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Summary

Human neuroimaging studies have suggested that subregions of the medial and lateral parietal
cortex form key nodes of a larger brain network supporting episodic memory retrieval. To explore
the electrophysiological correlates of functional connectivity between these subregions, we
recorded simultaneously from medial and lateral parietal cortex using intracranial electrodes in
three human subjects. We observed electrophysiological co-activation of retrosplenial/posterior
cingulate cortex (RSC/PCC) and angular gyrus (AG) in the high frequency broadband (HFB, or
high-gamma) range, for conditions that required episodic retrieval. During resting and sleeping
states, slow fluctuations (< 1 Hz) of HFB activity were highly correlated between these task-co-
activated neuronal populations. Furthermore, intrinsic electrophysiological connectivity patterns
matched those obtained with resting state functional magnetic resonance imaging (fMRI) from the
same subjects. Our findings quantify the spatiotemporal dynamics of parietal cortex during
episodic memory retrieval and provide clear neurophysiological correlates of intrinsic and task-
dependent functional connectivity in the human brain.

Introduction

Episodic memory enables adaptive behavior by mediating access to past experiences, often
in the service of goal-oriented tasks. While the essential role of medial temporal lobe (MTL)
structures in supporting conscious memories is well documented, there is converging
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evidence that episodic retrieval also engages the left medial and lateral parietal cortices
(MPC and LPC) (Cabeza et al., 2008; Wagner et al., 2005). More specifically, functional
brain imaging studies consistently report that the retrosplenial (RSC) and posterior cingulate
(PCC) cortices in the MPC, and angular gyrus (AG) in the LPC, display similar activation
profiles across a variety of episodic retrieval outcomes (Cabeza et al., 2008; Wagner et al.,
2005). In addition, these parietal subregions are part of a large-scale network of association
cortices in the primate brain, known as the default mode network (DMN) (Greicius et al.,
2003; Raichle et al., 2001; Vincent et al., 2007). As key nodes of the DMN, the RSC/PCC
and AG share strong reciprocal anatomical connections and display correlated fluctuations
of resting state hemodynamic activity (Greicius et al., 2003; Vincent et al., 2006).

While functional neuroimaging studies have localized the medial and lateral parietal
subregions that contribute to episodic retrieval (Cabeza et al., 2008; Hutchinson et al., 2009;
Vilberg and Rugg, 2008; Wagner et al., 2005), the rapid electrophysiological dynamics
underlying these responses remain to be explored. ldentifying the temporal sequence of
activation across different parietal subregions during retrieval is essential to elucidating their
unique functional role and further advancing current theoretical accounts. Moreover, the
neurophysiological correlates of intrinsic and task-dependent connectivity between parietal
subregions has yet to be studied. Existing data suggest that intrinsic connectivity patterns
often recapitulate co-activation patterns observed during task conditions (Smith et al., 2009),
possibly reflecting a shared neurophysiological correlate. Therefore, quantifying the
similarities of such connectivity patterns, and their physiological correlates, is essential to
understanding the neuronal basis and utility of intrinsic functional connectivity in the brain.

To specifically address these questions, we obtained simultaneous recordings directly from
the left MPC and LPC in 3 human subjects using electrocorticography (ECoG; Figure 1A—
B). Such rare recordings provide a unique opportunity to study neuronal population activity
in the human brain with high spatiotemporal precision. We focused on subjects with
electrode coverage over the left hemisphere given the strong neuroimaging evidence
supporting lateralization of parietal activations during episodic retrieval (Hutchinson et al.,
2009; Nelson et al., 2010). As part of a clinical evaluation for epilepsy surgery, subdural
grid and strip electrode arrays were positioned over large areas of the MPC and LPC in each
subject. Electrophysiological data from dual MPC/LPC implantations was recorded during
task conditions that probed autobiographical episodic retrieval, and also during resting and
sleeping states. In addition, resting state functional magnetic resonance imaging (rsfMRI)
data was separately acquired from each subject to facilitate a direct quantitative comparison
between electrophysiological and imaging measures of intrinsic coupling across parietal
subregions.

Building upon a wide body of neuroimaging literature, we report novel information about
the temporal dynamics of responses across MPC and LPC during episodic retrieval. We
observed a zero time lag (delay) in the onset latency of activity between RSC/PCC and AG
at the single trial level during retrieval. Furthermore, we found clear evidence for correlated
electrophysiological activity between the same RSC/PCC and AG subregions during resting
and sleeping states. Across the parietal lobe, intrinsic connectivity patterns strikingly
recapitulated event-related task co-activation patterns and closely matched rsfMRI
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connectivity in each subject. Collectively, our findings provide new information about the
temporal engagement of human parietal subregions during episodic memory retrieval, and
more generally, provide clear electrophysiological correlates of functional connectivity
during resting and task states in the human cortex.

Selective ECoG task responses in parietal subregions

Subjects performed a simple memory task previously shown to modulate ECoG (Dastjerdi et
al., 2011; Foster et al., 2012) and fMRI (Kennedy and Courchesne, 2008) activity in the
human parietal lobe (Figure 1C and S2, see Supplemental Experimental Procedures).
Consistent with our previous work (Foster et al., 2012; Foster et al., 2013), ECoG data
analyses focused on temporally resolved changes in high frequency broadband amplitude
(HFB: 70-180 Hz, also known as high-gamma). HFB activity is an informationally rich and
spatially precise measure of neuronal population response (Chang et al., 2010; Flinker et al.,
2011; Miller, 2010), and importantly, is strongly correlated with blood oxygen level
dependent (BOLD) fMRI (Hermes et al., 2012; Mukamel et al., 2005; Nir et al., 2007;
Winawer et al., 2013), and population spiking activity in the local field potential (Manning
et al., 2009; Mukamel et al., 2005; Nir et al., 2007; Ray and Maunsell, 2011). Therefore, the
HFB spectral range provides a rich marker of local electrocortical activity of great
translational utility between human and non-human primate research and more specifically
between neuroimaging and electrophysiological data. As shown in Figure 1D-E, mean HFB
amplitude responses across conditions differed between several parietal subregions, however
the response profiles in RSC/PCC and AG were strikingly similar (see also Figure S1). Both
RSC/PCC and AG displayed greater HFB responses to the “self-episodic” condition (e.g., “I
ate fruit yesterday™), with progressively smaller mean HFB responses to the “self-semantic”
(e.g., “I eat fruit often”), “self-judgment” (e.g., “I am an honest person”), and “other-
judgment” (e.g., “my neighbor is an honest person”) conditions. In addition, both RSC/PCC
and AG showed deactivation of HFB amplitude during a simple arithmetic “math”
condition, consistent with our previous observations from the MPC (Foster et al., 2012).

Correlated ECoG task responses between RSC/PCC and AG

In light of the highly similar HFB response profiles of RSC/PCC and AG across all
conditions, we sought to explore the correlation of HFB responses between parietal
subregions at the single trial level. We compared the similarity of parietal subregion task
responses by correlating the mean HFB amplitude across all trials for an entire experimental
run (see Supplemental Experimental Procedures). Responses recorded simultaneously from
the PCC and AG showed a strong positive correlation (r = 0.83, p < 0.001, n = 178, Figure
2), whereas comparing the same PCC seed to dorsal sites in the LPC revealed no significant
correlation (Figure S3). These data suggest the presence of neuronal populations in specific
locations of the MPC and LPC whose electrophysiological responses are tightly coupled and
similarly modulated in magnitude, during both activation and deactivation, across different
cognitive conditions.
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To generalize this observation, we performed the same trial based correlation of HFB
responses across all unique pairs of parietal electrodes in each subject, including both within
(e.g., lateral-lateral = AG-SPL) and between (e.g., medial-lateral = PCC-SPL) surface
comparisons. Therefore, we constructed a task correlation matrix for each subject based on
trial-level mean HFB responses (Figure 3A, see Supplemental Experimental Procedures).
Averaging correlations for each unique subregional pair across subjects revealed a consistent
positive correlation between RSC/PCC and AG sites for repeated experimental runs (Figure
3B). A breakdown of RSC/PCC - AG task correlations suggested that these two parietal
subregions were comodulated by all task conditions, with the strongest correlations being
observed for the self-episodic and self-semantic conditions (Figure 3C). To ensure that
overall task correlations were not driven by conditions with larger trial responses (e.g., self-
episodic condition), task responses were normalized within condition (z-score) prior to
correlation. This normalization procedure suggested a limited influence of response
magnitudes, with normalized data and non-normalized data producing highly similar task
correlation patterns (normalized vs. non-normalized similarity: S1r=0.96; S2r=0.91; S3r
=0.78, all p < 0.0001).

Coordinated timing of ECoG task responses between RSC/PCC and AG

Given the strong trial based electrophysiological co-activation patterns between RSC/PCC
and AG sites across subjects, we sought to further quantify the coordination of these
responses with additional temporal precision. Specifically, we estimated the time of onset of
HFB responses in RSC/PCC and AG sites at the single trial level. Our analyses focused on
self-episodic trials given the consistency of maximal HFB responses to this condition and
our specific interest in episodic retrieval. Using a robust method for estimating response
onset latency (ROL, Figure S4), we obtained the HFB ROL values of each self-episodic trial
for all RSC, PCC and AG sites (see Supplemental Experimental Procedures). For each site,
the ROL was defined by the median ROL across trials (given the positive skew of ROL
data). Interestingly, when comparing RSC/PCC and AG sites, we found no significant
difference in the mean HFB ROL (mean, 95% ci: RSC/PCC = 674 ms, 555:820 ms; AG =
761 ms, 629:897 ms) for the self-episodic condition. The latency of HFB response onset in
RSC/PCC and AG is consistent with our previous observations in the MPC in different
experimental subjects under similar task conditions (mean MPC latency = 627 ms) (Foster et
al., 2012). This similarity of ROL did not significantly differ for true or false responses in
RSC/PCC (mean, 95% ci: true = 734 ms, 568:940 ms; false = 662 ms, 527:800 ms) or AG
(mean, 95% ci: true = 764 ms, 624:936 ms; false = 791 ms, 647:1020 ms).

As mean ROL data suggested no significant difference in the response timing between
RSC/PCC and AG during retrieval, we next compared differences in ROL at the single trial
level (i.e., non-collapsed trial data) for all possible RSC/PCC-AG electrode pairs. Therefore,
electrode sites were included in this analysis based solely on anatomical location to limit
data selection bias, which included sites of differing response magnitude. Thus, for each
unique RSC/PCC-AG electrode pair (n pairs = 68) we computed an ROL difference value
(i.e., onset delay) for each trial by subtracting the ROL of a given RSC/PCC site from the
ROL of a given AG site (see Supplemental Experimental Procedures). This difference value
would therefore be positive if AG ROL precedes RSC/PCC and negative if RSC/PCC ROL
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precedes AG. Also, in taking relative ROL differences for each trial, we account for natural
variation in absolute ROL values across different stimuli. Strikingly, the distribution of ROL
differences between RSC/PCC and AG across all subjects was strongly peaked around zero,
displaying no skew or non-zero peaks, suggesting no dominant lag-lead difference (i.e.,
delay) in the time of response onsets of neuronal population responses between these regions
(Figure 4A; delay median, 99% ci = 0 ms, —16:16 ms, n = 3,288). This distribution of ROL
differences between RSC/PCC and AG was consistent across individual subjects (see Figure
S5A). In addition, ROL differences were not significantly different for true (delay median,
99% ci = 0 ms, —22:32 ms, n = 1,010) or false (delay median, 99% ci = 2 ms, —16:23 ms, n
= 2,278) response trials of the self-episodic condition.

As an active control within parietal cortex, we also compared the ROL differences between
RSC/PCC sites and SPL sites responsive to the self-episodic condition (n pairs = 82; see
Supplemental Experimental Procedures). In contrast to AG, ROL difference values between
RSC/PCC and SPL displayed a rightward shifted and less peaked distribution, suggesting
SPL is often engaged after RSC/PCC (Figure 4A; delay median, 99% ci = 505 ms, 459:543
ms, n = 3,886). Performing the same analysis for responsive IPS sites (n pairs = 72)
provided a similarly right-shifted distribution, but centering earlier than the SPL (delay
median, 99% ci = 154 ms, 119:181 ms, n = 3,457). Additionally, we performed further
active controls using visual and motor sites outside of the parietal lobe in each subject that
provided strong expectations for relative ROL timing (see Supplemental Experimental
Procedures). As predicted, ROL differences between RSC/PCC sites and visual sites (n pairs
= 45) showed a leftward shifted distribution with high kurtosis and positive skew (Figure
4A,; delay median, 99% ci = -252 ms, —268: —231 ms, n = 2,319). This distribution indicates
that the timing of visual HFB onsets were consistently prior to RSC/PCC sites with limited
variation of ROL delay. Conversely, the distribution of HFB ROL differences between
RSC/PCC sites and motor sites (n pairs = 67) showed a large rightward shift with less
kurtosis (Figure 4A; delay median, 99% ci = 907 ms, 859:959 ms, n = 3,150). This
distribution indicates that the timing of motor activity (typically reflecting a contra-lateral
button press to respond true or false) was after the time of onset of visual, RSC/PCC, AG,
IPS and SPL activations, and with a greater variation than visual sites (owing to the
variation in reaction times for the task). The significance of these differences in ROL
distributions across active control sites is clearly seen when comparing the probability
density of each distribution (Figure 4B). Given the confidence intervals of distribution
medians, each of the active control distributions (SPL, IPS, visual & motor) was
significantly different from the distribution of AG ROL differences (confirmed with
Wilcoxon rank test, Bonferroni corrected, all p <0.001). Importantly, our observations of
task correlation and temporal coordination between RSC/PCC and AG were also replicated
when applying a more standard cross-correlation analysis to HFB task data (see Figure S6).
Together, these findings suggest a tight minimal lag coupling of activation onset in the
RSC/PCC and AG that closely follows the activation of early visual cortex and precedes the
onset of activity in the dorsal IPS/SPL and motor cortex during episodic autobiographical
retrieval (Figure 4C).
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Correlated ECoG resting state activity between RSC/PCC and AG

Given the similarity of response magnitude and timing between RSC/PCC and AG during
task conditions, we sought to quantify the degree of intrinsic coupling between these same
subregions during the resting state. Based on a large body of evidence from human brain
imaging, one would posit that large extents of the RSC/PCC and AG should display intrinsic
functional connectivity given their shared membership in the DMN, which functionally
dissociates these areas from other parietal subregions (Nelson et al., 2010). To approximate
the timescale of BOLD activity observed for rsfMRI analyses, we extracted the slow (< 1
Hz) ongoing fluctuations of HFB amplitude from spontaneous resting state ECoG (rsECoG)
data. This composition of frequency bands follows prior work suggesting that this range of
activity best correlates with spontaneous BOLD data and yields the most consistent and
anatomically specific spatial correlations (Keller et al., 2013; Leopold et al., 2003; Nir et al.,
2008). Figure 5A—C depicts the basic processing steps to obtain the slow time varying HFB
signal. Following classical rsfMRI methods, we performed a seed-based approach of
correlating all unique electrode pairs between MPC and LPC for each subject. When a seed
in the RSC/PCC was selected, correlations of slow HFB fluctuations were significantly and
selectively localized to AG recording sites on the lateral surface (Figure 5D, see
Supplemental Experimental Procedures). Using alternative frequency bands we observed a
similar correlation pattern for the low beta range (13 — 29 Hz), but no similarity for the delta
(0.5 - 3 Hz), theta (4 — 7 Hz), alpha (8 —12 Hz), high beta (30 — 39 Hz) or gamma (40 — 69
Hz) ranges (all focused on slow, < 1 Hz, fluctuations, Figure 5E) for the same seed region.

Across subjects, rsECoG analyses consistently showed strong positive correlations between
the RSC/PCC and AG during the resting state (Figure 6). Furthermore, when selecting the
same RSC/PCC seed regions within subjects and plotting the distribution of correlation
values in LPC, we observed a strikingly similar spatial pattern of correlation for event
related task data and spontaneous rest data (Figure 6A). In addition, this pattern, which is
dominated by selective AG correlation, also showed a strong resemblance to the distribution
of HFB amplitude increases in the LPC during the self-episodic condition (Figure 6B).
Therefore, during episodic autobiographical retrieval, the spatial pattern of HFB responses
appears highly similar to the spatial patterns of significant MPC-LPC correlations during
both task and resting state conditions. Importantly, we note that task correlation data is
derived from trial based activation changes in HFB amplitude whereas resting state
correlations are based on slow (< 1 Hz) fluctuations of spontaneous HFB amplitude.

Similarity of ECoG parietal connectivity during task, rest and sleep states

While the correlation analysis of task and resting state was performed on highly different
data sets and time-scales, it may be argued that the resting state data contains diluted levels
of spontaneous recall processes of an autobiographical nature, which may explain the similar
findings between states. A growing literature in functional neuroimaging has debated this
issue (Buckner et al., 2008), with one important observation being that patterns of resting
state connectivity are preserved during states of minimal cognition such as sedation
(Greicius et al., 2008), anesthesia (Martuzzi et al., 2010) and sleep (Samann et al., 2011).
Following this approach, we obtained ECoG data from each subject during nocturnal sleep
(Figure S7) and performed the same resting state analysis. As shown in Figure 6A, using the
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same MPC seed locations as in the rest and task data, a highly similar pattern of correlation
centered on the AG was observed during sleep across subjects (Ramot et al., 2013).

To broaden our analysis, we performed a direct comparison of all MPC-LPC pairs for each
subject across task, rest and sleep states. For this we obtained a correlation matrix of the
same dimension for each state (i.e., task, rest and sleep), as shown in Figure 6C for an
example subject (S3). We then directly tested the degree of similarity between these
matrices using permutation matrix correlation (Mantel’s test, see Supplemental
Experimental Procedures). Initially, we limited our matrix comparison to only unique MPC-
LPC pairs and excluded within-MPC or within-LPC pairs to limit the possible bias of trivial
correlations for proximal sites (i.e., correlations between neighboring electrodes). However,
performing a full matrix comparison (i.e., all pairs) did not substantially change the
between-state similarity estimates (see Figure S8B). Figure 6D shows the scatter plots and
correlation values for the three state comparisons of example subject S3. Across states, there
is a robust positive correlation between connectivity matrices. As can be seen in Figure 6E,
the high similarity of parietal subregion connectivity between states was consistent and
strongly significant for each subject (p < 0.01). Figure 6E also indicates that the greatest
similarity between states was for the rest versus sleep comparison. Apart from the gamma
band range, other frequency bands did not display significant connectivity similarity across
states (see Figure S8).

Similarity of parietal resting state connectivity between ECoG and fMRI

Our data suggest electrophysiological activity in human parietal cortex may contain highly
correlated spatial patters of intrinsic fluctuations that closely resemble those observed with
rsfMRI. To directly support this claim, we obtained rsfMRI from each subject and quantified
the similarity between ECoG and fMRI resting state data. To facilitate this comparison, we
extracted the BOLD time course from regions of interest (ROI) within parietal cortex
defined by the location of ECoG electrodes in each subject. Figure 7A,B shows a qualitative
comparison of the overlap between rsECoG and rsfMRI in an example subject (S3). As
detailed above, when examining a seed in the MPC, rsECoG data display a selective and
highly significant positive correlation with sites in the AG (Figure 7A). When using the
same seed location for rsfMRI analysis, we also observed a strikingly similar pattern of
positive correlation with the AG, which closely overlaps with significantly correlated ECoG
sites and other nodes of the DMN (Figure 7B). Matching analyses performed above, we
quantified the similarity of connectivity (i.e., correlation matrices) for all unique parietal
subregion pairs between rsECoG and rsfMRI. Figure 7C shows that rsECoG and rsfMRI
data were significantly correlated in each subject (p < 0.01, Mantel’s test).

Given the similarity between ECoG and fMRI resting state data, we explored the degree to
which electrophysiological measures conform to regional and network parcellations of
cerebral cortex as commonly estimated with fMRI. As an initial step in this direction, Figure
8 shows an example comparison between rsECoG and rsfMRI data where correlation
profiles were compared for seed regions traversing the inferior parietal lobule from the SMG
to AG. This simple approach to boundary identification directly follows a technique
previously described by Cohen et al. (2008) and more recently by Wig et al. (2014). Local
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correlations for both ECoG and fMRI data displayed a clear transitional change between
SMG and AG, with a concurrent increase in correlation strength with the distal PCC seed
region for LPC seeds closer to AG, a finding consistent with the imaging reports (Cohen et
al., 2008; Wig et al., 2014).

Discussion

Simultaneous measurements of electrophysiological activity from large areas of the left
medial and lateral parietal cortices in human subjects revealed localized neuronal population
responses, as indexed by HFB amplitude, within the RSC/PCC (medial) and AG (lateral)
during conditions of episodic retrieval. RSC/PCC and AG displayed a similar profile of
mean HFB response across all task conditions, which reflected a strong positive correlation
of single trial responses between these subregions. Further analyses demonstrated that the
relative timing of HFB response onset between RSC/PCC and AG was simultaneous during
autobiographical retrieval. In addition, we explored the spatial organization of intrinsic
dynamics across parietal cortex during rest and sleep states, focusing on correlated patterns
of slow (< 1 Hz) HFB activity. Strikingly, we observed highly similar electrophysiological
patterns of connectivity across task, rest and sleep states, in each subject. Finally, intrinsic
electrophysiological connectivity patterns were shown to highly correlate with rsfMRI
connectivity data extracted from matching recording locations within each subject.

Parietal cortex dynamics during episodic retrieval

Our observations are consistent with neuroimaging findings of left parietal activations
during episodic memory retrieval (Cabeza et al., 2008; Wagner et al., 2005), and importantly
provide additional temporal information about these activation patterns. Neuroimaging
studies have consistently shown that cued retrieval of autobiographical events engages the
RSC/PCC and AG, along with other nodes of the DMN (Spreng et al., 2009). Similarly, for
tasks of recognition memory, activation of RSC/PCC and AG is particularly enhanced when
recollecting item source information (i.e., specific item details) (Cabeza et al., 2008; Wagner
et al., 2005). This “old/new’ source memory effect is observed for both lateral and medial
parietal regions, with a robust left hemisphere dominance (Hutchinson et al., 2009). While
our current findings support left hemisphere parietal retrieval effects, our previous ECoG
work has shown similar RSC/PCC responses also in the right hemisphere (Foster et al.,
2012). This work employed highly similar experimental and data analysis methods to the
current study, supporting a comparison between data sets. Therefore, the observation of
bilateral MPC responses raises an important question of how lateral and medial parietal
subregions differ in their response lateralization during episodic retrieval.

In comparing response timing in MPC and LPC, we observed no consistent difference in the
latency of HFB response onset between the RSC/PCC and AG during episodic retrieval. A
zero-lag delay of response onset between two regions is indicative of a mediator node that
would initially provide simultaneous inputs, separately engaging both of these regions.
Natural candidates for this mediator would be MTL structures with anatomical projections
to MPC and LPC subregions either directly or through the thalamus. Tracing studies in non-
human primates suggest reciprocal connections of RSC/PCC and AG with MTL structures
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and thalamic nuclei (Buckwalter et al., 2008; Kobayashi and Amaral, 2003, 2007; Parvizi et
al., 2006). The putative role of the MTL as a common mediator is also supported by our own
previous findings. Using simultaneous intracranial recordings from the human RSC/PCC
and MTL cortices, we observed selective transient phase synchrony in the theta band range
(3 — 5 Hz) between the human RSC and MTL during the same autobiographical retrieval
task conditions employed here (Foster et al., 2013). We observed that phase synchrony
between the RSC and MTL consistently occurred prior to the local activation (i.e., increased
HFB amplitude) of the RSC, a temporal sequence consistent with RSC/PCC and AG ROL
reported here. Alternatively, the temporal co-activation of RSC/PCC and AG may reflect a
shared activation threshold, such that small delays of input activity are integrated to a
common activation boundary (Fisch et al., 2009).

Based on the shared onset of activation in RSC/PCC and AG sites, one may hypothesize a
degree of independence between these two regions such that initial functional engagement
of one region does not rely on the outputs of computations performed in the other.
Therefore, RSC/PCC and AG may operate in parallel, focusing on different features of
retrieval outputs from the MTL. Importantly, we note that while the onset of activity in
RSC/PCC and AG may be mediated by the MTL, post-onset correlation between these two
regions, along with their resting state coupling, is likely to be supported by their direct
reciprocal connectivity. Deciphering the unique functional roles of RSC/PCC and AG
during retrieval will require future targeted experiments to manipulate various features of
episodic retrieval content.

Neurophysiological correlates of intrinsic connectivity

Consistent with the above discussion, prior fMRI based network analysis of the DMN has
identified the RSC/PCC and AG, together with structures in the MTL, as a dissociable sub-
network (Andrews-Hanna et al., 2010) of this system. Our findings suggest highly similar
patterns of parietal connectivity can be observed with direct measures of neuronal
population activity. Importantly, our findings are strengthened by the use of multisite grid
recordings in each subject, sampling a large mantel of the parietal cortex. For example,
despite recording from multiple regions in the LPC, we observed slow fluctuations of HFB
activity to consistently and specifically correlate between neuronal populations within the
RSC/PCC and AG. The anatomical selectivity of this correlation is particularly striking
given the long-range distance between the medial and lateral surface, suggesting that these
correlations are not due to volume conduction effects. By comparison, slow fluctuations of
other canonical frequency bands either failed to reveal significant functional connectivity or
revealed significant correlations across much of the LPC with less anatomical selectivity
(Figure 5E). Only slow fluctuations of low beta activity (13-29 Hz) were similar to the HFB
range, which is consistent with prior observations (Hipp et al., 2012). Therefore, it is
important to define electrophysiological correlates not only by the strength of inter-regional
connectivity, but also by spatial selectivity (i.e., correspondence with known functional-
anatomical boundaries).

While the biophysical origins and spectral properties of HFB activity are still being
elucidated, one mechanism of generating this signal is via the dendritic filtering of incoming
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synaptic potentials (Einevoll et al., 2013; Miller, 2010), which is associated with a strong
metabolic drive precipitating the BOLD signal (Logothetis and Wandell, 2004). Together,
the temporal, spatial and biophysical properties of HFB activity support the hypothesis that
this signal may provide a robust correlate of fMRI resting state connectivity (Keller et al.,
2013).

Correspondence of intrinsic and task connectivity

The similarity of intrinsic and task evoked connectivity patterns points to important
organizational features of large-scale brain systems and may provide an assay of macro-
scale brain network integrity. While such questions were beyond the scope of the present
study, our data strongly support the observation that intrinsic correlation patterns, captured
by slow spontaneous HFB fluctuations, recapitulate network activation patterns observed
during task conditions (Cole et al., 2014; Ramot et al., 2013; Smith et al., 2009). For
example, Ramot et al. (2013) recently reported that fluctuations of high-frequency activity
during slow-wave sleep recapitulated the mean spatial patterns of high-frequency activity
observed during task conditions in human sensory cortex. This similarity between states
promotes the importance of understanding how spontaneous neural dynamics could
influence the configuration of functional brain states. One compelling hypothesis posits that
spontaneous activity patterns reflect the organization and strength of network connections,
as influenced by the recent statistical history of activation patterns (Harmelech and Malach,
2013). From this view, spontaneous activity may provide insight into the topological
organization of brain networks/circuits, and their functional repertoires (Luczak et al., 2009).

In conclusion, we wish to emphasize that the goal of the present study was to quantify the
electrophysiological interactions between neuronal populations of the medial and lateral
parietal nodes of the human DMN during task conditions, as well as resting and sleeping
states. By comparing these data with rsfMRI in the same subjects, we aimed to identify clear
electrophysiological correlates of DMN connectivity. We are mindful that future
investigations employing different experimental designs are needed to decipher the
electrophysiological correlates of specific types of mnemonic processes in the human
parietal lobe. Additional experiments are also needed to dissociate the differential role(s) of
medial and lateral parietal subregions during memory retrieval. Lastly, our current data are
from a specific brain network (i.e., DMN), and future studies are needed to determine if the
electrophysiological signature of functional connectivity that we report is generalizable
across other large-scale human brain networks.

Experimental Procedures

Subjects

Intracranial recordings reported in the present study were obtained from three human
subjects at the Laboratory of Behavioral and Cognitive Neurology in the Stanford University
Medical Center (California, USA). Subjects were aged 39, 36 and 22 (years, m £ std = 32.3
+ 9), with the gender of male, female and female, respectively (S1-3). Each subject was
implanted with subdural intracranial electrodes over the left cerebral hemisphere as part of
their evaluation for the neurosurgical treatment of refractory epilepsy (Nair et al., 2008).
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Clinically, seizure onset foci were identified as left insula (S1), left medial primary motor
cortex (S2) and left supplementary motor cortex (S3), respectively. All subjects were
identified as right-handed and spoke English as a first language. Prior to any
experimentation, all subjects provided verbal and written consent to participate in the
research presented here, which was approved by the Stanford Institutional Review Board.

Electrode implantation

Subjects were implanted intracranially with grid and strip configuration subdural platinum
electrodes (Adtech Medical Instruments) for the purpose of clinical monitoring. All
electrodes were 4 mm in diameter and imbedded in a flexible silicon sheet, with each
electrode having an exposed (recording) diameter of 2.3 mm. For the majority of implanted
electrodes, inter-electrode spacing was 10 mm (center to center). For S2 and S3, some strip
electrodes had a higher density inter-electrode spacing of 5 mm (center to center).
Importantly, all implantations were guided fully by clinical requirements and no
implantation was performed for research purposes.

Intracranial electrodes were localized on the cortical surface using a fusion of pre- and post-
operative imaging as previously described (Foster et al., 2012). Once the cortical location of
electrodes was obtained for each subject, we identified all electrodes falling within the
medial and lateral parietal cortex and classified them into parietal subregions (using surface
projections and 3D images) (see Figure 1 and Supplemental Experimental Procedures).

Electrophysiological recording

All electrophysiological data presented were obtained from subdural electrocorticography
(ECoG) recordings. ECoG data was acquired with a band pass filter of 0.5-300 Hz and a
sampling rate of 3,052 Hz, via a multichannel research system (Tucker Davis Technologies).
For recording, ECoG signals were referenced to the most electrographically silent channel
outside of the identified seizure zone, and later re-referenced for data analysis. For nocturnal
sleep recordings, we obtained ECoG data recorded by a clinical monitoring system (Nihon
Kohden). These data were recorded using the same reference montage, but with different
sample rates (S1 = 1000 Hz; S2 = 1000 Hz; S3 = 500 Hz).

Experimental task - ECoG

All experimental task recordings were performed at the bedside in the subject’s private
clinical suite. To perform the task, subjects were asked to provide true or false judgments for
five different stimulus types that were visually presented on a laptop computer (Apple
MacBook Pro). This task was previously employed to effectively probe the
electrophysiology of the human default mode network (DMN) (Dastjerdi et al., 2011; Foster
etal., 2012; Foster et al., 2013) (see Figure 1 and Supplemental Experimental Procedures).

Resting state - ECoG

Two types of resting state data are reported. Firstly, standard passive resting state data was
recorded during continuous periods of eyes closed rest. Secondly, spontaneous data was also
recorded during periods of nocturnal sleep in each subject. As research recordings were not
continuous over a 24-hour period, sleep data was obtained from continuous clinical

Neuron. Author manuscript; available in PMC 2016 April 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foster et al.

Page 12

recordings as noted above. Sleep data for each subject reflects periods of stage 2/3 nocturnal
sleep as shown in Figure S7. Full polysomnography for sleep staging was not recorded.
While recorded resting state data differed in duration, all reported analyses were performed
on truncated 4 min duration data segments.

Resting state - fMRI

Resting state fMRI data reported here were obtained at the Center for Cognitive and
Neurobiological Imaging (S2-3), and the Richard M. Lucas Center for Imaging at Stanford
University (S1). Scanning was performed pre-operatively in S1-2, and postoperatively for
S3 due to clinical factors. For S2-3, resting-state EPI sequence scans were acquired on a 3T
GE scanner (30 slices, 4.0 mm isotropic voxels, TR = 2000 ms, FOV =100 mm, TE = 30
ms, flip angle = 77 deg, bandwidth = 127.68 kHz) with a 32-channel head coil (duration = 8
minutes and 10 minute respectively). For S1, resting-state spiral sequence scans were
obtained on a 3T GE scanner (30 slices, 4.0 mm isotropic voxels, TR=2000 ms, FOV= 220
mm, TE = 30 ms, flip angle = 77 deg, bandwidth = 127.68 kHz) with a 32-channel head coil
(duration = 6 minutes).

Data processing - ECoG

All experimental task and resting state ECoG data were processed off-line using custom
routines programed in MATLAB (MathWorks). Prior to data processing, all channels
clinically identified within the ictogenic zone or those electrodes observed as corrupted
during recording were excluded from all data analysis. All data preprocessing was
performed at the single subject/single electrode level. For each subject, all non-excluded
electrodes were notch filtered to remove 60 Hz interference as well as its harmonics. Notch
filtered data was then re-referenced to the common average in each subject. After re-
referencing, each electrode was automatically inspected for outliers, defined as voltage
values >5 standard deviations from the electrode mean voltage, with outlier data points
logged for subsequent analyses. The notch filtered, re-referenced data was then used for all
subsequent data analysis.

High Frequency Broadband (HFB) Amplitude

High frequency broadband (HFB) amplitude, defined by a 70-180 Hz band pass range in the
present study, was used throughout all analyses as the key electrophysiological marker of
electrocortical activity (Miller et al., 2014). Frequency normalized HFB power was
estimated using the following steps: i) the raw time series (notch filtered, re-referenced) was
down sampled to 436 Hz and then filtered between 70-180 Hz using sequential band pass
windows of 10 Hz (i.e. 70-80, 80-90, 90-100 ...170-180), via a two-way zero-phase lag
FIR filter. ii) the amplitude (envelope) of each narrow band signal was then calculated by
taking the modulus of the analytic signal obtained from a Hilbert transform. iii) each narrow
band amplitude time series was then normalized to its own mean amplitude, expressed as a
percentage of the mean. iv) finally, each of the normalized narrow band amplitude time
series was averaged together, producing a single amplitude time series for each channel.
These processing steps aim to normalize (flatten) the power across frequencies within the
broad 70-180 Hz range, partially correcting for the 1/frequency decay of power in the
spectrum that enhances lower frequency components.
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HFB response and latency

To quantify event-related HFB responses, we epoched trials for each condition locked to
stimulus onset (=200 ms pre-stimulus to 2000 ms post-stimulus). Trials were then averaged
for all epoch time points to obtain the mean HFB response for each condition. To obtain a
singular HFB response value across conditions for each electrode, we averaged the mean
HFB response within a 400-900 ms post-stimulus window. This window was chosen
because we predicted late onset activity in parietal cortex to the employed task (Foster et al.,
2012), which would exclude early non-selective activity to the visual stimulus and late
response-locked (i.e. motor) activity. In order to characterize the latency of activation across
electrodes for the self-episodic condition, we estimated the HFB response onset latency
(ROL), using a modified version of a previously described technique (Foster et al., 2012)
(see Figure S4 and Supplemental Experimental Procedures).

Slow HFB fluctuation

Analysis of resting state ECoG data focused on slow spontaneous fluctuations in HFB
amplitude (Foster and Parvizi, 2012). To obtain this signal, the continuous HFB amplitude
was estimated as described above and then low pass filtered at 1 Hz, using a 41" order two-
way zero phase lag Butterworth filter. This slow time-varying HFB amplitude signal (i.e.
HFB amplitude fluctuations below 1 Hz) was then used for all resting state correlation
analyses, following previous investigators (Keller et al., 2013; Nir et al., 2008).

Data processing — fMRI

Resting-state fMRI (rsfMRI) data were processed and analyzed using the FMRIB Software
Library (FSL: v5.0.6). Raw functional data were processed by applying motion correction,
removal of non-brain structures, and spatial smoothing with a 6mm FWHM Gaussian
kernel. Processed functional data were then aligned to the subject’s high-resolution T1-
weighted image, which was subsequently registered to the MNI152 standard space image
via affine linear registration. Registered data were corrected via noise regression of
movement, cerebral spinal fluid, white matter, and global signal. Finally, the data were
additionally filtered with a band pass range of 0.01 — 0.10 Hz.

Regions of interest (ROI) corresponding to electrode locations in each subject were created
by first constructing a 5 mm radius sphere at each electrode coordinate. To limit these ROI
to cortical tissue, a gray matter mask (based on cortical segmentation) was applied to each
ROI. These masked ROl were then transformed to the same standard space as the functional
data, and the mean rsfMRI time series across volumes was extracted for each ROI. Prior to
correlation analysis, each time series had the mean value subtracted and was then detrended
(linear least squares fit).

Connectivity analyses — ECoG & fMRI

Connectivity analyses focused on correlated HFB (ECoG) and BOLD (fMRI) activity. For
all data, correlation values were estimated via Pearson’s correlation coefficient (r) between
all sites (electrodes or ROIs), producing a correlation matrix for each data set. We tested the
similarity of correlation matrices across states (i.e. task, rest and sleep) and modalities
(ECoG and fMRI) using Mantel’s test (Mantel, 1967) of matrix similarity. This procedure
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performs a randomization test of correlation between two matrices, where iterative
permutation of one matrix is used to construct a null distribution of matrix similarity
(correlation). We performed Mantel’s test using 1000 permutations to estimate the p-value
of each matrix similarity comparison. To satisfy test assumptions, matrix data (r-values)
were first normalized using a Fisher-z transform, and scatter plots were inspected for
heteroscedasticity and outliers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Parietal subregions, electrode locations, experimental task and task responses
A) Lateral and medial parietal lobe was divided into seven putative subregions. Lateral

subregions were: supramarginal gyrus (SMG), angular gyrus (AG), intraparietal sulcus (IPS)
and superior parietal lobule (SPL). Medial subregions were: precuneus cortex (PrCC),
posterior cingulate cortex (PCC) and retrosplenial cortex (RSC). For group analyses, we
combined PCC and RSC recording sites (RSC/PCC; see Supplemental Experimental
Procedures). Sulci shown are: post-central sulcus (pcs), intra-parietal sulcus (ips), transverse
occipital sulcus (tos), marginal branch (mg), cingulate sulcus (cgs), parieto-occipital sulcus
(pos) and calcarine sulcus (cs). B) Lateral and medial views of electrode locations in left
parietal cortex for all subjects normalized to a common brain (MNI). Highlighted boundaries
demarcate left lateral and medial posterior parietal cortex. C) Subjects performed a simple
task requiring true/false judgments of visually presented statements or equations as
previously employed (Foster et al., 2012). Bar graphs show mean HFB response (with
standard error of mean) across conditions for each parietal region of interest (D = lateral; E
= medial) across all subjects. While dorsal parietal regions (IPS and SPL) display some
similarity, most striking is the similar profile of HFB response between RSC/PCC and AG
across conditions. See also Figures S1 and S2.
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Figure 2. Correlated HFB trial responses between PCC and AG
A) Medial view of electrode sites for S3, with a PCC seed electrode highlighted. B) Lateral

view of electrode sites in S3, where color indicates the correlation value of task responses
with respect to the PCC seed electrode in (A). C) HFB responses for all trials (n = 178)
across a single experimental run for the PCC electrode in (A). Each trial response reflects
the mean HFB response for the time window 400-900 ms post-stimulus presentation. Right
panel shows all trials for each condition, recapitulating the response profile of group data in
Figure 1. D) Single trial HFB responses for the AG electrode in (B) from the same
experimental data as in (C). E) Time series of trial responses from (C) and (D) reflecting
PCC and AG respectively, display a strong positive correlation. Scatter plot displays all trial
responses for PCC versus AG. See also Figure S3.
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Figure 3. Consistent subregional correlation across subjects and task runs
Task correlation matrices for all parietal electrode pairs are shown for each subject (A)

(correlations averaged across two task runs). B) Mean task correlation values between
parietal subregions across subjects are shown for the first (left) and second (right) task

Page 20

runs.

Correlation matrices for each task run show a highly similar pattern of correlation between
regions (Run-1 vs. Run-2 matrix similarity, r = 0.91, p<0.001, n = 21), whereby correlations
are most pronounced between RSC/PCC and AG. C) Mean RSC/PCC-AG correlation (with
standard error of mean) across subjects is shown for each task condition. Mean condition
correlations suggest that all task conditions comodulated RSC/PCC and AG HFB responses,
with the self-episodic condition producing the greatest correlation values (main effect of
condition on RSC/PCC-AG correlation F(5, 405) = 9.11, p < 0.001). See also Figure S6.
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Figure 4. Relative timing of HFB response onset during episodic retrieval
A) Histograms display the distribution of HFB ROL difference latencies (i.e., ROL delay),

where each region of interest is compared to RSC/PCC, for the self-episodic condition. Each

observation is therefore the HFB ROL difference, for a single trial, between a given
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RSC/PCC site and a given AG (upper left), SPL (upper right), visual (lower left) or motor
(lower right) site. B) Probability density functions for each ROL difference distribution.
These distributions suggest that compared to RSC/PCC, AG showed no lag or lead bias
(delay) in response onset timing, unlike other control regions. C) Schematic representation
of latency distributions (A-B), which suggest a sequence of HFB response onsets during
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episodic retrieval, where visual regions closely precede the near simultaneous onset of
RSC/PCC and AG, followed by the engagement of SPL and finally motor cortex. See also
Figures S1, S4, S5 and S6.
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Figure 5. Resting state analysis of spontaneous ECoG data
To obtain a slow time-varying HFB signal the raw time series (A) is filtered in the HFB

range (70-180 Hz) and the amplitude is extracted (B). The spontaneous HFB amplitude is

then low pass filtered below 1 Hz to obtain a slow time varying HFB signal (C, example of

60 s time series from a larger 5 minute data set). D) Medial and lateral view of electrode

sites in S2, with a medial PCC seed electrode highlighted, and the corresponding correlation

values in lateral parietal cortex (only) interpolated onto the cortical surface. For the PCC
seed, there is a selective and significant correlation with AG. E) The slow modulation of
other canonical frequency bands was also studied for the same seed region. Only the low

beta range (Beta-1) displayed similar, though less focal, significant correlation with AG. The

significance of correlations was determined by time series permutation testing and was

corrected for multiple comparisons using false discovery rate (p < 0.01). See also Figure S7.
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Figure 6. Similarity of ECoG correlation patterns across task, rest and sleep states
A) Correlation values for task, rest and sleep states are shown for all subjects on a shared

cortical surface. Correlations are relative to a consistent RSC/PCC seed location in each
subject (seed). Task data reflect trial based correlation of HFB amplitude response, whereas
rest and sleep data reflect correlation of spontaneous slow (< 1 Hz) fluctuations of HFB
amplitude. Across all three states, a strikingly similar pattern of correlation with the AG is
observed. B) Mean HFB amplitude response (400-900 ms post stimulus onset) in LPC
across all subjects during the self-episodic condition, also displays a similar pattern of
activation. C) To directly compare the pattern of connectivity between task, rest and sleep
states, we computed the similarity between correlation matrices across each state for each
subject. Example correlation matrices are shown for S3 (note outlined column in each
reflects the data used for (B); i.e., a medial seed location and all lateral site correlations). D)
Scatter plots show the similarity (correlation) between states for the data shown in (C) (note:
to control for correlations being driven by local within region similarity, we only included
the medial-lateral correlation pairs (n = 187), e.g., AG-AG or PCC-PCC pairs excluded and
PCC-AG or RSC-SPL included; see Figure S8 for all pairs). Across comparisons we see a
striking positive correlation between states, which is most pronounced between rest and
sleep. E) Across subjects the similarity of connectivity between states is remarkably
consistent. Plot shows the between state similarity (correlation value with 95% ci) for each
subject and the associated correlation value for p = 0.01 based on permutation testing (S1-
S3 pairs n = 196, 180, 187). See also Figures S7 and S8.
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Figure 7. Similarity of ECoG and fMRI resting state connectivity
A) Resting state ECoG data is shown for an example PCC seed electrode in S3. Based on

the seed region in PCC, slow (< 1 Hz) HFB amplitude is correlated significantly and
selectively with AG (significant electrodes show white fill color). B) Resting state fMRI
data for S3 is shown for the same seed location, but with full brain voxel wise correlation.
ECoG electrode locations are overlaid to show correspondence between modalities, whereby
significantly correlated electrodes co-locate with significantly correlated voxel clusters. C)
For a more comprehensive and quantitative comparison, we correlated parietal connectivity
matrices for rsECoG and rsfMRI data. Plot shows the correlation value and 95% confidence
interval for connectivity comparisons between rsECoG and rsfMRI in each subject (gray
boxes show significance level p = 0.01 based on permutation testing). Modalities were
matched by extracting fMRI time series from ROI defined by each subject’s electrode
locations (S1-S3 pairs n = 595, 351, 378).
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Figure 8. Similar parcellation boundaries in rsECoG and rsfMRI
A) Electrode locations for the medial and lateral surface are shown for S1 (note: electrodes

beyond parietal lobe are shown for completeness). Seed electrodes of interest are highlighted
for PCC (medial, white fill), SMG (lateral, blue fill) and AG (lateral, red fill). To capture an
example of regional and network parcellation for both modalities, we show local and distal
correlation profiles for the inferior parietal lobule (IPL, SMG—AG). B) Emulating the
approach of (Cohen et al., 2008) and more recently (Wig et al., 2014), upper panels show the
correlation value between each seed region (1-6) for rsECoG (left) and rsfMRI (right) data,
based on the same seed locations. Both modalities display a shift in connectivity that reflects
a lack of correlation (boundary) between SMG and AG, consistent with DMN organization.
In addition, when comparing each IPL seed region to the target seed in PCC (lower panels),
there is a strong increase in correlation values for both modalities (ECoG = left; fMRI =
right) as the IPL seed location transitions into the AG, consistent with DMN organization.
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