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Abstract

In the standard approach to functional imaging studies, brain-behavior relationships are studied by contrasting data obtained during
different behavioral states. It is generally assumed that relative change yields meaningful data about relevant brain processes, and that the
magnitude of the change reflects the extent of a region’s involvement in the behavior being studied. The present study takes a different
approach by asking the question, Can functional imaging data predict performance? Regional cerebral blood flow was measured using
positron emission tomography in a group of 13 right-handed, normal volunteers during speech production and quiet baseline. A number of
methodological assumptions were addressed by examining the relationships between different imaging measures derived from the same raw
data and performance on the speech task. The results demonstrate that several common assumptions are not necessarily true. First, although
measures based on “activated” scans alone had predictive value with respect to speech rate, measures based on contrasts between “baseline”
and “activated” states did not. This was true regardless of whether the contrast was based on subtraction or covariance analyses. Second,
while many regions demonstrated large signal increases during speech, speech rate could be predicted by a linear combination of data from
two regions, neither of which had the highest “activation” peak, and one of which had a negative relationship with performance. The results
demonstrate that contrasting experimental conditions do not necessarily isolate or enhance brain activity related to performance, and that
the current assumptions about activation in functional imaging need to be reconsidered.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Functional imaging has assumed a major role in the
study of human brain-behavior relationships. Unlike lesion
studies, which establish relationships based on selective
deficits following damage to specific brain regions (Teuber,
1955), functional imaging studies seek to establish such
relationships based on indirect observations of brain activity
while subjects are engaged in specific experimental tasks.
Whereas the view of brain organization resulting from each
of these approaches has been shaped in part by pragmatic
limitations and in part by their respective methodological
and theoretical assumptions, an understanding of the effects

of many of the assumptions underlying functional imaging
is relatively rudimentary.

Despite their limitations, lesion studies can be considered
the best approximation to a “gold standard” for brain-be-
havior relationships. If damage to a specific brain region
routinely results in a specific deficit, then the damaged
region can be considered to play a significant role in the
behavior in question (Benson, 1994). One of the strongest
demonstrations of functional localization in lesion studies is
the “double dissociation” where localization in each of two
different brain areas is established by demonstrating com-
plementary patterns of impairment and sparing on two dif-
ferent functions (Teuber, 1955). For example, following left
temporal-parietal area lesions, speech sound discrimination
is impaired but complex-pitch discrimination is spared
whereas the reverse is true following right temporal-parietal
area lesions (Sidtis and Volpe, 1988). More generally, the
ability to diagnose the site and type of neurological lesion
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from clinical signs and symptoms demonstrates that this
approach to establishing brain-behavior relationships has
predictive value. The limits of the lesion approach in the
study of highly circumscribed behaviors include the possi-
ble confounding of specific and nonspecific behavioral
changes after brain damage, the difficulty in separating the
degree to which the damaged region contributes directly to
a behavior versus the degree to which it contributes to a
network of other functionally significant regions, and the
possibility that the study of performance after neurological
damage will yield little insight into how behavior is nor-
mally organized in the brain.

Functional imaging techniques like positron emission
tomography (PET) and functional magnetic resonance im-
aging (fMRI) have the potential to overcome the limitations
of the lesion approach to understanding human brain-behav-
ior relationships as the physiological significance of what is
being measured is better understood. The standard method
of studying both normal and brain-injured subjects using
functional imaging is based on a series of assumptions: task
performance results in increases in neuronal activity; this
activity is seen as an increase or “activation” in the signal
detected by the imaging method (Raichle, 1987, 1991); and
the brain areas that are most “activated” are the areas most
involved in task execution (Friston et al., 1991). An alter-
native, but not mutually exclusive, view characterizes acti-
vation in terms of a relationships among brain areas (e.g.,
Moeller et al., 1987; Moeller and Strother, 1991; Horwitz,
1991; Strother et al., 1995; McIntosh et al., 1996; Taylor et
al., 2000). In this approach, activation is represented by a
significant relationship among areas rather than by an in-
creased signal in individual areas.

Whether the search for brain-behavior relationships fol-
lows the path of regional activation or the path of regional
patterns, functional imaging studies also typically assume
that during any given task, brain activity is a composite,
usually an additive combination, of constituent conditions.
In simple experimental situations, the additivity assumption
allows the subtraction of “baseline” images from activated
images to identify brain areas where changes associated
with task performance occur (Fox et al., 1988a; Fox, 1991).
In a more complex form, the additivity assumption supports
experimental methods that assume that a behavior and its
underlying brain processes can be decomposed into constit-
uent components by a series of contrasts involving condi-
tions that differ along one or more dimensions. Although the
assumption that complex tasks can be accurately decom-
posed by subtraction has recently been questioned (Friston
et al., 1996; Jennings et al., 1997; Sidtis et al., 1999; New-
man et al., 2001), in some form this assumption remains
central to much of the work in functional imaging. For most
functional imaging studies, then, evidence for brain-behav-
ior correlation is commonly sought in changes in regional
activity or in multi-regional covariance measures. It is fur-
ther believed that the largest increases are observed in areas
most involved in the task under study, and that sensitivity to

such effects can be improved by using methodological ap-
proaches that incorporate some contrast of experimental
conditions.

The standard functional imaging method, then, correlates
brain and behavior by identifying activation that is reliably
observed in association with the contrast of two behavioral
conditions. However, a converse approach can be taken in
which functional imaging data are used to predict a specific
behavioral measure. With this second method, behavioral
specificity is directly established with functional imaging
data rather than indirectly inferred from the experimental
design. Whereas this approach can utilize image data de-
rived from contrasting behavioral conditions, it can also
look for correlates in single conditions. This study used the
second approach to compare the brain-behavior relation-
ships derived using different forms of image data commonly
used in standard functional studies. Each form of image data
incorporates different assumptions commonly made in stud-
ies using the standard approach. The question and analyses
were simple: Which functional imaging measures predict a
measure of task performance? Using the converse approach
to standard methods, the results of this study suggest that
subtraction or covariance-based task contrasts between task
and baseline conditions do not necessarily isolate or en-
hance “activation” effects related to performance. Further,
these results suggest that the current assumptions about
activation may need to be reconsidered.

Methods

Subjects

A group of 13 right-handed normal volunteers (eight
females and five males aged 43 � 11 years) participated in
this study. All participants were native speakers of English.
Subjects were screened to exclude confounding neurologic,
psychiatric, and medical disorders, and to exclude current
psychotropic medication or recreational drug use. After
study procedures and their possible consequences were ex-
plained, informed consent was obtained for each study.

Behavioral task

Subjects were studied with eyes covered, room lights
dimmed, and insert earphones placed in each auditory canal.
During each baseline scan, subjects were required to remain
awake and quiet. The task consisted of the repetition of the
syllables pa, ta, and ka, produced as quickly as possible.
Subjects were instructed to take a deep breath and then
produce as many syllables as possible during expiration.
Subjects repeated this process for 60 s. Syllable repetitions
were recorded during the scans for subsequent acoustic
analyses.
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PET scanning

Bolus injection of [15O]water was used as a marker of
regional cerebral blood flow (rCBF) (Silbersweig et al.,
1993). Each study consisted of eight 90-s scans (four base-
line scans alternating with four activated scans), separated
by an interscan interval of approximately 9 min, acquired
using a Siemens-ECAT 953B tomograph in 3D mode. Each
task was performed for 60 s beginning at tracer injection.
Subjects were engaged in the task for 10 to 15 s prior to the
initiation of each scan, which was triggered when radioac-
tivity reached the brain. Preprocessing procedures, includ-
ing intra- and intersubject alignment and transformation into
Talairach space (Talairach and Tournoux, 1988) can be
found in Strother et al. (1995).

Functional imaging metrics

A set of 22 regions of interest (ROIs) was generated
based on evidence of a significant regional change during
this task or either of two other speech tasks (sustained
phonation, repetitive lip closure) performed by this group of
subjects (Sidtis et al., 1999). Areas of change were deter-
mined by subtracting group mean volumes for control scans
from the group mean volumes for each of the tasks. A
threshold was applied to each ROI such that ROI values
represented the mean of the upper 25% of voxel values
(Rottenberg et al., 1991). The following regions (left and
right) were examined: inferior, middle, and superior por-
tions of cerebellum in horizontal planes, superior temporal
gyrus, transverse temporal gyrus, putamen, caudate, thala-
mus, inferior frontal lobe, pre- and postcentral gyri, and
supplementary motor area.

Five different measures were derived from these data.
The data obtained from each of these regions provided a
simple surrogate measure of regional cerebral blood flow
(rCBF). A volume-mean normalized (VN) measure of re-
gional cerebral blood flow (VNrCBF) was created by mul-
tiplying each subject’s ROI value by the ratio of the highest
volume mean (all voxels) in the dataset divided by that
individuals volume mean. The VNrCBF measure is similar
to rCBF with the additional assumptions that intersubject
differences in volume means are not functionally significant
and that volume-mean normalization will reduce irrelevant
intersubject variability (Arndt et al., 1996). The VNrCBF
values were also used to create simple subtraction values
(SSrCBF) representing the differences between consecutive
baseline and activated scans. This measure incorporates the
assumption that subtraction will remove the nonspecific
activation effects due to the scanning procedure itself, re-
sulting in activation specific to the experimental task.

To examine regional covariance, the rCBF values were
also subjected to a scaled subprofile model (SSM) analysis
(Moeller et al., 1987; Moeller and Strother, 1991) using the
volume mean as the estimate of the global scaling factor.
This analysis produces a series of principal components

representing regional covariance patterns. The loading of
each subject’s scan on each pattern is represented by a
scalar value referred to as a subject scaling factor (SSF).
This measure assumes that relevant information in the func-
tional image data can be found in a principal components
analysis of the residuals after the removal of mean effects
due to factors like subject and region. The SSM analysis
was performed twice, once including all activation (a) and
baseline (b) scans (SSMab), and a second time including
only the activation scans (SSMa). The results of the SSMab
analysis were further subjected to a linear discriminant
analysis that produces a weighted combination of principal
components (canonical discriminant function) to yield the
best discrimination between activation and baseline scans.
This analysis is referred to as a scaled subprofile model with
canonical variables analysis (SSMab/CVA), and it assumes
that a linear combination of factors will result in a func-
tionally significant measure of brain activity that distin-
guishes scanning states (Rottenberg et al., 1996; Strother et
al., 1995).

Regression analyses

Multiple linear regression analysis was used to determine
the ability of each functional imaging measure to predict the
syllable production rate (Norusis, 1988). Separate analyses
with stepwise replacement were conducted for each mea-
sure using the following criteria: probability of F to enter
(0.05), probability of F to remove (0.10), and tolerance
(0.01).

Results

Speech rate

Analysis of the recorded speech samples revealed a pro-
duction rate of 4.0 � 0.2 syllables/second (group mean � 1
standard error of the mean (SEM)).

rCBF

The raw regional data from the four activation scans per
subject produced no significant linear relationship with
speech rate across subjects. The group mean rCBF values �
1 SEM are presented in Fig. 1a. There are no clear peaks,
and the highest regions represent the putamen and thalamus
while the lowest represent the sensory-motor strip and sup-
plementary motor areas, bilaterally.

VNrCBF

A significant linear model [F(2,49) � 10.26; P �
0.0002] was found to relate speech rate to the VNrCBF
measures derived from the activated scans. The solution
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contained two regions, the left inferior frontal area and the
right caudate, represented in the following equation:

Syllable rate � (�3.55 * right caudate)

� (2.51 * left inferior frontal) � 5.60.

Fig. 1b depicts the group mean VNrCBF values � 1
SEM. As expected, the normalization did not appreciably
alter the relative positions of the regions, but did substan-
tially reduce the intersubject variability. With respect to the
current notion of activation, it is important to note that

neither the left inferior frontal cortex nor the right caudate
regions represented a maximum value or peak. Fig. 2a
presents the syllable rates predicted by the VNrCBF equa-
tion above plotted against the actual syllable rates. These
values were significantly correlated (r � 0.54; P � 0.000).

SSrCBF

The simple subtraction values derived from the four pairs
of sequentially adjacent baseline and activated scans did not
yield a significant relationship with speech rate. This was
the case both when SSrCBF was analyzed as a difference
score and when it was analyzed as a percentage change from
baseline. The group data are presented as mean percentage
change scores � 1 SEM in Fig. 3a. Subtraction introduces
substantial changes in the relative positions of the ROIs
compared to the unsubtracted data. Significantly, neither the
left inferior frontal region nor the right caudate, predictors
of speech rate before subtraction, represent peak increases
after subtraction. The activated left inferior frontal cortex
shows only a small percentage increase from baseline, while

Fig. 1. Group mean regional values for the regional cerebral blood flow
(rCBF) (a) and volume-normalized regional cerebral blood flow measures
(VNrCBF) (b). Error bars represent one standard error of the mean (SEM).
Solid arrows in b indicate the regions that have a linear relationship with
speech rate. Regions are presented in left (L) and right (R) pairs, and refer
to the following areas: Inf CbI (inferior portion of the cerebellum); Mid
CbI (middle portion of the cerebellum); Sup CbI (superior portion of the
cerebellum); Sup Temp (superior temporal); Trans Temp (transverse tem-
poral); Putamen; Caudate; Thalamus; Inf (inferior) Frontal; Central (pre-
and postcentral gyri); SMA (supplementary motor area). A scatter plot
demonstrating the relationship between the syllable production rate pre-
dicted by the VNrCBF measure and the actual syllable production rate is
presented in Fig. 2a.

Fig. 2. Scatter plots presenting the relationships between the predicted and
the observed syllable rates for the VNrCBF (a) and SSMa (b) measures.
The correlation between the predicted and observed values using the
VNrCBFN measure is 0.54 (P � 0.000). The correlation between the
predicted and observed values using the SSMa measure (Fig. 4) is 0.75 (P
� 0.000).
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the activated right caudate shows the largest decrease com-
pared to “baseline.”

SSMab/CVA (activated and baseline scans)

Consistent with the negative result for the SSrCBF mea-
sure, the scores of the canonical variate that optimized the
separation of baseline and activated scans were not corre-
lated with speech rate. The results of the canonical variables
analysis across ROIs is presented in Fig. 3b. Comparison of
the profiles in Fig. 3a and b reveals that the simple subtrac-
tion and SSMab/CVA analysis, both of which contrast the
activated and baseline conditions, yielded similar profiles.
Derived using two different techniques, these profiles agree
and likely represent the difference between activated and
control states, yet they fail to predict task performance.

SSMa (activated scans only)

An additional SSM analysis was run including only the
activated scans. This analysis yielded a significant linear
relationship [F(7,44) � 8.031; P � 0.000] with speech rate
that includes seven subject scaling factors:

Syllable rate

� (�3.90 * SSFa6) � (�2.78 * SSFa3)

� � � 6.66 * SSFa13� � �5.07 * SSFa11�

� � � 10.74 * SSFa18� � � � 6.47 * SSFa14�

� � � 8.75 * SSFa17� � 4.05.

The results of applying the regression weights to the appro-
priate SSFa’s are depicted in Fig. 4. As with the plot in Fig.
3b, this profile represents a set of covariance relationships.
At present, the neurophysiological interpretation of covari-
ance patterns is not as obvious as the interpretation that can
be applied to measures of regional activity. As in the re-
gional measures, however, neither the left inferior frontal
nor the right caudate occupy extreme positions in the co-
variance profile. Fig. 2b presents the syllable rates predicted
by the SSMa equation above plotted against the actual
syllable rates. These values were significantly correlated (r
� 0.75; P � 0.000).

Discussion

Using an alternative approach to studying brain-behavior
relationships with functional imaging, the present resultsFig. 3. Group mean regional values � 1 SEM for the subtraction values

(SSrCBF) based on the percentage difference between paired “activated”
and baseline VNrCBF values (a). Error bars represent one standard error of
the mean (SEM). (b) The covariance profile that represents the best sepa-
ration of “activated” and “baseline” scans is presented. The regional pro-
files extracted using these two techniques are essentially identical. The
dashed arrows point to the regions that predict the syllable production rate
using the VNrCBF measure.

Fig. 4. The composite covariance profile significantly related to speech rate
based on an SSM analysis of “activated” scans alone. Each regional value
is the weighted sum of its values across seven principle components.
Weights were determined by multiple linear regression. The dashed arrows
point to the regions that predict the syllable production rate using the
VNrCBF measure. Fig. 2b represents the relationship between the syllable
production rate predicted by this measure and the actual production rate.
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demonstrate that performance on a speech production task
can be predicted from some forms of functional imaging
data but not others. On a regional basis, normalized data
from speech scans yielded a significant association with
speech rate, but when the same normalized data from paired
speech and baseline scans were subtracted, this significant
relationship was lost. Using a covariance analysis that in-
cluded only speech scans, a combination of scaling factors
also yielded a significant relationship with speech rate. As
with the regional analysis, however, a covariance analysis
that contrasted speech and baseline scans produced a re-
gional pattern similar to that found with subtraction, but like
the subtraction result, this covariance measure also failed to
predict speech rate. Finally, the two regions significantly
associated with speech rate were not the most activated
brain regions under current use of the term (i.e., they did not
contain the largest values) using any form of the data. These
results raise several questions about assumptions commonly
made in functional imaging studies.

Do task contrasts identify task-specific activations?

The failure of both subtraction and covariance measures
derived from a contrast between speech and baseline con-
ditions in a data set where the noncontrasted speech data
alone produced a significant predictive model raises ques-
tions about the utility of the baseline contrast. It is generally
assumed that the removal of signal due to nonspecific ef-
fects of the experimental situation from the image should
enhance the relationship between the residual data and the
specific experimental task. However, this is only true if a
number of other conditions are met. Chief among these are
that brain processes are additive and that baseline and ac-
tivation states do not interact. In addition to the present
results, there is growing evidence that these assumptions
may not be valid (Sidtis et al., 1999; Jennings et al., 1997;
Friston et al., 1996). For example, Newman et al. (2001)
reported that the use of different baseline conditions pro-
duced different levels of activation, but, more importantly,
that these differences were not uniform across regions. Al-
though these authors suggest that covariance approaches
provide one solution to the baseline problem, the present
results suggest that a covariance approach that contrasts
baseline and activated conditions provides results similar to
subtraction (Fig. 3a and b). In the present study, the absence
of a predictive relationship was not due to the use of sub-
traction, but, rather, to the use of measures based on con-
trasts between conditions.

The failure of the contrast measures to predict perfor-
mance suggests that contrasting conditions do not necessar-
ily isolate task-specific activation. This is an important
consideration not only for PET, but for other functional
imaging methods that rely on behavioral contrasts. The
present results demonstrated that performance could be pre-

dicted from data taken while the performance occurred
when those data were normalized to reduce global effects
and not contrasted with any other condition. Whereas PET
has a long tradition of dealing with the issue of normaliza-
tion, both at the level of whole brain image reconstruction
and in the process of data analysis, this has received far less
attention with fMRI methods. Similarly, while there is a
significant experience with examining single conditions in
PET because of the long half-lives of some of the isotopes
employed, fMRI methods have relied on within subject
comparisons across conditions. Relative change measures
are well suited to MRI data acquisition, and under some
conditions, may reduce the need to reduce global effects.
However reliable such changes are, though, the present
results suggest that inferring that the largest relative changes
are the most functionally significant with respect to specific
behaviors may not always be accurate.

Comparison with the lesion experience

Although the regions where normalized data predicted
speech rate were neither identified as activation peaks nor
isolated by contrasts with the baseline condition, they do
fare well when compared to the gold standard of the lesion
experience. The importance of the left inferior frontal region
in speech production in right-handed individuals has long
been documented (see Kertesz, 1979; Duffy, 1995; Kent
and Tjaden, 1997, for reviews). Damage in this area can
produce speech production problems such as aphemia
(Schiff et al., 1983), anarthria (Mohr et al., 1978), and oral
apraxia (Tognola and Vignolo, 1980). Damage to the right
caudate has also been associated with dysarthria and repe-
tition. In a series of caudate infarcts, Caplan et al. (1990)
reported that dysarthria was associated with damage to
either the left or the right caudate, but was more common
after damage to the right caudate. Metter et al. (1988)
correlated the performance of 11 aphasic patients on a range
of language tests with regional cerebral glucose metabolism
obtained with fluorodeoxyglucose PET. Performance on the
repetition subtest of the Porch Index of Communicative
Ability was significantly correlated with metabolism in the
caudate, bilaterally, and in Broca’s areas and its homologue
in the right hemisphere. However, repetition was the only
area of performance for which a significant correlation was
found for the right caudate. Further, a factor analysis of
subtest scores produced a “speaking” factor. As in the
present study, there was an inverse relationship between
right caudate activity and weights on the “speaking” factor,
but this relationship did not reach significance in the Metter
et al. study. If the lesion experience is used as the standard,
the results from speech scans alone produce better agree-
ment with known functional anatomy than the results from
contrasting speaking with not-speaking scans.
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Activation: Does a larger increase mean greater
functional significance?

To the extent that one accepts a role for Broca’s area and
the caudate in speech production, the present results also
address the assumption that the degree of involvement of a
brain structure in a particular task is directly reflected by the
magnitude of its numerical value. In the present study,
volume-normalized activity in two brain regions predicted
speech rate, but neither area demonstrated the largest acti-
vation during speech compared to the baseline condition.
Further, the changes in the caudate represented what would
be considered “negative activation” or “deactivation” in
subtraction terminology. Had the analysis strategy in this
study simply focused on regions that represented an abso-
lute or relative maximum value, or peak, the caudate would
have been ignored, and it is likely that the left inferior
frontal region (Broca’s area) would have been ignored as
well. These results raise several issues about our current
conceptualization of activation (Sidtis, 2000).

In the case of cerebral blood flow measures, the belief
that greater activation in a region of interest reflects greater
involvement of that region in the behavior under investiga-
tion can be viewed, in part, as a consequence of two as-
sumptions: first, that areas most involved in task perfor-
mance will exhibit the highest levels of neuronal activity,
and, second, that cerebral blood flow as measured by PET or
fMRI is strongly coupled to metabolism during activation.
The first assumption ignores possible efficiencies resulting
from cerebral specialization. It may well be that when spe-
cialized areas are involved in a task for which they are
specialized (e.g., speech production), the functional imaging
signal will not be as high as that produced by a nonspecial-
ized area. Regarding the second assumption, “strong” may
be a relative term in some circumstances (see Fox and
Raichle, 1986; Fox et al., 1988b).

The assumption that areas most involved in task perfor-
mance will exhibit the most activity is also contrary to
functional imaging data obtained during the course of learn-
ing. In a range of “activation” studies that involve both
motor (Mazziotta et al., 1991; Friston et al., 1992) and
cognitive tasks (Raichle et al., 1994), improved perfor-
mance over the course of practice has been associated with
decreases in functional imaging signals. A similar reduction
occurs as stimuli become more familiar (Vandenberghe et
al., 1995). Speech production is not only a highly practiced
skill, it is one for which cerebral specialization is well
established. Whether skilled behaviors are associated with
relatively smaller activations than unskilled behaviors is an
open question, and one that is difficult to address if activa-
tion is defined only in terms of peak measures.

Brain-behavior correlates vs functional image analysis

Given the present results, the interface between the
search for behavioral correlates and the analysis of the data

structure in functional images should be addressed. There
has been real progress in approaches that extract reliable
structure from image data sets without imposing hypotheses
about where activation should occur and what it should look
like (e.g., Kjems et al., 2002; Levin and Uftring, 2001;
Hansen et al., 1999). One of the valid concerns of this
approach is that finding an “expected” result (i.e., activation
in an area thought to be involved in a specific process) is not
a suitably rigorous means of validating an analysis tech-
nique (e.g., Strother et al., 2002). Ideally, one would prefer
to conduct an unbiased analysis of a functional imaging
dataset and extract reliable structure that bore a close neu-
robiological correspondence to the process being studied.
However difficult the problem of extracting reliable struc-
ture from imaging data is, neurobiological correspondence
is likely far more difficult. Whether the analyses focus on
regions of interest or networks, most studies assume a com-
binatorial process in the brain that is veridical or at least a
close approximation to the contrasts imposed by the exper-
imental design. If this were true, the contrast of “speaking”
and “not speaking” conditions in the present study should
have enhanced the speaking-related information, but it did
not. The problem exists not only for baseline contrasts, but
for task contrasts as well (Newman et al., 2001; Sidtis et al.,
1999; Jennings et al, 1997; Friston et al., 1996). The so-
phistication of functional image acquisition has grown sub-
stantially, but it cannot be safely assumed that the capacity
for finding the function in functional images has increased
in tandem.

Other approaches to functional imaging

Although the specifics of the problem differ in electro-
physiological imaging, the conceptual question remains the
same: Whether the measurement is in terms of evoked
potentials, evoked magnetic fields, or number of dipoles,
which transformations of the signal are functionally mean-
ingful? As an event-related rather than a “peak” picking
approach (e.g., Simos et al., 2000), magnetoencephalogra-
phy (MEG) measures are derived by association with tem-
poral features of a task over a shorter time frame than
methods relying on changes in blood flow. Thus, there is
some direct association between behavior and physiologic
change independent of experimental design. However, be-
havioral contrasts have also been employed with this
method (Sekihara et al., 1998) and effects that change with
repetition are less likely to be observed. MEG also has a
strong tradition of application in clinical settings, compar-
ing its results to those of invasive measures like Wada
testing (e.g., Papanicolaou et al., 1999), intracerebral re-
cording in epilepsy (e.g., Schwartz et al., 2003), and pre-
surgical mapping (Schiffbauer et al., 2002), and the results
thus far have been promising. However, the signals of
interest are small, the reconstruction problem is subject to
multiple solutions, and there are significant effects of signal
processing assumptions (e.g., Jerbi et al., 2002; Vrba and
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Robinson, 2001; Darvas et al., 2001; Kajihara et al., 2000;
Huang et al., 1999). As in the case of functional techniques
like PET and fMRI, caution should be used in assuming that
the magnitude of an electrophysiological response is a re-
flection of its functional significance since the measures are
heavily model dependent and their properties as physiolog-
ical scales are not well understood.

Conclusion: Finding the appropriate method

Although obvious, the appropriateness of the imaging
method depends on the question being addressed. The pre-
dominant approach is aimed at identifying reliable maps of
significant signal change when two or more conditions are
contrasted. Whereas it is clear that such maps can be suc-
cessfully generated, the present work indicates that the neu-
rophysiological relevance of such maps to specific compo-
nents of behavior should not be assumed.

If contrasting conditions is not the answer to the problem
of identifying functionally relevant portions of the image
signal, what is? A number of studies have identified brain
areas where activity is correlated with parametric experi-
mental manipulation (e.g., Grafton et al., 1992; Price et al.,
1992; Dettmers et al., 1995; Blinkenberg et al., 1996; Sa-
dato et al., 1996; Price et al., 1996). This is probably the
most direct way to establish functionally significant mea-
sures from imaging data. It should be noted that as in the
present study, it is not necessary to parametrically vary the
task to relate intersubject variability in performance to in-
tersubject variability in the functional signal. However, es-
tablishing a functional relationship between performance
and imaging data depends on finding the relevant signals. In
the present study, region selection was based on evidence of
signal change across several speech-related tasks (Sidtis et
al., 1999): the caudate was included not because of a large
signal change in this task, but rather because of its response
in a related articulatory task. The image volume can be
searched for regions or pixels that correlate with perfor-
mance, but this may not adequately identify functional re-
lationships. Relationships may involve multiple regions,
and decreases as well as increases in activity may be im-
portant. Further, even simple behaviors can be characterized
by numerous performance measures, and other performance
measures (e.g., syllable durations) are related to other re-
gions in the functional imaging profile (Sidtis et al., 2001).
At present, there is no single methodological solution to the
problem. What seems apparent, though, is that current as-
sumptions about the meaning of functional imaging signals
in the standard approach are not sensitive to a wide range of
possible brain-behavior relationships.

Although the present results represent only a single
study, they do demonstrate one of the oldest associations in
neurological localization with functional imaging data, the
relationship between Broca’s area and speech production. In

doing so, questions are raised about the use of task contrasts
to isolate behavior-specific activations, as well as about the
current definition of activation. The interpretation of func-
tional imaging data may well benefit from exploring a range
of possible brain-behavior relationships broader than those
embodied in the current assumptions about activation, and
investigating methodological approaches that do not depend
on task contrasts.
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