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Abstract 44 
Evidence for intrinsic functional connectivity (FC) within the human brain is largely from 45 
neuroimaging studies of hemodynamic activity. Data are lacking from anatomically 46 
precise electrophysiological recordings in the most widely studied nodes of human brain 47 
networks. Here we used a combination of fMRI and electrocorticography (ECoG) in five 48 
human neurosurgical patients with electrodes in the canonical “default” (medial 49 
prefrontal and posteromedial cortex), “dorsal attention” (frontal eye fields and superior 50 
parietal lobule) and “frontoparietal control” (inferior parietal lobule and dorsolateral 51 
prefrontal cortex) networks. In this unique cohort, simultaneous intracranial recordings 52 
within these networks were anatomically matched across different individuals. Within 53 
each network and for each individual, we found a positive, and reproducible, spatial 54 
correlation for FC measures obtained from resting-state fMRI and separately recorded 55 
ECoG in the same brains. This relationship was reliably identified for 56 
electrophysiological FC based on slow (<1 Hz) fluctuations of high-frequency broadband 57 
(70-170 Hz) power, both during wakeful rest and sleep. A similar FC organization was 58 
often recovered when using lower frequency (1-70 Hz) power, but anatomical specificity 59 
and consistency were greatest for the high-frequency broadband range. An inter-60 
frequency comparison of fluctuations in FC revealed that high and low frequency ranges 61 
often temporally diverged from one another, suggesting that multiple neurophysiological 62 
sources may underlie variations in FC. Taken together, our work offers a generalizable 63 
electrophysiological basis for intrinsic FC and its dynamics across individuals, brain 64 
networks, and behavioral states.  65 
 66 
Significance Statement 67 
The study of human brain networks during wakeful “rest,” largely with functional 68 
magnetic resonance imaging (fMRI), is now a major focus in both cognitive and clinical 69 
neuroscience. However, little is known about the neurophysiology of these networks and 70 
their dynamics. We studied neural activity during wakeful rest and sleep within 71 
neurosurgical patients with directly implanted electrodes. We found that network activity 72 
patterns showed strikingly similarities between fMRI and direct recordings in the same 73 
brains. With improved resolution of direct recordings, we also found that networks were 74 
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best characterized with specific activity frequencies and that different frequencies show 75 
different profiles of within-network activity over time. Our work clarifies how networks 76 
spontaneously organize themselves across individuals, brain networks, and behavioral 77 
states. 78 
 79 
Introduction 80 
 81 
The study of spontaneous brain activity has recently emerged as a major focus in both 82 
cognitive and clinical neuroscience (Fox and Raichle, 2007, Buckner et al., 2013). During 83 
so-called “resting state” fMRI (rs-fMRI) (Biswal et al., 1995), remote regions within the 84 
human brain are coordinated over time, demonstrating persistent, correlated activity 85 
(functional connectivity; FC). Networks derived from ultraslow (<0.1 Hz) blood-86 
oxygenation-level dependent (BOLD) signals are described as “intrinsic” because their 87 
spatial organization is remarkably similar (with minor modulation) across diverse mental 88 
states, including wakeful rest, task performance, and altered consciousness during sleep 89 
and general anesthesia (Vincent et al., 2007, Larson-Prior et al., 2009, Schrouff et al., 90 
2011, Cole et al., 2014). It has been hypothesized that intrinsic FC is constrained by 91 
monosynaptic and polysnaptic anatomical connectivity pathways (Honey et al., 2009, Lu 92 
et al., 2011, Roland et al., 2017, Shine et al., 2017), mirrors patterns of task-evoked co-93 
activation (Smith et al., 2009, Mennes et al., 2010, Tavor et al., 2016), and serves a 94 
fundamental role in maintaining the brain’s network-level organization (Raichle, 2015).  95 
 96 
To date, reservations remain in the field about the inherent value of studying intrinsic FC 97 
with fMRI. Estimates of FC can be severely affected by respiratory and cardiac activity 98 
(Birn et al., 2008, Chang and Glover, 2009) as well as head motion (Power et al., 2012, 99 
Van Dijk et al., 2012) and sampling variability (Handwerker et al., 2012, Laumann et al., 100 
2017). Intracranial electroencephalography (iEEG), based on directly implanted 101 
electrodes for neurosurgical purposes, offers a means to validate and investigate the 102 
potential neural basis of BOLD FC. A rich literature suggests that increased high-103 
frequency broadband (HFB; ~70-170 Hz) power amplitude in iEEG recordings serves as 104 
an effective index of local population spiking and is associated with evoked and 105 
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spontaneous BOLD activity (Logothetis et al., 2001, Mukamel et al., 2005, Liu and 106 
Newsome, 2006, Nir et al., 2007, Manning et al., 2009, Ray and Maunsell, 2011).  107 
 108 
A candidate electrophysiological marker of BOLD FC is the correlation of slow (<1 Hz) 109 
fluctuations in the power amplitude (the signal “envelope”) of HFB, and possibly other 110 
frequency ranges (Engel et al., 2013, Foster et al., 2016). Initially in monkeys, Leopold et 111 
al. (2003) demonstrated that band-limited envelope signals have persistent inter-regional 112 
interactions across diverse behavioral states. In the human brain, Nir et al (2008) then 113 
showed persistent 40-100 Hz slow envelope FC between the right and left human 114 
auditory cortex during wakeful rest and sleep. Subsequently, within patients who 115 
underwent resting-state fMRI before or after surgery, others found that iEEG and BOLD 116 
FC patterns were spatially correlated with one another within the same individuals (He et 117 
al., 2008, Keller et al., 2013, Foster et al., 2015, Hacker et al., 2017). While these past 118 
studies have provided invaluable information from intracranial recordings that were 119 
either within single subnetworks (He et al., 2008, Foster et al., 2015) or with different 120 
within-network regions covered in each subject (Keller et al., 2013, Hacker et al., 2017), 121 
a systematic analysis of FC using electrophysiological and BOLD data across individuals, 122 
networks, and behavioral states has been missing. 123 
 124 
To address the existing gap of knowledge, we investigated a unique cohort of 125 
neurosurgical patients with intracranial electrode coverage within key, cross-individual 126 
matched, nodes of “default mode” (DMN), “dorsal attention” (DAN), and “frontoparietal 127 
control” (FPCN) networks- that have been most frequently studied with neuroimaging 128 
methods. We used intracranial recordings across multiple individuals and across 129 
behavioral states and examined FC patterns using different bands of electrophysiological 130 
activity. Finally, given that organized FC patterns could be found for different frequency 131 
ranges, we examined whether all frequency bands of electrophysiological activity 132 
followed the same or different dynamic changes on short time scales (arguing for a 133 
common or different neurophysiological source). 134 
 135 
Methods 136 



 

 5 

 137 
General Approach 138 
 139 
To achieve the aims of our study, we first identified ECoG electrode locations that fell 140 
within intrinsic networks as defined in fMRI within subjects. When comparing functional 141 
connectivity in fMRI versus intracranial EEG, mismatches could arise due to genuine 142 
differences, but also due to technical reasons including a) misaligned registration of an 143 
electrode location to the fMRI scan, b) fMRI signal dropout at an electrode location, c) 144 
artifacts in the ECoG signal from medical devices (e.g. IV pumps), d) differences in 145 
spatial resolution captured by an ECoG electrode and a region-of-interest in fMRI, or e) a 146 
mixture of signals from distinct networks at the electrode location in ECoG or in fMRI. 147 
Moreover, ECoG and fMRI functional connectivity could spuriously appear similar, 148 
particularly between short distances, because of biases in each modality (volume 149 
conduction between proximal locations in ECoG, spatial autocorrelation in fMRI). 150 
 151 
We therefore focused exclusively on cases in which there was a reproducible match 152 
between modalities that we could confidently attribute to genuine similarity between 153 
ECoG and fMRI. We focused on electrode positions that were within well-described 154 
intrinsic networks, were physically distant from each another (in different lobes), and 155 
showed spatially-specific fMRI versus ECoG (HFB envelope) correspondence that was 156 
reproducible from more than one ECoG recording.  157 
 158 
Subject Selection 159 
 160 
Data from five human subjects (S1-S5) with refractory epilepsy, who were undergoing 161 
neurosurgical treatment at Stanford University Medical Center, were included in analyses 162 
(age range: 22-63, four females and one male, all right-handed; see Table 1 for full 163 
demographic and other details). Subjects were implanted with subdural intracranial 164 
electrodes (over the left hemisphere in 4 subjects and right hemisphere in 1 subject), with 165 
placement decided based on clinical evaluation for resective surgery. Subjects provided 166 
verbal and written consent to participate in research, and the Stanford Institutional 167 
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Review Board approved all procedures described herein. 168 
 169 
When planning our analyses, we reviewed 14 total subjects for potential inclusion. These 170 
subjects had all undergone subdural ECoG recordings as well as pre- or post-operative 171 
resting-state fMRI. We ended up with a sample of five patients based on the following 172 
inclusion criteria: 1) simultaneous ECoG coverage in the two nodes of interest within at 173 
least one of the three networks of interest, defined as posteromedial cortex and medial 174 
prefrontal cortex (default mode network), frontal eye fields and superior parietal lobule 175 
(dorsal attention network), or dorsolateral prefrontal cortex and anterior inferior parietal 176 
lobule (frontoparietal control network) (seven excluded); 3) absence of ECoG signal 177 
indicative of noise or pathology during resting-state recordings within electrodes of 178 
interest (see below; one excluded); 3) an acceptable level of head motion in fMRI (mean 179 
relative head displacement <0.2 mm; one excluded). Independent analyses of data from 180 
two of the patients presented here have been published previously (Foster et al., 2015). 181 
 182 
ECoG acquisition 183 
 184 
Intracranial recordings were obtained at bedside of the subject’s private clinical suite. 185 
Platinum electrodes (Adtech Medical Instruments) were embedded in a flexible silicon 186 
sheet and were arranged in grid or strip configurations. Each electrode had a diameter of 187 
2.3 mm in the exposed area of recording. Inter-electrode spacing was either 10 mm 188 
(center to center) or 5 mm. The resting state ECoG data were acquired with a 189 
multichannel research system (Tucker Davis Technologies) with a bandpass filter of 0.5-190 
300 Hz and a sampling rate of either 3,052 Hz (S1, S2, S3) or 1,526 Hz (S4, S5). During 191 
recording, the ECoG signals were referenced to the most electrographically silent channel 192 
outside of the seizure focus. The total number of electrode sites ranged from 108 to 144 193 
(mean±SD = 123.2±19.7). For one subject (S3), a recording during sleep (4.76 mins) was 194 
collected with a clinical monitoring system (Nihon Kohden). This recording was during 195 
stage 2/3 of sleep, as reported previously (Foster et al., 2015). The same reference 196 
montage was used for the sleep recording, but the sampling rate was different (500 Hz). 197 
 198 
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Two resting-state ECoG recordings were acquired, each at a separate time (usually a 199 
different day) for each subject. Prior to each resting-state recording, subjects were 200 
instructed to relax and not think of anything in particular while either keeping eyes open 201 
or closed (Table 1). For one run in one subject (S4), no instruction was given, but the 202 
subject was not explicitly engaged with a task during the recording. The individual 203 
resting-state runs were recorded during periods that were free of inter-ictal discharges and 204 
ranged in duration between 2.16-9.92 minutes (Table 1).  205 
 206 
MRI acquisition 207 
 208 
In an MRI session that was either pre-operative (S1, S2, S4, S5) or post-operative (S3), 209 
subjects underwent structural MRI (T1-weighted) and fMRI (T2*). Neuroimaging was 210 
performed on a 3T GE scanner equipped with a 32-channel head coil, either at Richard 211 
M. Lucas Center for Imaging (S5) or Center for Cognitive and Neurobiological Imaging 212 
(S1, S2, S3 and S4). During resting-state fMRI, subjects were instructed to not think 213 
about anything in particular. The fMRI scan duration was 6 mins (S1), 8 mins (S2, S5) or 214 
10 mins (S3, S4). Parameters were 64x64 mm matrix, 3.3x3.3x4 mm (S2, S3, S4, S5) or 215 
3.3 mm isotropic (S1) voxels, 210 mm (S1, S2, S4, S5) or 220 mm (S1) field of view, 36 216 
slices (S2, S3, S4, S5) or 30 slices (S1), 2 second repetition time, 77 degree flip angle, 217 
and 30 ms echo time. For the T1 scan, the parameters were: 256x256 matrix, 186 slices, 218 
0.90x0.90x0.90 mm voxels, 240 mm field of view, 7.60 msec TR. 219 
 220 
Electrode localization 221 
 222 
Electrodes were localized on the cortical surface using procedures implemented in the 223 
iELVis toolbox (Groppe et al., 2017). First, the T1 scan was processed and automatically 224 
segmented in Freesurfer v6.0 (recon-all command) to reconstruct the pial, 225 
leptomeningeal and inflated cortical surfaces (Fischl et al., 1999). A post-implant CT 226 
image was spatially registered to the space of the higher resolution T1 scan using a rigid 227 
transformation (6 degrees-of-freedom, affine mapping). Using BioImage Suite 228 
(http://bioimagesuite.yale.edu/), we manually labeled the electrode locations on the T1-229 
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registered CT image. The electrode locations were then projected to the leptomeningeal 230 
surface to correct for possible post-implant brain shift, using an iterative optimization 231 
algorithm (Dykstra et al., 2012). The resulting individual surface and volume coordinates 232 
were used for visualization and analyses described below. 233 
 234 
ECoG preprocessing 235 
 236 
Each ECoG run was preprocessed individually with publicly available tools from a 237 
Matlab pipeline developed in-house (https://github.com/LBCN-238 
Stanford/Preprocessing_pipeline) that draws from functions for electrophysiological 239 
signal processing in SPM12 (Kiebel and Friston, 2004) and Fieldtrip (Oostenveld et al., 240 
2011). Signals were first downsampled to 1000 Hz (for runs where the sampling rate was 241 
>1000 Hz). Next, notch filtering was performed to remove line noise at 60, 120 and 180 242 
Hz. We then performed common averaging re-referencing, excluding from the average 243 
the electrodes that either a) showed pathological activity during clinical monitoring (as 244 
noted by a neurologist); b) had a variance greater than five times, or lesser than five 245 
divided by, the median variance across all electrodes; or c) was ‘spikey’ (i.e., had greater 246 
than three times the median number of spikes across all electrodes, with spikes defined as 247 
100 μV changes between successive samples). 248 
 249 
Following re-referencing, we performed time-frequency decomposition for estimation of 250 
power spectra, using Morlet transform with 5 wavelet cycles and with frequencies of 251 
interest log-spaced between 1 and 170 Hz (38 total values). The decomposition was then 252 
rescaled by the log ratio to normalize the distributions of power amplitude estimates at 253 
each frequency of interest. We then averaged the power amplitude estimates (envelopes) 254 
within seven canonical frequency bands: delta (1-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), 255 
beta1 (13-29 Hz), beta2 (30-39 Hz), gamma (40-70 Hz), and HFB (70-170 Hz). Finally, 256 
motivated by previous findings linking ECoG with BOLD functional connectivity (Keller 257 
et al., 2013, Foster et al., 2015), a 0.1-1 Hz bandpass filter (butterworth, 4th order) was 258 
applied to each frequency band. We also performed analyses with a lowpass filter of <0.1 259 
Hz on the envelope signals, but because some of the run durations were <5 mins, the 260 
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number of cycles investigated was suboptimal when applying this filter, and we thus 261 
mainly focus on the 0.1-1 Hz filtered data. We Z-score normalized the HFB power 262 
amplitudes within each run (subtracted out mean then divided by SD) and visually 263 
inspected each electrode for outlier time points or seizure-like events. We excluded from 264 
analysis all electrodes that had any samples with a Z-score larger than 8 in the HFB 265 
signal or showed other signs of irregular or pathological activity. After exclusion, an 266 
average of 75% of electrodes were retained within a given run (see Table 1). 267 
 268 
fMRI preprocessing  269 
 270 
We first manually inspected fMRI data for excessive head motion or artifacts by viewing 271 
each volume. The mean relative head displacement values for included subjects (S1-S5) 272 
were 0.15, 0.06, 0.04, 0.08, and 0.1 mm. Preprocessing was performed on fMRI data 273 
using tools from FSL (Jenkinson et al., 2012), Matlab (Natick, MA), Freesurfer, and 274 
fMRISTAT (Worsley et al., 2002). For the main analysis, preprocessing began with 275 
deletion of the first 4 acquired volumes, brain extraction (BET), motion correction (i.e., 276 
volume realignment) with FSL’s MCFLIRT, and linear registration (six degrees-of-277 
freedom, fMRI to T1-weighted image). Data were automatically segmented into white 278 
matter (WM), cerebrospinal fluid (CSF), and gray matter (GM) using FSL’s FAST 279 
applied to the T1-weighted scan, and these segments were registered to fMRI space. The 280 
segments were then eroded to retain the top 198 cm3 and top 20 cm3 of voxels with 281 
highest probability of being WM and CSF, respectively, to avoid overlap with GM signal 282 
(Chai et al., 2012). The mean global brain signal, mean WM signal, mean CSF signal, 283 
and 6 motion parameters obtained with MCFLIRT were regressed out of each voxel. We 284 
then performed spatial smoothing (6mm full width at half maximum kernel) and temporal 285 
filtering (0.01-0.1 Hz). 286 
  287 
There remains no consensus on the most appropriate way to preprocess fMRI data prior 288 
to functional connectivity analysis (Ciric et al., 2017). We choose to report our main 289 
results from the preprocessing described above (global signal regression pipeline) 290 
because of previously demonstrated improved ECoG-fMRI correspondence using similar 291 
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methods (Keller et al., 2013). However, we also performed preprocessing with two 292 
alternative pipelines to confirm the main results.  293 
 294 
The first alternative pipeline included the “aCompCor approach” (Behzadi et al., 2007). 295 
The aCompCor pipeline followed the same procedures as the global signal regression 296 
pipeline until after erosion of WM and CSF volumes. Principal components analysis of 297 
fMRI time series was then applied to the WM and CSF volumes, and top 5 components 298 
from each segment were regressed from each voxel. Subsequently, the six motion 299 
parameters were regressed out, and spatial and temporal filtering were performed as 300 
described above. 301 
 302 
The second alternative pipeline included the “ICA-AROMA” approach (Pruim et al., 303 
2015). Preprocessing proceeded with the following steps: deletion of the first 4 volumes, 304 
brain extraction, motion correction, spatial smoothing (6mm kernel) and nonlinear 305 
registration of fMRI with T1 image and MNI152 standard spaces. Independent 306 
components analysis (ICA) with FSL’s MELODIC and automatic dimensionality 307 
estimation was then applied. Automatically labeled components that had indicators of 308 
predominantly non-neural signal were then regressed out of each voxel (Pruim et al., 309 
2015). The signals from WM and CSF segments were then regressed out. Finally, 310 
bandpass temporal filtering (0.01-0.1 Hz) was performed. 311 
 312 
 313 
ECoG-HFB versus BOLD Functional Connectivity Analysis 314 
 315 
Using the electrode coordinates in fMRI volume space, as obtained after correction for 316 
postimplant brain shift, we extracted the time series from a 6-mm radius sphere at each 317 
electrode location. Using each electrode as a seed region, we then calculated seed-based 318 
FC with all other electrodes, defined as the Pearson correlation coefficient (r) of the time 319 
series converted to z using the Fisher transformation. Similarly, in ECoG, we calculated 320 
seed-based FC for each electrode, at first using the bandpass-filtered (0.1-1 Hz) HFB 321 
envelope signal.  322 
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 323 
Using one of the two resting-state ECoG runs as the discovery dataset, we visually 324 
compared seed-based ECoG with BOLD FC spatial patterns from seed regions suspected 325 
to be within key nodes of the networks of interest, similar to procedures described by 326 
Braga and Buckner (2017). For visualization purposes, in BOLD we computed seed-327 
based FC with the whole brain using a general linear model with the seed region’s 328 
demeaned time series entered as a regressor in FSL. The volume map of Z-scores 329 
obtained at each voxel was then projected to vertices on the cortical surface in Freesurfer. 330 
Using iElvis, we overlaid the ECoG FC values at the electrode locations on the cortical 331 
surface map displaying BOLD FC at each vertex location. 332 
 333 
Guided by intrinsic network anatomy from functional neuroimaging in healthy 334 
populations (Power et al., 2011, Yeo et al., 2011), for each network in a given patient, we 335 
identified a single electrode location that appeared to show high, and spatially specific FC 336 
with a predefined target node of interest within the network. The pair nodes of interest 337 
were mPFC-PMC (for DMN), SPL-FEF (for DAN), and dlPFC-aIPS (for FPCN). To 338 
formally assess the similarity between ECoG and BOLD FC, in both the discovery and 339 
replication (second ECoG resting-state run) datasets, we performed a spatial correlation 340 
between seed-based BOLD and ECoG FC from the selected electrode location (i.e., a 341 
correlation of FC values at all target electrodes) (significance set at p<0.05 in the 342 
replication cohort). We additionally performed partial correlations between seed-based 343 
BOLD and ECoG FC, controlling for Euclidean distance between the seed and each 344 
target electrode. Moreover, we performed BOLD versus ECoG FC spatial correlations 345 
using BOLD data preprocessed with the alternative pipelines of aCompCor and ICA-346 
AROMA. 347 
 348 
For each seed electrode, we identified an electrode in the within-network target node of 349 
interest that showed strong HFB envelope FC with the seed (defined as having FC with 350 
the seed that was within at least the top 10 percentile of all target electrodes, after 351 
averaging FC values across the two ECoG runs). For within-network seed-target 352 
electrode pairs, we computed inter-electrode cross-correlations between their HFB 353 
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envelope time series (random order for each pair), with shifts ranging from -5 to +5 sec 354 
(using the longer of the two ECoG runs in each subject). We calculated the average lag 355 
across intra-network electrode pairs of the peak absolute correlation coefficients. 356 
 357 
ECoG: Wakeful Rest and Sleep Comparison 358 
 359 
In one subject (S3) who uniquely had electrode coverage within both nodes of interest 360 
within the three networks of interest (DMN, DAN, and FPCN), we compared ECoG-HFB 361 
envelope FC at rest (two independent runs) versus sleep (one run). Using the previously 362 
defined seed electrodes of interest, we performed spatial correlations of seed-based HFB 363 
envelope FC between wakeful rest and sleep states (significance set at p<0.05). 364 
Moreover, we performed spatial correlations of sleep versus resting state BOLD FC 365 
(significance set at p<0.05). 366 
 367 
ECoG: Functional Connectivity of Multiple Frequencies 368 
 369 
Following our initial analyses focusing on FC of HFB envelope signals, we performed a 370 
comprehensive analysis of other frequency ranges. As in the HFB and BOLD analyses, 371 
we calculated seed-based FC of the envelopes of delta, theta, alpha, beta1, beta2, and 372 
gamma activity (averaged between the two ECoG resting state runs). Across the within-373 
network region pairs (as previously defined based on HFB envelope FC), we performed a 374 
repeated measures ANOVA to test whether there was a significant interaction between 375 
FC (Fisher-z transformed value) and frequency (significance set at Huyn Feldt p<0.05). 376 
Additionally, we performed spatial correlations of seed-based FC for all frequency ranges 377 
versus BOLD FC (with and without correction for Euclidean distance) as well as for each 378 
frequency range versus every other frequency range (i.e., a 7x7 correlation matrix).  We 379 
performed a repeated measures ANOVA to test whether there was a significant 380 
interaction between ECoG frequency of FC and magnitude of the BOLD-ECoG spatial 381 
correlation (Fisher-z transformed value) (significance set at Huyn Feldt p<0.05). 382 
 383 
ECoG: Dynamic Connectivity Analysis 384 
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 385 
We performed dynamic connectivity analyses on the longer of the two ECoG resting state 386 
runs in a given patient. Focusing on previously defined within-network region pairs, in 387 
each temporal window, we computed the Pearson correlation coefficient between the 388 
electrodes’ time series. Starting from the beginning and until the end of the run, we 389 
progressively shifted the window by 50% of the total window length, and then 390 
recalculated the correlation to obtain a sliding-window correlation time series. Based on 391 
the recommendations of Leonardi and Van De Ville (2015), and to match the time scale 392 
of dynamic FC of frequency-specific envelopes presented in previous MEG studies (de 393 
Pasquale et al., 2010, de Pasquale et al., 2012), we present main results for a 10-sec 394 
window length (the reciprocal of the slowest frequency component, i.e., 0.1 Hz).  395 
 396 
The dynamic FC analyses were performed on the 0.1-1 Hz filtered envelope signals in the 397 
same manner for each of the seven frequency ranges of interest. To assess whether there 398 
were similar or diverging intra-network envelope FC fluctuations among different 399 
frequencies, for given pair of regions, we performed inter-frequency temporal 400 
correlations of FC (Fisher-z transformed values). This resulted in a 7x7 correlation 401 
matrix. Importantly, these tests only assess whether there was statistical dependence of 402 
FC fluctuations between different frequencies for the same pair of regions and do not 403 
enable inferences about whether non-stationarity was present in a given sliding-window 404 
correlation time course (Liegeois et al., 2017). 405 
 406 
   407 
Results 408 
Unique intracranial recordings within intrinsic human brain networks 409 
We studied five patients with focal epilepsy who had ECoG electrodes implanted 410 
subdurally for clinical purposes (see Table 1). We focused on regions that did not show 411 
pathological activity. Guided by intrinsic network anatomy from functional neuroimaging 412 
in healthy populations (Power et al., 2011, Yeo et al., 2011), we identified multi-site 413 
electrode coverage within the anatomical boundaries of networks of interest using the 414 
same individuals’ fMRI data (Figure 1A, C, D). We focused on patients who had multi-415 
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site recordings within two major, predefined nodes of at least one of the DMN, DAN or 416 
FPCN. Thus, recordings were anatomically matched across individuals within each given 417 
network.  418 
 419 
Three subjects (S1-S3) had multi-site recordings within the medial prefrontal cortex 420 
(mPFC) and posteromedial cortex (PMC), known to be the core nodes within the DMN 421 
(Raichle et al., 2001, Greicius et al., 2003, Andrews-Hanna et al., 2010). Two subjects 422 
(S3, S4) had simultaneous coverage within the frontal eye fields (FEF) and superior 423 
parietal lobule (SPL), key regions within the DAN (Corbetta and Shulman, 2002, Fox et 424 
al., 2006). Two subjects (S3, S5) had coverage within the dorsolateral prefrontal cortex 425 
(dlPFC) and anterior inferior parietal lobule (aIPL), known to comprise the frontoparietal 426 
control network (Seeley et al., 2007, Vincent et al., 2008).  427 
 428 
Importantly, none of the subjects had identical seizure foci (Table 1). Thus, similar 429 
anatomical patterns of intrinsic FC across different subjects were unlikely to be explained 430 
by disease-related network reorganization. Additionally, all subjects had electrode 431 
coverage within several cortical regions outside of the networks of interest (mean±SD 432 
number of analyzed electrodes across runs and subjects = 93±16), allowing us to test for 433 
anatomical specificity of within-network FC and to account for the potential confound of 434 
inter-electrode distance (Keller et al., 2013, Hacker et al., 2017). 435 
 436 
BOLD versus ECoG functional connectivity at rest 437 
Within each subject, we used a classical “seed-based” FC analysis where the time course 438 
recorded at a selected seed region was correlated with those at target locations (Biswal et 439 
al., 1995). We compared separately recorded fMRI and ECoG, both acquired during 440 
periods of wakeful rest. In ECoG, we initially focused our analysis on bandpass filtered 441 
(0.1-1 Hz) HFB signal envelopes, motivated by previous findings (Nir et al., 2008, Keller 442 
et al., 2013, Foster et al., 2015, Hacker et al., 2017). Each subject had one fMRI run 443 
(duration of 6-10 mins) and two separate ECoG runs (mean±SD duration = 5.7±2.2 mins) 444 
that were recorded at different times. We treated one ECoG run as discovery and the 445 
other as replication dataset. 446 
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 447 
In all three subjects with DMN coverage, we identified an electrode location in the mPFC 448 
that showed strong FC with the PMC relative to most other target electrode locations, in 449 
both BOLD and ECoG-HFB. In Figure 1A, a striking correspondence between the 450 
anatomical distributions of seed-based FC is shown, where we plot an overlay of the 451 
strength of ECoG-HFB FC (in circles indicating electrode locations) and unthresholded 452 
BOLD FC (on the cortical pial surface). In each DMN subject, there was a positive 453 
spatial correlation between the degree of pair-wise BOLD with ECoG-HFB FC in both 454 
discovery and replication datasets (r value range: 0.38-0.61; all p values<0.01) (Figure 455 
1A, E). Time courses of single-subject BOLD and ECoG-HFB signals from mPFC and 456 
PMC electrode locations are shown in Figure 1B. In this example, the mPFC and PMC 457 
show tightly correlated activity with one another in both modalities (r=0.84 in 6 mins of 458 
BOLD data, r=0.65 in a 1 min example segment of ECoG-HFB data) despite the different 459 
time scales investigated and the fact that each measurement was conducted in a different 460 
setting (i.e., not simultaneously).  461 
 462 
Similar findings were seen in the DAN and FPCN. Specifically, for each network, we 463 
observed anatomically specific FC in both BOLD and ECoG-HFB between core nodes 464 
relative to other target locations. In both BOLD and ECoG-HFB, seed-based FC revealed 465 
strikingly selective coupling between FEF and SPL in the two DAN subjects (Figure 1C) 466 
and between dlPFC and aIPL in the two FPCN subjects (Figure 1D). As with the DMN, 467 
the seed-based FC spatial patterns across all target electrodes were correlated between 468 
BOLD and ECoG-HFB within each subject for DAN (r value range: 0.28-0.49; all p 469 
values<0.01) and FCPN (r value range: 0.51-0.63; all p values<0.01) seeds. At the group 470 
level, across seed FC maps for all networks, the mean±SD spatial correlation between 471 
BOLD versus ECoG-HFB FC was r=0.53±0.14 and r=0.48±0.08 for the discovery and 472 
replication ECoG datasets, respectively (Figure 1E). To aid interpretation of the spatial 473 
correspondence between ECoG-HFB and fMRI FC across two independent ECoG runs, 474 
we also present an overlay of maps on the inflated cortical surface in Figure 1F. In this 475 
example patient (S3) within the DMN cohort, there was additional electrode coverage in 476 
the lateral parietal lobe. Reproducible and selective ECoG-HFB FC can be seen between 477 
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the mPFC and lateral parietal cortex (spanning angular gyrus, a well-described node 478 
within DMN) in addition to the strong, persistent FC between mPFC and PMC. 479 
 480 
The BOLD versus ECoG-HFB FC spatial correlations across seeds in all networks 481 
remained very similar when performing partial correlations controlling for Euclidean 482 
distance between electrode locations (r mean±SD=0.53±0.14 and 0.47±0.09 for 483 
discovery and replication ECoG datasets, respectively; Figure 2A). The relationships 484 
also remained consistent regardless of whether fMRI data were preprocessed with the 485 
denoising strategies of global signal regression, “aCompCor,” or “ICA-AROMA” 486 
(Figure 2B). Notably, our main focus is on the ultraslow fluctuations (0.1-1 Hz) of HFB 487 
envelope signals, consistent with previous work (Keller et al., 2013, Foster et al., 2015) 488 
and optimizing the number of cycles of the signal investigated. However, we also 489 
repeated our analyses with the HFB envelope signals filtered to <0.1 Hz (more consistent 490 
with FC measures in fMRI), and this largely resulted in positive spatial correlation 491 
between BOLD and ECoG FC, but the ECoG - fMRI relationship was weaker and more 492 
variable (r mean±SD= 0.37±0.19 and 0.34 ± 0.22 for discovery and replication datasets, 493 
respectively) (Figure 2C). 494 
 495 
We then interrogated whether within-network HFB envelope correlations were specific to 496 
zero-lag as opposed to lagged correlations. For each subject and network, we defined a 497 
within-network region pair as the seed electrode plus an electrode within the target node 498 
of interest for a given network (e.g. mPFC and PMC for the DMN) that had showed high 499 
ECoG-HFB FC with the seed (top 10 percentile among all target electrodes). Across all 500 
of these within-network region pairs, cross-correlations of shifted time series revealed a 501 
mean peak at zero-lag (0.0±0.03 sec) (Figure 3). Thus, consistent with previous findings 502 
from a single within-network pair (Foster et al., 2015), across multiple networks, we did 503 
not find a clear systematic delay. 504 
 505 
ECoG functional connectivity during sleep 506 
Intrinsic BOLD FC is persistent across different consciousness states (Vincent et al., 507 
2007, Larson-Prior et al., 2009). Therefore, we next tested whether the organized ECoG-508 
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HFB FC within networks (identified at rest) was also present in the sleep state. In a 509 
subject (S3) who had unique simultaneous coverage within all three networks of interest, 510 
we found that anatomical patterns of seed-based FC within the DMN, DAN and FPCN 511 
appeared largely similar during sleep compared to wakeful rest (Figure 4A). As can be 512 
seen in an example 60-sec window in Figure 4B, ECoG-HFB envelope time courses 513 
showed strong inter-electrode coupling during sleep for representative pairs of regions 514 
within each network. Overall, across all three networks, there were generally strong, 515 
positive spatial correlations of seed-based FC for wakeful rest (both runs) versus sleep (r 516 
value range: 0.77-0.92; all p values<0.01) (Figure 4C). Moreover, there were positive 517 
spatial correlations between sleep and BOLD FC for seeds within each network (DMN: 518 
r=0.65, DAN: r=0.50, FPCN: r=0.59; all p values<0.01) (Figure 4D). These findings 519 
support the notion that electrophysiological FC between core nodes of the DMN, DAN 520 
and FPCN is largely state-independent. 521 
 522 
Frequency-dependence of ECoG functional connectivity  523 
Our results so far confirm that ECoG-HFB envelope FC corresponds to BOLD FC and is 524 
persistent across wakefulness and sleep states for key nodes of the DMN, DAN and 525 
FPCN. These findings are consistent with previous studies of other brain regions (Keller 526 
et al., 2013, Foster et al., 2015, Hacker et al., 2017), but some iEEG evidence also 527 
suggests that envelope signals from lower frequencies ranges may be associated with 528 
BOLD FC (Wang et al., 2012, Liu et al., 2015, Hacker et al., 2017). Thus, we next 529 
extended our analyses of ECoG envelope signals to frequencies of activity below 70 Hz.  530 
 531 
Figure 5 shows ECoG seed-based resting FC for delta (1-3 Hz), theta (4-7 Hz), alpha (8-532 
12 Hz), low beta (13-29 Hz), high beta (30-39 Hz), gamma (40-70 Hz) as well as HFB 533 
envelopes (all filtered at 0.1-1 Hz). Focusing on within-network electrodes (arrows), as 534 
previously defined based on HFB envelope FC, it can be seen qualitatively that seed-535 
target FC is sometimes clearly present in the DMN, DAN, and FPCN across multiple 536 
frequencies. However, for frequencies lower than HFB, within-network FC was typically 537 
more variable across subjects and often less anatomically specific.  538 
 539 
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To further characterize how within-network ECoG FC varies across frequency ranges, we 540 
plotted the activity correlations between within-network region pairs as a function of 541 
frequency (Figure 6A). A repeated-measures ANOVA revealed a significant interaction 542 
between frequency and within-network FC strength (p=0.007). As can be seen, FC is 543 
most consistent across subjects and is strongest for HFB compared to all other frequency 544 
ranges. However, on average, FC was also high in the delta and theta ranges. The group 545 
average trend suggested that FC tended to be stronger for low (delta, theta) and high 546 
(gamma, HFB) frequencies but weaker for mid-range frequencies (alpha, beta). The 547 
trough of within-network FC in the beta range is consistent with previous work (Hacker 548 
et al., 2017).  549 
 550 
To assess the anatomical similarity of FC patterns across frequencies, we performed 551 
inter-frequency FC spatial correlations for all pairs of frequency ranges for seed-based 552 
FC to all target electrodes (average similarity matrix across subjects and networks shown 553 
in Figure 6B). The general trend was that closely spaced frequency ranges showed more 554 
similarity with one another; however, HFB FC was more strongly associated with theta 555 
compared to alpha and beta FC. Interestingly, all frequency ranges showed positive 556 
spatial correlations with resting state BOLD FC within subjects (Figure 6C), but there 557 
was an interaction between frequency and strength of BOLD-ECoG FC correspondence 558 
(p=0.015). Across all frequencies, the strength of within-network ECoG FC (between 559 
pre-defined region pairs) was positively correlated with the strength of BOLD-ECoG 560 
spatial correlation (r=0.53, p=9.6x10-5). 561 
 562 
Dynamic functional connectivity 563 
Our approach so far has revealed evidence for stable and reproducible ECoG FC within 564 
networks. Given that such organized FC was present (to some degree) for different 565 
frequency ranges, an important remaining question concerns whether the dynamics of FC 566 
in these distinct frequency ranges carry redundant information or show temporal 567 
divergence. The presence of cross-frequency temporal divergence of FC between a single 568 
pair of within-network regions could imply that multiple, distinct neurophysiological 569 
sources underlie FC. 570 
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 571 
In an attempt to characterize such cross-frequency dynamics between within-network 572 
region pairs, we adopted a dynamic FC analysis approach (Chang and Glover, 2010, 573 
Hutchison et al., 2013, Calhoun et al., 2014). We performed inter-electrode sliding-574 
window correlations on envelope signals during the resting state using 5-sec step size 575 
across 10-sec windows of resting state data. Importantly, the temporal resolution of fMRI 576 
precludes interrogation of connectivity at this time scale (Leonardi and Van De Ville, 577 
2015). At this time-resolved scale, for HFB and other bands of ECoG signals, FC within 578 
all networks fluctuated considerably and included windows with both positive and 579 
negative correlations. However, windows of strong, positive correlations were commonly 580 
present, as expected based on the static FC results. In Figure 7A, we show examples of 581 
time-varying correlated activity in the HFB and alpha ranges (envelopes filtered between 582 
0.1-1 Hz). As can be seen, temporal fluctuations in FC within different frequency ranges 583 
between the same pair of regions often diverge from one another. Extending these 584 
analyses to all frequency ranges, we found that inter-frequency FC temporal correlations 585 
were highly variable across subjects and networks (Figure 7B), suggesting that multiple 586 
distinct frequencies follow different temporal profiles of fluctuations – which clearly 587 
argues against a universal source of dynamic changes of FC between a given pair of 588 
nodes.  589 
 590 
Discussion 591 
Our work offers novelty beyond past studies in several key ways: 1) we investigated a 592 
unique cohort of patients with iEEG coverage within previously unstudied key regions of 593 
intrinsic networks; 2) we systematically show that electrophysiological intrinsic networks 594 
are generalizable across individuals, anatomical regions, and behavioral states; and 3) we 595 
show that different frequencies of electrophysiological FC have different temporal 596 
profiles. Taken together, the electrophysiological intrinsic FC that we report here is a 597 
generalizable phenomenon across individuals, brain networks, and behavioral states.  598 
 599 
High-frequency broadband power and BOLD connectivity 600 
High-frequency broadband power near an electrode serves as a reliable index of local 601 
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population spiking (Nir et al., 2007, Manning et al., 2009). High gamma/HFB power is 602 
also a positive correlate of evoked BOLD activation in individual brain areas (Logothetis 603 
et al., 2001, Mukamel et al., 2005, Lachaux et al., 2007, Mantini et al., 2007, Nir et al., 604 
2007, Shmuel and Leopold, 2008). Additionally, local spontaneous BOLD fluctuations 605 
have been associated with high gamma/HFB power (but also other frequencies of 606 
activity) (Laufs et al., 2003, Mantini et al., 2007, Scholvinck et al., 2010, Hutchison et al., 607 
2015) (but see (Winder et al., 2017)).  608 
 609 
Previous human and non-human primate studies of intracranial recordings that focused 610 
specifically on spontaneous FC have provided evidence for selective coupling within 611 
sensory/motor networks (Leopold et al., 2003, He et al., 2008, Nir et al., 2008, 612 
Fukushima et al., 2012) as well as within association cortices (Keller et al., 2013, Ko et 613 
al., 2013, Foster et al., 2015, Liu et al., 2015, Hacker et al., 2017). All of these studies 614 
reported on anatomically selective FC of HFB (or a comparable range) envelope signals. 615 
Given the close correspondence of such spatial patterns with those found in fMRI, these 616 
findings collectively suggest that intrinsic BOLD FC throughout human brain may be 617 
driven by coordinated local activity (e.g. spiking events) in spatially segregated regions. 618 
Indeed, a causal relationship between signal envelope correlations (mainly in the 619 
gamma/HFB range) and BOLD FC was recently reported in mouse cortex using 620 
optogenetic entrainment (Mateo et al., 2017). 621 
 622 
Our results suggest that for a limited number of well-defined within-network region pairs, 623 
HFB envelope signals during wakeful rest show peak correlations at a mean lag that is 624 
near zero, in line with previous work (Foster et al., 2015). Using resting-state fMRI, 625 
Mitra et al. (2014, 2015) demonstrated temporal delays (“lag threads”) of FC between 626 
specific region pairs within and between networks. However, some pairs did not show a 627 
clear delay, and it is possible that those anatomically correspond to the specific electrode 628 
pairs investigated here. Alternatively, there could be differences in the source of inter-629 
regional activity delays in hemodynamic compared to electrophysiological 630 
measurements. Some evidence indicates that there is correspondence between ECoG and 631 
BOLD lags for hippocampal-cortical FC (Mitra et al., 2016). Future work is needed to 632 
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systematically assess the potential electrophysiological basis of FC lags within and 633 
between a wider range of networks. 634 
 635 
Frequency-dependence of functional connectivity 636 
While our findings of anatomically selective HFB envelope FC and its association with 637 
BOLD was consistent across subjects and networks, we found that envelope FC for lower 638 
frequencies was sometimes present. This finding is generally in line with those in 639 
previous human iEEG studies that included analyses of lower frequency ranges (Nir et 640 
al., 2008, Foster et al., 2015). In contrast, Hacker et al (2017) suggested that lateral 641 
cortical regions in the DMN and FPCN show FC of the theta signal envelope that 642 
correlates with BOLD FC within subjects, whereas other networks including DAN 643 
showed such a relationship for alpha but not theta. Notably, however, such BOLD-iEEG 644 
FC correlations for lower frequencies were still weaker than those found for the HFB 645 
range (Hacker et al., 2017).  646 
 647 
We also found evidence for BOLD-iEEG FC correlations within subjects for multiple 648 
frequency ranges, but close inspection of anatomical specificity indicated that within-649 
network coupling was most consistent in the HFB range. Due to a limited sample size and 650 
a focus on cross-subject anatomically-matched region pairs within networks, we did not 651 
formally compare potential FC frequency differences among networks. Thus, our study 652 
did not address the hypothesis of carrier frequency spectral specificity for distinct 653 
networks, as advanced by Hacker et al. (2017), and our findings do not necessarily 654 
contradict the possibility of cross-network frequency-specific FC signatures.  655 
 656 
Recently, human MEG studies have revealed similarities within individuals between 657 
BOLD and frequency-specific (mainly alpha/beta envelope) FC spatial patterns, with 658 
some heterogeneity across networks in the frequency that best correlates with BOLD FC 659 
(Brookes et al., 2011, Hipp and Siegel, 2015). While higher frequencies can be difficult 660 
to study in MEG, Hipp and Siegel (2015) showed that after accounting for inter-661 
frequency differences in signal to noise, envelope signals of frequencies up to 128 Hz 662 
contained FC patterns that were spatially similar to those found in BOLD. Those findings 663 
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are consistent with our results and with other iEEG studies. Moreover, our findings of 664 
spatial correlation between BOLD and iEEG FC for multiple low frequency ranges are 665 
also in line with those results. Intracranial recordings in monkeys also suggest that 666 
intrinsic FC can be described as a broadband phenomenon (Liu et al., 2015). However, 667 
we emphasize here that a focus on HFB envelope signals revealed anatomically selective 668 
coupling between nodes of well-described human BOLD networks.  669 
 670 
A possible explanation for the finding that within-network FC is found for both low and 671 
high frequencies is interaction between these frequencies. Wang et al. (2012) proposed 672 
that BOLD FC is shaped by coordinated events occurring between low (<20 Hz) and high 673 
(>40 Hz) frequencies (i.e., cross-frequency coupling). A recent study in rat striatum also 674 
suggested that BOLD FC is associated with coupling between the phase of delta 675 
oscillations and the amplitude of high-frequency activity (Jaime et al., 2017). Under this 676 
framework, low frequencies may coordinate excitability between distant brain regions, 677 
whereas high frequencies reflect local computations (Buzsaki and Wang, 2012, Jensen et 678 
al., 2014). Importantly, the dominant frequencies involved in cross-frequency coupling 679 
could vary across the brain and among behavioral states; for instance, the PMC within the 680 
DMN shows local theta-HFB coupling at rest (Foster and Parvizi, 2012), whereas visual 681 
cortical regions show alpha-HFB coupling at rest (Foster and Parvizi, 2012) which may 682 
be modulated by visual task performance (Voytek et al., 2010). Our findings are broadly 683 
compatible with the possibility that BOLD FC is shaped by cross-frequency coupling.  684 
 685 
Dynamic functional connectivity 686 
 687 
The study of dynamic FC, which has recently gained widespread attention, is dominated 688 
largely by fMRI studies (Hutchison et al., 2013, Calhoun et al., 2014). There remains 689 
debate over the significance of dynamic FC. On the one hand, dynamic FC could 690 
represent a systematic exploration of possible network configurations (Deco et al., 2013), 691 
changes in arousal (Tagliazucchi and Laufs, 2014), and/or ongoing cognitive processes 692 
(Kucyi et al., 2018). On the other hand, some investigators have questioned whether 693 
dynamic BOLD FC is of predominantly non-neural origin, reflecting sampling variability 694 



 

 23 

and measurement noise (Handwerker et al., 2012, Keilholz et al., 2013, Laumann et al., 695 
2016, Liegeois et al., 2017). 696 
 697 
Here we present preliminary evidence for spontaneous ECoG FC fluctuations across 698 
short time windows (10-sec). Although the signal-to-noise ratio of ECoG greatly exceeds 699 
that of fMRI, and concerns about spurious FC fluctuations are dampened, it is still 700 
possible that sampling variability was a factor. There remains no consensus on how to 701 
best test for the presence of genuine FC fluctuations, especially when no simultaneous 702 
and independent neural or behavioral measure is available (Liegeois et al., 2017, Kucyi et 703 
al., 2018). We found that FC showed divergence, or unique temporal profiles, among 704 
distinct frequency bands. These findings are in line with a previous study with 705 
simultaneous fMRI with intracranial recordings in right and left somatosensory cortex in 706 
rats, showing that inter-hemispheric BOLD FC fluctuations are correlated with signal 707 
envelope FC distinctly for different frequency ranges (Thompson et al., 2013). 708 
Collectively, these findings argue that there may be no single common source of 709 
variations in FC. Although the vast majority of studies in the field consider dynamic FC 710 
based on a single metric (BOLD signal) at each brain region, our findings additionally 711 
highlight that within-network dynamic FC may be a non-unitary phenomenon, shaped by 712 
multiple, dissociable neurophysiological processes that are represented in distinct 713 
frequencies of activity. 714 
 715 
Conclusion 716 
Here we provide evidence for a neural correlate of intrinsic BOLD FC that is 717 
generalizable across the most widely investigated human brain networks.  718 
Our findings reinforce that the phenomenon of intrinsic functional connectivity is a 719 
fundamental property of the human brain, rather than an idiosyncratic feature in fMRI 720 
measurements. At the same time, our findings on unique temporal profiles of distinct 721 
electrophysiological frequencies indicate that fMRI presents an oversimplified view of 722 
intrinsic networks. While we have begun to explore how FC spontaneously fluctuates 723 
over time and in different frequency ranges, future studies that include behavioral 724 
measures are needed to shed light on the possible distinct roles of FC at different 725 
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frequencies in ongoing cognition. 726 
 727 
 728 
 729 
  730 
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Table 1. Subject demographics and characteristics.  

 S1 S2 S3 S4 S5 

Age 63 36 22 34 38 

Sex F F F M F 

Implanted 
Hemisphere 

Left Left Left Right Left 

Epileptic Focus 
Orbitofrontal 
and medial 

temporal lobe 

Primary 
motor 

Mesial frontal 
spikes (exact 

focus 
unknown) 

Dorsolateral 
frontal 

Primary 
motor  

Duration of Epilepsy 52 years 9 years 2 years 20 years 14 years 

ECoG Rest 1 
instruction 

Eyes closed Eyes closed Eyes closed Eyes closed Eyes closed 

ECoG Rest 1 duration 
(mins) 

6.14 4.2 9.92 4.24 7.27 

Rest 1: # of electrodes 
analyzed/total 

90/108 86/122 72/100 103/142 121/144 

ECoG Rest 2 
instruction 

Eyes open Eyes open Eyes open None Eyes closed 

ECoG Rest 2 duration 
(mins) 

2.16 4.81 4.85 5.31 7.60 

Rest 2: # of electrodes 
analyzed/total 

91/108 84/122 68/100 100/142 110/144 

fMRI duration (mins) 6.0 8.0 10.0 10.0 8.0 

fMRI mean frame-
wise displacement 
(mm) 

0.15 0.06 0.04 0.08 0.1 

      


