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Adaptive brain function is characterized by dynamic interactions
within and between neuronal circuits, often occurring at the time
scale of milliseconds. These complex interactions between adjacent
and noncontiguous brain areas depend on a functional architecture
that is maintained even in the absence of input. Functional MRI
studies carried out during rest (R-fMRI) suggest that this architecture
is represented in low-frequency (<0.1 Hz) spontaneous ﬂuctuations
in the blood oxygen level-dependent signal that are correlated
within spatially distributed networks of brain areas. These networks, collectively referred to as the brain’s intrinsic functional architecture, exhibit a remarkable correspondence with patterns of
task-evoked coactivation as well as maps of anatomical connectivity. Despite this striking correspondence, there is no direct evidence
that this intrinsic architecture forms the scaffold that gives rise to
faster processes relevant to information processing and seizure
spread. Here, we demonstrate that the spatial distribution and
magnitude of temporally correlated low-frequency ﬂuctuations observed with R-fMRI during rest predict the pattern and magnitude
of corticocortical evoked potentials elicited within 500 ms after
single-pulse electrical stimulation of the cerebral cortex with intracranial electrodes. Across individuals, this relationship was found to be
independent of the speciﬁc regions and functional systems probed.
Our ﬁndings bridge the immense divide between the temporal resolutions of these distinct measures of brain function and provide
strong support for the idea that the low-frequency signal ﬂuctuations
observed with R-fMRI maintain and update the intrinsic architecture
underlying the brain’s repertoire of functional responses.
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here is mounting evidence that the temporally correlated
low-frequency ﬂuctuations that engender the brain’s intrinsic
functional architecture are relevant to brain function. Studies
relating variation within this intrinsic architecture to behavior,
cognition, psychopathology, and neurological disease have captured the attention of the neuroscientiﬁc, psychological, and
clinical communities alike (1–4). Despite early controversies regarding the origins of the blood oxygen level-dependent (BOLD)
signal ﬂuctuations commonly used to map the intrinsic architecture, recent work demonstrating their electrophysiological
correlates suggests a neural origin (5–8). However, the neurophysiological signiﬁcance of correlated brain activity occurring
on such slow time scales remains elusive. Emerging hypotheses
suggest a role for this slow activity in the maintenance and reinforcement of the synaptic connections that support cognition
and action (9, 10). Central to this suggestion is the assumption
that corticocortical dynamics that take place over faster time
scales are embedded in its intrinsic functional architecture; however, no direct evidence of this exists to date.
By electrically stimulating the cerebral cortex via intracranial
electrodes implanted in patients with intractable seizures, we can
directly relate electrical activity occurring over rapid time scales
to the same individual’s intrinsic functional architecture, pre10308–10313 | PNAS | June 21, 2011 | vol. 108 | no. 25

viously mapped using resting state functional MRI (R-fMRI)
data. Here, we use this approach to test the hypothesis that the
spatial distribution and magnitude of evoked neuronal activity
are predicted by the pattern and strength of temporal correlations among the spontaneous BOLD ﬂuctuations exhibited by
spatially distinct regions, commonly referred to as resting state
functional connectivity (RSFC). Speciﬁcally, we predicted that (i)
the spatial distribution of the electrical response to direct stimulation [i.e., corticocortical evoked potential (CCEP)] would follow
that of the intrinsic functional architecture (i.e., RSFC) associated
with the stimulated site and (ii) regions within the architecture
exhibiting the strongest RSFC with the stimulated site would
show the highest magnitude electrically evoked responses.
Results
For each of six patients with intractable epilepsy, we investigated
the relationship between RSFC and CCEPs. CCEPs are elicited in
response to single-pulse electrical stimulation of the cortex, with
subdural electrodes implanted for the purpose of seizure localization (clinical information and demographics are presented in SI
Table S1). CCEPs permit us to “electrically track” corticocortical
neuronal connections in vivo by stimulating one cortical region and
recording the evoked potentials at another location, because
responses at the recorded site are the direct result of neuronal
projections from the stimulation site (11–13). To obtain CCEPs,
we administered repeated brief single-pulse electrical currents
between adjacent electrodes and recorded the evoked electrophysiological responses at all other implanted electrode sites (Fig.
1A). This procedure was repeated for all possible adjacent stimulation sites. To derive RSFC maps, we ﬁrst localized the implanted
electrodes via coregistration with the patient’s anatomical MRI
and computed tomography (CT) scans (Materials and Methods).
The obtained coordinates formed the centers of spherical regions
of interest (ROIs) (“seeds”), and the temporal correlation (RSFC)
between each seed’s mean time series and the BOLD signal at
every other voxel in the brain was then calculated (Fig. 1B). The
fMRI scan was acquired before electrode implantation.
For each stimulation site, we ﬁrst computed the correlation
between CCEP amplitudes and RSFC values at each electrode
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Fig. 1. Analysis schematic. (A) CCEPs in response to single-pulse electrical stimulation of each electrode pair were recorded at all implanted electrodes.
Responses were categorized as signiﬁcant or nonsigniﬁcant if the average waveform exceeded a statistical threshold of 6 SDs during an interval of 50–500 ms
poststimulation. For visualization purposes, the locations of signiﬁcant responses were overlaid onto the individual’s reconstructed pial surface. The magnitude of CCEPs at each electrode was computed as a z score relative to baseline of each stimulation site. (B) RSFC maps associated with spherical ROIs
underlying the stimulated electrodes were computed for each stimulation site. For visualization, the RSFC maps were displayed on the reconstructed pial
surface. To examine the correlation between RSFC and CCEP values, Fisher’s z-transformed correlation coefﬁcients were extracted from the voxels underlying
each electrode and correlated with the CCEPs recorded from the same electrodes. The schematic shows data from Subject 1 as an illustration.

without applying any thresholding to either RSFC or the CCEPs
(i.e., all values were included in the analysis; Fig. 2C). The mean
relationship across all stimulation sites was signiﬁcant in each
individual subject [S1: t(44) = 37.9, P < 0.001; S2: t(15) = 36.7,
P < 0.001; S3: t(39) = 26.5, P < 0.001; S4: t(35) = 23.9, P <
0.001; S5: t(20) = 41.9, P < 0.001; S6: t(25) = 53.4, P < 0.001] as
well as across all six subjects [t(5) = 21.4; P < 0.001], indicating
that the relationship between RSFC values and CCEP amplitudes was independent of the stimulated brain area. Next, we
computed a binary response matrix for each stimulation site by
identifying the electrodes that exhibited a signiﬁcant CCEP
(details of CCEP thresholding are presented in Materials and
Methods and Fig. S1). In all but one patient, electrodes exhibiting a signiﬁcant CCEP demonstrated higher RSFC than those
that did not exhibit a signiﬁcant CCEP (P < 0.05; Fig. 2A).
When this analysis was repeated for the P1 and N1 time windows, the same pattern of results was observed (Fig. S2). As is to
be expected, the strongest CCEPs and RSFC were observed in
electrodes proximal to the stimulation (seed) site. To rule out
the possibility that the CCEP/RSFC relationship is based only
on local properties, we repeated the comparison between RSFC
and CCEPs, excluding electrodes within 25 mm of the stimulation site. Although RSFC decreased overall, correlations between CCEPs and RSFC remained signiﬁcant (P < 0.05; Fig.
2B). Additionally, regression analysis demonstrated that the
CCEP/RSFC relationship remained highly signiﬁcant after the
effect of distance was removed from both CCEP responses and
RSFC values by regression (Fig. S3).
To assess the correspondence between the spatial distribution
of signiﬁcant CCEPs and RSFC over established functional networks, electrodes overlying expressive and nonexpressive language areas as well as hand motor areas were identiﬁed using
electrical stimulation mapping (ESM; see Materials and Methods).
For each of these identiﬁed electrodes, maps of signiﬁcant CCEPs
and RSFC were calculated and overlaid onto the brain surface
Keller et al.

(Fig. 3). Each ﬁgure shows the tight correspondence between
spatial distributions of the CCEP and RSFC maps associated with
those electrodes. The spatial correspondence is perhaps most
impressive for networks associated with expressive (Fig. 3A) and
nonexpressive (Fig. 3B) language regions, because both CCEPs
and RSFC elicited reciprocal networks of language areas, including ventrolateral prefrontal cortex, inferior lateral parietal
and temporoparietal cortex, and superior and middle temporal
cortex, in line with previous studies (14, 15). Similarly, seeds
placed in the hand motor area were associated with signiﬁcant
RSFC across adjacent primary and secondary motor and somatosensory areas, premotor cortex, and more distal posterior
parietal and lateral prefrontal regions (Fig. 3C), also consistent
with previous studies (16, 17).
As shown in Fig. 3, a number of regions exhibited negative
RSFC with the seed location (i.e., their spontaneous BOLD activity was negatively correlated with that of the seed location). To
assess the relationship between negative correlations (“anticorrelations”) and CCEPs, we compared CCEP magnitude at
sites associated with strong positive, strong negative, and nonsigniﬁcant (values centered around zero) RSFC (Fig. 4 B and C).
ANOVA indicated a signiﬁcant main effect of connectivity type
(i.e., positive, negative, nonsigniﬁcant) for each individual subject, as well as across subjects [F(2, 29,990) = 338, P < 0.001; Fig.
4C]. However, this main effect was primarily driven by the difference between the mean CCEP z score at sites associated with
positive RSFC and the mean CCEP z score at sites associated with
negative or nonsigniﬁcant RSFC (Ppos-nonsig < 0.001, Ppos-neg <
0.001). In all subjects, sites associated with positive RSFC
exhibited larger CCEP responses than sites associated with either
negative or nonsigniﬁcant RSFC (Fig. 4C and Fig. S4). Across
subjects, the mean CCEP response of sites associated with negative RSFC did not differ with that of sites associated with
nonsigniﬁcant RSFC (Pnonsig-neg = 0.09). Within subjects, the
direction of differences between sites associated with negative
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RSFC and sites associated with nonsigniﬁcant RSFC was inconsistent. Speciﬁcally, two of six subjects demonstrated signiﬁcantly smaller CCEP responses at sites associated with negative
correlations than at sites associated with nonsigniﬁcant RSFC,
whereas one of six showed the opposite pattern and three of six
showed no difference (Fig. 4C). We repeated this analysis using
different methods for deﬁning the positive, negative, and nonsigniﬁcant RSFC bins, without appreciable changes in the pattern
of results.
Discussion
Patients undergoing electrode implantation surgery for epilepsy
are an important population who provide us with a unique invasive window into brain function, by which noninvasive measures may be validated and understood in greater detail (18).
Several previous studies have demonstrated strong similarities
between the structure of temporal correlations among low-frequency BOLD R-fMRI ﬂuctuations and aspects of the electrocorticography (ECoG) signal recorded from patients with implanted
intracranial electrodes. Speciﬁcally, similarly correlated slow
ﬂuctuations have been observed in neuronal ﬁring rates and in
the power of local ﬁeld potentials in the γ-range (40–100 Hz) as
well as in lower frequency ranges (<4 Hz) (5, 9).
Here, we used CCEP mapping, a less conventional and very
different method of probing neuronal activity in vivo, to obtain
a direct measure of neuronal connectivity and dynamics. Using
this method, we demonstrated that the spatial pattern and magnitude of evoked activity in response to direct cortical stimulation
were predicted by the pattern and strength of correlations among
low-frequency BOLD signal ﬂuctuations. Although epilepsy is
likely to have imparted some abnormal properties to the brains of
our participants, it is important to note that we demonstrated
signiﬁcant relationships between RSFC and CCEPs in each of six
10310 | www.pnas.org/cgi/doi/10.1073/pnas.1019750108

individual participants, all of whom had different forms of focal
epilepsy, as well as across the entire group of six subjects.
The neurophysiological underpinnings and functional significance of negative correlations (anticorrelations) in the lowfrequency BOLD signal remain subjects of debate (7, 19, 20).
Negative connectivity is typically observed between regions or
functional systems that appear to subserve competing processes
or functions (21, 22). This has led several authors to posit that
anticorrelated spatiotemporal activity may be a means of segregating the processing and/or output of these regions (22) or a
means of maintaining a dynamic state of readiness that facilitates an efﬁcient response to stimulation (23, 24). Alternatively,
it has been argued that negative RSFC is unlikely to have
a meaningful neurophysiological basis because it reﬂects a shift
of nonsigniﬁcant correlations to the negative range that is a
direct result of global signal regression during preprocessing
(20). The present work clearly differentiated regions exhibiting
positive and negative RSFC in terms of electrophysiological
responses. However, analyses were inconclusive with respect
to differences in CCEP response amplitude between negatively
connected regions and those exhibiting nonsigniﬁcant RSFC,
suggesting against a simple linear relationship between RSFC
and CCEP response amplitude. A better understanding of the
functional signiﬁcance of negative RSFC will likely require
targeted examinations that are beyond the scope of the present
study, such as time-frequency analyses aimed at understanding
whether there are differences between electrodes associated
with positive and negative or negative and nonsigniﬁcant RSFC
in terms of the temporal signature of the responses elicited by
electrical stimulation.
Our ﬁndings provide strong empirical support for the idea
that correlated slow BOLD signal ﬂuctuations provide an intrinsic representation of the brain’s repertoire of functional
responses (14, 25–28). Future work will beneﬁt from the inKeller et al.
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Fig. 3. Probing Broca’s area (A) and Wernicke’s area (B) in one patient (S1). Patterns of CCEPs and RSFC are overlaid onto subjects’ pial surfaces. Selected
signiﬁcant (black lines) and nonsigniﬁcant (gray lines) evoked potentials are shown. The dotted boxes designate the area of interest for determining the
signiﬁcance of the evoked potential (corresponding to the N2 phase). Signiﬁcant CCEPs (green circles) were observed in close proximity to the stimulation site
(e.g., Broca’s area) but also in spatially distal areas (e.g., posterior middle and superior temporal cortex). The gray dots indicate electrodes with nonsigniﬁcant
CCEPs. Areas exhibiting signiﬁcant RSFC with the seed ROI underlying the stimulation site are shown in yellow/red (positive RSFC) and blue (negative RSFC).
Note the striking overlap of electrodes exhibiting signiﬁcant CCEPs and regions exhibiting signiﬁcant RSFC. The scatter plots show the relationship between
the RSFC Fisher’s z values and CCEP z scores for all recorded electrodes (Left) and for electrodes that exhibited signiﬁcant CCEPs (Right). The bar graphs show
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shown. CCEPs are reported as z scores, and RSFC is reported as a z-correlation value.

tegration of diffusion imaging-based measurement of underlying
white matter connectivity, which provides the structural foundation on which the functional architecture is built. The integration of such information will allow us to constrain
prediction to those connections shown to be linked by a white
matter tract, and will thus likely demonstrate even better correspondence between the intrinsic architecture and evoked
responses. Finally, the present ﬁndings suggest that R-fMRI
approaches may provide a noninvasive alternative to more traditional invasive measures to map spatially distributed networks
underlying brain function and pathological networks underlying
seizure spread clinically.
Keller et al.

Materials and Methods
Patient Selection. Seven patients (four female, aged 35.8 ± 13.4 y, age range:
17–47 y) with pharmacoresistant epilepsy at Long Island Jewish Medical
Center participated. All patients provided fully informed consent according
to National Institutes of Health guidelines, as monitored by the local institutional review board, in accordance with the ethical standards of the
Declaration of Helsinki. Patient characteristics are described in Table S1.
Those with overtly abnormal brains, including extensive cortical dysplasias,
tumors with vasogenic edema, and strokes, were excluded from this study.
One patient was excluded because of difﬁculty in obtaining reliable CCEPs.
ECoG recordings were made over the course of clinical monitoring for
spontaneous seizures. The decision to implant, the electrode targets, and
the duration of implantation were determined entirely on clinical grounds
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without reference to this investigation. The patients were informed that
participation in this study would not alter their clinical treatment in any
way and that they could withdraw at any time without jeopardizing their
clinical care.
Cortical Electrical Stimulation for CCEPs. Following implantation of intracranial electrodes, patients were monitored for epileptic activity. During
this time, CCEP mapping was performed using single-pulse stimulation.
Systematic bipolar stimulation of each pair of adjacent electrodes was administered with single pulses of electrical current (10 mA, 0.5 Hz, 0.2-ms pulse
width, 20 trials per electrode pair) using a Grass S12 cortical stimulator (Grass
Technologies, Inc.). The associated evoked responses (CCEPs) were measured
at all other electrode sites. The current amplitude of 10 mA activated the
maximal number of neuronal elements without inducing epileptic afterdischarges or other clinical signs. An interstimulation interval of 2 s was used
to minimize the effect of overlapping evoked responses and to leave enough
restitution time for the cortex. The stimulation was performed extraoperatively 5 days, on average after electrode implantation surgery, after
seizures had been recorded and antiepileptic medications had been resumed.
Patients were awake and at rest at the time of CCEP recording.
Functional Stimulation Mapping. For localization of functional cortical areas,
ESM was carried out according to standard clinical protocol (bipolar stimulation: 2–5 s, 3–15 mA, 20–50 Hz). Areas were deﬁned as expressive language
sites when stimulation resulted in speech arrest. When stimulation resulted
in a naming deﬁcit based on auditory or visual cues, or an interruption in
reading or comprehension, the area was deemed a nonexpressive language
site. Sensory and motor areas were identiﬁed when stimulation caused
movement or changes in sensation.
Analysis of CCEPs. Electrophysiological data analyses were performed using
Neuroscan Edit 4.3 software (Compumedics) and custom MATLAB scripts.
Evoked responses to stimulation were divided into 2-s epochs (500 ms
prestimulation to 1,500 ms poststimulation) time-locked to stimulation pulse
delivery. The early CCEP consists of two major deﬂections (usually negative in

10312 | www.pnas.org/cgi/doi/10.1073/pnas.1019750108

polarity) termed N1 and N2, peaking at ∼20–30 ms and 120 ms, respectively.
Previous studies showed that the N2 potential exhibits a broader spatial
distribution than the N1 potential and occurs between 70 and 300 ms (13).
To quantify the magnitude of the CCEPs in the time window of the N2, the
data were low-pass ﬁltered (30 Hz), and baseline correction (−500 to −50 ms)
was performed. The absolute of the peak z score of the response between
50 and 500 ms was then computed using the SD of the baseline. The SD was
computed for each electrode separately using all time points in the baseline
window of the averaged signal. CCEPs were considered signiﬁcant if the N2
peak of the evoked potential exceeded the baseline amplitude by a threshold of ±6 SD as determined from the receiver operating characteristic (ROC)
curves. For comparison, we also computed CCEPs for the P1 (20–50 ms) and
N1 (20–50 ms) time windows, and found similar results (Fig. S5). Evoked
responses exceeding ±500 μV were excluded because these most likely indicate electrical artifacts. Responses were color-coded according to signiﬁcance and plotted on the coregistered cortical pial surface.
Determination of Amplitude Threshold of CCEPs. Direct stimulation on the
cortex evokes large responses; therefore, it is not ideal to use conventional
statistical thresholds to quantify signiﬁcance. We relied on a well-established
intracortical pathway to calculate a ROC curve to determine the optimal threshold
for signiﬁcance of the evoked response. It is well known that neuroanatomical
(29, 30) and functional connections (14, 15) exist between Broca’s area and
Wernicke’s area and that stimulation of Broca’s area evokes CCEPs in Wernicke’s
area (13). To both validate our technique and calculate the threshold response,
we stimulated Broca’s area and examined the evoked responses in Wernicke’s
area in the subjects with electrode coverage in language areas. Sensitivity and
speciﬁcity were calculated based on the evoked response with reference to
clinical ﬁndings from ESM. True-positives were those electrodes with CCEPs
above the threshold and exhibiting a response during functional mapping (e.g.,
speech arrest). False-positives were those electrodes with CCEPs that were above
threshold but at which electrical stimulation had no effect. An optimal threshold
showing the best tradeoff between sensitivity and speciﬁcity was found at 6 SDs
from baseline. This threshold was subsequently used for the duration of the
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Imaging. Patients were scanned on a General Electric Signa HDx 3-T scanner.
R-fMRI data were acquired using an echoplanar imaging gradient echo sequence [ﬁeld of view (FOV) = 220 mm, 3.5 × 3.5 × 4 mm voxel size, 64 × 64
matrix, ﬂip angle = 70, repetition time (TR) = 2,000 ms, echo time (TE) = 30
ms, axial acquisition plane, 150 contiguous volumes]. Participants were
instructed to rest with their eyes closed. An anatomical T1-weighted image
was acquired using a spoiled gradient recalled sequence [FOV = 256 mm, 1 ×
1 × 1 mm voxel size, 256 × 256 matrix, ﬂip angle = 8, TR = 2,500 ms, TE = 30
ms, inversion time = 650 ms, axial acquisition plane, 180 slices].
RSFC. Resting state data preprocessing was performed using AFNI (31) and FSL
(32) and included slice timing correction for interleaved slice acquisition,
motion correction, despiking, spatial smoothing (6-mm full-width at halfmaximum Gaussian blur), band-pass ﬁltering (0.009–0.1 Hz), and linear and
quadratic detrending. To remove variance associated with processes such as
breathing, cardiac activity and motion, we regressed each patient’s preprocessed time series on nine nuisance covariates (six head motion parameters, signals derived from the ventricles and white matter, and global
signal). The resultant 4D residuals volume was registered to the patient’s
anatomical image using a linear transformation with 6 df.
For each patient, and each stimulation site, spherical seed ROIs (6-mm
radius) were constructed centered at each electrode. The mean time course
for the seed was computed by averaging across all voxels within the seed. A
whole-brain map of RSFC was created by computing the correlation between
the seed time course and that of every other voxel in the brain and then
applying Fisher’s r-to-z transformation to the resultant correlation coefﬁcients. The resultant RSFC map was projected from a 3D volume to the
individual’s pial surface and plotted using MATLAB, employing a conservative threshold of z ≥ 0.3 for visualization purposes only (33, 34).

transformation. The statistical signiﬁcance of the relationship between CCEP
z scores and RSFC was then assessed for each subject using a two-tailed t test
(against zero) on the z-transformed correlation values. We also assessed the
statistical signiﬁcance of the correlation between CCEP z scores and RSFC at
the group level by computing the mean (z-transformed) correlation (across
all stimulation sites) for each subject and entering the resultant values into
a two-tailed t test (against zero). No thresholding was applied to either
RSFC or CCEP values for this analysis (i.e., all values were included in the
analysis; Fig. 2C).
In a second statistical analysis, we compared the mean RSFC across the
electrodes sites that exhibited a signiﬁcant CCEP response (±6 SD from
baseline) with those exhibiting a nonsigniﬁcant CCEP response using a twotailed t test. To rule out the possibility that the differences between RSFC at
signiﬁcant and nonsigniﬁcant electrodes were driven primarily by electrodes
proximal to the stimulation site, this analysis was repeated excluding those
electrodes located within 25 mm of the stimulation site (Fig. 2 A and B).
Negative Correlation RSFC Analysis. To explore the relationship between
CCEPs and negative RSFC correlations, we ﬁrst sorted electrode locations
based on whether they exhibited negative, nonsigniﬁcant, or positive RSFC
with the seed (stimulated) electrode. Next, for each subject, we identiﬁed the
400 locations (corresponding to 5–10% of the total CCEPs, depending on the
subject) that exhibited the most strongly positive RSFC, the most strongly
negative RSFC, and CCEPs with RSFC centered at 0. We then tested for statistically signiﬁcant differences in the mean CCEP magnitude (i.e., z score)
across the electrodes in each bin using a one-way ANOVA, followed by twotailed t tests comparing all bins (Fig. 4 B and C). We repeated this analysis
using several different bin sizes (100–1,600) without appreciable changes in
the pattern of results.

Correspondence Between CCEPs and RSFC. To quantify the correspondence
between CCEPs and RSFC, for each stimulation site, we computed the
correlation between CCEP z scores at each electrode site and Fisher’s ztransformed correlation (RSFC) values at each corresponding electrode site.
The resultant correlations were transformed to z values using Fisher’s r-to-z
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study (Fig. S1). The correlation analysis was repeated with other thresholds (2–14
SDs), none of which altered results signiﬁcantly.

