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Abstract

B Localized, task-induced decreases in cerebral blood flow are
a frequent finding in functional brain imaging research but
remain poorly understood. One account of these phenomena
postulates processes ongoing during conscious, resting states
that are interrupted or inhibited by task performance. Psycho-
logical evidence suggests that conscious humans are engaged
almost continuously in adaptive processes involving semantic
knowledge retrieval, representation in awareness, and directed
manipulation of represented knowledge for organization, prob-
lem-solving, and planning. If interruption of such “conceptual”
processes accounts for task-induced deactivation, tasks that
also engage these conceptual processes should not cause de-
activation. Furthermore, comparisons between conceptual and
nonconceptual tasks should show activation during concep-
tual tasks of the same brain areas that are “deactivated” relative
to rest.

INTRODUCTION

Like other human biological structures, the human brain
developed over evolutionary time to solve species-spe-
cific, recurring problems in the ancestral environment
(Barkow, Cosmides, & Tooby, 1992; Donald, 1991). The
general function of the brain is to process information,
as is apparent in our considerable abilities to discrimi-
nate, recognize, categorize, and otherwise respond to
external sensory stimuli. In addition to these problems
related to sensory data, the human brain evolved to solve
certain classes of problems over a longer time scale and
independent of external sensory stimulation (Gibson &
Ingold, 1993; Hebb, 1954; Miller, Galanter, & Pribram,
1960; Newell & Simon, 1972). The design and creation of
tools, for example, depends on a neural system capable
of “internally representing” specific scenarios for which
the tool is being created as well as a specific plan that
will bring about its creation. These simulated goals and
plans further depend on internal stores of knowledge
about the world because a given tool will be designed
for a specific category of activities (hunting, not groom-
ing) involving a specific class of things (land animals, not
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To test this model, functional magnetic resonance imaging
data were acquired during a resting state, a perceptual task,and
a semantic retrieval task. A network of left-hemisphere poly-
modal cortical regions showed higher signal values during the
resting state than during the perceptual task but equal values
during the resting and semantic conditions. This result is con-
sistent with the proposal that perceptual tasks interrupt proc-
esses ongoing during rest that involve many of the same brain
areas engaged during semantic retrieval. As further evidence
for this model, the same network of brain areas was activated
in two direct comparisons between semantic and perceptual
processing tasks. This same “conceptual processing” network
was also identified in several previous studies that contrasted
semantic and perceptual tasks or resting and active states. The
model proposed here offers a unified account of these findings
and may help to explain several unanticipated results from
prior studies of semantic processing. B

fish), and the plan for creating the tool will reference
specific, efficacious motor sequences (sharpening, not
crushing) involving specific categories of preferred ma-
terials (tree limbs, not rocks). The occurrence of creative
behaviors like tool-making thus implies that there are
systems in the human brain capable of retrieving and
representing previously learned information, generating
specific goals defined in terms of this information, and
formulating complex sequences of motor acts designed
to attain these goals, all quite independent of external
sensory stimulation.

Psychological research suggests that such internalized
activities comprise a surprisingly large part of the infor-
mation processing performed by humans during daily
existence. William James observed that human awareness
is a stream of continuous mental experiences that bear
no necessary relationship to external events (James,
1890). Depriving the brain of external sensory informa-
tion further stimulates the occurrence of internally gen-
erated neural activity (Solomon et al., 1961; West, 1962).
Studies of subjects who were asked to report thought
content at random intervals during controlled laboratory
conditions and daily activities demonstrate that there is
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continuous shifting of attention between externally and
internally generated sources of information and that
thought content becomes increasingly unrelated to ex-
ternal events as these external events become more
static and predictable (Antrobus, Singer, & Greenberg,
1966; Pope & Singer, 1976). Conversely, the performance
of difficult perceptual and short-term memory tasks sup-
presses internally generated phenomena, indicating a
direct competition between exogenous and endogenous
signals for attentional and executive resources (An-
trobus, 1968; Antrobus et al., 1966; Filler & Giambra,
1973; Giambra, 1995; Pope & Singer, 1976; Segal &
Fusella, 1970; Teasdale et al., 1995; Teasdale, Proctor,
Lloyd, & Baddeley, 1993). Internally generated processes
are extremely adaptive because they allow the organism
to address unresolved problems over long periods of
time. Accordingly, internally generated thoughts unre-
lated to external events are further stimulated by prior
exposure of the subject to ambiguous, horrific, or unre-
solved situations (Antrobus et al., 1966; Horowitz, 1975;
Klinger, 1978; Pope & Singer, 1976; Singer, 1993).

Although these psychological data imply the existence
of neural activity related to ongoing thought, little sys-
tematic study of this type of activity has been under-
taken. One essential question is whether subjectively
experienced phenomena are to some degree associated
with neural activity in specific brain areas. Thoughts
experienced by awake, resting humans are characterized
by information retrieval and problem-solving processes
(e.g., internal monologue, imagery, deduction, inference,
planning), and it is conceivable that the neural activity
responsible for these processes arises in brain regions
known to support such functions, such as the prefrontal
and posterior association cortex (Damasio, 1989; Gold-
man-Rakic, 1987; Knight & Grabowecky, 1995; Stuss &
Benson, 1986). An alternative possibility is that the neural
activity underlying such phenomena is nonlocalized, un-
organized, random, or negligible. An understanding of
such issues is critical for the design and interpretation
of functional neuroimaging studies, which commonly
employ a resting state or a state involving highly predict-
able sensory stimulation as a putative neutral baseline
(Eulitz et al., 1994; Herholz et al., 1994; Kawashima et
al., 1993; Mazoyer et al., 1993; Tamas, Shibasaki, Horik-
oshi, & Ohye, 1993; Wise et al., 1991; Yetkin et al., 1995).
If localized neural activity related to thinking and prob-
lem-solving regularly occurs during resting states, such
activity might be expected to disguise activation from
thinking and problem-solving tasks when resting is used
as a baseline for comparison. Furthermore, interruption
of processes ongoing during resting would result in
decreased neural activity in brain regions where such
processes were localized. Such phenomena could in
some instances account for the “deactivation” that has
been reported in association with various sensory proc-
essing tasks (Shulman et al., 1997).

A major obstacle to resolving such issues is the inabil-

ity to characterize objectively the mental state of sub-
jects at rest. The present study is an attempt to partly
circumvent the need for such a method by measuring
brain activation during rest and during several contrast-
ing activation states. One of these contrasting states, a
tone-monitoring task, was designed explicitly to interfere
with the occurrence of ongoing thought processes by
requiring subjects to continuously monitor sensory in-
formation and hold this information in working memory.
Pilot testing was conducted to verify that this task sup-
presses thought phenomena relative to a resting state.
We then used functional magnetic resonance imaging
(fMRI; Sanders & Orrison, 1995) to compare levels of
brain activation during the resting state, the tone moni-
toring task, and a semantic retrieval task (Table 1) in 30
normal subjects. These data enabled identification of
brain regions that are more active during the resting
state than in either one or both of the active task con-
ditions. The hypothesis that there are processes ongoing
during rest that involve semantic retrieval and knowl-
edge utilization leads to two clear predictions concern-
ing these data. First, areas showing deactivation (relative
to the resting state) during the tone-monitoring task
should not show comparable deactivation during the
semantic retrieval task. Deactivation during the tone task
is hypothesized to occur because the task interferes with
semantic processes ongoing during rest in specific brain
areas. In contrast, the semantic retrieval task engages
these same areas in processes similar to those ongoing
during rest and so should not cause deactivation. Be-
cause these areas are hypothesized to participate in
processes involving knowledge retrieval and utilization,
the second prediction is that these same brain areas
should show activation in any contrast between a task
involving semantic processing and a task involving non-
semantic processing. We tested the second prediction by
contrasting the semantic retrieval task with the tone-
monitoring task and with a more closely matched non-

Table 1.

Condition Instructions

Rest Remain still with eyes closed.

Tones Listen to sequences of low (L) and high (H)
tones (example: L-L-H-L). Respond when a
sequence has two high tones (example:
L-H-L-L-H).

Semantic Listen to names of animals (example:
squirrel). Respond when a named animal is
found in the United States and is used by
people (example: cow).

Phonetic Listen to CV syllable triplets (example:

pa-da-su). Respond when a triplet contains
both the consonant /b/ and the consonant
/d/.
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semantic task involving detection of target phonemes in
speech sounds. Activation data for the semantic-tone
contrast were reported previously (Binder et al., 1997)
and are briefly summarized here to permit a direct com-
parison with the other results.

RESULTS

Pilot Study: Task-Unrelated Thoughts During Rest
and the Tone Task

All subjects learned the tone task easily. Performance was
uniformly very good, averaging 98.6% correct. All 14
subjects reported the occurrence of task-unrelated
thoughts (TUTs) more frequently at the end of rest
periods than at the end of tone task periods. The mean
proportion of TUT responses associated with rest was
0.628 (SD = 0.217) and with tone task periods was 0.114
(SD = 0.103), a difference that was highly significant (df
= 13, paired ¢ = 9.89, p < 0.000001).

fMRI Task Performance

All subjects learned the tasks easily and tolerated the
scanning procedure well. Performance on the tone task
was uniformly good, with subjects attaining a mean
score of 98.3% correct (range: 89 to 100%) when the
tone task was paired with rest, and 98.8% correct (range:
94 to 100%) when the tone task was paired with the
semantic task. Subjects also performed well in discrimi-
nating targets from distractors on the semantic task, with
a mean score of 92.1% correct (range: 72 to 98%) when
the semantic task was paired with rest, 92.6% correct
(range: 73 to 100%) when the semantic task was paired
with the tone task,and 91.4% correct (range: 75 to 100%)
when the semantic task was paired with the phonetic
task. Accuracy on the phonetic task averaged 91.6% cor-
rect (range: 77 to 100%).

Rest Compared with the Tone Task

The tone task produced activation in a bilateral network
of auditory, attentional, working memory, and motor sys-
tems in comparison to the resting state. As reported
previously (Binder et al., 1997), these areas included the
superior temporal auditory cortex, supramarginal gyrus,
premotor cortex, supplementary motor area, anterior
cingulate, anterior insula, dorsolateral prefrontal cortex,
cerebellum, putamen, and thalamus. These activations
were predominantly bilateral, although there was mod-
est right-hemisphere dominance in prefrontal, middle
temporal, and supramarginal regions.

In contrast, several cortical areas were significantly
more active during the resting state than during the tone
task. As shown in red-yellow in Figure 1, these included
the angular gyrus, the posterior cingulate/retrosplenial

82  Journal of Cognitive Neuroscience

area, dorsal prefrontal cortex in the superior frontal
gyrus, a ventromedial frontal region including the rostral
anterior cingulate (ventral to the genu of the corpus
callosum) and neighboring orbital frontal cortex, the
posterior parahippocampus, and the inferior frontal
gyrus (pars triangularis). In some areas this resting state
activation occurred bilaterally but was always consider-
ably stronger and more extensive in the left hemisphere.
Stereotaxic coordinates for the centers of mass of these
sites are listed in Table 2.

Rest Compared with the Semantic Task

The semantic task produced activation compared with
rest in many of the same bilateral regions activated by
the tone task. Shown in blue in Figure 2, these sites
included the superior temporal auditory cortex, premo-
tor cortex, caudal anterior cingulate, anterior insula, dor-
solateral prefrontal cortex, cerebellum, putamen, and
thalamus. Additional small activation foci were observed
in the left inferior frontal gyrus, left intraparietal sulcus,
and left superior frontal gyrus (Figure 2).

In contrast to the previous comparison between rest-
ing and the tone task, there were very few significant
areas of activation during the resting state compared
with the semantic task (red-yellow areas, Figure 2). Only
one of the sites listed in Table 2, the right posterior
cingulate, showed greater activation during rest than
during the semantic task. Other areas listed in Table 2
thus showed similar levels of activity during the resting
and semantic task states.

Semantic Task Compared with the Tone Task

Two observations made thus far have relevance for an
interpretation of the resting state. First, the left hemi-
sphere regions listed in Table 2 are more active during
the resting state than during the tone task. Second, these
areas have roughly similar signal levels during the resting
and semantic task states. From these observations, it
follows that these areas should also show activation
during the semantic task relative to the tone task.

As anticipated, nearly all of the areas activated by the
resting state relative to the tone task (Table 2) were also
activated by the semantic task relative to the tone task
(red-yellow areas, Figure 3; see Binder et al., 1997, for a
more detailed discussion of regions activated by this task
comparison). Areas activated in both comparisons in-
cluded the left angular gyrus, left posterior cingu-
late/retrosplenial region, left dorsal prefrontal cortex,
and left parahippocampus (compare Figures 1 and 3).
The exception to this rule was the left rostral cingu-
late/orbital frontal region (approximately Brodmann’s ar-
eas 11, 12, ventral 32, and 47), which showed relative
activation in the rest-tone comparison but not in the
semantic-tone comparison. This region also did not show
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Table 2. Location of brain activation foci showing higher levels of blood oxygenation at rest than during the tone task
(Rest-Tone) and higher levels during the semantic task than during the phonetic task (Semantic-Phonetic). Foci were defined
as contiguous groups of voxels passing a significance criterion of p < 107. Gyral/sulcal descriptions and stereotaxic
coordinates refer to the atlas of Talairach and Tournoux (1988). Approximate cytoarchitectonic labels follow the nomenclature

of Brodmann (1994/1909).

Center of Mass Coordinates Separation
A it Distance
\pproximate Rest-Tone Semantic-Phonetic (cm)

Atlas Structure at Center Brodmann’s

of Mass Areas X y z X y z (cm)
L. angular gyrus 39 —43 =70 +26 —45 =71 +31 0.5
L. posterior cingulate 23, 29-31 9 =55 +24 -8 =55 +15 0.9
L. dorsal prefrontal cortex 8,9,10 =20 +30 +44 -17 +27 +48 0.6
L. parahippocampal gyrus 36 -26 -35 -12 -26 -35 -16 0.4
L. rostral cingulate sulcus 12,32 -9 +34 =7
L. orbital sulcus 11, 47 -26 +28 -8
R. posterior cingulate 23,30, 31 +9 =53 +23
L. inferior frontal gyrus 45 -51 +26 +14

significant activity differences in the rest-semantic com-
parison, suggesting an absolute level of activity during
the semantic task that was intermediate between the
resting and tone task conditions.

Semantic Task Compared with the Phonetic Task

If the left-hemisphere regions listed in Table 2 are active
during the resting state because they are engaged in
semantic processing, then contrasts between semantic
and nonsemantic tasks should reveal relative activation
in these same regions. Although these regions were acti-
vated in the semantic-tones comparison (Figure 3), the
semantic and tones tasks differ in ways other than the
requirement for semantic processing. The semantic-
phonetic task comparison was intended to identify acti-
vation related more specifically to semantic processing.

As shown in Figure 4 and Table 2, the areas activated
by the semantic task relative to the phonetic task were
nearly identical to those activated during rest relative to
the tones task (Figure 1). The main exception was again
the left rostral cingulate/orbital frontal region, which
showed relative activation in the resttone comparison
but not in the semantic-phonetic comparison.

DISCUSSION

These experiments indicate a network of brain areas that
are more active during a conscious resting state than
during a tone-monitoring task (Table 2, Figure 1). Ex-
pressed in other terms, these areas are “deactivated” by

the tone task. In contrast, these same areas appear to
remain active during a semantic retrieval task. The sites
showing this response pattern are polymodal and amo-
dal association cortices, predominantly in the left hemi-
sphere. Perhaps most strikingly, this same network of
areas was identified by comparing the semantic retrieval
task with a phonetic task. In the following paragraphs
we offer a theoretical framework designed to account
for these phenomena and for a variety of unanticipated
results from previous functional neuroimaging studies.

“Conceptual” Processing during the Conscious
Resting State

A basic tenet of the model to be presented is that the
conscious resting state is not a state of neural inactivity.
In addition to the brainstem homeostatic systems that
regulate basic body functions, ongoing neural activity
occurs at the cortical level and can be readily detected
by electroencephalographic methods. Cerebral blood
flow and metabolism vary across different regions of the
cortex during resting states, being somewhat greater in
the medial occipital, medial parietal, and dorsal prefron-
tal areas (Frackowiak, Lenzi, Jones, & Heather, 1981; Gur
et al., 1995; Roland, 1993). Although this variation is
probably due in part to regional differences in synaptic
density and other structural factors, the “hyperfrontality”
reported to occur during rest in early xenon cerebral
blood flow studies (Ingvar, 1975) is greatest when both
auditory and visual stimulation are minimized (Mazziotta,
Phelps, Carson, & Kuhl, 1982), suggesting that intrinsic
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Figure 1. Rest minus Tones. Regions of significant activation difference (p < 0.00001) are shown in red-yellow superimposed on averaged ana-
tomical brain images in axial orientation. Stereotaxic x and p axes are shown in green, and z coordinates are given above each image. The left
hemisphere is on the reader’s left. Areas more active during rest include the left parahippocampus (z = —12, 0), orbital frontal and rostral-
ventral anterior cingulate cortex (z = —12, 0), left > right angular gyrus (z = 12, 24, 306), left > right posterior cingulate/retrosplenial cortex

(z = 12, 24, 36), and left dorsal prefrontal cortex (z = 12, 24, 36, 48).

Figure 2. Rest minus Semantic. Only a small focus in the right posterior cingulate gyrus (z = 36) is more active during rest than during the
semantic task. Areas that are more active during the semantic task are shown using the blue-cyan color scale.

Figure 3. Semantic minus Tones. Like rest, the semantic task activates the parahippocampus, angular gyrus, posterior cingulate/retrosplenial
cortex, and dorsal prefrontal cortex in the left hemisphere relative to the tone task (see Binder et al., 1997, for a presentation of these data in
sagittal orientation).

107Hl  10? 10SHEl o7l 0°

105

Figure 4. Semantic minus Phonetic. The semantic task also activates parahippocampus, angular gyrus, posterior cingulate/retrosplenial cortex,
and dorsal prefrontal cortex in the left hemisphere relative to the phonetic task.
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functional processes may also affect blood flow and
metabolism at rest (Ingvar, 1979; Roland, 1993).

Although it is clear that neural activity occurs during
rest, the purpose and significance of this activation are
far from certain. One possibility is that resting neural
activity is “noncomputational” (i.e., this activity does not
represent information processing). According to this
view, neural activity tends toward a minimal (but
nonzero) tonic firing rate during rest (referred to as
spontaneous, intrinsic, or background activity), presum-
ably reflecting random inputs from other neurons, intrin-
sic physiological constraints on minimal levels of
metabolic activity, or other unknown factors. An alterna-
tive possibility is that resting state neural activity is at
least partly computational and that information process-
ing occurs at rest that is in some way advantageous or
essential for the organism. These processes might be
available or unavailable to awareness and might include
such tasks as monitoring body and limb positions, proc-
essing sensory and autonomic signals arising within the
body, keeping track of the passage of time, planning
future behaviors, or keeping an episodic memory record.
These contrasting views of spontaneous activity lead to
correspondingly different views of “deactivation” relative
to rest. Under the first view, deactivation relative to rest
is a special case in which neural activity, already at or
near minimal “background” levels, is further suppressed,
for example, by active inhibition, slow-wave sleep, or
anesthesia. In contrast, deactivation relative to rest oc-
curs in the second case because organized processes
ongoing during rest are interrupted or interfered with.
These views of spontaneous neural activity are not mu-
tually exclusive, and each might be useful for describing
resting activity in different brain regions. The model
considered here makes specific reference to the second
type of spontaneous activity in explaining activations
during the resting state relative to the tone task.

A second tenet of the model involves a distinction
between two very general classes of brain function that
will be called perceptual and conceptual. As defined
here, perceptual functions are those concerned with
sources of information external to the brain and include
sensory processing systems as well as the attentional
control systems that modulate sensory processing. Con-
ceptual functions are those concerned with sources of
information within the brain and include long-term
memory (i.e., knowledge) stores as well as the retrieval,
representation, and manipulation systems that allow use
of this information. Similar dichotomies based on a dis-
tinction between external and internal information
sources have been articulated often in the past (Aurell,
1979; Hebb, 1954; James, 1890; Miller et al., 1960; Picton
& Stuss, 1994; Pope & Singer, 1976; Posner, 1994; West,
1962). Interactions between external and internal
sources of information are probably commonplace dur-
ing perception (Hochberg, 1981; McClelland & Rumel-
hart, 1981; Miller et al., 1960; Neisser, 1967; Shepard,

1984; Yates, 1985), making the distinction between per-
ceptual and conceptual processes relative rather than
absolute. The distinction is of interest because behavioral
tasks can be substantially weighted toward engaging
either perceptual or conceptual functions. In operational
terms, a perceptual task is one in which the required
response is based on information physically represented
in the sensory stimulus. For example, one perceptual
task used in this study required detection of two occur-
rences of a change in frequency of tone stimuli. A con-
ceptual task is one in which the required response
cannot be determined from the physical features of the
sensory stimulus alone but is based on previously
learned information arbitrarily associated with the stimu-
lus.

Because conceptual functions operate on internal
sources of information, we assume that such functions
can and do occur in the absence of external information.
For example, conscious resting subjects frequently expe-
rience thoughts (consisting variously of mental images,
auditory verbal images, “ideas,” and other similar phe-
nomena) that are relatively unrelated to external percep-
tual events. In the pilot study conducted here, subjects
reported such phenomena at the conclusion of a 15- to
24-sec period of rest on 62.8% of queries; very similar
results were obtained by other investigators (Antrobus,
1968; Teasdale et al., 1995, 1993). The supposition that
these phenomena reflect processing of internal sources
of information does not imply that such processing is
“spontaneous” or “indeterminate” in a philosophical
sense or that such processing has no origin in the envi-
ronment or in behavioral adaptation (Skinner, 1975). On
the contrary, the adaptive significance of such phenom-
ena is difficult to deny: By storing, retrieving, and ma-
nipulating internal information, we organize what could
not be organized during stimulus presentation, solve
problems that require computation over long periods of
time, and create effective plans governing behavior in
the future. These capabilities have surely made no small
contribution to human survival and the invention of
technology.

Given that there are limits on the processing capacity
of the brain, however, it is reasonable to assume that
perceptual and conceptual functions often compete for
attentional and processing resources (Pope & Singer,
1976). For example, the need to process external stimuli
takes precedence in many situations and “interrupts the
train of thought.” Conversely, highly predictable or irrele-
vant external stimuli are frequently ignored while men-
tally pursuing the solution to a pressing problem. This
competition for resources was investigated experimen-
tally several decades ago by Antrobus and colleagues.
Subjects performed perceptual signal detection tasks of
various kinds and were asked to report the occurrence
of thoughts unrelated to performance of the task. By
manipulating the characteristics of the signal detection
task, it was shown that the likelihood of experiencing a

Binder et al. 85



task-unrelated thought was predictably decreased by in-
creasing the rate of perceptual information processed
during the task (Antrobus, 1968; Antrobus et al., 1966;
Giambra, 1995; Pope & Singer, 1976). Subsequent inves-
tigators demonstrated that task-unrelated thoughts are
also less likely to occur when the task requires mainte-
nance of sensory information in a short-term store and
when the task is less practiced (Filler & Giambra, 1973;
Teasdale et al., 1995, 1993).

On the basis of these considerations, we propose that
the brain areas identified in Table 2 and in Figure 1 are
involved in “conceptual” functions operating on internal
stores of information. These areas are active during con-
scious resting states and are engaged in such processes
as retrieval of information from long-term memory, infor-
mation representation in conscious awareness in the
form of mental images and thoughts, and manipulation
of this information for problem-solving and planning.
These conceptual functions are interrupted or attenu-
ated when subjects perform the tone-monitoring task,
leading to a reduction in neural activity and accompany-
ing reduction of fMRI signal in these areas. The model
also explains why this network of regions was not iden-
tified in the rest-semantic comparison (Figure 2). The
semantic retrieval task, although highly formalized and
unnatural, engages some of the same conceptual func-
tions that we propose are active during the resting state
involving retrieval, representation, and utilization of in-
ternal sources of information. Because the brain areas
performing these functions are active during both the
resting and the semantic tasks, they are observed in the
rest-tone comparison (Figure 1) and in the semantic-tone
comparison (Figure 3) but not in the rest-semantic com-
parison (Figure 2). In addition to parsimoniously ac-
counting for these observations, the model is
neuroanatomically acceptable in that the identified re-
gions comprise a network of areas that are relatively
distant (as measured by cortico-cortical connections)
from primary sensory areas (Felleman & Van Essen, 1991;
Jones & Powell, 1970; Mesulam, 1985) and could thus be
expected to participate primarily in conceptual rather
than perceptual functions, in the sense outlined above.

This model also predicts the rather nonintuitive
finding that subtraction of a tone-monitoring task from
rest yields the same group of activation foci as subtrac-
tion of a phonetic perceptual task from a semantic re-
trieval task (Table 2, Figures 1 and 4). The semantic and
phonetic tasks are relatively closely matched in that both
employ speech stimuli and require phonetic perception
and make similar (if not identical) demands on atten-
tional, working memory, and motor response systems.
Performance accuracy on the two tasks was nearly iden-
tical. The tasks differ primarily in terms of conceptual
processing: stimuli in the semantic task have consider-
able semantic value, whereas those in the phonetic task
have much less, and the semantic task requires retrieval
of this stored information, whereas the phonetic task
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does not. Subtraction of the phonetic from the semantic
task thus identifies areas that are likely to be important
in processing internal sources of information. These ar-
eas are virtually identical to those showing deactivation
relative to rest, supporting the view that these areas are
actively engaged in a similar type of processing during
the resting state.

Independent support comes from other functional
imaging studies contrasting conceptual and perceptual
tasks, as these are defined here. Such comparisons are
not common because most studies employing conceptu-
ally weighted tasks used resting or similar states (such
as fixation or passive stimulation) as a baseline or com-
pared tasks with similar perceptual and conceptual
weightings. Two published studies, however, included
strongly weighted conceptual-perceptual contrasts.
Démonet et al. (1992) compared a semantic retrieval task
similar to the one used here with a phonetic perceptual
task similar to the phonetic task used here, with the goal
of isolating brain areas involved specifically in semantic
processing. Price et al. (1994) compared reading real
words aloud to a perceptual task requiring detection of
vertically oriented lines in a string of nonsense charac-
ters. Although seemingly very different, both of these
comparisons identified the same left-hemisphere net-
work of regions listed in Table 2: the angular gyrus, dorsal
prefrontal cortex, posterior cingulate, and ventral tempo-
ral cortex. In each case these were the four most promi-
nent cortical activations, and in each case the peak
activation coordinates were within 2 cm of those listed
in Table 2, despite considerable differences in methodol-
ogy across the three studies (see Table 3). These studies
thus independently and unintentionally identified the
same network of brain areas. The conceptual/perceptual
distinction outlined above predicts this convergence and
provides an initial theoretical framework for interpreting
many other studies that showed activation of a subset of
this network (Bookheimer, Zeffiro, Blaxton, Gaillard, &
Theodore, 1995; Bottini et al., 1994; Damasio, Grabowski,
Tranel, Hichwa, & Damasio, 1996; Frith, Friston, Liddle,
& Frackowiak, 1991; Raichle et al., 1994; Price, Wise, &
Frackowiak, 1996; Vandenberghe, Price, Wise, Josephs, &
Frackowiak, 1996; Warburton et al., 1996).

The areas associated here with conceptual processing
during rest are also essentially identical to those shown
recently by Shulman et al. (1997) to deactivate during a
variety of visual tasks relative to passive visual stimula-
tion and fixation. As with the other studies detailed in
Table 3, the major foci identified by Shulman et al. are in
the caudal inferior parietal lobe, posterior cingulate/
precuneus, dorsal prefrontal cortex, and ventral temporal
lobe, again with left-hemisphere predominance. One
problem for the model presented here is that the areas
identified by Shulman et al. also showed deactivation
during several word retrieval tasks, including a verb
generation and a word-stem completion task. Because
the responses in these tasks depend on internal informa-
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Table 3. Comparison of Brain Activation Foci from Démonet
Identified in the Present Study (Table 2)

et al. (1992) and Price et al. (1994) with the Rest-Tone Foci

Location from Démonet et al. Distance Location from Price et al. Distance
Jfrom Rest Jfrom Rest
Jocus in Jocus in
Structure X ¥ z Table 2 (cm) X ¥ z Table 2 (cm)
L. angular gyrus -48 =56 +28 1.5 =36 =56 +16 1.9
L. posterior cingulate -2 -60 +24 0.9 -10 —44 +40 1.9
L. dorsal prefrontal -20 +30 +40 0.4 -14 +20 +52 1.4
L. ventral temporal -40 -38 -16 1.5 -36 —24 -12 1.5

tion stores, both tasks require a degree of conceptual
processing, as defined here. Although this result may
indicate a need for modification or refinement of the
model, two points deserve comment. First, the word
retrieval tasks used by Shulman et al. make relatively
focused demands on retrieval of lexical (word level)
information. As such, these tasks may engage internal
information processing systems much less extensively
than do the more complex conceptual processes postu-
lated to occur during rest, leading to a degree of task-in-
duced deactivation. The second point is that, consistent
with the model presented here, these areas have not
shown task-induced deactivation in other studies em-
ploying language tasks (Bookheimer et al., 1995; Frith et
al., 1991; Howard et al., 1992), including one previous
study of word generation (Frith et al., 1991). Resolution
of these inconsistencies will require further study and
replication. Direct comparisons between lexical and se-
mantic retrieval tasks could help to refine further the
conceptual-perceptual distinction underlying the model
presented here.

Implications for Functional Neuroimaging

The hypothesis of conceptual processing at rest has
some interesting and ubiquitous implications for the
interpretation of functional imaging data. If semantic
retrieval, representation, and information manipulation
processes occur during conscious resting states, studies
aimed at detecting these processes may lack sensitivity
when employing rest as a comparison condition. The
elegant study by Wise et al. (1991) illustrates this prob-
lem perhaps most clearly. In this study no differences in
activation pattern were found between these three com-
parisons: (1) listening to nonsense speech versus rest, (2)
semantically categorizing pairs of meaningful nouns ver-
sus rest, and (3) semantically categorizing verb-noun
pairs versus rest. Contrary to original expectations, all
three subtractions activated exactly the same superior
temporal (auditory) areas bilaterally, despite seeming dif-
ferences in semantic task requirements, particularly be-

tween the word tasks (2 and 3) and the nonsense speech
task (1). The resting state model presented here accounts
for such a finding in either of two ways. First, use of a
resting baseline in each comparison would disguise ar-
eas involved in conceptual functions such as retrieval
and manipulation of semantic information. If the main
differences between the word and nonsense speech
tasks involve such processes, these differences would
have been obscured in each case by subtracting the
resting state activity. By logical extension of the argu-
ment, however, the passive nonsense speech task (task
1) is similar to rest in that few resources need be di-
verted to perceptual functions at the expense of concep-
tual functions. According to the current model,
conceptual functions would thus have been ongoing
even during task (1), and there would consequently not
have been major differences along the conceptual/
perceptual dimension between the three tasks to begin
with.

Conceptual processing can be expected to occur not
only during resting states but also during states similar
to rest, such as fixation and passive presentation. Stated
more generally, there probably exists a continuum be-
tween rest, during which conceptual processing occurs
relatively continuously, and engagement in a difficult
perceptual task that greatly suppresses conceptual proc-
essing. The probability of identifying areas involved in
conceptual processing will thus partly depend on the
degree to which this type of processing is absent during
the comparison task. Variables that control conceptual
processing during a given task are likely to be the same
variables that control task-unrelated thought frequency,
such as stimulus presentation rate, working memory
load, and task familiarity. Other factors could include
perceptual discriminability, response rate, target or “odd-
ball” rate, and linguistic properties of the stimuli. Clearly
much work is needed to clarify the precise relationships
between these task variables and the magnitude of task-
induced deactivation observed relative to rest.
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Ventromedial Frontal Activation

Activity in the rostral-ventral anterior cingulate and or-
bital frontal cortex followed a different pattern from the
other left-hemisphere areas identified in Table 2. Activity
in this region was greater in the resting state than in the
tone task (Figure 1) but, unlike the other areas, was not
greater in the semantic task than the tone task (Figure
3) nor greater in the semantic task than the phonetic
task (Figure 4). Activity in this region thus appears to
reflect a processing component that is relatively unique
to the resting state. This region is probably distinct from
activation foci in the anterior cingulate cortex reported
previously during attentional and motor tasks because
these foci were all well above the intercommissural line,
generally 3.0 to 5.5 cm dorsal and caudal to the ven-
tromedial frontal foci in Table 2 (Corbetta, Miezin, Dob-
meyer, Shulman, & Petersen, 1991; Murtha, Chertkow,
Beauregard, Dixon, & Evans, 1996; Pardo, Pardo, Janer, &
Raichle, 1990; Paus, Petrides, Evans, & Meyer, 1993; Pe-
tersen, Fox, Posner, Mintun, & Raichle, 1988).

A characteristic that distinguishes the resting state
from the semantic task is that the conceptual processing
proposed to occur during rest is self-initiated. Unlike the
semantic task, in the resting state there is no external
stimulus that prompts or directs the processes of retriev-
ing, representing, and manipulating internal information.
One hypothesis consistent with these results is that the
angular gyrus, dorsal prefrontal, posterior cingulate, and
ventral temporal sites listed in Table 2 are involved in
retrieval, representational, and manipulative aspects of
conceptual processing—processes that also occur dur-
ing the semantic task—whereas the ventromedial frontal
region acts in some way to initiate these processes
during the resting state.

Similar findings come from a functional imaging study
of task-unrelated thought production by McGuire,
Paulesu, Frackowiak, and Frith (1996). In this study sub-
jects were scanned while resting, speaking nonsense
syllables, and reading. After each condition, subjects rated
the frequency of task-unrelated thoughts they had just
experienced using an arbitrary 0 to 10 scale. The analysis
searched for image voxels in which activity was corre-
lated with task-unrelated thought frequency ratings. The
main foci of correlation were in the left rostral cingu-
late and medial prefrontal cortex. Two of the three foci
(—4,44,8 and —10,48,0) were within 2 cm of the ventral
anterior cingulate focus given in Table 2. A crucial point
is that the tasks used by McGuire et al., involved linguis-
tic stimuli and may therefore have engaged the retrieval,
representation, and manipulation components of con-
ceptual processing to varying degrees. This task-related
conceptual processing would not be expected to corre-
late with task-unrelated thought frequency and therefore
would not have been identified in the correlation analy-
sis. The ventromedial frontal area identified by McGuire
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et al., is therefore associated with functions specific to
task-unrelated conceptual processing as distinct from
task-related conceptual processing. This is essentially the
same result that emerged from the present study. Taken
together, these findings suggest that ventromedial frontal
activity may be related rather specifically to conceptual
processing initiated intrinsically rather than prompted
by external stimuli.

According to this interpretation, the ventromedial
frontal cortex would be predicted to show relative acti-
vation during a resting state in comparison to a percep-
tual task but not during a semantic task in comparison
to a perceptual task. This prediction is borne out in the
available studies (Démonet et al., 1992; Price et al., 1994;
Shulman et al., 1997).

Left-Hemisphere Lateralization of Conceptual
Processing

The proposal that there is a network of brain regions
located primarily in the left hemisphere that is special-
ized for knowledge retrieval, problem-solving, and plan-
ning is consistent with several recent findings regarding
cerebral lateralization. For example, the left hemisphere
was shown to control the decision to respond in a
go/no-go task (Bisiach, Mini, Sterzi, & Vallar, 1982; Vallar,
Bisiach, Cerizza, & Rusconi, 1988), suggesting that it may
play a dominant role in decision-making. The left hemi-
sphere appears to be critical for generating mental im-
ages from constituent parts (Farah, Gazzaniga, Holtzman,
& Kosslyn, 1985; Kosslyn, 1988; Kosslyn, Maljkovic, Ham-
ilton, Horwitz, & Thompson, 1995), a process likely to
play a role in generating plans through the conscious
representation of alternative scenarios. The left hemi-
sphere may be the site of origin of uncontrolled
thoughts resulting in verbal hallucinations in schizophre-
nia (Barta, Pearlson, Powers, Richards, & Tune, 1990; Lid-
dle et al., 1992; McGuire, Shah, & Murray, 1993). Perhaps
most relevant are the conclusions about human cogni-
tion drawn from studies of patients with interhemi-
spheric disconnection. In such individuals, the right
hemisphere typically is devoid of language ability and is
difficult to engage in any sort of task involving an overt
response (Gazzaniga, 1983). When minimal language
abilities are present in the right hemisphere, a variety of
matching and discriminative responses can be obtained,
and the right hemisphere demonstrates superiority for
many visuospatial judgments (Franco & Sperry, 1977;
Levy, Trevarthen, & Sperry, 1972; Nebes, 1971, 1973).
Even in such cases, however, the right hemisphere ap-
pears virtually incapable of making simple inferences
from sensory events based on prior experience. Shown
a picture of logs and a picture of matches, for example,
the left hemisphere of such patients will select a picture
of a bonfire from a multiple choice display, whereas the
right hemisphere is unable to demonstrate this type of
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spontaneous inferential behavior (Gazzaniga, 1995; Gaz-
zaniga & Ledoux, 1978; Gazzaniga & Smylie, 1984).
Whether such organizing, differentiating, inferential,
problem-solving activities are essentially linguistic or ex-
tralinguistic has been much debated (Révész, 1954;
Weiskrantz, 1988). Lateralization to the language-domi-
nant hemisphere of brain activity associated with ongo-
ing thought, as observed here, lends some support to
claims that linguistic or generative systems play a role in
mediating such processes, perhaps providing a compu-
tationally efficient means of accessing, representing, and
manipulating internal sources of information (Corballis,
1991; Karmiloff-Smith, 1992; Kendler & Kendler, 1962;
Morris, 1946; Sapir, 1927; Vygotsky, 1962).

METHOD
Pilot Study: Task-Unrelated Thought

Subjects in the pilot study were 14 healthy adults
(7 women, 7 men), ranging in age from 18 to 35 years.
Subjects gave written informed consent and were paid
a small hourly stipend. The study received prior approval
by the Medical College of Wisconsin Human Research
Review Commiittee.

Testing took place in a simulated magnetic resonance
imaging (MRI) scanner that consisted of a sliding table,
on which the subject lay supine during the study, and a
tube-shaped enclosure with an inner diameter identical
to the MRI scanner bore, into which the subject was slid
halfway. Simulated echo-planar scanner pulses were
played over a loudspeaker at the back of the enclosure
at a rate of 4.8 Hz during all study conditions. The room
lights were extinguished, and subjects were instructed
to close their eyes during testing.

Two conditions were compared. In the rest condition,
subjects heard only the simulated scanner pulses and
performed no task. In the task condition, subjects per-
formed the same tone-monitoring task used in the fMRI
experiment and described previously (Binder et al.,
1995). Stimuli in this task were 500- and 750-Hz tones of
150-msec duration each, separated by 250-msec inter-
stimulus intervals. These were presented as sequences of
three to seven tones. Subjects were required to respond
by pressing a button with the left hand for any sequence
containing two 750-Hz tones. Stimuli were digitally syn-
thesized pure tones played by a computer through am-
plified headphones worn by the subject. Target
sequences occurred randomly on 37.5% of trials. Several
practice trials were given to ensure that subjects under-
stood and could perform the task.

Prior to testing subjects were also familiarized with a
definition of TUTSs, using instructions modeled after
those employed by previous investigators (Antrobus et
al., 19606; Teasdale et al., 1993): “During the session, it is
very possible that thoughts or images may enter your

mind that are not related to the tones task. For example,
you may think of something that you did last night or
someone you met recently or some other event that
happened in the past. Or you may think of something
you should do on your way home or something you
need to make plans for or some other event that could
happen in the future. All of these thoughts or images
share in common the property of being unrelated to
doing the tones task. We will call these ‘task-unrelated
thoughts’.”

During subsequent testing, scanner pulse sounds and
tones were halted abruptly after periods of the task or
rest condition that varied in length from 15 to 24 sec
(average 19.5 sec). Subjects were instructed to report
the presence or absence of a TUT at the moment of
sound interruption, using two keys operated with the
right hand. This reporting procedure was practiced sev-
eral times prior to testing. Twenty such TUT queries were
conducted for each of the two conditions. The order of
conditions was random over the 40 condition periods.

fMRI Study
Subjects

As described previously (Binder et al., 1997), subjects in
the fMRI study were 30 healthy adults (15 men, 15
women), ranging in age from 18 to 29 years, with no
history of neurologic, psychiatric, or auditory symptoms.
All subjects indicated strong right-hand preferences (lat-
erality quotient > 50) on the Edinburgh Handedness
Inventory (Oldfield, 1971). Subjects gave written in-
formed consent and were paid a small hourly stipend.
The study received prior approval by the Medical Col-
lege of Wisconsin Human Research Review Committee.

Task Conditions and Bebhavioral Measures

Task conditions during scanning included a resting state,
a tone-monitoring task, a semantic decision task, and a
phonetic monitoring task (Table 1). Subjects’ eyes were
closed, and the room lights were dimmed for all condi-
tions. Characteristics of the auditory stimulus apparatus
have been described previously (Binder et al., 1995,
1997). Stimuli and task instructions for the tone task
were identical to those used in the pilot study described
above. Stimuli in the semantic task were spoken English
nouns designating animals (e.g., turtle). Subjects were
required to respond by button press for animals they
considered to be both “found in the United States” and
“used by people.” No animal words were used more than
once during the entire scanning session. Characteristics
of the tone and semantic stimuli and the rationale for
task design have been described previously (Binder et
al., 1995, 1997).

Stimuli in the phonetic monitoring task were spoken
consonant-vowel (CV) syllables, including all combina-
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tions of the consonants b, d, f, g, h,j,k, 1, m,n,p,r,s,t,v,
w, Y, and z with the five vowels /x/, /i/, /a/, /o/, and /u/.
All syllables were edited to a duration of 400 msec. Each
trial presented three CV syllables in rapid sequence (e.g.,
/pa dx su/). Subjects were required to respond by but-
ton press when a triplet of CV syllables included both
of the consonants /b/ and /d/.

All tasks were matched for stimulus intensity, average
trial duration (3 sec), and frequency of targets (37.5% of
trials). Responses consisted of a thumb press to a button
device held in the left hand. Button responses produced
a visual signal in the control room that was used to log
performance accuracy. For the resting condition, subjects
were instructed to remain relaxed and motionless with
eyes closed but were given no other instructions or
stimuli. Instructions and brief practice trials on each task
were given prior to each functional imaging series.

Performances on the tone task and the phonetic task
were scored as the proportion of correct responses.
Responses on the semantic decision task were scored
using response data from a group of 50 normal right-
handed controls on the same stimulus sets. Items re-
sponded to with a probability greater than 0.75 by
controls were categorized as targets, and items re-
sponded to with a probability less than 0.25 by controls
were categorized as distractors. Performance by each
subject was then scored as the proportion of correct
discriminations between targets and distractors.

Image Acquisition

Scanning was conducted at 1.5 Tesla on a General Elec-
tric (GE Medical Systems, Milwaukee, WI) Signa scanner,
using a three-axis local gradient coil with an insertable
transmit/receive radiofrequency coil optimized for
whole-brain echo-planar imaging (EPD. Padding was
placed behind the neck and around the head as needed
to relax the cervical spine and to pack the space be-
tween the head and inner surface of the coil. Functional
imaging employed a gradient-echo EPI sequence with
the following parameters: 40-msec echo time, 4-sec repe-
tition time, 24-cm field of view, 64- X 64-pixel matrix, and
3.75- X 3.75- x 7.0-mm voxel dimensions. Between 17
and 19 contiguous sagittal slice locations were imaged,
encompassing the entire brain. One hundred sequential
images were collected at each of the slice locations. Each
100-image EPI series began with four baseline images (16
sec) to allow the magnetic resonance (MR) signal to
reach equilibrium, followed by 96 images during which
two comparison conditions were alternated for eight
cycles. High resolution, T1-weighted anatomical refer-
ence images were obtained as a set of 124 contiguous
sagittal slices using a 3-D spoiled-gradient-echo sequence
(SPGR, GE Medical Systems, Milwaukee, WI).

Four EPI series were acquired. In each series, one of
the conditions alternated eight times with one of the
other conditions, with each block of each condition
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lasting 24 sec. To control for the possibility that subjects
might rehearse or review the semantic task during rest
epochs, the first series was a resting-tone comparison
that occurred before subjects had any knowledge of the
semantic task. The remaining three series included a
resting-semantic comparison, a semantic-tone compari-
son, and a semantic-phonetic comparison. The order of
these three series was randomized and counterbalanced
across subjects.

Image Processing and Subtraction Analysis

All EPI images were spatially coregistered using an itera-
tive procedure that minimizes variance in voxel intensity
differences between images (Cox, 1996b). For each EPI
time series, ¢ tests were conducted at each voxel to
measure changes in signal intensity between the two
alternating comparison conditions. For this analysis, one
of the comparison conditions was designated the activa-
tion or “probe” condition and the other as the “control”
condition. First, the final four images within each of the
probe epochs were averaged to produce an image of
average signal intensity values during the last 12 sec of
each probe epoch. This procedure ensured that the
measured values would reflect steady-state activation lev-
els after completion of the hemodynamic response. Next,
the four images obtained during control epochs imme-
diately preceding and following each probe epoch were
averaged, and a probe-control difference image was cre-
ated for each of the eight activation cycles by subtracting
the average control image from the corresponding aver-
age probe image (Binder et al., 1994). Finally, these mean
probe-control difference values were compared, on a
voxel-by-voxel basis, against a hypothetical mean of zero
using pooled-variance Student ¢ tests. This procedure
generates statistical parametric maps (SPMs) of ¢ deviates
reflecting differences between probe and control states
at each voxel location for each subject. These differences
are referred to as “activation.”

Individual anatomical (SPGR) scans and SPMs were
then projected into the standard stereotaxic space of
Talairach and Tournoux (1988), using the MCW-AFNI
software package (Cox, 1996a). To compensate for nor-
mal variation in anatomy across subjects (Toga et al.,
1993), the unthresholded, stereotaxically resampled 3-D
SPMs were smoothed slightly with a Gaussian filter of
root-mean-square radius 4 mm. These datasets were then
merged across subjects by averaging the ¢ statistics at
each voxel (Binder et al., 1997). The procedure of aver-
aging statistics was chosen to guard against hetero-
scedasticity of MR signal variance among subjects that
could arise, for example, from differing degrees of sub-
ject motion or tissue pulsatility, variability in global blood
flow or reactivity, or scanner variability between ses-
sions.

The maps of averaged ¢ statistics were thresholded to
identify voxels in which the mean change in MR signal
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between comparison conditions was unlikely to be zero.
The average of a set of ¢ deviates is not a tabulated
distribution. Therefore, the Cornish-Fisher expansion of
the inverse distribution of a sum of random deviates was
used to select a threshold for rejection of the null hy-
pothesis (Fisher & Cornish, 1960). Only average ¢ scores
of 1.014 or greater were considered significant (voxel-
wise p < 0.00001).

Acknowledgments

This research was supported by a grant from the McDonnell-
Pew Program in Cognitive Neuroscience, National Institute of
Neurological Disorders and Stroke grant R01 NS33576, and
National Institute of Mental Health grant PO1 MH51358. We
thank P. A. Bandettini, A. R. Damasio, and J. S. Hyde for insightful
discussion and R. C. Reynolds and E. T. Possing for technical
assistance.

Reprint requests should be sent to J. R. Binder, Department
of Neurology, Medical College of Wisconsin, 9200 W. Wiscon-
sin Avenue, Milwaukee, W1, 53226, or via e-mail: jpinder@post.
its.mcw.edu.

REFERENCES

Antrobus, J. S. (1968). Information theory and stimulus-inde-
pendent thought. British Journal of Psychology, 59, 423~
430.

Antrobus, J. S., Singer, J. L., & Greenberg, S. (1966). Studies in
the stream of consciousness: Experimental enhancement
and suppression of spontaneous cognitive processes. Per-
ceptual and Motor Skills, 23, 399-417.

Aurell, C. G. (1979). Perception: A model comprising two
modes of consciousness. Perceptual and Motor Skills, 49,
431-444.

Barkow, J. H., Cosmides, L., & Tooby, J. (Eds.) (1992). The
adapted mind. New York: Oxford University Press.

Barta, P. E., Pearlson, G. D., Powers, R. E., Richards, S. S., &
Tune, L. E. (1990). Auditory hallucinations and smaller su-
perior temporal gyral volume in schizophrenia. American
Journal of Psychiatry, 147, 1457-1462.

Binder, J. R., Frost, J. A., Hammeke, T. A., Cox, R. W, Rao,

S. M., & Prieto, T. (1997). Human brain language areas iden-
tified by functional MRI. Journal of Neuroscience, 17,
353-3062.

Binder, J. R.,Rao, S. M., Hammeke, T. A., Frost,J. A., Bandet-
tini, P A., & Hyde, J. S. (1994). Effects of stimulus rate on
signal response during functional magnetic resonance im-
aging of auditory cortex. Cognitive Brain Research, 2, 31-
38.

Binder, J. R., Rao, S. M., Hammeke, T. A., Frost, J. A., Bandet-
tini, P A., Jesmanowicz, A., & Hyde, J. S. (1995). Lateralized
human brain language systems demonstrated by task sub-
traction functional magnetic resonance imaging. Archives
of Neurology, 52, 593-601.

Bisiach, E., Mini, M., Sterzi, R., & Vallar, G. (1982). Hemi-
spheric lateralization of the decisional stage in choice reac-
tion times to visual unstructured stimuli. Cortex, 18,
191-198.

Bookheimer, S. Y., Zeffiro, T. A., Blaxton, T., Gaillard, T., & Theo-
dore, W. (1995). Regional cerebral blood flow during ob-
ject naming and word reading. Human Brain Mapping,

3, 93-106.
Bottini, G., Corcoran, R., Sterzi, R., Paulesu, E., Schenone, P,

Scarpa, P, & Frackowiak, R. S. J. (1994). The role of the
right hemisphere in the interpretation of figurative as-
pects of language. A positron emission tomography activa-
tion study. Brain, 117, 1241-1253.

Brodmann, K. (1994). Localization in the cerebral cortex
(Trans. L. J. Garey). London: Smith-Gordon. (Original work
published in 1909)

Corballis, M. C. (1991). The lopsided ape: Evolution of the
generative mind. Cambridge, UK: Cambridge University
Press.

Corbetta, M., Miezin, E M., Dobmeyer, S., Shulman, G. L., & Pe-
tersen, S. E. (1991). Selective and divided attention during
visual discriminations of shape, color, and speed: Func-
tional anatomy by positron emission tomography. Journal
of Neuroscience, 11, 2383-2402.

Cox, R. W. (1996a). AFNI: Software for analysis and
visualization of functional magnetic resonance
neuroimages. Computers and Biomedical Research, 29,
162-173.

Cox, R. W. (1996b). Algorithms for image registration, motion
detection, and motion correction. In R. Savoy (Ed.),
JMRI2DAY: A two day workshop on functional MRI
(pp. 25-43). Boston, MA: MGH-NMR Center.

Damasio, A. R. (1989). Time-locked multiregional retroactiva-
tion: A systems-level proposal for the neural substrates of
recall and recognition. Cognition, 33, 25-62.

Damasio, H., Grabowski, T. J., Tranel, D., Hichwa, R. D., &
Damasio, A. R. (1996). A neural basis for lexical retrieval.
Nature, 380, 499-505.

Démonet, J.-E, Chollet, E, Ramsay, S., Cardebat, D., Nespou-
lous, J.-L., Wise, R., Rascol, A., & Frackowiak, R. (1992). The
anatomy of phonological and semantic processing in nor-
mal subjects. Brain, 115, 1753-1768.

Donald, M. (1991). Origins of the modern mind. Cambridge,
MA: Harvard University Press.

Eulitz, C., Elbert, T., Bartenstein, P, Weiller, C., Miiller, S. P, &
Pantev, C. (1994). Comparison of magnetic and metabolic
brain activity during a verb generation task. NeuroReport,
6, 97-100.

Farah, M. J., Gazzaniga, M. S., Holtzman, J. D., & Kosslyn, S. M.
(1985). A left hemisphere basis for visual mental imagery?
Neuropsychologia, 23, 115-118.

Felleman, D. J., & Van Essen, D. C. (1991). Distributed hierar-
chical processing in the primate cerebral cortex. Cerebral
Cortex, 1, 1-47.

Filler, M. S., & Giambra, L. M. (1973). Daydreaming as a func-
tion of cueing and task difficulty. Perceptual and Motor
Skills, 37, 503-509.

Fisher, R. A., & Cornish, E. A. (1960). The percentile points of
distributions have known cumulants. Technometrics, 2,
209-226.

Frackowiak, R. S. J.,, Lenzi, G. L., Jones, T., & Heather, J. D.
(1981). Quantitative measurement of regional cerebral
blood flow and oxygen metabolism in man using 50 and
positron emission tomography. Journal of Computer As-
sisted Tomography, 4, 727-736.

Franco, L., & Sperry, R. W. (1977). Hemisphere lateralization
for cognitive processing of geometry. Neuropsychologia,
15, 107-114.

Frith, C. D., Friston, K. J., Liddle, P. E, & Frackowiak, R. S. J.
(1991). A PET study of word finding. Neuropsychologia,
29, 1137-1148.

Gazzaniga, M. S. (1983). Right hemisphere language follow-
ing brain bisection: A 20-year perspective. American Psy-
chologist, 38, 525-537.

Gazzaniga, M. S. (1995). Consciousness and the cerebral
hemispheres. In M. S. Gazzaniga (Ed.), The cognitive
neurosciences (pp. 1391-1400). Cambridge, MA: MIT Press.

Binder et al. 91



Gazzaniga, M. S., & Ledoux, J. E. (1978). The integrated
mind. New York: Plenum.

Gazzaniga, M. S., & Smylie, C. S. (1984). Dissociation of lan-
guage and cognition. A psychological profile of two discon-
nected right hemispheres. Brain, 107, 145-153.

Giambra, L. M. (1995). A laboratory method for investigating
influences on switching attention to task-unrelated im-
agery and thought. Consciousness and Cognition, 4,
1-21.

Gibson, K. R., & Ingold, T. (Eds.) (1993). Tools, language and
cognition in buman evolution. Cambridge, UK: Cam-
bridge University Press.

Goldman-Rakic, P. (1987). Circuitry of primate prefrontal cor-
tex and regulation of behavior by representational mem-
ory. In E Plum (Ed.), Handbook of physiology, sec. 1, vol.
5, Higher functions of the brain (pp. 373-417). Bethesda:
American Physiological Society.

Gur, R. C., Mozley, L. H., Mozley, P. D., Resnick, S. M., Karp,

J. S., Alavi, A., Arnold, S. E., & Gur, R. E. (1995). Sex differ-
ences in regional cerebral glucose metabolism during a
resting state. Science, 267, 528-531.

Hebb, D. O. (1954). The problem of consciousness and intro-
spection. In E. D. Adrian, E Bremer, & H. H. Jasper (Eds.),
Brain mechanisms and consciousness: A symposium
(pp. 402-421). Springfield, IL: Charles C. Thomas.

Herholz, K., Peitrzyk, U., Karbe, H., Wiirker, M., Wienhard, K.,
& Heiss, W.-D. (1994). Individual metabolic anatomy of re-
peating words demonstrated by MRI-guided positron emis-
sion tomography. Neuroscience Letters, 182, 47-50.

Hochberg, J. (1981). On cognition in perception: Perceptual
coupling and unconscious inference. Cognition, 10, 127-
134.

Horowitz, M. (1975). Intrusive and repetitive thought after ex-
perimental stress. Archives of General Psychiatry, 32,
1457-1463.

Howard, D., Patterson, K., Wise, R., Brown, W. D., Friston, K.,
Weiller, C., & Frackowiak, R. (1992). The cortical localiza-
tion of the lexicons. Brain, 115, 1769-1782.

Ingvar, D. H. (1975). Patterns of brain activity revealed by
measurements of regional cerebral blood flow. In D. H.
Ingvar & N. A. Lassen (Eds.), Brain work (pp. 397-413).
Copenhagen: Munksgaard.

Ingvar, D. H. (1979). “Hyperfrontal” distribution of the cere-
bral gray matter flow in resting wakefulness; on the func-
tional anatomy of the conscious state. Acta Neurologica
Scandinavica, 60, 12-25.

James, W. (1890). Principles of psychology, vol.1. New York:
Dover.

Jones, E. G., & Powell, T. S. P. (1970). An anatomical study of
converging sensory pathways within the cerebral cortex
of the monkey. Brain, 93, 793-820.

Karmiloff-Smith, A. (1992). Beyond modularity: A develop-
mental perspective on cognitive science. Cambridge, MA:
MIT Press.

Kawashima, R., Itoh, M., Hatazawa, J., Miyazawa, H., Yamada,
K., Matsuzawa, T., & Fukuda, H. (1993). Changes of regional
cerebral blood flow during listening to an unfamiliar spo-
ken language. Neuroscience Letters, 161, 69-72.

Kendler, H. H., & Kendler, T. S. (1962). Vertical and horizontal
processes in problem solving. Psychological Review, 69,
1-16.

Klinger, E. (1978). Modes of normal conscious flow. In K. S.
Pope & J. L. Singer (Eds.), The stream of consciousness
(pp. 225-258). New York: Plenum.

Knight, R. T., & Grabowecky, M. (1995). Escape from linear
time: Prefrontal cortex and conscious experience. In M. S.
Gazzaniga (Ed.), The cognitive neurosciences (pp. 1357-
1371). Cambridge, MA: MIT Press.

92  Journal of Cognitive Neuroscience

Kosslyn, S. M. (1988). Aspects of a cognitive neuroscience of
mental imagery. Science, 240, 1621-1626.

Kosslyn, S. M., Maljkovic, V., Hamilton, S. E., Horwitz, G., &
Thompson, W. L. (1995). Two types of image generation:
Evidence for left and right hemisphere processes. Neuro-
psychologia, 33, 1485-1510.

Levy, J., Trevarthen, C. B., & Sperry, R. W. (1972). Perception
of bilateral chimeric figures following hemispheric discon-
nection. Brain, 95, 61-78.

Liddle, P. E, Friston, K. J., Frith, C. D., Hirsch, S. R., Jones, T., &
Frackowiak, R. S. J. (1992). Patterns of cerebral blood flow
in schizophrenia. British Journal of Psychiatry, 160, 179~
186.

Mazoyer, B. M., Tzourio, N., Frak, V., Syrota, A., Murayama, N.,
Levrier, O., Salamon, G., Dehaene, S., Cohen, L., & Mehler, J.
(1993). The cortical representation of speech. Journal of
Cognitive Neuroscience, 5, 467-479.

Mazziotta, J. C., Phelps, M. E., Carson, R. E., & Kuhl, D. E.
(1982). Tomographic mapping of human cerebral metabo-
lism: Sensory deprivation. Annals of Neurology, 12, 435-
444.

McClelland, J. L., & Rumelhart, D. E. (1981). An interactive ac-
tivation model of context effects in letter perception: Part
1. An account of basic findings. Psychological Review, 88,
375-407.

McGuire, P. K., Paulesu, E., Frackowiak, R. S. J., & Frith, C. D.
(1996). Brain activity during stimulus independent
thought. NeuroReport, 7, 2095-2099.

McGuire, P. K., Shah, G. M. S., & Murray, R. M. (1993). In-
creased blood flow in Broca’s area during auditory halluci-
nations in schizophrenia. Lancet, 342, 703-7006.

Mesulam, M. (1985). Patterns in behavioral neuroanatomy:
Association areas, the limbic system, and hemispheric spe-
cialization. In M. Mesulam (Ed.), Principles of bebavioral
neurology (pp. 1-70). Philadelphia: EA. Davis.

Miller, G. A., Galanter, E., & Pribram, K. (1960). Plans and
the structure of bebavior. New York: Holt.

Morris, C. W. (1946). Signs, language and bebavior. Engle-
wood Cliffs, NJ: Prentice-Hall.

Murtha, S., Chertkow, H., Beauregard, M., Dixon, R., & Evans,
A. (19906). Anticipation causes increased blood flow to the
anterior cingulate cortex. Human Brain Mapping, 4, 103-
112.

Nebes, R. D. (1971). Superiority of the minor hemisphere in
commissurotomized man for the perception of part-whole
relations. Cortex, 7, 333-349.

Nebes, R. D. (1973). Perception of spatial relationships by
the right and left hemispheres in commissurotomized
man. Neuropsychologia, 11, 285-289.

Neisser, U. (1967). Cognitive psychology. New York: Appleton-
Century-Crofts.

Newell, A., & Simon, H. (1972). Human problem solving.
Englewood Cliffs, NJ: Prentice-Hall.

Oldfield, R. C. (1971). The assessment and analysis of handed-
ness: The Edinburgh Inventory. Neuropsychologia, 9, 97-
113.

Pardo, J. V,, Pardo, P. J., Janer, K. W., & Raichle, M. E. (1990).
The anterior cingulate cortex mediates processing selec-
tion in the Stroop attentional conflict paradigm. Proceed-
ings of the National Academy of Sciences, USA, 87,
256-259.

Paus, T., Petrides, M., Evans, A. C., & Meyer, E. (1993). Role of
the human anterior cingulate cortex in the control of ocu-
lomotor, manual, and speech responses: A positron emis-
sion tomography study. Journal of Neurophysiology, 70,
453-469.

Petersen, S. E., Fox, P. T., Posner, M. 1., Mintun, M., & Raichle,
M. E. (1988). Positron emission tomographic studies of the

Volume 11, Number 1



cortical anatomy of single-word processing. Nature, 331,
585-589.

Picton, T. W., & Stuss, D. T. (1994). Neurobiology of conscious
experience. Current Opinion in Neurobiology, 4, 256-
265.

Pope, K. S., & Singer, J. L. (1976). Regulation of the stream of
consciousness: Toward a theory of ongoing thought. In
G. E. Schwartz & D. Shapiro (Eds.), Consciousness and self-
regulation (pp. 101-135). New York: Plenum.

Posner, M. 1. (1994). Attention: The mechanisms of conscious-
ness. Proceedings of the National Academy of Sciences,
USA, 91, 7398-7403.

Price, C. J., Wise, R. S. J., & Frackowiak, R. S. J. (1996). Dem-
onstrating the implicit processing of visually presented
words and pseudowords. Cerebral Cortex, 6, 62-70.

Price, C. J., Wise, R. J. S., Watson, J. D. G., Patterson, K.,
Howard, D., & Frackowiak, R. S. J. (1994). Brain activity dur-
ing reading. The effects of exposure duration and task.
Brain, 117, 1255-1269.

Raichle, M. E., Fiez,]J. A., Videen, T. O., MacLeod, A. M., Pardo,
J. V, Fox, P T,, & Petersen, S. E. (1994). Practice-related
changes in human brain functional anatomy during nonmo-
tor learning. Cerebral Cortex, 4, 8-26.

Révész, G. (Ed.) (1954). Thinking and speaking: A sympo-
sium. Amsterdam: North Holland Publishing.

Roland, P. E. (1993). Brain activation. New York: Wiley-Liss.

Sanders, J. A., & Orrison, W. W. (1995). Functional magnetic
resonance imaging. In W. W. Orrison, J. D. Lewine, J. A. Sand-
ers, & M. E Hartshorne (Eds.), Functional brain imaging
(Pp. 239-326). St. Louis: Mosby-Year Book.

Sapir, E. (1927). Language. New York: Harcourt-Brace.

Segal, S. J., & Fusella, V. (1970). Influence of imaged pictures
and sounds on detection of visual and auditory signals.
Journal of Experimental Psychology, 83, 458-464.

Shepard, R. N. (1984). Ecological constraints on internal rep-
resentation: Resonant kinematics of perceiving, imagining,
thinking, and dreaming. Psychological Review, 91, 417-
447.

Shulman, G. L., Fiez, J. A., Corbetta, M., Buckner, R. L., Meizin,
E M., Raichle, M. E., & Petersen, S. E. (1997). Common
blood flow changes across visual tasks: II. Decreases in
cerebral cortex. Journal of Cognitive Neuroscience, 9,
648-663.

Singer, J. L. (1993). Experimental studies of ongoing con-
scious experience. In Experimental and theoretical stud-
ies of consciousness (pp. 100-122). Chichester, England:
Wiley.

Skinner, B. E (1975). The steep and thorny way to a science
of behavior. American Psychologist, 30, 42-49.

Solomon, P, Kubzansky, P. E., Leiderman, P. H., Mendelson,

J. H., Trumbull, R., & Wexler, D. (1961). Sensory depriva-
tion. Cambridge, MA: Harvard University Press.

Stuss, D. T., & Benson, D. E (1986). The frontal lobes. New
York: Raven Press.

Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic at-
las of the buman brain. New York: Thieme.

Tamas, L. B., Shibasaki, T., Horikoshi, S., & Ohye, C. (1993).
General activation of cerebral metabolism with speech: A
PET study. International Journal of Psychophysiology, 14,
199-208.

Teasdale, J. D., Dritschel, B. H., Taylor, M. J., Proctor, L., Lloyd,
C. A, Nimmo-Smith, I., & Baddeley, A. D. (1995). Stimulus-
independent thought depends on central executive re-
sources. Memory and Cognition, 23, 551-559.

Teasdale, J. D., Proctor, L., Lloyd, C. A., & Baddeley, A. D.
(1993). Working memory and stimulus-independent
thought: Effects of memory load and presentation rate.
European Journal of Cognitive Psychology, 5, 417-

433.

Toga, A. W, Jones, A. S., Rothfield, J. M., Woods, R. P, Payne,
B. A., Huang, C., Mazziotta, J. C., & Cai, R. (1993). Anatomic
variability as measured with a 3D reconstructed Talairach
atlas. In K. Uemura, N. A. Lassen, T. Jones, & 1. Kanno (Eds.),
Quantification of brain function (pp. 449-456). New
York: Elsevier Science.

Vallar, G., Bisiach, E., Cerizza, M., & Rusconi, M. L. (1988). The
role of the left hemisphere in decision-making. Cortex, 24,
399-410.

Vandenberghe, R., Price, C., Wise, R., Josephs, O., & Frack-
owiak, R. S. J. (1996). Functional anatomy of a common se-
mantic system for words and pictures. Nature, 383,
254-256.

Vygotsky, L. S. (1962). Thought and language. New York:
Wiley.

Warburton, E., Wise, R. J. S., Price, C. J., Weiller, C., Hadar, U.,
Ramsay, S., & Frackowiak, R. S. J. (1996). Noun and verb re-
trieval by normal subjects. Studies with PET. Brain, 119,
159-179.

Weiskrantz, L. (Ed.) (1988). Thougbt without language. Ox-
ford, UK: Clarendon.

West, L. J. (Ed.) (1962). Hallucinations. New York: Grune &
Stratton.

Wise, R., Chollet, E, Hadar, U., Friston, K., Hoffner, E., & Frack-
owiak, R. (1991). Distribution of cortical neural networks
involved in word comprehension and word retrieval.
Brain, 114, 1803-1817.

Yates, J. (1985). The content of consciousness is a model of
the world. Psychological Review, 92, 249-284.

Yetkin, E Z., Hammeke, T. A., Swanson, S. J., Morris, G. L.,
Mueller, W. M., McAuliffe, T. L., & Haughton, V. M. (1995). A
comparison of functional MR activation patterns during si-
lent and audible language tasks. American Journal of
Neuroradiology, 16, 1087-1092.

Binder et al. 93



