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Neuroimaging-based investigations in humans have established
the existence of brain regions that are selectively metabolically
active while resting. We report a population-scale neurophysio-
logical measurement of activity in regions of this ““default net-
work,” by recording high-frequency power (76-200 Hz) electrical
potentials directly from these regions in three human subjects. A
selective increase observed during only resting, when compared
with activity, firmly establishes a neuronal origin for default
network phenomena.
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lood-flow-based imaging technologies, such as positron

emission tomography and fMRI, have revealed that a con-
stellation of human brain regions, including the medial prefron-
tal cortex (MdPFC) and the precuneus, have a distinct rise in
activity specifically as individuals disengage from mentally de-
manding tasks (1). That is, the blood-oxygen-level-dependent
(BOLD) signal within a set of regions collectively called the
“default network™ (DN) is specifically elevated in the absence of
demanding external interaction (e.g., during task-initiated con-
trol periods or scanning in the absence of a specific task, i.e., the
“resting state”) and is suppressed during the execution of
cognitive, sensory, or motor processes (2).

This BOLD signal increase during resting has been the primary
identifying feature of the DN, and it has been interpreted with the
hypothesis that there are robust ongoing neuronal processes in the
cortex that are interrupted during engagement in attention-
demanding tasks (2, 3). However, resting-state fMRI investigations
are intrinsically susceptible to interference from cardiac and respi-
ratory cycles, and because of this, some evidence has questioned the
neuronal origins of resting-state default activity (4). Others have
proposed that the BOLD signal is physiologically driven, at least in
part, by the metabolic demand of a locally coherent ensemble of
rapidly oscillating cell assemblies at high frequencies (5). To fully
ascertain the contributions of the DN to cognitive and behavioral
neuroscience and to the pathophysiology of mental illness (6), a
complete characterization of the neurophysiological phenomena
that drive DN function is required.

To date, the electrophysiological origins of DN activities have
been limited to scalp-based EEG (7). The EEG signal at a given
electrode is an average across a large area of cortical tissue (8—11)
and particularly limited for buried cortex, such as the MdPFC. A
few studies have combined concurrent measurements of EEG and
BOLD-fMRI (7, 12-14) with mixed results.

Here, we used electrocorticography (ECoG) measurement
in humans undergoing long-term recording from the cortical
surface for localization of seizure foci. In some individuals,
electrodes had been placed over deep medial cortex, including
the MdPFC and the precuneus or posterior cingulate regions.
Recordings were obtained during various functional engage-
ment tasks and control periods of rest. In contrast to EEG,
ECoG reports a direct measure of local cortical activity (e.g.,
refs. 15-19). In particular, high-frequency changes (76-200
Hz) in the brain surface electrical potential power spectrum
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have consistently been demonstrated to reflect activated or
engaged cortex (16, 17, 19-22). Accordingly, we anticipated
that neuronal population activity, approximated by these
electrical changes, might increase within DN regions during
control periods of resting fixation and be suppressed during the
execution of cognitive or motor computations.

Results

We determined the power in brain surface electric potentials,
between 76 and 200 Hz, using ECoG recordings (Fig. 1). Three
patients, with intractable seizures, were studied after they had
undergone placement of subdural ECoG electrode arrays
(including coverage over the MAPFC and precuneus regions)
for clinical monitoring. Each individual passively fixated on a
distant wall (resting) and then engaged in one or more of three
different active behavioral tasks: verb generation, visual target
detection, or finger movement. Distributions of power in the
76-200 Hz range during resting and task engagement were
compared with identified brain regions with a statistically
significant change.

Electrode pairs in the supplemental motor area (Figs. 1 and
2) and primary visual cortex (Fig. 2) illustrate a significant
increase in activity associated with finger movement, vision, or
speech compared with passive fixation. In each case, an
MAPFC electrode pair, however, shows the exact opposite:
Neural activity is diminished from resting-state levels while the
subject is engaged in a task (Table 1). A precuneus electrode
pair showed the same effect in subject 2 (Fig. 2). When the
same analysis was applied to other frequency ranges (4-8,
8-12, 15-25, and 28-40 Hz), the only consistent trend was an
increase in power between 4 and 8 Hz in the MdPFC with
activity (statistically significant only in subject 3).

Discussion

Other studies measuring BOLD-fMRI changes (23, 24) and
correlation in electroencephalographic scalp rhythms (7, 25)
have demonstrated that these default regions intrinsically fluc-
tuate in concert, giving rise to a cross-regional “resting-state
network.” Correlated fluctuations also were seen with ECoG
comparing distant sensory regions (26).

The results presented here illustrate the direct cortical mea-
surement of changes in the amplitude of population-scale neu-
rophysiology associated with human DN regions and reveal that
high levels of electrical brain activity persist specifically in the
absence of outside stimulation. This conjugate on/off pattern of
ECoG activation, which was consistent across three different
active tasks, parallels a vast literature of fMRI inquiry linking
DN activity to cognition and behavior (2, 3, 5, 27, 28). These
results reveal a neural signature of stimulus-independent activ-
ity, refuting alternative hypotheses that attribute resting-state
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Subject 1, areas of high-frequency power increases and decreases. (A) Electrodes covered the medial frontal (interhemispheric) cortex, and the power

level between 76 and 200 Hz in the electrocorticography potential was measured from differential electrode pairs. (B) Corresponding locations of electrode pairs
in the brain of subject 1 (white and black dots) are shown on a template brain, with coverage of medial prefrontal cortex (MdPFC, “M") [electrode pair Talairach
(35) locations are shown in Table 1] and supplemental motor area (SMA, “'S" in black dots). (C) The power at 76-200 Hz is shown for resting fixation (solid gray
bars), finger movement (dots), and verb generation (squiggles). Power was higher in the SMA with finger movement but lower in the MdPFC during cued finger

movement. Error bars indicate the standard error; all differences were significant (P < 0.01).

BOLD changes in default regions to nonneuronal artifacts
(29, 30). The conclusion of many functional imaging studies that
neural activity in MdPFC and the precuneus is specifically
increased during rest is concretely validated by these measure-
ments.

Materials and Methods

Subjects and Clinical Procedures. Subdural electrode arrays (Fig. 3) were
placed on the cortical surface for extended clinical monitoring and local-
ization of seizure foci in three patients. Patients 1, 2, and 3 were right-
handed, 18-, 21-, and 31-years-old, and female, male, and male, respec-
tively. All had medically intractable seizures and were recommended for
invasive electrode monitoring with surgery, and electrode placement was
determined through comprehensive evaluation at the Regional Epilepsy
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76-200 Hz Power (u1V2)

76-200 Hz Power (uV2)

Center, Harborview Medical Center, University of Washington. Each gave
informed consent to participate in an internal-review-board-approved
experimental protocol. Experiments were performed at the bedside, using
Synamps2 amplifiers (Neuroscan). Data were recorded, and stimuli were
presented with a monitor (=1 m away) using BCI2000 (31). Subdural
platinum electrode arrays and strips (2.3-mm diameter exposed, 1-cm
interelectrode distance; Ad-Tech) were implanted, and electrode cortical
surface positions were localized from X-rays and plotted with the Location
on Cortex package (32). The potentials were sampled at 1000 Hz, with
respect to a scalp reference and ground (software-imposed filter from 0.15
to 200 Hz).

Tasks. All three patients performed a 3-min fixation task (“resting” condition),
where they stared at a 10-cm static X" on the wall, 3 m away. Default
network activity has been demonstrated to be independent of whether an
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Power levels between 76 and 200 Hz in the potential measured from differential electrocorticography electrode pairs in subject 2 (A) and subject 3 (B)

are shown for resting fixation (solid gray bars), finger movement (dots), and visual target detection (cross-hatched). Corresponding locations of electrode pairs
are shown in schematics, with coverage of MdPFC (“’M"') (Talairach locations in Table 1), SMA (S in black dots), posterior cingulate/precuneus cortex (PCC, 'P"),
and primary visual cortex (V1, “V"). Error bars indicate the standard error; all differences were significant (P < 0.01).
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Table 1. Coordinates for each electrode pair displayed in the figures along with the location
and Brodmann area

Talairach coordinate

Pair X y z Lobe Common name BA Change
Sub1-MdPFC 0 44 1 Limbic Anterior cingulate ND Decrease
Sub1-MdPFC 1 54 -3 Frontal Medial frontal gyrus 10 Decrease
Sub1-SMA 0 -2 60 Frontal Medial frontal gyrus 6 Increase
Sub1-SMA -1 0 50 Frontal Medial frontal gyrus 6 Increase
Sub2-MdPFC 5 62 24 Frontal Superior frontal gyrus 10 Decrease
Sub2-MdPFC 2 55 16 Frontal Medial frontal gyrus 9 Decrease
Sub2-SMA 2 1 47 Frontal Superior frontal gyrus 6 Increase
Sub2-SMA 1 2 53 Frontal Medial frontal gyrus 6 Increase
Sub2-PCC 2 —54 38 Parietal Precuneus 7 Decrease
Sub2-PCC 0 —43 41 Limbic Cingulate gyrus 31 Decrease
Sub3-V1 2 -79 4 Occipital Lingual gyrus 18 Increase
Sub3-V1 4 -85 -7 Occipital Lingual gyrus 18 Increase
Sub3-MdPFC 3 58 -1 Frontal Medial frontal gyrus 10 Decrease
Sub3-MdPFC 4 66 1 Frontal Superior frontal gyrus 10 Decrease

BA, Brodmann area; Change, direction of change with activity; MdPFC, medial prefrontal cortex; PCC, posterior
cingulate/precuneus cortex; SMA, supplemental motor area; V1, primary visual cortex; ND, not defined.

individual’s eyes are open, closed, or fixating (33, 34). They were instructed to
relax but remain still and blink when needed.

for 400 ms (ISl of 800 ms) with instructions to respond whether or not the
target item matched.

Repetitive Finger Movement. Patients 1 and 2 performed repetitive flexion—
extension of either the thumb or the forefinger of the right or left hand
(contralateral to electrode location in both cases) in response to random
interleaved visual cues on a bedside monitor (1 m away), presented every 3 s,
alternating with a 3-s interstimulus interval (ISI; during which time they

Signal Processing. Nearest-neighbor electrode potential pair difference channels
were used to isolate the most local cortical activity. A band-pass (Butterworth)
filter for 76-200 Hz (x-band, ref. 16) was applied (with notch filters at 60-Hz
harmonics for ambient line noise). The power was determined in nonoverlapping
400-ms blocks for a given behavioral condition. The distributions for the resting

(fixation) and active blocks were compared using an unpaired t test, and the
resulting Pvalue from each electrode pair was Bonferroni corrected for the total
number of pairs. Electrodes in regions of interest determined a priori (MdPFC,
precuneus, visual cortex, and supplementary cortex) were based on the task and
cortical regions covered by the implanted electrodes. All electrodes included in
this study were far (>2.5 cm) from any cortical lesion or epileptic focus.

fixated on the screen). Movement onset was determined from a digital
dataglove (5DT).

Verb Generation. Patient 1 performed a verb generation task, where a list of
concrete nouns was serially presented (2 s word display, then 1-3 s ISI) on a
screen 1 m away, during which time an associated verb would be stated.

ACKNOWLEDGMENTS. We appreciate the time and dedication of the patients
and staff at Harborview Hospital in Seattle, WA. This work was supported by
the National Science Foundation (Grants 0622252 and 0130705).

Visual Target Detection. Patients 2 and 3 performed an engaged target
detection task, with pictures of houses (and faces also for patient 3) presented
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Fig.3. Summary of methods. (A) Subdural electrode arrays were placed on the cortical surface based on clinical considerations. (B) A 3-min fixation task served
as the resting state. (C) Repetitive finger movement. Patients 1 and 2 performed repetitive flexion—extension of either the thumb or the forefinger of the right
or left hand in response to random interleaved visual cues. (D) Verb generation. Patient 1 performed a verb generation task, where a list of concrete nouns was
serially presented on ascreen 1 m away, during which time an associated verb would be stated. (A) Visual target detection. Patients 2 and 3 performed an engaged
target detection task, with pictures of houses (and faces also for patient 3) with vocally reported targets. (E-J) Signal processing. Nearest-neighbor electrode
potential pair difference channels were used to isolate the most local cortical activity (A, E-G). A band-pass filter for 76-200 Hz (x-band, ref. 16) was applied (H)
(Butterworth filters, with notch filters at 60 Hz harmonics for ambient line noise). The signal element was squared and summed to obtain the power in
nonoverlapping 400-ms blocks (/and J). The distributions of resting (fixation) and active blocks (mean and standard error shown in Figs. 1 and 2) were compared
by using an unpaired t test, and the resulting P value from each electrode pair was Bonferroni corrected for the total number of medial pairs. Representative
pairs are shown, but some others were significant, with increase or decrease clustered by task and region. All electrodes included in this study were far (>2.5
cm) from any cortical lesion or epileptic focus.
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