matrix”; a
significant increase in the fMRI signal during central sensitization
in bilateral thalamus, anterior cingulate cortex and brainstem, a
significant signal decrease during drug administration in the
bilateral insula and secondary somatosensory cortex during the
normal state (i.e., antinociceptive effect), as well as an interaction
between central sensitization and gabapentin in the brainstem only
(Iannetti et al., 2005).
ROI analysis

The analysis is illustrated in Fig. 2, where we summarise
the ROI definition methods and the assessment metrics
considered.

Anatomical ROIs

Individual ROIs were defined on the high-resolution structural
images of each subject based on anatomical landmarks (Vogt
et al., 1995; Duvernoy, 1999; Bense et al., 2001). These included
the regions that define the 'pain-matrix' (Apkarian et al., 2005;
Tracey, 2005), i.e., anterior cingulate cortex (ACC), brainstem
(BRS), left and right insula (INSL and INSR), left and right
primary (SIL, SIR) and secondary (SIIL, SIIR) somatosensory
cortex and left and right thalamus (THL and THR), on which all
subsequent analysis will be focused. The high-resolution struc-
tural images were registered to the corresponding four functional
images for each subject using an affine transformation with
12 degrees of freedom (Jenkinson and Smith, 2001). Using this
transformation matrix, the individual ROIs were registered to
functional space.

In order to obtain a group-probabilistic anatomical map, the
individually-drawn ROIs were registered to standard MNI space
(Jenkinson and Smith, 2001) and summed across all subjects.
Group-probabilistic ROIs of different sizes were subsequently
obtained by thresholding this map at different levels by
including, at the lowest threshold, all voxels that were part of
each anatomical ROI in any 1 of the 12 subjects (1 subject
threshold), those voxels common to at least 4 subjects and finally
those common to at least 8 subjects (the 4 and 8 subject
thresholds respectively). Inter-subject anatomical variability
for each region was quantified by calculating the % spatial
overlap, defined as the number of overlapping voxels divided by
the average ROI size for each subject pair, between all possible
66 subject pairs. The same set of regions was finally defined
from the standard Wake Forest University (WFU) Pickatlas
toolbox, which generates ROI masks in standard MNI space
based on the Talaraich Daemon (Lancaster et al., 2000) by using
lobar, cortical and subcortical anatomy as well as Brodmann
areas (Maldjian et al., 2003). In order to calculate the response
within each region, the group-probabilistic and WFU atlas ROIs
were registered to functional space.

This stimulus-induced BOLD response was assessed by
computing a single summary value (SV) for each ROI. In the
case of anatomical ROIs, both the regression parameter estimate
values averaged over all and the Top 20% activated voxels, βmean

and βmean,20 were considered (Fig. 2), where the top activated
voxels were selected on the basis of their Z scores, in order to
account for possible noise effects. The latter measure (top fraction
SV) provides a way to potentially increase signal-to-noise ratio
and enhance sensitivity. Using a voxel fraction of 20% was found
to yield optimal sensitivity in detecting drug-induced effects in
preliminary analyses (data not shown), while keeping a
significant number of voxels in each case even for the smallest
ROIs. This approach can also account for spatial heterogeneities
in the response within an ROI (i.e., simultaneous activations and
deactivations), functional variability between subjects and allows
the comparison of the same voxel number across sessions for
each ROI. All SV calculations were performed in functional
space.

http://www.fmrib.ox.ac.uk/fsl


Fig. 2. (A) Anatomical ROI definition criteria and summary values (SVs). Individual, group-averaged probabilistic and standard atlas ROIs were considered.
Two summary values were considered: (1) the mean intensity of the voxels with the Top 20% of Z scores and (2) the mean intensity of all voxels. (B) Functional
ROIs were defined as the Top 20% activated voxels from individual sessions and as the union (U) of all significantly active voxels (corrected ZN2.3) across
sessions, both from the first-level (individual subject) and group-level (all subjects) Z statistical images.
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Functional ROIs

The individual-subject (first-level) Z statistical images from all
four sessions were registered to each subject’s individual structural
space and constrained anatomically by the subject’s corresponding
anatomical ROIs. First-level, individual-session fROIs were
defined as the Top 20% of Z-scores and were subsequently applied
to all sessions (β images) to calculate summary values (e.g.,
activation during session P1 was assessed by using fROIs defined
from P1, D1, P2 and D2). Group-level, individual-session fROIs
were defined similarly from the group-level Z statistical images of
each session, i.e., as the Top 20% Z scores within each anatomically
constrained region. These were again applied to all sessions (first-
level β images) to calculate summary values in each region of
interest. Finally, union fROIs were defined by including all
significantly activated voxels (corrected ZN2.3) across all four
sessions. Two types of union fROIs were defined and applied to all
sessions to calculate summary values. One type was defined from
the inclusive union of the first-level (individual subjects) thre-
sholded Z images. The other type was defined from the inclusive
union of the group-level (all subjects) thresholded Z images.

In the case of fROIs, since we are considering only voxels that
are deemed active beforehand, the mean β value of all voxels
included in the fROI was used as a SV (Fig. 2).
Statistical analysis

After the SVs were calculated for all ROI definition methods,
the sensitivity yielded by each method was assessed by paired
t-tests between sessions that reflect drug effects, i.e., between
sessions P1 vs. D1 (P1–D1) and P2 vs. D2 (P2–D2), for right leg
stimulation. We chose to use t-tests without correcting for multiple
comparisons because we were interested in the relative perfor-
mance of each method. Since we have no ground truth, sensitivity
was assessed on the basis of the statistical significance of what are
plausible results for a positive drug effect. Therefore, we present
the obtained t-scores and compare them to the uncorrected
significant t values for a one-tailed t-test (i.e., 1.796 for P=0.05
and 2.718 for P=0.01), since we hypothesized that in general the
drug reduced the signal in the pain-matrix ROIs (Iannetti et al.,
2005).

Results

Anatomical variability

The group probabilistic anatomical maps for the regions that
define the pain-matrix are shown in Fig. 3 in MNI space (top panel).
We also show the same ROIs obtained from the standard WFU



Fig. 3. Group probabilistic and WFU atlas anatomical ROIs within the pain matrix in MNI space. (A) Anterior cingulate cortex and brainstem, (B) bilateral
insula, (C) bilateral primary somatosensory cortex SI, (D) bilateral secondary somatosensory cortex (SII), (E) bilateral thalamus.
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atlas in the bottom panel of Fig. 3. The inter-subject anatomical
variability, quantified by the % overlap for each ROI averaged
between all possible subject pairs in standard space, is shown in
Fig. 4 (mean±S.E.). Cortical regions such as SI, which are harder to
define using anatomical criteria, exhibited the largest inter-subject
anatomical variability. This implies that the definition of anatomical
ROIs for such regions by group-averagedmapsmay compromise the
reliability of subsequent analyses. The volumes of all anatomically
defined ROIs are given in Table 1. When compared to individual
ROIs, their WFU atlas counterparts were generally more extensive
(with the exception of SII and left insula). The size of the group
probabilistic ROIs, as obtained by thresholding at 1, 4 and 8
subjects, decreased by a factor of more than two for the most
consistent regions across subjects (e.g. brainstem) to more than four
for the least consistent regions (e.g. SI).
Fig. 4. Inter-subject anatomical variability for the pain-matrix ROIs defined
on each subject's individual space, calculated as the mean percent overlap
between all possible pairs in MNI space (the error-bars denote standard
error). ACC: anterior cingulate cortex, BRS: brainstem, INSL–INSR: insula
left and right, SIL–SIR: primary somatosensory cortex left and right, SIIL–
SIIR: secondary somatosensory cortex left and right and THL–THR:
thalamus left and right. SI exhibits the highest inter-subject variability.
In order to illustrate the signal distribution within a representa-
tive, single subject ROI, we show the β values in a single slice of
the anterior cingulate cortex of one subject, defined on the
corresponding structural image, in Fig. 5 (left panel: ROI mask,
middle panel: β values). We also show the distribution of the Top
20% voxels, defined by their corresponding Z values, within the
same region in the right panel of Fig. 5. The latter illustrates how
the top fraction SV can account for heterogeneous activation
responses within an ROI.

Anatomical ROIs

The t-scores between sessions P1–D1 (top panels) and P2–D2

(bottom panels), which reflect sensitivity in detecting hypothesized
drug effects, are shown in Fig. 6 for all three anatomical ROI
definition methods, when both βmean,20 and βmean were used to
assess activation (left and right panels respectively). The top
fraction SV βmean,20 yielded considerably larger t-scores, i.e., more
sensitivity, in all cases and revealed a significant drug-induced
signal decrease in bilateral insula and SII during the non-sensitized
Table 1
ROI volumes (in cm3) for individual, group-averaged probabilistic and
standard WFU atlas anatomical ROIs

Region ROI volume [cm3]

Individual
(Mean (S.E.))

Group-averaged probabilistic WFU
atlas

T=1 T=4 T=8

ACC 29.1(7.0) 80.0 42.2 21.8 54.9
BRS 31.6(6.7) 67.7 42.2 31.4 46.7
INSL 20.1(5.3) 58.5 28.3 15.1 14.2
INSR 18.5(4.5) 55.4 25.9 13.8 20.7
SIL 4.9(1.5) 15.0 8.9 3.6 7.0
SIR 4.8(1.5) 14.8 8.5 3.3 5.8
SIIL 19.5(4.2) 51.9 28.9 16.9 15.8
SIIR 17.0(4.0) 46.2 24.7 14.3 10.1
THL 7.2(1.4) 21.8 9.8 6.3 8.5
THR 7.4(1.6) 22.1 10.5 6.6 8.8



Fig. 5. Representative signal distribution (β values) in the ACC ROI of one subject in structural space (session P2). (A) Individual anatomical ROI. (B)
Distribution of β values; red–yellow scale corresponds to positive values, blue-light blue scale corresponds to negative values. (C) Top 20% voxels within ROI.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Effect of anatomical ROI definition and SV choice on assessment of drug modulation: t-scores between sessions P1–D1 (top panels), P2–D2 (bottom
panels) for both the top 20% (βmean,20 — left panels) and all voxels mean β value (βmean — right panels) SVs. βmean,20 yields higher sensitivity in all cases.
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Fig. 7. Effect of probabilistic anatomical ROI size on assessment of drug modulation: Top 20% SV difference between sessions P1–D1 (left panels), P2–D2 (right
panels) for three different thresholds— 1, 4 and 8 subjects, averaged over all subjects (the error bars denote standard error). The average SV difference between
sessions generally increases for more smaller ROIs.
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state, confirming its previously identified antinociceptive effects,
as well as a significant signal decrease in bilateral insula and left
SII during the sensitized state, reflecting its antihyperalgesic
effects. It is also worth noting that the top fraction SV βmean,20

disclosed a significant signal increase in left SI, i.e. contralateral to
stimulation site. The improvement achieved by using βmean,20 was
more prominent for the sensitized state (i.e. between sessions P2–
D2), for which the Top 20% results were close to statistical
significance (t-score of 1.796, uncorrected one-tailed test, denoted
by the dashed lines in Fig. 6), in contrast to βmean, which yielded
low t-score values. The three definition methods yielded similar
results for most regions; however, more pronounced differences
were observed in bilateral SI and SII (Fig. 6). For example, the t-
score values between sessions P1–D1 calculated from the
Fig. 8. Effect of probabilistic anatomical ROI size on assessment of drug modulat
three different thresholds — 1, 4 and 8 subjects. More constrained regions do not
individually-drawn ROIs were considerably higher for SII,
particularly when compared to their WFU atlas counterparts (for
which Pb0.01 only for SIIL — Fig. 6, top left panel). This
suggests that using a standard atlas or group-averaging after
normalization to standard space, even within the study subject
group, may have a considerable detrimental effect on the obtained
results for cortical regions that may not align well across subjects.

The effects of ROI size were examined by thresholding the
group probabilistic anatomical maps of Fig. 3 at 1, 4 and 8
subjects. Group-probabilistic anatomical ROIs contained voxels
that were common to any 1 of the 12 subjects (1 subject threshold),
common to any 4 and common to any 8 subjects (4 and 8 subject
thresholds respectively). This gave ROIs of decreasing size,
allowing us to examine the effect of region volume on the results.
ion: t-scores between sessions P1–D1 (left panels), P2–D2 (right panels) for
always yield higher sensitivity (INSL, SIIL, SIIR between sessions P1–D1).



Fig. 9. Effect of first-level, individual-session fROIs on assessment of drug modulation: Top 20% SV difference between sessions P1–D1 (left panel) and P2–D2

(right panel), averaged over all subjects (the error bars denote standard error). Note the large bias introduced by selecting the fROI from within one of the
individual sessions under comparison.
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The difference in the top fraction SVs between sessions P1–D1 and
P2–D2 (i.e., βmean,20(Pi)−βmean,20(Di) where i=1,2) are shown in
Fig. 7, averaged over all subjects (mean±S.E.), and the
corresponding t-scores are shown in Fig. 8. The averaged βmean,20

exhibited an increasing trend in most cases as the group-
probabilistic ROI size was constrained (Fig. 7); however, this did
not always result in increased sensitivity. The more constrained
ROIs yielded increased t-scores between sessions P2–D2 (bilateral
insula and right SII), but not between sessions P1–D1 (Fig. 8).

Functional ROIs

The effects of using first-level, individual-session fROIs were
initially assessed by the SV difference between sessions P1–D1

and P2–D2 (i.e., βmean(Pi)−βmean(Di), i=1,2) after defining fROIs
from all four sessions. Since considerable between-session
Fig. 10. Effect of first-level, individual-session fROIs on assessment of drug modula
and P2, D2 (right panel) respectively. fROIs defined from the remaining sessions yi
20% SV.
variability was observed in the location of the Top 20% voxels,
defining fROIs using either of the sessions under comparison
(e.g., P1 or D1 when comparing P1–D1) biased the results in the
corresponding direction. In order to illustrate the extent of this
bias, we plot βmean(Pi)−βmean(Di) (i=1,2) for fROIs defined from
P1, D1 (left panel) and P2, D2 (right panel), averaged over all
subjects, in Fig. 9 (mean±S.E.), along with their individual
anatomical ROI counterparts (Top 20% SV). Compared to the
latter, fROIs affected the obtained SVs considerably. This is also
evident in Fig. 10, where we show the corresponding t-scores
from all four first-level individual session fROIs. For the fROIs
considered in Fig 9, the t-scores were affected to such an extent
that in some cases statistical significance was achieved in
opposite directions. Specifically, whereas individual anatomical
ROIs yielded a statistically significant signal reduction between
sessions P1–D1 for bilateral insula and SII, fROIs defined from
tion: Note the large bias introduced by fROIs defined from P1, D1 (left panel)
eld lower sensitivity than individual anatomical ROIs combined with the top



Fig. 11. Effect of group-level, individual-session fROIs on assessment of drug modulation: The bias resulting when selecting fROIs from the sessions under
comparison is not evident due to between-subject functional variability. Individual anatomical ROIs combined with the Top 20% SV yield higher sensitivity.
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session D1 yielded a statistically significant increase for left SII
(Fig. 10, left panel). On the other hand, no consistent bias effects
were observed for fROI defined from the remaining sessions
(e.g., P2 or D2 when comparing P1–D1); however, reduced sensi-
tivity was found when compared to individual anatomical ROIs
(Fig. 10).

The t-scores obtained by using individual-session fROIs from
the group-level statistical images are shown in Fig. 11 (left panel:
sessions P1 and D1, right panel: sessions P2 and D2), along with the
individual anatomical ROI t-scores (Top 20% SV). In this case, the
bias induced by using fROIs from either of the sessions under
comparison is not evident, mainly because of the within-session,
between-subject functional variability. In almost all cases, the
group-level fROIs (e.g., SII) yielded lower sensitivity. Finally, we
Fig. 12. Effect of first-level and group-level union fROIs on assessment of drug mo
higher sensitivity.
show the results from the union fROIs, both first-level and group-
level, in Fig. 12. The obtained t-scores between sessions P1–D1 are
similar for the first-level and group-level masks, however more
differences are observed between sessions P2–D2. Overall, the
individual anatomical ROIs yield more sensitivity in this case as
well under our experimental hypothesis.

Discussion

We have examined the effects of different ROI definition
criteria, both anatomical and functional, on the results inferred
from a pharmacological fMRI experiment. When ROIs were
defined by anatomical criteria, the use of the average intensity of
the top 20% voxels (βmean,20) as a summary value (SV) increased
dulation: Individual anatomical ROIs combined with the Top 20% SVyield
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sensitivity compared to the mean voxel intensity (βmean). The
results obtained using individually defined, group-probabilistic and
standard-atlas anatomical ROIs were generally similar, except for
regions that do not align well across subjects (e.g., SI, SII). Since
individual ROIs account for between-subject variability in sulcal
and gyral location, which may be averaged out by spatial
normalization or by defining group-based ROIs, their use provides
more accuracy when detecting an experimental effect (Brett et al.,
2002). However, their definition may be demanding and time-
consuming. An alternative, though less accurate approach would
be to use group-based ROIs without constraining their size
excessively, in order to include all possible activations by
exploiting the approach of selecting the top fraction of active
voxels; when using the latter approach, the size of anatomically-
defined ROIs did not affect sensitivity in detecting drug effects to a
large extent (Figs. 7 and 8). The use of functional ROIs from
individual sessions, themselves included in the ROI comparisons,
introduced unacceptable biases in the results (Figs. 9 and 10).
Therefore, in cases where prior anatomical hypotheses are lacking,
activation consistency between sessions should be established
before using fROIs from individual sessions, either within the main
experimental design or from a separate session (functional
localisers).

Statistical sensitivity is crucial in drug development studies that
employ functional imaging, since decisions for further compound
development, based on regulatory procedures, may rely on the
acceptance or rejection of prior hypotheses, formulated in the form
of ROIs (Wise and Tracey, 2006). In the pharmacological fMRI
data examined here, brain regions associated with nociceptive and
hyperalgesic stimuli (Apkarian et al., 2005; Tracey, 2005) were of
particular interest. By comparing the effect of different criteria to
define these regions, one of our aims was to provide guidelines for
future similar studies.

Summary values

The use of a single summary value, such as βmean or βmean,20,
provides a straightforward way to assess the response of an ROI as
a whole and reduces the number of statistical inferences to one.
Furthermore, a top fraction measure, when properly selected,
increases signal-to-noise ratio and consequently sensitivity, and it
can account for spatially heterogeneous responses within a region.
Indeed, βmean,20 yielded considerably higher t-scores than βmean

(Fig. 6), while accounting for multiple within-region activations
(Fig. 5) and between-subject functional variability. By using a
fixed percentage of voxels (i.e. 20%) when calculating the SV, we
included a significant fraction of the total voxels within an ROI,
which may not be the case when an absolute threshold (e.g. Z
value) is used. Moreover, ROI responses between different
experimental conditions were directly comparable, since they were
obtained from the same number of voxels. It should be noted that
the choice of the percentage value in this approach, which was
determined by preliminary analyses hereby, may depend on the
specific experimental data and the resulting signal-to-noise
distribution. This could be addressed by using mixture models
for the intensity profile within a region; however, application of
such models may be difficult for smaller ROIs due to the
availability of a limited number of intensity values. Also, the
application of a random field correction to the ROI voxels (small
volume correction), in order to select the activation threshold, is
more accurate when the region shape is convex (i.e. sphere or
ellipsoid) and may lead to higher thresholds than appropriate for
complex non-convex shapes (Worsley et al., 1996). Finally, we
used the voxel regression parameter estimates β, instead of t or Z
values, to calculate the SVs, because β values reflect physiological
effect size and its between-subject variability better. Note however
that the top fraction voxels were selected on the basis of their Z
values, in order to account for the effects of noise.

In addition to the aforementioned summary measures, other
approaches commonly used include calculating the average
response within a region of predetermined shape (e.g. spheres)
around the voxel showing maximum activity, or extracting spatial
components from the region data (e.g. by principal components
analysis) (Nieto-Castanon et al., 2003; Friston et al., 2006).
However, the top fraction approach is easier to interpret and is
flexible in terms of ROI size and shape. For example, spherical
ROIs around the maximum activity voxel may not be appropriate
for regions with irregular or elongated shapes (Eickhoff et al.,
2006) and may moreover fail to account for multiple activation
sites within larger regions.

Because of the lack of ground truth for assessing the relative
performance of different ROI criteria, we compared the obtained
results by hypothesizing a general drug-induced signal decrease in
the 'pain-matrix', as shown in Iannetti et al. (2005). Moreover,
quantification of the extent to which the results were affected
outside this working hypothesis is important. Although the top
fraction approach concentrates solely on activations within a
region, it is possible to apply a fraction-based measure to detect
changes in deactivations within a region, by considering voxels
that exhibit the lowest signal values.

Anatomical ROIs

Anatomical ROIs permit truly a priori hypotheses, in contrast
to functional ROIs. Inter-subject anatomical variability and
normalization to a standard template may influence the sensitivity
of ROI analyses, making ROIs defined on an individual basis a
more reliable choice (Brett et al., 2002). Our results did not show
clear differences between the individual, group-probabilistic and
standard WFU ROIs or an obvious correlation between inter-
subject anatomical variability and sensitivity (Figs. 4 and 6);
however, in certain cases (e.g. bilateral SII), individual ROIs
yielded higher sensitivity in detecting drug effects (Fig. 6). The
correspondence between the individual, group-probabilistic and
WFU ROIs was better for subcortical areas such as the thalamus,
compared to cortical areas such as SII (Fig. 3). For example, the
ACC, as defined in the standard WFU atlas, was more extensive
compared to its individually-drawn counterparts, which were
defined with reference to Vogt et al. (1995). Note also that the
WFU atlas is based on a single subject, and does not account for
population variability.

The results obtained from group-probabilistic regions of
different sizes revealed a lack of consistent discrepancies in
sensitivity (Fig. 8), despite the wide range of ROI sizes examined
(Table 1). This suggests that the top fraction approach was not
affected by ROI size to a large extent, preserving statistical
sensitivity. Varying the size of a group-based ROI may result in
missing activations that are present in individual ROIs (i.e. voxels
that are included in the Top 20%) or including activations that are
not; however, this did not seem to influence the obtained results,
probably due to averaging effects. This implies that when group or
atlas-based ROIs are used in combination with a top fraction SV,
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the size of the former need not be constrained excessively (Figs. 7
and 8). Between-subject ROI size variability is particularly relevant
in studies where the subject age range may be broad, or where a
clinical population may be heterogeneous.

Functional ROIs

fROIs are useful when clear anatomical hypotheses are lacking,
which was not the case in the present study. In general, this
approach also requires some anatomical constraints, unless whole
brain activity is examined. We chose to use the individually
defined anatomical ROIs as constraints, in order to focus on the
effects of functional variability alone, rather than inducing
additional effects due to anatomical variability. The use of fROIs
in the present study did not improve the overall sensitivity beyond
the combination of individual anatomical ROIs with the Top 20%
SV (Figs. 10 and 12). Moreover, fROIs defined from first-level,
individual sessions introduced unacceptable biases when defined
from within either of the sessions under comparison (Figs. 9 and
10). This extreme case was considered in order to demonstrate the
amount of bias that may result from an inappropriately defined
fROI, rather than because it is an approach that would be
recommended or applied in practice. The results reflect the fact
that, even though the same stimulus was used in all sessions,
administration of gabapentin and/or capsaicin induced significant
functional variability. This is also relevant in drug (or clinical
decision making) trials, where large variability in the response (or
non-response) to a treatment may be observed. We used the Top
20% active voxels to define fROIs in order to allow direct
comparisons with anatomical ROIs; however, using different voxel
fractions (e.g. as many as Top 50% voxels) or absolute thresholds
introduced similar biases (data not shown). Also, using different
anatomical constraints is not expected to change the nature of the
above observations.

The bias resulting from using individual, first-level fROI was
reduced by pooling data across subjects and sessions (or both —

Figs. 11 and 12). The fact that no clear biases were observed for
individual-session, group-level fROIs (Fig. 11) is a consequence
of between-subject variability within the same session, which
resulted in group-level maps that were considerably different than
their first-level counterparts. If the activation patterns were
similar across subjects, we would expect results similar to those
shown in Fig. 10. The use of fROIs defined on the group level has
been also found to affect test–retest measures in fMRI reliability
studies (Swallow et al., 2003). By considering all voxels that
were activated during any condition (union fROIs), we allowed a
fair chance of voxels from any session to be included. However,
including voxels that were activated during any condition yielded
lower sensitivity overall (Fig. 12), especially at the group-level,
for which the resulting fROIs were larger in general, due to the
increased statistical power of the group analysis. The use of an
absolute threshold to define first-level union fROIs resulted in
regions of widely varying sizes for each subject. Therefore, when
prior hypotheses are difficult to formulate in an anatomical con-
text and/or separate localising sessions are not feasible, a union
fROI approach may be more reliable at the expense of lower
sensitivity.

Inter-session variability is an important issue in the design of
functional imaging experiments. It is questionable how well the
results from a single session represent the response of a subject
(McGonigle et al., 2000). Several factors may contribute to this
variability, such as physiological factors, scanner variance and
first-level preprocessing methodology (McGonigle et al., 2000;
Smith et al., 2005). In case functional localisers are used, careful
experimental design should be made, taking into consideration
prior evidence about this variability as well as context invariance of
the stimulus, which may introduce confounds (Friston et al., 2006).
For example, category-specific activations in the visual cortex,
where functional localisers have been used extensively, were found
to be consistent within and between sessions (Peelen and Downing,
2005). On the other hand, the lateral frontal and superior parietal
regions are implicated across a wide range of task contexts (Jiang
and Kanwisher, 2003). However, in many cases, such as in drug or
clinical studies, only single observations are feasible. In the present
study extra sessions were not desirable; therefore, we did not
explore the use of a separate functional localiser session.

In conclusion, we have examined the effects of using different
anatomical and functional criteria to define ROIs on the results
inferred from a pharmacological fMRI experiment in a systematic
manner. The results presented here provide guidelines regarding
hypothesis-based analysis of similar data and should be further
tested across a range of studies to evaluate their sensitivity as
clinical and/or pharmacological measures.
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