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The human brain is intrinsically organized into
dynamic, anticorrelated functional networks
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During performance of attention-demanding cognitive tasks, cer-
tain regions of the brain routinely increase activity, whereas others
routinely decrease activity. In this study, we investigate the extent
to which this task-related dichotomy is represented intrinsically in
the resting human brain through examination of spontaneous
fluctuations in the functional MRI blood oxygen level-dependent
signal. We identify two diametrically opposed, widely distributed
brain networks on the basis of both spontaneous correlations
within each network and anticorrelations between networks. One
network consists of regions routinely exhibiting task-related acti-
vations and the other of regions routinely exhibiting task-related
deactivations. This intrinsic organization, featuring the presence of
anticorrelated networks in the absence of overt task performance,
provides a critical context in which to understand brain function.
We suggest that both task-driven neuronal responses and behavior
are reflections of this dynamic, ongoing, functional organization of
the brain.

functional MRI | functional connectivity | spontaneous activity

Functional imaging techniques such as positron emission
tomography and functional MRI (fMRI) have proven to be
valuable tools in the investigation of human brain function.
Typically a task or stimulus is presented and changes in brain
activity in response to the stimulus are recorded. For example,
a flashing checkerboard stimulus is associated with spatially
specific activity increases in the visual cortex and an auditory
stimulus with increased activity in the auditory cortex.

During performance of attention-demanding cognitive tasks,
two opposite types of responses are commonly observed. A
specific set of frontal and parietal cortical regions routinely
exhibit activity increases (1, 2), whereas a different set of regions,
including posterior cingulate, medial and lateral parietal, and
medial prefrontal cortex (MPF), routinely exhibit activity de-
creases (3-7). As the attentional demand of the task is increased,
this dichotomy generally becomes more pronounced; activity in
positive regions is further increased (8), whereas activity in
negative regions is further decreased (6).

Activity increases in frontal and parietal regions have been
associated with top-down modulation of attention and working
memory (1, 2, 9), processes commonly recruited by cognitive
task paradigms. Activity decreases are generally proportional to
task difficulty (6), but may be attenuated by self-referential
aspects of a task such as emotion (4, 10, 11) or episodic memory
(12) as well as the intrusion of task-independent thoughts (13).
Simply stated, the dichotomy observed in response to attention-
demanding cognitive tasks involves increased activity in regions
whose function supports task execution and decreased activity in
regions presumably supporting unrelated or irrelevant processes.

Although the majority of researchers performing functional
imaging studies continue to examine changes in brain activity
associated with task performance, some now study spontaneous
brain activity present in the absence of a task. These resting-state
functional connectivity studies examine correlations in slow
(<0.1 Hz) spontaneous fluctuations in the blood oxygen level-
dependent (BOLD) signal (14). Biswal and colleagues (15) were
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the first to show that these spontaneous fluctuations were
coherent within specific neuro-anatomical systems such as the
somatomotor system (15). Their results have been confirmed
and extended to several other systems, including visual, auditory,
and language processing networks (15-19). Important for the
present study, correlated fluctuations have been demonstrated
between frontal and parietal areas often observed to increase
activity during task performance (19, 20) and within the network
of regions commonly exhibiting activity decreases during task
performance (16, 20, 21).

The collective result of the above studies is that regions
similarly modulated by tasks or stimuli tend to exhibit correlated
spontaneous fluctuations even in the absence of tasks or stimuli.
This result holds true even at different spatial and temporal
scales, for example, in orientation columns in the visual cortex
(22). An important question is the extent to which task-related
functionality is represented intrinsically in the brain. If regions
with similar task-related responses are correlated, what is the
relationship between regions with dissimilar task-related re-
sponses? Specifically, is the task-related dichotomy between
regions routinely exhibiting task-positive responses and those
routinely exhibiting task-negative responses represented intrin-
sically in the resting brain? To address this question, we examine
both correlations and anticorrelations in spontaneous BOLD
fluctuations associated with six predefined regions of interest.
Three of these regions are known to routinely exhibit task-
positive responses (activations) and three are known to routinely
exhibit task-negative responses (deactivations) during attention-
demanding tasks (1-7, 9).

Methods

Data Acquisition. Ten normal right-handed subjects underwent
three 5.5-min scans in three different rest conditions: visual
fixation on a crosshair, eyes closed, and eyes open in low-level
illumination (without fixation). All imaging was performed on a
3T Siemens Allegra system (Erlagen, Germany). Electroen-
cephalograms were also obtained during the functional scans,
but were not used in the present analysis. Functional data were
collected by using an asymmetric spin-echo, echo-planar se-
quence sensitive to BOLD contrast [echo time (TE) = 25 ms, flip
angle = 90°, 4 X 4 X 4-mm isotropic voxels, volume repetition
time (TR) = 3.013 s). The volume TR included a 1-s pause
between frames. Whole brain coverage was obtained with 32
contiguous slices. Structural data (for definitive atlas transfor-
mation) included two high-resolution (1 X 1 X 1.25 mm) sagittal,
T1-weighted magnetization-prepared rapid gradient-echo scans
(TR = 2.1s, TE = 3.93 ms, flip angle = 7°) and a T2-weighted
fast spin echo scan.
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Preprocessing of Functional Data. fMRI preprocessing steps in-
cluded: first, compensation of systematic, slice-dependent time
shifts; second, elimination of systematic odd-even slice intensity
differences caused by interleaved acquisition; and, third, rigid
body correction for interframe head motion within and across
runs. Step three provided a record of head position within and
across all fMRI runs. Each fMRI run was intensity scaled (one
multiplicative constant over all voxels and frames) to yield a
whole brain mode value of 1,000 (not counting the first four
frames) (23). Atlas registration was achieved by computing
affine transforms connecting the fMRI run first frame (averaged
over all runs after cross-run realignment) with the T2-weighted
and average Tl-weighted structural images (23). Our atlas
representative template includes magnetization-prepared rapid
gradient-echo data from 12 normal individuals and was made to
conform to the 1988 Talairach atlas (24). To prepare the BOLD
data for the present main analyses, each fMRI run was trans-
formed to atlas space and resampled to 3-mm cubic voxels.

Correlation Techniques. Several processing steps were used to
optimally condition the functional data for analysis of voxel-
based correlations. Data were temporally band-pass filtered
(0.009 < f < 0.08) and spatially smoothed (6-mm full width at
half maximum Gaussian blur). Several sources of spurious
variance along with their temporal derivatives were then re-
moved from the data through linear regression: (i) six parame-
ters obtained by rigid body correction of head motion, (ii) the
whole-brain signal averaged over a fixed region in atlas space,
(#ii) signal from a ventricular region of interest, and (iv) signal
from a region centered in the white matter. This regression
procedure removes fluctuations unlikely to be involved in spe-
cific regional correlations. Correlation maps were produced by
extracting the BOLD time course from a seed region then
computing the correlation coefficient between that time course
and the time course from all other brain voxels. Seed regions
were 12-mm-diameter spheres centered on previously published
foci. For the current study we examined correlations associated
with six predefined seed regions: three regions, referred to as
task-positive regions, routinely exhibiting activity increases dur-
ing task performance, and three regions, referred to as task-
negative regions, routinely exhibiting activity decreases during
task performance (2, 5, 9). Task-positive regions were centered
in the intraparietal sulcus (IPS; —25, —57, —46), the frontal eye
field (FEF) region of the precentral sulcus (25, —13, 50), and the
middle temporal region (MT*, —45, —69, —2) by using the three
most significant foci exhibiting activity increases from a study of
externally cued attention and working memory (9). Although
these foci were defined on the basis of a single study, similar foci
have been reported in numerous studies of external attention
and/or working memory (1). Task-negative regions were cen-
tered in the MPF (—1, 47, —4), posterior cingulate/precuneus
(PCC, —5, —49, 40), and lateral parietal cortex (LP, —45, —67,
36) by using the three most significant foci from a metaanalysis
of decreases during task performance (5).

Correlation Statistics. To combine results across subjects and
compute statistical significance, correlation coefficients were
converted to a normal distribution by Fischer’s z transform (25).
These values were converted to z scores (i.e., zero mean, unit
variance, Gaussian distributions) by dividing by the square root
of the variance, computed as 1/+/(n — 3), where n is the degrees
of freedom in the measurement. Because individual time points
in the BOLD signal are not statistically independent, the degrees
of freedom must be corrected according to Bartlett’s theory (25).
The correction factor for independent frames was calculated to
be 2.34, resulting in 318/2.34 = 135.9 df. Z-score maps were
combined across subjects by using a fixed-effects analysis. Fi-
nally, population-based z-score maps were corrected for multiple
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Fig. 1. Intrinsic correlations between a seed region in the PCC and all other
voxels in the brain for a single subject during resting fixation. The spatial
distribution of correlation coefficients shows both correlations (positive val-
ues) and anticorrelations (negative values), thresholded at R = 0.3. The time
course for a single run is shown for the seed region (PCC, yellow), a region
positively correlated with this seed region in the MPF (orange), and a region
negatively correlated with the seed region in the IPS (blue).

comparisons at a significance level of P < 0.05 (z = 3, cluster
size = 17 voxels).

Conjunction Analysis. Population-based z-score maps for the six
seed regions were combined by using a conjunction analysis.
First, the correlation maps for the three task-negative seed
regions were multiplied by —1 then averaged with the correlation
maps from the task-positive seed regions. This average was then
masked by using a conservative conjunction procedure. Voxels
were included in the mask only if they were significantly corre-
lated or anticorrelated with five of the six seed regions. Peak foci
in this conjunction map were identified by using an automated
peak search algorithm with an absolute value threshold of 7.5.
Peak foci of the same sign closer than 25 mm were combined
through algebraic averaging (26).

Surface-Based Mapping. The volumetric statistical results were
projected onto the cortical surface of the PALS (population-
average landmark- and surface-based) atlas by using a multifi-
ducial mapping method that circumvents the biases of choosing
a hemisphere from a single individual as an atlas target (49). The
visualization threshold for the average activation pattern was set
at a level that yielded a surface area equaling the average surface
area for the mappings to each of the 12 individual target surfaces.

Results

We examined resting state correlations associated with six
predefined seed regions, three regions routinely exhibiting
activity increases (task-positive regions) and three regions
routinely exhibiting activity decreases (task-negative regions)
during attention-demanding cognitive tasks (2, 5, 9). Task-
positive regions included the IPS, FEF region of the precentral
sulcus, and MT*. Task-negative regions included the MPF,
PCC, and LP.

The correlation coefficients between time courses from each
of the six seed regions and all other voxels in the brain were then
computed for each individual. The results from a single indi-
vidual for a seed region in the PCC are shown in Fig. 1. Fig. 1
Upper shows the regional distribution of correlation coefficients,
and Fig. 1 Lower shows time courses for the PCC seed region
(vellow), a MPF region positively correlated with the seed
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Fig. 2. Population-based z-score maps showing nodes significantly corre-
lated or anticorrelated with six seed regions (small circles). (Upper) (Left)
Results from three task-negative seed regions: MPF, PCC, and LP. (Right)
Results from three task-positive seed regions: IPS, FEF, and MT*. (Lower) The
conjunction map is an average, including only nodes significantly correlated
or anticorrelated with five of the six seed regions. White contours are
drawn on the conjunction map and copied onto the other maps to facilitate
comparison.

(orange), and an IPS region anticorrelated with the seed (blue).
The PCCl s positively correlated with regions in the MPF and LP,
an observation in agreement with previous results (16). How-
ever, we also note strong anticorrelations with regions including
the IPS, FEF, MT™, the supplementary motor area (SMA), and
insula.

To assess statistical significance and combine results across
subjects, correlation coefficients for each subject were converted
to z-score values (see Methods). The population-averaged cor-
relation maps for each of the six regions of interest are displayed
on the flattened left hemisphere in Fig. 2 Upper. Each map has
been corrected for multiple comparisons at a significance level
of P < 0.05. Positive z-score values are significantly correlated
with the seed region, whereas negative z-score values are sig-
nificantly anticorrelated.

Fig. 2 Upper Left displays correlation maps for the three
task-negative seed regions, and Fig. 2 Upper Right shows maps for
the three task-positive seed regions. All three task-positive seed
maps are strikingly similar, as are all three task-negative seed
maps, although potentially interesting variations depending on
seed region can be seen. Critically, the task-positive seed maps
(Fig. 2 Upper Right) are to a large extent sign-inverted versions
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of the task-negative seed maps (Fig. 2 Upper Left). These results
indicate that BOLD fluctuations are correlated within two
widely distributed systems and further that these two systems are
largely anticorrelated.

To confirm the above impressions, the six correlation maps
were combined by using a modified conjunction analysis (see
Methods). Voxels were included in the conjunction map only if
they were significantly correlated or anticorrelated with five of
the six seed regions. The resulting conjunction map is shown on
a flattened brain in Fig. 2 Lower, on the surface of an inflated
brain in Fig. 3, and for selected slices in Fig. 4, which is published
as supporting information on the PNAS web site. Positive values
are significantly correlated with task-positive seed regions and
significantly anticorrelated with task-negative seed regions,
whereas the inverse is true for negative values. This procedure
thus defines two widely distributed, anticorrelated brain net-
works on the basis of intrinsic fluctuations in neuronal activity.
Parallel analyses were conducted for the eyes closed and eyes
open (no-fixation) conditions with similar results (Fig. 5, which
is published as supporting information on the PNAS web site),
including regions in the parahippocampal gyri and cerebellar
tonsils.

Automated peak search was used to identify foci of maximum
significance in the fixation condition conjunction map (Table 1).
Fifteen foci were identified as part of the task-positive network
and 15 as part of the task-negative network. The task-positive
network consists of regions in the IPS and inferior parietal
lobule, precentral sulcus including FEF, dorsal lateral prefrontal
cortex, MT™, insula/frontal operculum, and the SMA. The
task-negative network consists of regions in the PCC, retrosple-
nial cortex, medial prefrontal, lateral parietal, superior frontal,
parahippocampal gyri, inferior temporal, and cerebellar tonsils.

Discussion

Our current results demonstrate that the activation/deactivation
dichotomy routinely observed in response to attention-
demanding tasks is represented intrinsically in the resting human
brain, demonstrable in the absence of any overt task or behavior.
We show that widely distributed neuro-anatomical networks are
organized through both correlated spontaneous fluctuations
within a network and anticorrelations between networks.

The task-positive network consists of regions routinely acti-
vated during goal-directed task performance (1). It includes a set
of regions previously termed the “endogenous” or “dorsal
attention system” (IPS, FEF) active during directed attention
(2). In addition, the task-positive network includes dorsal-lateral
and ventral prefrontal regions, insula, and SMA, activated by a
variety of demanding cognitive tasks (1, 27).

The task-negative network consists of regions commonly
exhibiting activity decreases during task performance (4-6) and
implicated in various aspects of self-referential processing (3).
Our currently defined task-negative network includes a set of
regions often referred to as a “default system” to connote
greater activity at rest than during the performance of various
goal-directed tasks (3, 28). One component of the task-negative
network, the cerebellar tonsils, has not been previously noted.
This unexpected finding was replicated in all three resting
conditions, suggesting that this poorly understood region of the
cerebellum may contribute in some unique way to the function-
ality of the task-negative network.

In addition to the regions included in our current task-positive
and task-negative networks, it is important to comment on the
regions not included, specifically primary sensory and motor
cortices. Although one might expect that these areas would be
correlated with the task-positive network because of their com-
mon activation during task paradigms, it is clear that they show
no intrinsic preference for either network. Neither the task-
positive nor task-negative network is intrinsically linked to our
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Fig. 3. Intrinsically defined anticorrelated processing networks in the brain. Positive nodes are significantly correlated with seed regions involved in focused
attention and working memory (task-positive seeds) and significantly anticorrelated with seed regions routinely deactivated during attention demanding
cognitive tasks (task-negative seeds). Negative nodes are significantly correlated with task-negative seed regions and significantly anticorrelated with
task-positive seed regions. (Left) Lateral and medial views of left hemisphere. (Center) Dorsal view. (Right) Lateral and medial views of right hemisphere.

direct interfaces with the external world, an observation relevant
to understanding the functionality of these widely distributed
networks of higher-order brain structures.

The reproducibility of the current findings across three dif-
ferent resting states (fixation, eyes closed, and eyes open)
demonstrates that our results cannot be attributed to the impo-
sition of a low-level task (fixation), eye movements, or the
presence or absence of visual input. Rather our results appear to
be robust with respect to variation in the resting state. This
stability across different conditions is consistent with the liter-
ature in which similar correlations in slow (<0.1 Hz) spontane-
ous fluctuations have been observed during task performance
(17, 21, 29), at rest in the absence of a task (16-18, 30), and even
under anesthesia (31).

The current results confirm and expand observations from
previous resting-state functional connectivity studies. Both cor-
relations and anticorrelations have been reported between some
subcomponents of our currently defined task-positive and task-

negative networks. Correlated fluctuations have been demon-
strated between frontal and parietal attentional areas (19, 20),
part of our task-positive network, and between the majority of
regions implicated in our task-negative network (16, 20, 21).
Anticorrelations have been previously noted between a seed
region in the premotor cortex (BA6), part of our task-positive
network, and the posterior cingulate and medial prefrontal
cortex, components of our task-negative network (17). Similarly,
anticorrelations have been observed between seed regions in the
lateral prefrontal cortex, part of our task-positive network, and
voxels in the posterior cingulate, part of our task-negative
network (16). Commenting on these results, Greicius and col-
leagues (16) suggested that intrinsic anticorrelated activity might
relate to the differential task-related responses in these regions,
a conclusion in line with our present interpretation. Our current
results expand these previous observations both spatially and
conceptually, defining widely distributed networks on the basis
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Table 1. Peak foci for intrinsically defined anticorrelated networks

Brodmann's areas

Common names

Talairach coordinates

The task-positive network

7 IPS (—23, —66, 46) (25, —58, 52)
7/40 Inferior parietal lobule (—42, —44, 49) (47, —37,52)
19 Orbital gyrus (vIPS) (—26, —80, 26) (35, —81, 29)
6 FEF (SPrCeS) (—24, —12,61) (28, —7, 54)

6 Inferior precentral sulcus (—54, 0, 35)

6/32 SMA/pre-SMA (-2,1,51)
46 DLPFC (—40, 39, 26) (38, 41, 22)
19/37 MT+ (—47, —69, —3) (54, —63, —8)

The task-negative network

Insula/frontal operculum

(—45, 5, 8) (45, 4, 14)

31 PCC (-2, —36, 37)
30 Retro-splenial (3, —51, 8)
39 LP (—47, —67, 36) (53, —67, 36)
32/10 MPF (-3, 39, —2) (1, 54, 21)

8 Superior frontal (—14, 38, 52) (17, 37, 52)
20/21 Inferior temporal (—61, —33, —15) (65, —17, —15)
35 Parahippocampal gyrus (—22, —26, —16) (25, —26, —14)

Cerebellar tonsils

(7, =52, —44)

VvIPS, ventral intraparietal sulcus; SPreCes, superior precentral sulcus; DLPFC, dorsal lateral prefrontal cortex.
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of both correlations and anticorrelations between multiple seed
regions.

The present findings regarding spontaneous BOLD correla-
tions should be considered in the context of the rich neurophys-
iological literature on coherent neuronal fluctuations or oscil-
lations. Synchronous neuronal fluctuations have been reported
across a broad range of frequencies and spatial scales (22,
32-37). These correlations can be spontaneous (22, 32, 33) or
related to particular tasks or goals (35, 36). Synchrony may be
present only transiently (35, 36) or more temporally stable (22,
32, 33, 38). It has likewise been suggested that neuronal fluctu-
ations at high and low frequencies may be related, with lower-
frequency fluctuations corresponding to power modulations of
higher-frequency bands, both demonstrating coherence at their
respective spatial scales (33, 34, 37).

Correlations in the BOLD signal fall at a particular point along
this synchrony spectrum. They occur over very slow frequencies
(<0.1 Hz) and large spatial scales and seem fairly consistent
across time (15-18, 38). What then is the relationship between
these coherent BOLD fluctuations and the synchrony observed
at the other end of the spectrum, namely high-frequency (e.g., 40
Hz), spatially confined, transient correlations often discussed in
relation to the “binding problem” (35, 36)?

Neuronal synchrony may serve a similar purpose regardless of
the frequency, spatial scale, or temporal permanence. Specifi-
cally, synchrony could facilitate the coordination and organiza-
tion of information processing in the brain across several spatial
and temporal ranges (34). Thus, transient binding of perceptual
fragments into a unified percept and sustained large-scale
organization of distributed neuro-anatomical networks both may
be mediated through similar mechanisms.

Although our current results share important theoretical
properties with synchrony and coherence reported across dif-
ferent temporal and spatial scales, they extend this thinking in a
critical way, suggesting that anticorrelations may be as important
as correlations in brain organization. Little has been said pre-
viously in the neuronal synchrony literature regarding the role of
anticorrelations. While correlations may serve an integrative
role in combining neuronal activity subserving similar goals or
representations, anticorrelations may serve a differentiating role
segregating neuronal processes subserving opposite goals or
competing representations.

The notion of opposing or competitive processes is well repre-
sented in the psychological, behavioral, and functional imaging
literature. Examples include competitive interactions between emo-
tion and cognition (4, 39, 40), focused attention vs. monitoring of
one’s environment for behaviorally relevant events (2), and task
focus vs. stimulus independent thought (41-44).

Perhaps most relevant to the current findings is the observed
behavioral competition between task-focused attention and
processes subserving stimulus-independent thought. During per-
formance of cognitive tasks, thoughts occasionally emerge un-
related to the task or goal (41-44). The more stimulus-
independent thoughts that occur during a task session, the worse
the subject’s performance (42). Conversely, increasing the dif-
ficulty and attentional demand of the task results in fewer
stimulus-independent thoughts (42-44). The suppression of
stimulus-independent thoughts or ruminations through focus on
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a cognitively engaging task has been applied therapeutically in
psychiatric disorders such as depression and anxiety (41).

There is reason to believe there is a relationship between such
behavioral phenomenon and our current results. Focused atten-
tion and goal-directed behavior are generally associated with
increased activity in our task-positive network and decreased
activity in our task-negative network (1-7, 9), whereas the
emergence of stimulus-independent thought has been associated
with increased activity in our task-negative network and a trend
toward decreased activity in our task-positive network (13). It is
therefore quite possible that this behavioral phenomenon
emerges as a simple reflection of the underlying intrinsic and
dynamic organization of the brain.

The demonstration of an anticorrelated relationship between
the two networks presumably underlying focused attention and
stimulus independent thought alters the interpretation of the
origin of this behavioral effect. This phenomenon has been
previously explained as a competition for processing resources
from a poorly defined “central executive” (43) or “central
cognitive operator” (44), a notion with strong conceptual ties to
a “homunculus” controlling access to conscious awareness (45).
Our current findings eliminate the need for a homunculus by
suggesting the emergence of the phenomenon through intrinsic
anticorrelated interactions occurring naturally and spontane-
ously in the human brain.

Many important questions remain regarding coherent neuronal
fluctuations, and in particular the slow spontaneous fluctuations
observable in the BOLD signal. Although it is clear that these
fluctuations are coherent within specific neuro-anatomical systems,
the origin of this synchrony and its function in neurological pro-
cessing remain obscure. What is the relationship between these slow
spontaneous fluctuations, the brain’s response to a task or stimulus,
and behavior? Likewise, are anticorrelations, like correlations, an
organizational principal across various spatial and temporal scales?
Understanding these relationships will likely become a key pursuit
in understanding brain function.

Our current results extend the concept of a default mode (3,
28) or resting-state functionality of the brain by demonstrating
a dynamic interplay within and between large, spatially distrib-
uted systems representing opposing components of our mental
lives. The fact that task-evoked neuronal responses and, likely,
behavioral phenomena mimic or reflect this underlying intrinsic
organization encourages shifting one’s perspective of brain
function from the view of a system simply responding to changing
contingencies to one operating on its own, intrinsically, with
sensory information modulating rather than determining the
operation of the system. This view has both historical (46) and
recent experimental support (22, 47, 48) and suggests a unique
approach to understanding brain function.

Note Added in Proof. During preparation of this article a relevant article
(50) became available noting the presence of anticorrelations between a
seed region in the posterior cingulate/precuneus and many of our
currently defined task-positive regions, thus providing additional support
for the current results.
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