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EPIGRAPH 

 

No one applauded after Zhang San-Feng’s demonstration of sword forms: how could such slow 

and powerless techniques—if indeed they could be called that—be worth anything in a fight? 

Some thought it must be that Master Zhang deliberately slowed down his movements for his 

pupil Wu-Ji’s sake, lest he miss the details.  

San-Feng spoke up: “Did you watch carefully, my child?”  

Wu-Ji replied: “I did.”  

“Do you remember everything?” 

“I’ve forgotten a little bit.” 

“Well, must be hard for you then. Think on it a little more.” 

Wu-Ji kept quiet. After a few moments, San-Feng asked again: “How about now?” 

“I’ve forgotten more than half.” 

Zhou Dian, who served under Wu-Ji, was rattled: “That’s terrible; he just kept forgetting! Master 

Zhang, your swordsmanship was too profound to be learned through one demonstration alone! 

Won’t you please go through the forms again?” 

San-Feng smiled and said: “Sure; I’ll go through them again.” He held up the sword and began 

anew. After a few forms, everyone was confused: none of the forms were the same as the ones in 

the last demonstration! Zhou Dian was desperate: “No, no! This makes the problem even 

worse!” San-Feng drew back the sword with a circular swipe, and asked again: “My child, how 

about now?”  

Wu-Ji replied: “I still haven’t forgotten three forms.” 

San-Feng nodded, sheathed the sword, and returned to his seat.  

Wu-Ji walked around the hall for a few more moments, first in a small circle, then in a half-

circle, before stopping altogether. Suddenly he raised his head, face beaming with pleasure, and 

shouted: “I have completely forgotten everything!” 

“Wonderful!” Said San-Feng: “You have forgotten very quickly! Now you are ready to face the 

Eight-Armed Swordmaster.” 

—Translated (liberally) from “The Heaven Sword and Dragon Saber”, by Jin Yong 
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ABSTRACT OF THE DISSERTATION 

 

Cortical replay, hippocampal ripples, and cortico-hippocampal communication in human sleep 

 

by 

 

Xi Jiang 

Doctor of Philosophy in Neurosciences with a Specialization in Computational Neurosciences 

University of California San Diego, 2018 

Professor Eric Halgren, Chair 

 

Non-rapid eye movement (NREM) sleep is crucial for memory formation in mammals. 

Cortical replay of awake neural activity in NREM sleep, coordinated by hippocampal ripples 

(high-frequency oscillations that mark hippocampal replay of waking neuronal firing sequences), 

is thought to facilitate the consolidation of novel experience. However, direct human 

electrophysiological evidence for replay is lacking. Moreover, hippocampal ripples and their 

connection to cortical activity are not well characterized in humans, partly owing to the difficulty 

in accessing the human hippocampus; while some reports show human sharpwave-ripples as 
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found in animals, others report hippocampal sleep spindles that modulate ripples and co-occur 

with scalp EEG spindles. Thus, I performed analyses on human intracranial electrophysiological 

data, separating high-gamma power-based neocortical population firing peaks and hippocampal 

ripples from interictal activity. In Chapter 1, consistent sequences of high-gamma peaks 

(“Motifs”) across neocortex were captured during waking. These Motifs were then compared to 

activity patterns in sleeps preceding (Sleep-Pre) and following (Sleep-Post) waking. Motifs 

predominantly resembled patterns in Sleep-Post than in Sleep-Pre, thereby constituting human 

cortical replay. In Chapter 2, hippocampal sharpwave-ripples were characterized in terms of their 

morphology, spectral characteristics, occurrence rate, and spread. While some traits were shared 

with animals, such as LFP morphology, others were potentially unique to humans, e.g. 

preferential occurrence in anterior hippocampus. In Chapter 3, the relationship between 

hippocampal sharpwave-ripples and neocortical sleep graphoelements in NREM was explored, 

whereby sharpwave-ripples were found to associate with neocortical theta bursts, spindles, 

downstates and upstates across the whole cortex, often with characteristic temporal latencies. 

Neocortical events near sharpwave-ripples also tended to follow specific sequences, i.e. theta 

burst-downstate-spindle “triplets”. In Chapter 4, the previously published claim of human ripples 

organized by hippocampal spindles was investigated. While new evidence did support 

hippocampal spindles modulating ripples, both sharpwave-ripples and spindle-ripples were found 

in the same hippocampal locations, as well as transitional forms. Hippocampal spindles and 

spindle-ripples preferentially occurred in posterior hippocampus, were coordinated with cortical 

NREM graphoelements, and tended to phase-lock with co-occurring neocortical (especially 

parietal) spindles. In sum, human sharpwave-ripples and spindle-ripples may constitute separate, 

if complementary, routes toward organization of cortical reactivation and memory consolidation.
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CHAPTER 1: Large-scale cortical replay of waking activity in NREM sleep 
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Chapter 1, in full, is a reprint of the material as it appears in Scientific Reports, Article 

#17380 (2017), under the title “Replay of large-scale spatio-temporal patterns from waking 

during subsequent NREM sleep in human cortex”, Jiang, Xi; Shamie, Isaac; Doyle, Werner; 

Friedman, Daniel; Dugan, Patricia; Devinsky, Orrin; Eskandar, Emad; Cash, Sydney S.; Thesen, 

Thomas; Halgren, Eric, Nature Research, 2017. The dissertation author was the primary 

investigator and author of this paper. 
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CHAPTER 2: Characteristics of human hippocampal sharp-wave ripples 

Title: Characteristics of human hippocampal sharp-wave ripples during NREM sleep 

Abstract: 

In rodents, pyramidal cell firing patterns from waking may be replayed in NREM sleep 

during hippocampal sharpwave-ripples (HC-SWR). In humans, HC-SWR have only been 

recorded with electrodes implanted to localize epileptic seizures. Here, we characterize human 

HC-SWR with rigorous rejection of epileptiform activity, requiring multiple oscillations and 

coordinated sharpwaves, distinguishing anterior and posterior HC, and NREM stages N2 and N3. 

We found that SWR do occur in those rare HC recordings which lack interictal epileptiform 

spikes (IIS), and with no or minimal seizure involvement. These HC-SWR have a similar rate 

(~12/min) and intra-HC topography (ripple maximum in putative stratum pyramidale, slow wave 

in radiatum) as rodents. Like rodents, human SWR are followed by locally-decreased broadband 

spectral power; in humans this decrease also precedes SWR. Human SWR ripple frequency is 

lower (~85Hz) than rodents (~140Hz). Similar SWR are found in HC with IIS, but no significant 

seizure involvement. In humans, SWR have 32% higher density in anterior than posterior HC, 

53% higher density in N3 than N2, and do not occur significantly in waking. N2 and N3 cannot 

be distinguished in rodents, who produce SWR during quiet waking. Human SWR are focal, co-

occurring in anterior and posterior HC only ~5% above chance, and bilaterally <2% above 

chance. In rodents, SWR usually propagate dorsal to ventral; in humans, propagation could be 

bi-directional. Despite basic similarities, human SWR may differ from rodent SWR due to 

differences in scale, sleep organization, and hemispheric specialization. 
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Introduction:  

Hippocampal (HC) sharpwave-ripples (SWR) are composed of a large negative ~50-

100ms “sharpwave” with superimposed 80-200Hz ‘ripples’, followed by ~200ms positive delta-

wave (Buzsáki, 2015). During SWR, hippocampal pyramidal cells “replay” spatio-temporal 

firing patterns from waking (Wilson and McNaughton, 1994). Memory is impaired by disruption 

of hippocampal replay (de Lavilléon et al., 2015), or of SWR (Ego-Stengel and Wilson, 2010; 

Suh et al., 2013; Rothschild et al., 2016), supporting SWR’s role in offline consolidation. The 

experiments above were in rodents, but SWR also occur in humans (Bragin et al., 1999), in 

whom hippocampal lesions also disrupt memory consolidation (Squire et al., 2001). However, 

differences between humans and rodents may lead to human-specific SWR characteristics. 

Rodent SWR occur in non-rapid eye movement sleep (NREM) and Quiet Waking periods 

of immobility with large amplitude EEG. Unlike rodents, human sleep is nocturnal and quasi-

continuous, with distinct stages of N2 characterized by sleep spindles and K-complexes, and N3 

characterized by rhythmic upstates and downstates (Cash et al., 2009). Humans also appear to 

lack a stage comparable to rodent Quiet Waking (Poulet and Petersen, 2008). It is unknown if 

human SWR differ between N2 and N3, or if they occur during Quiet Waking. 

Initial studies emphasized the synchrony of SWR across substantial portions of the rodent 

hippocampus (Chrobak and Buzsáki, 1996). However, Patel et al. (Patel et al., 2013) recently 

reported that HC-SWR seldom co-occur in dorsal and ventral HC. When they do co-occur, 

propagation is usually in the dorso-ventral direction. Although SWR waveform and density in 

dorsal and ventral HC were similar, they differed in amplitude and ripple frequency. In humans, 

it is unclear if the HC, which is entirely temporal, corresponds to rodent ventral HC, or if it has 

rotated such that human posterior HC corresponds to rodent dorsal HC, and human anterior HC 
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to rodent ventral HC (Strange et al., 2014). Thus, it is unclear if the differences found in rodents 

between dorsal versus ventral HC-SWR will be found in human posterior versus anterior HC-

SWR. 

Humans also differ from rodents in our strong hemispheric language specialization. 

Accordingly, unilateral medial temporal lobe lesions cause material-specific deficits, for verbal 

material after dominant lesions and visuospatial after nondominant (Weber et al., 2006; Iglói et 

al., 2010). This suggests functional independence of the two hippocampi, in contrast to rodents, 

where ~50% are bilaterally synchronous (Chrobak and Buzsáki, 1996). Human HC also differ 

from rodent in scale, with 30 times more pyramidal cells than mice (Korbo et al., 1990; West and 

Gundersen, 1990; West et al., 1991; Pakkenberg and Gundersen, 1997). 

Human SWR have be recorded from electrodes implanted to localize epileptogenesis. 

Interictal spikes (IIS) are common in such recordings, often outside the ictal onset zone. IIS have 

high frequency components which overlap with ripples, leading to a variety of strategies for their 

separation (Wilson and Emerson, 2002). In addition to whether or how to distinguish IIS from 

SWR, criteria for selecting SWR also vary in whether to require multiple oscillations, a 

sharpwave and delta-wave as well as a ripple, NREM recordings, or hippocampal origin (see 

Table 2.1). Consequently, literature values for basic characteristics of human SWR vary widely. 

Here, we identified human SWR in HC without IIS, and use their characteristics to guide 

separation of SWR from IIS in other patients. Human SWR were similar to rodent SWR in 

waveform, rate, intra-hippocampal topography, and concentration in NREM sleep. They differ 

from rodents in their ripple frequency, with significantly different densities in N2 vs N3 and in 

anterior vs posterior HC. Unlike rodents, human SWR seldom occur during waking and occur 

largely independently in the two hemispheres. Human SWR are usually also independent in 
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anterior vs posterior HC, but when related tend to spread from anterior to posterior, in contrast to 

rodents. Overall, human SWR are similar to rodent, but with significant differences that could 

influence their interaction with neocortex during consolidation. 

Methods: 

Patient selection 

20 patients with long-standing drug-resistant partial seizures underwent SEEG depth 

electrode implantation in order to localize seizure onset and thus direct surgical treatment (see 

Table 2 for demographic and clinical information). Patients were selected from a group of 54 

based on the following criteria: (1) age between 16 and 60 years; (2) globally typical SEEG 

rhythms in most channels (i.e., absence of diffuse slowing, widespread interictal discharges, 

highly frequent seizures, etc.); (3) electrode contacts in the HC as verified using non-invasive 

imaging (see below); (4) no previous excision of brain tissue or other gross pathology; (5) at 

least one HC contact in an HC not involved in the initiation of seizures. The resulting group of 

20 patients includes 6 patients with an HC contact in a location with no interictal spikes, which 

were used to guide the protocols applied to the remaining 14 patients (Table 2.2). The 20 patients 

included 7 males, aged 29.8±11.9 years old (range 16-58). Electrode targets and implantation 

durations were chosen entirely on clinical grounds (Gonzalez-Martinez et al., 2013). All patients 

gave fully informed consent for data usage as monitored by the local Institutional Review Board, 

in accordance with clinical guidelines and regulations at Cleveland Clinic.  

Electrode localization 

After implantation, electrodes were located by aligning post-implant CT to preoperative 

3D T1-weighted structural MRI with ~1mm3 voxel size (Dykstra et al., 2012), using 3D Slicer 
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(RRID:SCR_005619). This allows visualization of individual contacts with respect to HC cross-

sectional anatomy (e.g., Fig. 2.1G), which was interpreted in reference to the atlas of Duvernoy 

(Duvernoy, 1988). At most anterior-posterior levels, an electrode approaching human HC 

orthogonal to the sagittal plane passes through white matter, ventricle, alveus, and strata oriens, 

pyramidale, radiatum and lacunosum-moleculare, in that order. This progression was correlated 

anatomically by superposition of electrode contacts from post-implant CT onto preoperative 

MRI, and physiologically by observing activity typical of white matter, CSF or gray matter. 

The assignment of depth contacts to anterior or posterior hippocampus (Ant-HC/Post-

HC) was made with the posterior limit of the uncal head as boundary (Poppenk et al., 2013; Ding 

and Van Hoesen, 2015) (e.g., Fig. 2.4D). Recordings were obtained from 32 HC contacts, 20 

anterior (11 left) and 12 posterior (7 left). In 4 patients, HC recordings were bilateral (3 anterior 

and 1 posterior), and in 8 patients, ipsilateral anterior and posterior HC were both recorded. The 

distance of each hippocampal contact from the anterior limit of the hippocampal head (e.g., Fig. 

2.3F) was obtained in Freesurfer (RRID:SCR_001847). 

Data collection and preprocessing 

Continuous recordings from SEEG depth electrodes were made with cable telemetry 

system (JE-120 amplifier with 128 or 256 channels, 0.016-3000 Hz bandpass, Neurofax EEG-

1200, Nihon Kohden) across multiple nights (Table 2.3) over the course of clinical monitoring 

for spontaneous seizures, with 1000 Hz sampling rate. The total NREM sleep durations vary 

across patients; while some difference is expected given intrinsic variability of normal human 

sleep duration (Carskadon and Dement, 2010) and clinically assigned sleep deprivation, we also 

confirmed that the percentages of NREM in total sleep from 28 sleeps across 16 of our patients 

were comparable to (i.e. within 2 standard deviation of) normative data in terms of N2 and N3 
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durations (Moraes et al., 2014) (Table 2.S1) ; Recordings were anonymized and converted into 

the European Data Format (EDF). Subsequent data preprocessing was performed in MATLAB 

(RRID:SCR_001622); the Fieldtrip toolbox (Oostenveld et al., 2011) was used for bandpass 

filters, line noise removal, and visual inspection. Separation of patient NREM sleep/wake states 

from intracranial LFP alone was achieved by previously described methods utilizing clustering 

of first principal components of delta-to-spindle and delta-to-gamma power ratios across 

multiple LFP-derived signal vectors (Gervasoni et al., 2004; Jiang et al., 2017), with the addition 

that separation of N2 and N3 was empirically determined by the proportion of down-states that 

are also part of slow oscillations (at least 50% for N3 (Silber et al., 2007)), since isolated down-

states in the form of K-complexes are predominantly found in stage 2 sleep (Cash et al., 2009). 

HC-SWR identification 

Previous studies have used a variety of methods to identify SWR and distinguish them 

from IIS (Table 2.1). Previous studies did not require that a sharpwave be present. However, 

based on the fact that in rodents and macaques many ripples occur without a sharpwave 

(Buzsáki, 2015; Ramirez-Villegas et al., 2015), we explicitly tested for the presence of a 

sharpwave and following slow positivity, with the ripple needing to occur near the peak of the 

sharpwave. In order to identify ripples, previous studies detected outlier peaks in the amplitude 

or power in the putative ripple frequency range. However, such peaks can reflect a single sharp 

transient. Thus, unlike some previous studies (Table 2.1), in our study we followed detections of 

ripple-frequency amplitude peaks with tests for multiple discrete peaks at ripple frequency. Since 

IIS are characterized by a large fast spike component, the test for multiple oscillations helps 

distinguish them from SWR. Since the slower field potentials accompanying IIS have different 

waveforms than the characteristic sharpwave and later positivity, requiring that these waves be 
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present in their typical form also helps differential IIS from SWR. Nonetheless, due to the 

variability of IIS, it is important to visually examine the recordings in each patient to confirm the 

adequacy of IIS-rejection. These steps have seldom been taken by previous studies, some of 

which failed to even attempt to separate interictal spikes from SWR (Clemens et al., 2007, 2011). 

Some studies recorded entirely (Clemens et al., 2007, 2011) or mainly (Axmacher et al., 2008; 

Le Van Quyen et al., 2008) outside the hippocampus, although high frequency oscillations in 

rodents vary considerably between regions (Buzsáki, 2015). In our study, we recorded SWR 

exclusively from contacts which were confirmed to lie in the HC with CT/MRI localization. This 

localization was also used in our study to distinguish anterior from posterior HC recordings, 

which has not previously been done. This distinction is important given that these areas differ 

considerably in functional correlates and external anatomical connections (Ranganath and 

Ritchey, 2012; Strange et al., 2014). Finally, although most studies recorded human SWR in 

NREM sleep stages N2 and N3, some studies recorded mainly or entirely in other states, 

especially waking (Axmacher et al., 2008; Brázdil et al., 2015). Since it is unclear whether these 

are the same phenomena as classical SWR, we recorded during repeated 24-hour periods and 

after determining that SWR are essentially absent outside to N2 and N3, confined our 

quantitative analysis to those sleep stages. 

In summary, we attempted to identify HC-SWR which were distinct from IIS and which 

possessed the ripple, sharpwave, and positive wave components of the SWR. Initially, an 

inclusive selection criterion (ripple selection based on amplitude from 65-180 Hz) was applied to 

HC recordings in the patients without IIS described above, in order to establish the parameters 

appropriate to use in the complete patient population. A minimum of 300 SWR were selected 

visually based on waveform and averaged in the time and time-frequency domains. Based on the 
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ripple frequency observed in this population, a bandpass of 60 to120 Hz was chosen for further 

processing (6th order Butterworth IIR bandpass filter). Root-mean-square (RMS) over time of 

the filtered signal was calculated using a moving average of 20 ms, with the 80th percentile of 

RMS values for each HC channel being set as a heuristic cut-off. Whenever a channel’s signal 

exceeds this cut-off, a putative ripple event was detected. Adjacent putative ripple event indices 

less than 40ms apart were merged, with the center of the new event chosen by the highest RMS 

value within the merged time window. Each putative ripple event was then evaluated based on 

the number of distinct peaks in the HC LFP signal (low-passed at 120 Hz) surrounding the event 

center; a 40-ms time bin was shifted (5ms per shift) across ±50 ms, and at least one such time bin 

must include more than 3 peaks (the first and the last peak cannot be both less than 7ms away 

from the edges of this time bin) for the putative ripple event to be considered for subsequent 

analyses. In addition, the distance between two consecutive ripple centers must exceed 40 ms. To 

determine the duration of each ripple, the left edge was defined as the first time point before the 

ripple center where RMS value exceeded the percentile threshold used for initial ripple detection, 

and the right edge was defined as the first time point after the ripple center where RMS value fell 

below the threshold; all other time points within the duration of this ripple must exceed the RMS 

threshold. 

Since RMS peaks may arise from artifacts or epileptiform activity, 2000 ms of 

hippocampal LFP data centered on each ripple event undergoes 1-D wavelet (Haar and 

Daubechies 1-5) decomposition for the detection and removal of sharp transients (i.e. signal 

discontinuities). For each wavelet decomposition, putative SWR were marked in ~10 min long 

NREM sleep period (marking ended sooner if 400 putative SWR had been found). A scale 

threshold was then established via iterative optimization for the best separation between hand-
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marked true ripple events and interictal events in the same NREM sleep period. Each putative 

sharp transient was then rejected only if the 200 Hz highpassed data at that point exceeds an 

adaptive threshold (Bragin et al., 1999) of 3—or another number that allows best separation in 

agreement with visual inspection by human expert (between 0.5 and 5, and ~2 on average)—

standard deviations above the mean for the 10-second data preceding the transient. 

To identify which ripples were coupled to sharpwaves (i.e., SWR), we created patient-

specific average templates (-100ms to +300ms around ripple center) from hand-marked 

exemplars (100-400 SWR) in NREM per patient) that resemble previously described primate 

sharpwave-ripples with biphasic LFP deflections (Skaggs et al., 2007; Ramirez-Villegas et al., 

2015). We then evaluated whether each ripple qualifies as a SWR with the following two 

criteria: 1, the similarity of the peri-ripple LFP to the average template as quantified by the dot 

product between the template and the peri-ripple LFP (-100ms to +300ms). For each template-

LFP pair, the similarity threshold was chosen so that it would reject at least 95% of the hand-

marked ripples with no sharpwave. 2, the absolute difference between the LFP value at the ripple 

center and at the maximum/minimum value between +100ms and +250ms after ripple center was 

computed for each ripple; this difference must exceed 10% (or another value which excludes 

95% of hand-marked ripples with no sharpwave) of the difference distribution created from 

hand-marked SWR. In addition, the distance between two consecutive SWR centers must exceed 

200 ms. Time-frequency plots of HC LFP centered on detected SWR were then created in 

MATLAB with EEGLAB toolbox (Delorme and Makeig, 2004), each trial covering ±1500 ms 

around SWR and with -2000 ms to -1500ms as baseline (masked for significance at alpha = 0.05, 

200 permutations). 

Experimental design and statistical analysis 
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All statistical tests below have α = 0.05 post FDR-correction for multiple comparisons 

(Benjamini and Hochberg, 1995), unless otherwise specified. We evaluated in patients with 

multiple hippocampal recording sites the extent to which SWR overlap (i.e. fall within 50ms of 

each other). This was tested both for two sites within the same hippocampus along the 

longitudinal axis (anterior and posterior), or in the two hemispheres (left and right, in the same 

longitudinal position). To test whether such overlaps differ from expected values due to chance 

alone (with variable overlap criteria being the time window size (ranging from 25 to 5000 ms) 

within which SWR from multiple HC sites co-occur), we estimated the co-occurrence rate for 

random SWR times, with the proviso that the total number of randomly-occurring SWR in each 

5 min interval matches that actually observed. One-tailed 2-sample t-tests were then conducted 

between actual co-occurrences versus expected, with one pair of observations from each patient 

(N=8 for anterior vs posterior, and N=4 for left vs right). To test whether anterior led posterior 

HC-SWR in each patient we conducted a binomial test for the SWR pairs occurring in both sites 

within 200ms, against the null hypothesis of equal numbers from anterior vs posterior leads. 

Results: 

We identified human HC SWR from intracranial recordings, distinguished them from IIS, 

characterized their density, topography, and ripple frequency, and determined if their 

characteristics change between NREM stages N2 and N3, or between anterior and posterior HC 

sites. Morphologically normal ripples were isolated from >24 h continuous recordings in 20 

stereoelectroencephalography (SEEG) patients with intractable focal epilepsy, with anterior (in 

17 patients) and/or posterior HC contacts (in 11 patients).  

Comparison of SWR in patients with or without HC IIS 
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Given the potential for contamination with epileptiform activity, our initial studies 

focused on six patients (8 HC locations, 5 in Ant-HC, 3 in Post-HC) that show no HC interictal 

spikes (IIS) over the course of the patient’s hospitalization (Table 2.2). SWR were detected by 

applying patient-specific SWR templates built from hand-marked representatives to non-

epileptiform high frequency oscillation events, we found that these patients showed SWR with 

the same characteristic waveform, rate (for anterior contacts, ~13.45/min in N2, ~19.89/min in 

N3, comparable to previous report (Le Van Quyen et al., 2008)), and association with NREM as 

reported in rodents and in non-human primates (Fig. 2.1A, Fig. 2.2, Fig. 2.3A). These 

characteristics were compared to those obtained in patients whose HC contacts showed 

occasional IIS. Events in these patients were accepted as SWR only after rigorous separation 

procedures from IIS based on amplitude, waveform, and spectral pattern (Fig. 2.2). The SWR in 

the patients with HC IIS were comparable to those with no IIS in waveform and rate (Fig. 2.1B-

C, Fig. 2.3A-D, F-G). Further studies then included these patients and HC electrodes (24 unique 

contacts, 32 total including IIS-free patients). 

Intrahippocampal SWR topography and ripple frequency 

We observed in our data that intrahippocampal topography of the SWR in humans 

appears similar to that established in rodents: the maximum amplitude of the ripple is seen just 

after passing through the alveus into the presumptive stratum pyramidale, and that of the 

sharpwave and following delta wave more medially in presumed stratum radiatum (Fig. 2.1D-F, 

G-I). We further quantified the relative maximum amplitude of all ripples (that were part of 

SWR) and of their associated sharp-delta waves in radiatum versus pyramidale contacts in 10 

subjects with both. For ripple, we computed for each SWR the proportion of increase for 

maximum LFP amplitude over mean LFP amplitude across ±20ms of ripple center; for sharp-
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delta wave, we computed for each SWR the proportion of increase for maximum LFP amplitude 

over mean LFP amplitude across 1000 ms (-250~750 ms relative to ripple center). We found that 

the mean pyramidale relative ripple amplitude (0.68) was significantly greater than the mean 

radiatum relative ripple amplitude (0.63) (p < 2.2 x 10-16, paired two-tailed t-test), although the 

effect size was small (Cohen’s d = 0.05) (Lakens, 2013). As expected from examples in Fig. 2.1, 

the mean radiatum relative sharp-delta wave amplitude (3.7) was significantly greater than the 

mean pyramidale relative sharp-delta wave amplitude (2.2) (p < 2.2 x 10-16, paired two-tailed t-

test), with a medium effect size (Cohen’s d = 0.54). 

Time-frequency plots of SWR showed a concentration of ripple power at the oscillation 

frequency (Fig. 2.2C-F). The mean frequency of ripple oscillations in detected SWR was 

81.5±9.7 Hz. This is lower than observed in rodents, but is consistent with previous studies in 

primates (Skaggs et al., 2007; Logothetis et al., 2012). 

SWR density in different stages of NREM sleep, waking, and anterior versus posterior HC 

Consistent with the occurrence of SWR during slow wave sleep in rodents, human SWR 

were largely confined to NREM sleep (Fig. 2.3A, C), with low mean waking SWR rates at 

1.77/min for Ant-HC, and 2.16/min for Post-HC, not differing significantly from Ant-HC (p = 

0.5433, two-tailed two-sample t-test). The mean occurrence rate of SWR was significantly 

greater in Ant-HC than in Post-HC, and more SWR occur in N3 than in N2 (Fig. 2.3F-G, Table 

2.3). Specifically, for Ant-HC, the mean SWR rate was 11.59/min in N2, and significantly 

different at 17.01/min in N3 (two-tailed paired t-test, p = 0.0001); for Post-HC, the mean SWR 

rate was 6.75/min in N2, and significantly different at 10.71/min in N3 (two-tailed paired t-test, p 

= 0.0083). Comparing Ant-HC SWR rate to Post-HC SWR rate under different NREM stages, in 

turn, also yielded significant differences (two-tailed t-tests, p = 0.0038 for N2, p = 0.018 for N3). 
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In order to ensure that these results were not influenced by clinical sleep deprivation regimen, we 

also obtained the mean SWR rates in N2/N3 Ant-HC/Post-HC from only normal sleeps (i.e. N2 

and N3 durations both fall within 2 standard deviations of normative data) across 12 of our 

patients (13 Ant-HC sites, 10 Post-HC sites). Similar to the overall results, in this normative 

population, for Ant-HC, the mean SWR rate was 11.97/min in N2, and significantly different at 

18.29/min in N3 (two-tailed paired t-test, p = 0.0089); for Post-HC, the mean SWR rate was 

6.85/min in N2, and significantly different at 10.02/min in N3 (two-tailed paired t-test, p = 

0.0166). Also, similarly to the overall results, under different NREM stages, the mean SWR rates 

in Ant-HC were significantly different from those in Post-HC (two-tailed t-tests, p = 0.0306 for 

N2, p = 0.0191 for N3).  

Spectral power changes surrounding SWR 

Within the HC, SWR were surrounded by locally-decreased broadband spectral power 

(Fig. 2.2C-F, I, J). The post-SWR decrease occurs during the delta-wave which typically follows 

the sharpwave and, as previous studies in rodents have shown, is accompanied by 

hyperpolarization of HC pyramidal cells (English et al., 2014). However, here we observed an 

addition broadband decrease in spectral power which commonly began 500-1000 ms prior to the 

ripple. To further characterize the pre- and post-SWR spectral power decreases across HC sites 

from different subjects, we computed (separately for N2 and N3) the mean event-related spectral 

perturbation (ERSP) (Delorme and Makeig, 2004) from -650 ms to -150 ms before the SWR for 

three different frequency ranges: beta (10-30 Hz), low gamma (30-60 Hz), and high gamma (60-

120 Hz). For all three frequency ranges, the mean pre-SWR ERSPs were significantly lower 

(two-tailed paired t-tests) than the baseline (-1500 ms to -1000 ms): in N2, for beta, a 1.0 dB 

decrease on average was observed (p = 1.139 x 10-5); for low gamma, a 0.85 dB decrease was 
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observed (p = 1.166 x 10-4); for high gamma, a 0.55 dB decrease was observed (p = 6.762 x 10-

5). Similarly, in N3, for beta, a 0.96 dB decrease on average was observed from near-SWR to 

pre-SWR (p = 1.171 x 10-5); for low gamma, a 0.85 dB decrease was observed (p = 1.012 x 10-4); 

for high gamma, a 0.54 dB decrease was observed (p = 1.390 x 10-4). Thus, prior to the SWR, the 

local LFP is decreased across multiple frequency bands in both N2 and N3. 

Co-occurrence of SWR in anterior and posterior HC 

Although initial descriptions of SWR in rodents emphasized their co-occurrence 

throughout the entire extent of both hippocampi (Buzsaki et al., 1992), more detailed studies 

showed that isolated SWR could also occur (Patel et al., 2013). For patients (n = 8) with both 

Ant-HC and Post-HC contacts in the same HC (Fig. 2.4), the overlap (i.e. co-occurrence within 

50 ms) between Ant-HC and Post-HC SWR was 5.6±3.0% in N2, and 7.3±5.9% in N3, 

compared to chance levels of 1.0±0.54% in N2 and 1.6±1.0% in N3. In both N2 and N3, the 

actual mean overlap percentages were significantly greater than the mean overlap percentages 

derived from chance (p = 0.0018 and p = 0.011, one-tailed paired t-tests). By varying the co-

occurrence criterion range between 25 ms and 5000 ms, we observed greater-than-chance co-

occurrence rates for Ant-HC and Post-HC SWR initially, but the actual co-occurrence rate 

tapered off exponentially (i.e. showed linear decay in log-log plots) towards chance level beyond 

~100 ms for bilateral HC and beyond ~500 ms for Ant-/Post-HC (Fig. 2.4B). 

Patel et al. (Patel et al., 2013) found in rodents that dorsal SWR often propagate to 

ventral, but ventral SWR often remain isolated. Accordingly, we tested if the probability of an 

Ant-HC SWR given a Post-HC SWR was greater than the probability of a Post-HC SWR given 

an Ant-HC SWR; we found this to be a trend, but not significantly so (n=8, one-tailed paired t-

test, p = 0.149). We also evaluated if SWR propagate with preferred directionality within the 
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same hippocampus in humans, with binomial tests (chance at 50%) over the number of Post-HC 

SWR in N2+N3 that precede or follow Ant-HC SWR within 200 ms. While for 4 of these 8 

patients, Ant-HC SWR preceded Post-HC SWR (p < 2.20 x 10-16 for patient 4, p = 1.72 x 10-10 

for patient 5, p < 2.20 x 10-16 for patients 9 and 19) (Fig. 4A), the opposite was found for 3 

patients (p < 2.20 x 10-16 for patient 6, p = 5.79 x 10-11 for patient 11, p = 2.80 x 10-8 for patient 

13), and 1 showed no significant preference either way (patient 3, p = 0.2082). 

Co-occurrence of SWR in left and right HC 

The dominant and non-dominant hippocampal formations of humans are thought to be 

specialized for verbal and visuospatial memory, respectively (Gleiβner et al., 1998; Weber et al., 

2006), and similar functional lateralization may also be present in animals (Shipton et al., 2014). 

This might predict distinct memory traces and thus low bilateral co-occurrence of SWR. We 

tested this prediction in patients (n = 4) with bilateral (left and right) HC contacts, placed in 

either both anterior or both posterior HC. In these patients, co-occurrence between HC in 

different hemispheres was 2.4±1.2% in N2, and 2.8±1.2% in N3. While this was less than that 

usually observed between two contacts within the same HC, it was still significantly greater than 

chance-derived overlap percentages (1.1±0.64% in N2, 1.4±0.77% in N3) for both N2 and N3 (p 

= 0.0317 and p = 0.0105, one-tailed paired t-test) (Fig. 2.4C). Thus, in humans, only a small 

proportion of SWR co-occur in both anterior and posterior hippocampal regions, and an even 

smaller proportion in both left and right hippocampi. 

Discussion: 

In this study, we defined the basic characteristics of human hippocampal sharpwave-

ripples (HC-SWR), in order to better understand how they might contribute to memory 

consolidation. HC-SWR have previously been studied primarily in rodents (Buzsáki, 2015); in 
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humans recordings are rare and limited to those obtained from patients with epilepsy. Generally, 

such studies have not clearly isolated HC-SWR from epileptiform activity, have failed to use 

rigorous criteria for identification of HC-SWR, have recorded from sites that were adjacent to 

the HC but seldom from the HC itself, and/or have not clearly defined the patient’s sleep/waking 

state (Table 2.1). Here, we selected patients whose hippocampal recordings appeared to be free 

of epileptic activity, and used rigorous selection criteria to clearly identify SWR. This allowed us 

to recognize SWR in a larger group of patients in HC with limited epileptiform activity. We then 

extensively characterized human HC-SWR so they could be compared to previous studies in 

rodents. 

Human HC-SWR are similar to rodent’s in most basic characteristics. In rodents, ripples 

are maximal in stratum pyramidale of CA1, and sharpwaves in stratum radiatum (Buzsáki, 

2015). We observed a consistent topography from ripple to sharpwave maxima as the contacts 

progressed lateral to medially in humans. 

Like most previous studies, we found a ripple center frequency between 80 and 90Hz, 

much lower than rodents (~140 Hz), but similar to monkeys (Skaggs et al., 2007; Logothetis et 

al., 2012; Ramirez-Villegas et al., 2015). Staba (Staba et al., 2004) found that bursts of power 

between 80-500Hz in human HC peaked at either 89 (ripple) or 263 (fast ripple). Both ripples 

and fast ripples occurred in the side contralateral to seizure onset, but the proportion of ripples 

was greater on that side. No requirement for an associated SW was imposed. We show that the 

lower center frequency characterizes ripples within sharpwaves, in HC without IIS. Ripples may 

comprise an exception to the general rule that frequencies of identifiable rhythms are fairly 

constant across mammalian species (Buzsáki et al., 2013). The functional implications of the 

lower frequency in humans is unclear. In rodents, 80-90Hz oscillations are seen when the 
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depolarization of CA1 pyramidal cells is less than during ripples (Sullivan et al., 2011). 

Alternatively, the lower frequency may reflect larger cells, lower packing density, and/or 

different channel time-constants in the human HC. 

Ripple density in humans reported in previous studies ranges from 0.08/min (Staba et al., 

2004) to 30/min, or even 115/min if patients with memory deficits are included (Jacobs et al., 

2016) (Table 2.1). The average SWR density in this study ranged from ~7 to ~17/min, according 

to the stage of sleep or part of the hippocampus being recorded. This density was consistent 

across patients with no HC-IIS or seizures, versus those with some HC-IIS but no seizures, and 

lies within the range of previous human (Table 2.1) and animal studies (Buzsáki, 2015).  

Our finding that HC-SWR are preceded by suppression of broadband oscillations in the 

putative CA1 is consistent with models that emphasize a role for sustained inhibition in the 

genesis of SWR (Buzsáki, 2015). As in rodents (Klausberger et al., 2003) putative inhibitory 

interneurons in human hippocampus fire before SWR (Le Van Quyen et al., 2008). The quiet 

background may increase the consistency of CA1 neural response to CA3 input which triggers 

SWR. 

The long, tubular human hippocampus shows substantial differences in anatomical 

connections and function along its length (Poppenk et al., 2013; Strange et al., 2014). While 

primate dorsal HC has been obliterated during fetal development, it is unclear if the remaining 

HC corresponds to the rodent ventral HC only, or if the HC has rotated such that human posterior 

HC corresponds to rodent dorsal. 

In rats, SWR density depend on the interaction of threshold and location on the dorso-

ventral HC axis: smaller ripples occurred at ~15/min in the ventral HC and 5 in dorsal, whereas 

larger ripples the converse (Patel et al., 2013). Our SWR results in humans were similar to the 
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smaller ripples in rats: ~15/min for the anterior and 8/min for the posterior HC. Recently, 

(Staresina et al., 2015), recording mainly in posterior HC, reported that ripples were phase-

coupled to HC spindles SS, rather than the sharpwaves typical in rodents. Combined with our 

results, this suggests that spindle-ripples rather than sharpwave-ripples may characterize 

posterior HC sites.  

Human NREM is different than the rodent’s, being nocturnal and quasi-continuous, and 

including distinct N2 and N3 stages. In each 90 min sleep cycle N2 precedes N3, but most N2 

occurs later in the night, and they may make complementary contributions to memory 

consolidation (Wei et al., 2018). Only one previous study reported different rates for ripples in 

N2 (1.6/min) versus N3 (1.0/min); that study did not record from the HC, and explicitly included 

IIS with SWR (Clemens et al., 2007). In contrast, we found that human HC-SWR, excluding IIS, 

were lower density in N2, 9/min, than N3, 15/min. Traditionally, N2 is characterized by sleep 

spindles and K-complexes, and N3 by down-upstates (Silber et al., 2007), suggesting that SWR 

may be more strongly associated with down-upstates than spindles. However, spindles and 

down-upstates both occur in both stages (Cash et al., 2009; Mak-McCully et al., 2017), and both 

co-occur with SWR (Buzsáki, 2015). In any case, our results show that human HC-SWR are 

present in both sleep stages. 

In rodents, SWR are common during Quiet Waking (Roumis and Frank, 2015), a 

behavioral state characterized by grooming or immobility and large cortical LFP in comparison 

to active waking (Poulet and Petersen, 2008). In humans, Axmacher (Axmacher et al., 2008) 

reported ripples during quiet waking, at a density (5.3/min) much higher than N3 (0.35/min). In 

contrast, Clemens (Clemens et al., 2007) reported lower ripple density in waking (0.85/min) 

versus N2/N3 (1.3/min), but these recordings were extra-HC and included IIS. Finally, Brázdil 
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(Brázdil et al., 2015), who recorded only during a task, reported high ripple density (19.4/min). 

We found that human HC-SWR are very rare during waking (1.9/min) compared to N2/N3 sleep 

(12/min). However, unlike the human studies cited above, we required that ripples be embedded 

in a sharpwave; when that requirement was removed, the density of ripples during waking was 

greater during waking than NREM (Fig. 2.3). The occurrence of ripples without a sharpwave has 

also been noted in rodents and macaques (Buzsáki, 2015; Ramirez-Villegas et al., 2015) It is 

possible that ripples during waking (as opposed to SWR) contribute to consolidation in humans, 

and conversely, there is no direct evidence that SWR during NREM contribute to memory 

consolidation in humans. Axmacher (Axmacher et al., 2008) found that ripples in rhinal cortex, 

mainly recorded during quiet waking, were correlated with consolidation. More recent human 

intracranial EEG studies (Jiang et al., 2017; Zhang et al., 2018) found during NREM a 

significant co-occurrence of human HC-SWR with replay of widespread cortical spatiotemporal 

high gamma patterns from the preceding waking period. 

Although initial studies emphasized the synchrony of SWR across substantial portions of 

the hippocampus (Chrobak and Buzsáki, 1996; Buzsáki, 2015), a recent study found that HC-

SWR seldom co-occurred in both dorsal and ventral HC (Patel et al., 2013). In humans, our study 

found that co-occurrence of SWR within 50 ms in anterior versus posterior HC was only ~5% 

above chance. When SWR do co-occur within an HC, in rats, propagation is more often in the 

dorso-ventral direction, whereas in humans the preference is less clear. This may be related to 

the higher SWR rate that we found in anterior HC, and its much larger volume in humans 

(Destrieux et al., 2013). 

Co-occurrence of SWR between the left and right hippocampus is even rarer than within 

an HC. We found that bilateral SWR occurred only ~1.4% above chance, in contrast to rats 
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where ~50% are bilaterally synchronous (Chrobak and Buzsáki, 1996). Greater bilateral 

independence in humans would also agree with the small size of the hippocampal commissure in 

humans (Wilson et al., 1991), and the lack of bilateral activity propagation evoked by unilateral 

electrical stimulation (Wilson et al., 1990). Functional specialization of dominant versus 

nondominant hippocampi has been inferred from the selective impairment of verbal versus 

nonverbal memory observed after unilateral lesions (Gleiβner et al., 1998; Weber et al., 2006). 

Consistent with these long-standing neuropsychological observations, our study shows that a 

core physiological process hypothesized to support consolidation occurs largely independently in 

the two hippocampi. 

Our study demonstrates that SWR occur in human hippocampi seemingly free from 

epileptiform activity, and that similar SWR occur in HC showing only effects of distant foci. 

Human HC-SWR are similar to rodents in their waveforms, distribution across putative lamina in 

CA1, concentration in NREM sleep, and overall density. Human HC-SWR differ from rodents in 

the oscillation frequency within ripples, and their absence during quiet waking. Human HC-SWR 

density differs between stages N2 and N3, a distinction not present in rodents. Human HC-SWR 

density and propagation patterns also differ between anterior and posterior HC. Unlike rodents, 

human HC-SWR occurrence is almost completely independent in the two hemispheres. Overall, 

this study provides a framework for, and imposes powerful constraints on, models for the 

hippocampal contribution to memory consolidation in humans. 

 

Chapter 2, in full, is currently being prepared for submission for publication of the 

material. Jiang, Xi; Gonzalez-Martinez, Jorge; Cash, Sydney S.; Chauvel, Patrick; Halgren, Eric. 

The dissertation author was the primary investigator and author of this paper. 
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Figure 2.1: Distribution and characteristics of HC SWR. A-C. Overlaid average waveforms 

of SWR across hippocampal contacts from different patients, with one representative patient 

bolded in black for clarity. A. Hand-marked SWR exemplars from interictal-free patients. B. 

Hand-marked SWR exemplars from other patients. C. Automatically detected SWR from all 

patients. D. Single sweep of HC and NC referential SEEG showing SWR. E. Expanded time-

base of ripple. F. MRI with CT of SEEG contacts in D superimposed. ER: entorhinal. G-I are 

replicates of D-F, but from another subject with no HC interictal activity. pts.: patients. 
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Figure 2.2: Spectral characteristics of HC SWR. A. Average LFP of SWR accepted after the 

procedure in H. B. Average LFP of IISs originally classified as SWR based on high-frequency 

power from the same HC contact as A, but rejected from further analysis. C-F. Time-frequency 

plots showing typical frequency ranges of SWR, and broadband power decreases near SWR, 

from different NREM stages and example contacts in different HC locations. G. time-frequency 

plot of the same IISs that make up B; the power increase across all frequencies is not 

characteristic of true SWR (see C, which was derived from true SWR in the same HC contact). 

H. Schematic for the identification process of true SWR. Candidate LFP events (examples 

marked 1-5 and bound in orange dash line boxes) were first selected based on 60-120 Hz power. 

Putative ripples resembling event 2, i.e. those with less than 3 unique oscillation peaks, would be 

rejected first, followed by the removal of instances resembling event 3 (no distinct sharpwave 

that resembles hand-marked examples) and of those similar to event 1 (putative interictal spikes 

with high frequency power above ripple range). I, J: grand averages of all patients’ time-

frequency plots for N2 (I) and N3(J). Pt.: patient. 
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Figure 2.3: Distribution of HC SWR across stages of sleep and waking. A-D. State plots 

showing the separation of NREM sleep in 24-hour LFP recording for both IIS-free (A, B) and 

non-IIS-free (C, D) patients, using the first principal component derived from 19 vectors (one per 

cortical bipolar SEEG channel) of frequency power ratios (0.5-3 Hz over 0.5-16 Hz) (Gervasoni 

et al., 2004; Jiang et al., 2017). SWR rate (A, C) and plain ripple rate (B, D) are color coded with 

red intensity, and N2/N3 periods are marked with orange/green horizontal lines, respectively. 

Deep blue dash line in A marks the close-up period in E.E, close-up of one NREM cycle in A. F, 

G. Distribution of SWR occurrence rates in different NREM stages across the HC longitudinal 

axis. Each circle represents data from one hippocampal contact. Red circles indicate contacts in 

Ant-HC; blue circles indicate those in Post-HC. Yellow fill marks the contacts from interictal-

free patients. 
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Figure 2.4: Co-occurrence of SWR from HC site pairs. A. In some patients, Ant-HC SWR 

tend to precede Post-HC SWR, while the opposite was found in others. Each panel contains peri-

stimulus time histograms over ±200 ms, with Ant-HC SWR as triggers (time 0, red vertical 

lines). In four patients (marked green), Ant-HC SWR significantly preceded Post-SWR (p < 2.2 

x 10-16 for Pt. 4, Pt. 9, and Pt. 19; p = 1.72 x 10-10 for Pt. 5); in three patients (marked orange), 

Post-HC SWR significantly preceded Ant-SWR (p < 2.2 x 10-16 for Pt. 6; p = 5.79 x 10-11 for Pt. 

11, 2.80 x 10-8 for Pt. 13); in one patient, no significant precedence was observed either way (p = 

0.2082) (two-tailed binomial tests for counts within ±200 ms). Pt.: patient. The average 

occurrence rate of SWRs over NREM (~0.002 per 10 ms bin). Green/Orange stars mark the time 

bin closest to when an Ant-HC/Post-HC SWR would reach Post-HC/Ant-HC, respectively, given 

the previously estimated intrahippocampal SWR propagation speed of 0.35 m/s (Patel et al., 

2013). B. For both bilateral HC site pairs and Ant-HC/Post-HC site pairs. SWR co-occurrence 

likelihood approaches chance as time window for co-occurrence expands. Blue filled circles 

mark (wrt. left y-axis) the ratios of actual over chance overlap proportions, and orange/brown 

unfilled circles mark (wrt. right y-axis) the corresponding actual (orange) and chance (brown) 

proportions. All axes for each panel are logarithmic. Bilat.: bilateral. AP: Ant-HC/Post-HC. C. 

Sketch of SWR co-occurrence (with co-occurrence criterion being ± 50 ms) across Ant-HC and 

Post-HC, as well as across bilateral HCs. The occurrence rates are in numbers per minute. D. 

Sagittal MRI showing the boundary between Ant-HC and Post-HC (marked in yellow), using the 

uncal apex criterion (Poppenk et al., 2013). 
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Table 2.1: Previous studies reporting characteristics of human sharpwave-ripples. 
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Table 2.2: Patient demographics. Pt: patient. L: Left. R: Right.  

 

 

Pt# Age Sex Handedness 

L 

Ant 

HC 

L 

Post 

HC 

R 

Ant 

HC 

R 

Post 

HC 

# 

Cortical 

Channels 

Interictal-

free? 

1 20 M R x       19 N 

2 51 F R x       12 N 

3 58 F R x x     24 N 

4 42 M L x x x   17 N 

5 18 F L     x x 21 Y 

6 20 F R     x x 21 N 

7 22 M LR x       19 Y 

8 30 F R     x   13 N 

9 43 F R x x     12 N 

10 16 M R     x   17 Y 

11 32 F R x   x x 30 N 

12 36 M L       x 25 Y 

13 21 F L x x x   14 N 

14 21 F R   x     14 N 

15 29 F R   x   x 17 N 

16 41 F R     x   19 N 

17 24 M R x       21 N 

18 31 F R x       15 N 

19 21 M R x x     15 Y 

20 19 F R     x   21 Y 

mean 30             18 Total: 8 
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Table 2.3: Patient sleep durations and ripple rates. Pt: patient. L: Left. R: Right. Dur.: 

duration. Std dev: standard deviation.  

 

Pt# 

# Sleep 

Periods 

mean 

duration 

of 

NREM 

(h) 

Std dev 

NREM 

(h) 

Total N2 

Dur. (h) 

Total N3 

Dur. (h) 

SWR 

Rate, N2 

Ant. 

(/min) 

SWR 

Rate, 

N2 

Post. 

(/min) 

SWR 

Rate, 

N3 Ant. 

(/min) 

SWR 

Rate, 

N3 Post 

(/min) 

1 3 2.2 0.78 2.8 3.3 11.3   19   

2 4 7.5 1.87 27.3 0 1.56       

3 4 7.1 2.44 23.1 0.30 11.2 12 24 25 

4 4 3.1 0.33 1.8 9.0 10 4.3 11 4.3 

5 1 3.7   1.9 0.9 20.7 3.7 38 14 

6 3 2.7 1.49 2.6 3.0 9.05 12 15 17 

7 3 3.8 1.17 2.4 3.8 10.7   13   

8 5 5.2 1.26 6.5 14 18.9   20   

9 4 3.1 0.45 3.7 4.4 12.8 7.9 16 7.2 

10 5 3.8 1.11 7.5 8.8 12.9   18   

11 3 5.1 3.43 8.4 2.8 7.32 7.7 12 12 

12 4 5.2 1.48 11.6 6.5   5.5   7 

13 3 6 0.47 14.7 1.1 12.5 6.2 19 4.9 

14 8 3.7 1.1 16.9 9.3   11   15 

15 4 2.5 1.31 5.4 2.7   3.6   7.2 

16 3 4.6 0.72 7.4 4.4 9.38   11   

17 3 5.1 1.88 8.9 2.9 22.9   24   

18 6 6.1 1.18 24.2 3.8 7.77   10   

19 4 2.8 0.72 5.4 5.8 12.4 2.6 19 6.1 

20 3 4.9 2.53 5.2 6.0 10.6   12   

mean 4 4.4   9.39 4.64 11.9 7 18 11 
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Table 2.S1: Comparison of patient sleep data to normative data. A patient’s sleep is 

considered “normal” if its N2 and N3 durations both fall within 2 standard deviations of 

normative data. 
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CHAPTER 3: Interaction between cortical sleep graphoelements and sharpwave-ripples 

Title: Coordination of human hippocampal sharp-wave ripples during NREM sleep with cortical 

theta bursts, spindles, downstates and upstates 

Abstract: 

In rodents, firing patterns from waking are replayed in NREM sleep during hippocampal 

sharpwave-ripples (HC-SWR). This replay is correlated with neocortical graphoelements (NC-

GE). NC-GE include theta-bursts, spindles, downstates and upstates. In humans, consolidation 

during sleep is correlated with scalp-recorded spindles and down-upstates, but HC-SWR cannot 

be recorded non-invasively. Here we examine the relationship of NREM NC-GE to HC-SWR in 

humans. SWR in both anterior and posterior HC co-occur with NC-GE of all kinds in all cortical 

areas, bilaterally, with some quantitative differences. The proportion of SWR-GE pairs that were 

significantly related was three times higher for downstates or upstates than theta bursts or 

spindles, 44% higher in N2 than N3, and 37% higher in posterior than anterior HC. Frontal GE 

co-occurred with HC-SWR ~25% more, and lateral occipital ~45% less than average. Frontal 

spindles co-occurred frequently with posterior HC-SWR in N2. Cortical theta bursts tend to 

precede HC-SWR, and thus are positioned to help define potential cortical cues for HC-SWR 

firing. HC-SWR tend to occur after cortical downstates, and are typically surrounded by locally-

decreased broadband power, potentially indicating cortical facilitation of hippocampal synchrony 

that underlies HC-SWR. Widespread cortical upstates and spindles follow HC-SWR, consistent 

with the hypothesis that hippocampal firing during HC-SWR helps define the content of 

increased cortical firing during upstates and spindles. The sequence of post-SWR cortical 

upstates tends to be stereotyped, often proceeding from medial to lateral. Overall, our results 



66 

describe how coordinated hippocampal and cortical oscillations may support and organize 

memory consolidation in humans. 

Introduction:  

Neocortical declarative memory consolidation depends on hippocampal input (Squire et 

al., 2001) during non-rapid eye movement (NREM) sleep (Rasch and Born, 2013). NREM sleep 

is characterized by large stereotyped neocortical (NC) population events (“graphoelements”, or 

GE) including theta bursts (TB) (Gonzalez et al., 2018), sleep spindles (SS) (Mak-McCully et al., 

2017), downstates (DS) (Cash et al., 2009), and upstates (US) (Sanchez-Vives and McCormick, 

2000). The hippocampus (HC) generates sharpwave-ripples (SWR) during NREM: a large 

negative ~50-100 ms “sharp wave” with superimposed 80-200 Hz “ripples”, followed by ~200 

ms positive wave (Buzsáki, 2015). During SWR, HC pyramidal cells “replay” spatio-temporal 

firing patterns from waking (Wilson and McNaughton, 1994), and coordinated replay occurs in 

visual (Ji and Wilson, 2007) and prefrontal (Peyrache et al., 2009; Johnson et al., 2010) cortices. 

Thus, hippocampal replay during SWR could inform neocortical firing patterns which directly 

underlie consolidation (Buzsáki, 2015). Furthermore, the co-occurrence of NC-GE with HC-

SWR in NREM sleep may help coordinate the consolidation process (Siapas and Wilson, 1998; 

Mölle et al., 2006). This is supported by experiments where disrupting hippocampal replay (de 

Lavilléon et al., 2015), HC-SWR (Ego-Stengel and Wilson, 2010; Suh et al., 2013; Rothschild et 

al., 2016), or NC-SS—especially when they occur with DS-US (Schreiner and Rasch, 2015; 

Maingret et al., 2016; Latchoumane et al., 2017)—impaired consolidation. 

The experiments above were in rodents, but NC-GE and HC-SWR may occur in all 

mammals (Buzsáki et al., 2013). In humans,  SS, DS-US, and especially their co-occurrences 

recorded with scalp-EEG are correlated with successful memory consolidation (Niknazar et al., 
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2015). Thus, the coordinated occurrence of HC-SWR with NC-GE may also support memory 

replay and consolidation in humans. However, although HC-SWR (Bragin et al., 1999; Staba et 

al., 2004; Axmacher et al., 2008; Le Van Quyen et al., 2008; Jacobs et al., 2016) and NC-GE 

(Cash et al., 2009; Csercsa et al., 2010; Nir et al., 2011; Mak-McCully et al., 2017; Piantoni et 

al., 2017; Gonzalez et al., 2018) have been recorded with intracranial electrodes in humans being 

evaluated for epilepsy, little is known about their relationship. Clemens et al. (Clemens et al., 

2007, 2011) found that a mixture of interictal spikes and ripples recorded near the 

parahippocampal gyrus co-occurred with scalp-recorded SS. Similarly, Staresina et al. (Staresina 

et al., 2015) found a 5% increase in ripple-band power within 250ms of scalp-recorded SS 

centers. 

Here, we report the relationship of HC-SWR to NC-TB, SS, DS and US. To ensure that 

HC-SWR are not contaminated by epileptiform activity we include a subgroup with HC 

recordings that appear to be epilepsy-free. To maximize similarity to rodent HC-SWR, we 

require multiple oscillations occurring in a systematic relationship to the sharpwave and 

following delta wave. Ventral versus dorsal HC in rodents and anterior versus posterior HC in 

humans have distinct anatomical connections and functional properties (Ranganath and Ritchey, 

2012; Patel et al., 2013; Strange et al., 2014). Furthermore, NREM sleep stages N2 and N3 are 

highly distinct, with SS and isolated DS-US sequences prominent in N2, and sustained DS-US 

oscillations characterizing N3 (Silber). Thus, we characterize the SWR-GE relationship 

separately for anterior vs posterior HC, different cortical areas, and different sleep stages. 

We demonstrate widespread co-occurrence of NC-GE with HC-SWR for all GE types, 

NREM stages, cortical and hippocampal regions, with strong quantitative differences. The 

specific NC sites whose GE co-occurred with each HC site varied significantly between HC sites 
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and GE types, possibly reflecting the selection of HC-NC networks participating in the 

consolidation of a particular memory. In particular, NC-TB tended to precede HC-SWR and NC-

US tended to follow. TB-DS-SS “triplets” preferentially co-occurred with HC-SWR in the 

canonical order proposed in earlier reports (Mak-McCully et al., 2017; Gonzalez et al., 2018). 

We propose that NC-TB could help define potential cortical cues for HC-SWR firing, as well as 

trigger NC-DS (Gonzalez et al., 2018), which in turn may trigger  NC-SS/NC-DS to support and 

organize consolidation of specific memories. 

Methods: 

Overview 

Peri-stimulus time histograms were constructed of neocortical graphoelement (NC-GE) 

occurrence times with respect to the hippocampal sharpwave-ripples (HC-SWR). Separate 

histograms were constructed for each: NC-HC channel pair, each GE (TB, SS, DS, and US), and 

for each sleep-stage (N2 or N3). Significant co-occurrences were tabulated, their peak latencies 

determined, and collated across NC-HC pairs. Changes in co-occurrence frequency and 

anatomical pattern were examined across GE type, HC location (anterior versus posterior), sleep 

stage, and their combinations. 

Patient selection 

20 patients with long-standing drug-resistant partial seizures underwent SEEG depth 

electrode implantation in order to localize seizure onset and thus direct surgical treatment (see 

Chapter 2, Table 2.2 for demographic and clinical information). Patients were selected from a 

group of 54 as previously described in Chapter 2. The resulting group of 20 patients includes 6 

patients with an HC contact in a location with no interictal spikes, which were used to guide the 
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protocols applied to the remaining 14 patients (Table 2.2). The 20 patients included 7 males, 

aged 29.8±11.9 years old (range 16-58). Electrode targets and implantation durations were 

chosen entirely on clinical grounds (Gonzalez-Martinez et al., 2013). All patients gave fully 

informed consent for data usage as monitored by the local Institutional Review Board, in 

accordance with clinical guidelines and regulations at Cleveland Clinic.  

Electrode localization 

After implantation, electrodes were located by aligning post-implant CT to preoperative 

3D T1-weighted structural MRI with ~1mm3 voxel size (Dykstra et al., 2012), using 3D Slicer 

(RRID:SCR_005619). This allows visualization of individual contacts with respect to HC cross-

sectional anatomy, which was interpreted in reference to the atlas of Duvernoy (Duvernoy, 

1988). The assignment of depth contacts to anterior or posterior hippocampus (Ant-HC/Post-HC) 

was made with the posterior limit of the uncal head as boundary (Poppenk et al., 2013; Ding and 

Van Hoesen, 2015). Recordings were obtained from 32 HC contacts, 20 anterior (11 left) and 12 

posterior (7 left). In 4 patients, HC recordings were bilateral (3 anterior and 1 posterior), and in 8 

patients, ipsilateral anterior and posterior HC were both recorded. The distance of each 

hippocampal contact from the anterior limit of the hippocampal head was obtained in Freesurfer 

(RRID:SCR_001847). The CT-visible cortical contacts were compared to the MRI-visible 

cortical ribbon in order to identify pairs of contacts which are on the pial and white matter sides 

of the same cortical patch. These anatomically-selected pairs were confirmed physiologically by 

the presence of mainly polarity-inverted local field potentials in the referential recordings. 

Subsequent analysis was then confined to recordings between such bipolar transcortical pairs, 

yielding local field potential gradients. We have previously shown that referential recordings of 
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sleep graphoelements can yield misleading localization, but that activity recorded by bipolar 

transcortical pairs is locally generated (Mak-McCully et al., 2015). 

Electrode contacts were rejected from analysis if they were involved in the early stages of 

the seizure discharge, had frequent interictal activity or abnormal spontaneous local field 

potentials. From the total of 2844 contacts implanted in the 20 patients, 366 transcortical pairs 

(18.3±4.7 per patient) were accepted for further analysis. Polarity of the pairs was adjusted if 

necessary to ‘pial surface minus white matter’ according to MRI localization, confirmed with 

decreased high gamma power during surface-negative downstates (see below). 

Freesurfer (Dale et al., 1999; Fischl et al., 1999a, 2004) was used to reconstruct from 

individual MRI scans the cortical pial and inflated surfaces, as well as automatic parcellation of 

the cortical surface into anatomical areas (Desikan et al., 2006), after a sulcal-gyral alignment 

process. In order to test for differences in HC-NC relationships between cortical locations, 

standard FreeSurfer ROIs were combined into 12 composite ROIs, and these were further 

combined across the two hemispheres in homologous ROIs (Table 3.S5; Figure 3.4A). In order to 

test for HC-NC effects within vs between hemispheres, the ROIs were combined into Fronto-

Central and Non-Frontal for each hemisphere (Table 3.S5). An average surface for all 20 patients 

was then generated to serve as the basis of all 3D maps. While each cortical SEEG electrode 

contact’s location was obtained through direction correlation of CT and MRI as described earlier 

in this section, we obtained the cortical parcellation labels corresponding to each contact by 

morphing the Right-Anterior-Superior-oriented anatomical coordinates from individual surfaces 

to the average surface space (Fischl et al., 1999b). In addition, the nearest vertices on the average 

surface to the morphed coordinates would be identified for subsequent plotting of 2D projections 

onto the left lateral view. For the 2D projections only, to optimize visualization (i.e. minimize 
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multiple contact overlap) while preserving anatomical fidelity, positions of contacts with 

significant HC-NC GE correlation were allowed to shift within a 5 mm radius. All visualizations 

were created with custom scripts in MATLAB 2016b. 

Data collection and preprocessing 

Continuous recordings from SEEG depth electrodes were made with cable telemetry 

system (JE-120 amplifier with 128 or 256 channels, 0.016-3000 Hz bandpass, Neurofax EEG-

1200, Nihon Kohden) across multiple nights (Chapter 2, Table 2.3) over the course of clinical 

monitoring for spontaneous seizures, with 1000 Hz sampling rate. The total NREM sleep 

durations vary across patients; while some difference is expected given intrinsic variability of 

normal human sleep duration (Carskadon and Dement, 2010), patients undergoing seizure 

monitoring experience additional disruption due to the hospital environment and clinical care.  In 

order to examine the potential effect of sleep disruption on our results, we identified 28 nights in 

16 patients in which the percentages of NREM were comparable to (i.e. within 2 standard 

deviation of) normative data (Moraes et al., 2014). Recordings were anonymized and converted 

into the European Data Format (EDF). Subsequent data preprocessing was performed in 

MATLAB (RRID:SCR_001622); the Fieldtrip toolbox (Oostenveld et al., 2011) was used for 

bandpass filters, line noise removal, and visual inspection. Separation of patient NREM 

sleep/wake states from intracranial LFP alone was achieved by previously described methods 

utilizing clustering of first principal components of delta-to-spindle and delta-to-gamma power 

ratios across multiple LFP-derived signal vectors (Gervasoni et al., 2004; Jiang et al., 2017), with 

the addition that separation of N2 and N3 was empirically determined by the proportion of 

down-states that are also part of slow oscillations (at least 50% for N3 (Silber et al., 2007)), since 
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isolated down-states in the form of K-complexes are predominantly found in stage 2 sleep (Cash 

et al., 2009). 

Hippocampal sharpwave-ripple (HC-SWR) selection 

Previous studies have used a variety of approaches to identifying HC-SWR, with regard 

to how they distinguish epileptiform interictal spikes from HC-SWR (or even if they do 

distinguish them), whether they require that multiple oscillations are present in a ripple or simple 

a peak in ripple-band power, whether they require that the ripple occur at the peak of a HC 

sharpwave and followed by a slower wave of opposite polarity, whether recordings are obtained 

in NREM sleep stages N2 and N3, and whether the event are recorded in the hippocampus per se 

or a nearby structure (see Chapter 2 for review). The HC-SWR studied here were clearly 

distinguished from epileptiform activity by multiple criteria, possessed multiple peaks within the 

ripple and the ripple itself was located within a characteristic low frequency LFP. The SWR were 

all recorded in the HC during NREM sleep stages N2 and N3. 

Specifically, HC LFP data were band-pass filtered between 60 and120 Hz (6th order 

Butterworth IIR bandpass filter). This band was chosen based on examination of the time-

frequency plots of visually-selected SWR in patients with no HC interictal spikes. Root-mean-

square (RMS) over time of the filtered signal was calculated using a moving average of 20 ms, 

with the 80th percentile of RMS values for each HC channel being set as a heuristic cut-off. 

Whenever a channel’s signal exceeds this cut-off, a putative ripple event was detected. Adjacent 

putative ripple event indices less than 40ms apart were merged, with the center of the new event 

chosen by the highest RMS value within the merged time window. Each putative ripple event 

was then evaluated based on the number of distinct peaks in the HC LFP signal (low-passed at 

120 Hz) surrounding the event center; a 40-ms time bin was shifted (5ms per shift) across ±50 
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ms, and at least one such time bin must include more than 3 peaks (the first and the last peak 

cannot be both less than 7ms away from the edges of this time bin) for the putative ripple event 

to be considered for subsequent analyses. In addition, the distance between two consecutive 

ripple centers must exceed 40 ms. 

Since RMS peaks may arise from artifacts or epileptiform activity, 2000 ms of 

hippocampal LFP data centered on each ripple event undergoes 1-D wavelet (Haar and 

Daubechies 1-5) decomposition for the detection and removal of sharp transients (i.e. signal 

discontinuities). For each wavelet decomposition, putative HC-SWR were marked in ~10 min 

long NREM sleep period (marking ended sooner if 400 putative HC-SWR had been found). A 

scale threshold was then established via iterative optimization for the best separation between 

hand-marked true ripple events and interictal events in the same NREM sleep period. Each 

putative sharp transient was then rejected only if the 200 Hz highpassed data at that point 

exceeds an adaptive threshold (Bragin et al., 1999) of 3—or another number that allows best 

separation in agreement with visual inspection by human expert (between 0.5 and 5, and ~2 on 

average)—standard deviations above the mean for the 10-second data preceding the transient. 

To identify ripples coupled to sharpwaves, we created patient-specific average templates 

(-100ms to +300ms around ripple center) from hand-marked exemplars (100-400 HC-SWR) in 

NREM per patient) that resemble previously described primate sharpwave-ripples with biphasic 

LFP deflections (Skaggs et al., 2007; Ramirez-Villegas et al., 2015). We then evaluated whether 

each ripple qualifies as a SWR based on its accompanying biphasic waveform, as described in 

Chapter 2. 

Neocortical graphoelement (NC-GE) selection 
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Automatic cortical theta burst (TB) detection was performed as previously described 

(Gonzalez et al., 2018): a 5-9 Hz bandpass was applied to the LFP data, and a channel-wise 

cutoff set at mean +3 s.d. was applied to each channel’s Hilbert envelope (smoothed with 300 ms 

Gaussian kernel) to identify local maxima that would be “peaks” of putative TBs, and make 

start/stop edge cut-offs at mean +1 s.d.. The resulting TBs were only accepted for further 

analyses if their durations fall between 400 ms and 1000 ms, with their number-of-zero-

crossings-based frequency estimate falling within the bandpass frequency range as well, i.e. for 

each putative TB, the number of zero crossings should yield a rate between 10 and 18Hz.   

Automatic cortical spindle (SS) detection was performed using previously published 

methods for SEEG spindle identification (Mak-McCully et al., 2017): a 10–16 Hz bandpass was 

applied to the LFP data, and the analytic amplitude of the bandpassed signal was convolved with 

an average Tukey window of 600 ms. A channel-wise cutoff set at mean +2 s.d. was applied to 

each channel’s convolved bandpass envelope to identify local maxima that would be “peaks” of 

putative spindles. A 400 ms Tukey window was then applied to the previously computed Hilbert 

amplitude to define the onset and offset of putative SSs; the maximum FFT amplitude of the 

putative SS signal at the SS peak was used to set edge thresholds (50 % of peak amplitude). 

Finally, the putative SS segments were evaluated with four different criteria for rejection: 1, the 

spindle duration needs to be longer than 400 ms; 2, the spectral power outside the spindle 

frequency band on the lower end (4-8 Hz) or the higher end (18-30 Hz) should not exceed 14 dB; 

3, each spindle should consist of at least 3 unique oscillation peaks in the 10-16 Hz bandpass; 4, 

the time between successive zero-crossings should be within the range of 40-100 ms. 

Downstates (DSs) and upstates (USs) were identified as follows: for each cortical LFP 

signal, a zero-phase eighth order Butterworth filter from 0.1 to 4 Hz was applied. Consecutive 
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zero crossings of opposite slope separated by 250 to 3000 ms were then selected as delineating 

putative graphoelements. For each putative graphoelement, the amplitude peak between zero 

crossing was computed; only the top 10% of peaks were retained. The polarity of each signal 

was inverted if necessary to assure that NC-DS were negative, as confirmed with a high gamma 

(70-190 Hz) power decrease exceeding 1 dB within ±250 ms of the negative NC-DS peaks.  

Experimental design and statistical analysis: Co-occurrence of HC-SWR and NC-GE 

All statistical tests below have α = 0.05 post FDR-correction for multiple comparisons 

(Benjamini and Hochberg, 1995), unless otherwise specified.  

Peri-stimulus time histograms were constructed for each NC-HC channel pair, separately 

for each graphoelement (GE; TB, SS, DS, and US), and for each sleep-stage (N2 or N3), each 

histogram comprising the occurrence times of a given NC-GE during the ±2s interval 

surrounding midpoints of HC-SWR (see Fig. 3.1 for examples). The significance of peaks and 

troughs in each histogram was tested by comparing them to distributions derived from 

histograms constructed under the null hypothesis of no relationship between the NC-GE and HC-

SWR using the following randomization procedure. Null-hypothesis histograms (N=1000) were 

constructed of NC-GE occurrences relative to a number of random times equal to the number of 

HC-SWR. For each 200ms time bin with 100ms overlap comprising the 4-second trial duration, 

the actual counts are then compared to the distribution under the null hypothesis. 

The latencies of the largest significant peaks identified in the individual histograms 

constructed as described above, were used to create summary histograms for each NC-GE, sleep 

stage, and HC-SWR origin in anterior versus posterior HC. These are plotted in Fig. 3.2 and 

Figure 3.S1, and tabulated in Table 3.1. To test if, overall, a given type of cortical graphoelement 

significantly precedes or follows HC-SWR, two-tailed binomial tests with chance probability of 
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0.5 were performed on the number of channel-pairs with peak latencies in the 500ms before vs 

the 500ms after the reference HC-SWR. Since certain graphoelements, such as cortical theta, 

tend to yield peak latencies centered around zero, we also tested with Kolmogorov-Smirnov (KS) 

tests whether, overall, for a given cortical-GE, the distribution of peak latencies significantly 

related to HC-SWR differs from chance.  

Experimental design and statistical analysis: Differences in anatomical patterns of HC-SWR to 

NC-GE between anterior vs posterior and left vs right HC 

For every HC site across all patients, we tested the following: 1. whether the anatomical 

distribution of HC-SWR coupling to NC-GE across NC sites was different from chance for a 

given HC site. Subsequently, we tested the following: 2. whether the significantly-different-from 

chance distributions of NC sites from 1 would also differ between HC site pairs. An HC site pair 

could be either Ant-HC and Post-HC in the same hippocampus, or left HC and right HC (either 

both Ant-HC or both Post-HC) in the same patient; 3. whether any difference seen in 2 could be 

seen on the basis of different NC-GE types; 4. whether for the NC sites that have coupled GE to 

both members of the HC pair (Ant-HC and Post-HC, or left HC and right HC), the occurrence 

rate of  a particular type of NC-GE within 500 ms of HC-SWR in both HC sites would be 

different from the occurrence rate of that NC-GE within 500 ms of HC-SWR in only one of the 

HC sites in the pair. For 1, we performed a chi-square test of homogeneity for each HC site with 

regard to each NC-GE type, i.e. for a given patient with multiple NC sites, a 2 x N contingency 

table was made for each NC site, N being the number of NC sites, one column of table 

containing the number of NC-GE overlapping with (i.e. falling within 500 ms of) HC-SWR for 

each NC, the other containing the number of NC-GE that do not. A significant chi-square would 

therefore indicate a significant non-random distribution for that particular HC site and NC-GE 
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type. For 2, we performed Wilcoxon signed rank tests on the data obtained in 1 to evaluate 

whether for a given NC-GE type (for which 1 yielded significance for both members of an HC 

site pair), the proportions of NC-GE from significantly coupled NC sites that overlapped with 

Ant-HC/left HC-SWR differ from the proportions for Post-HC/right HC-SWR. Each test 

required that both members of a HC site pair were required to have significant chi-square test 

result from 1. For 3, we repeated the procedure in 2, but instead of comparing proportions 

between HC site pairs, we compared between NC-GE types for each HC site. Each test required 

that for a given HC site, both NC-GE types were required to have significant chi-square test 

result from 1. Analyses 1-3 were performed with N2 and N3 combined. For 4, we computed the 

correlation of HC-SWR overlap rates for different NC-GE types, with each data point of the 

correlation derived from a different NC site. In addition, we computed across NC sites from all 

patients chi-square tests of independence for whether there could be a significant relationship 

between the anatomical distributions of different NC-GE types’ respective NC sites that 

significantly coupled to HC-SWR.  

Experimental design and statistical analysis: Anatomical sequences of NC-US following HC-

SWR 

We observed that multiple cortical upstates commonly occurred after a given HC-SWR; 

to test whether a given two-upstate sequence (involving two different cortical channels) within 

500 ms after HC-SWR occurred more often than chance, we performed bootstrapping with 1000 

random trials in N2 and N3 sleep, where each random trial involved random time points as 

pseudo-SWR, with both the same total number and the same occurrence rate for each 5-minute 

interval as HC-SWR from the original data. The number of two-upstate sequences following 

pseudo-SWR for each random trial was then tallied, and unique (in terms of both channels 
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involved and the temporal order in which NC-US from each channel occurred) sequences that 

were found more often in the original data than in 95% of the random trials were considered to 

occur significantly more often than chance. 

In addition, the bootstrapping test results allowed us to tally (under the following 

conditions: N2 Ant-HC, N2 Post-HC, N3 Ant-HC, and N3 Post-HC) the number of significantly 

occurring two-US sequences found in the actual data versus found with 1000 sets of pseudo-

SWR. We examined the consistently recurring NC-US sequence population further for preferred 

directionality across the cortex by counting the number of unique sequences in N2/N3 and Ant-

HC/Post-HC where the first NC-US for each sequence was in the medial or lateral cortex. 

Binomial tests were then performed to determine whether the no-directionality-preference null 

hypothesis could be rejected for medial-versus-lateral leading sequences that originate from 

temporal, frontal, parietal, or occipital lobes.  

Experimental design and statistical analysis: Modulation of HC-SWR with GE-DS co-occurrence 

by number of DS 

HC-SWR were observed to commonly be surrounded by broadband decreased spectral 

power, suggesting a possible relationship to NC-DS. To test whether multiple NC-DS are more 

likely than single NC-DS to co-occur with HC-SWR, we generated the baseline occurrence rate 

of single DS and multiple DS (averages derived from 200 permutations with pseudo-SWR) 

within ±500 ms of SWR for all HC contacts in all patients. We then obtained the ratios between 

the numbers of actual single DS / multiple DS and the baselines, followed by paired t-tests 

against the null hypothesis of equal mean for single DS and multiple DS ratios across patients. 

Experimental design and statistical analysis: Canonical sequences of NC-GE 
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Previous studies have identified canonical sequences of different NC-GE in human 

NREM SEEG, specifically TB-DS-SS (Mak-McCully et al., 2017; Gonzalez et al., 2018). 

Accordingly, we identified triplet sequences (involving one TB, one DS, and one SS from NC) 

near HC-SWR, with the temporal limitation that TB start, SS start, and DS peak all must fall 

within -1500 ms and +1000 ms of an HC-SWR to yield a GE triplet. To test whether previously 

observed canonical order (would be preferred for these triplets near HC-SWR, we tallied the 

number of triplets occurring in each of the six possible orders and performed binomial tests 

against chance (1/6).  

Experimental design and statistical analysis: Modulation of HC-SWR co-occurrence with NC-

GE by sleep stage (N2 vs N3), cortical site (anatomical ROI), HC site (anterior vs posterior), and 

laterality (HC-NC ipsilateral or contralateral to each other) 

We further explored the spatial distribution of the NC-HC relationship by tallying the 

proportion of significant HC-NC channel pairs across different NC regions, with respect to 

different NC-GE types and different HC-SWR sources (Table 3.2). To characterize the apparent 

variability in Table 3.2, we performed a 4-way ANOVA to compare the main effects of GE type 

(TB, SS, DS, US), NREM stage (N2 vs. N3), Ant- or Post-HC origin of HC-SWR, and NC ROIs 

(coverage listed in Table 3.2 and Table 3.S5), as well as the 2-way and 3-way interaction effects. 

Similarly, given the lateralization of human hippocampal function, we were interested in 

examining whether ipsilateral HC-NC channel pairs would show different relationships from 

contralateral pairs across GE types, NREM stages, or NC ROIs. Due to a sparse representation of 

contralateral channel pairs for individual ROIs, we calculated proportions for larger regions by 

combining both HC and NC sites: Ant-HC and Post-HC channels were combined into a single 

HC category, and the 10 NC ROIs used in previous analysis were collapsed into two: “fronto-
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central” and “non-frontal” (Table 3.S5). We then computed for each ROI the proportion of NC 

channels significantly coupled to HC-SWR (Table 3.3), and performed 4-way ANOVA as 

previously described, with the ipsilateral/contralateral factor replacing the Ant/Post-HC factor. 

All post-hoc analyses for both ANOVAs were performed with Tukey’s range test. For each 

ANOVA, we checked the normality assumption by conducting the Lilliefors test on the 

residuals. 

Results:  

Hippocampal sharpwave-ripples (HC-SWR) occurrences are significantly associated with all 

categories of neocortical graphoelements (NC-GE), including theta bursts (TB), downstates 

(DS), upstates (US), and sleep spindles (SS) 

We identified human HC-SWR from intracranial recordings and aligned them with 

simultaneously recorded cortical events in NREM sleep, in order to determine if their 

occurrences are related and have a consistent order, and whether their relations change between 

NREM stages N2 and N3, between anterior and posterior HC sites, or between ipsilateral versus 

contralateral NC targets. Morphologically normal ripples were isolated from >24 h continuous 

recordings in 20 stereoelectroencephalography (SEEG) patients with intractable focal epilepsy, 

with anterior (in 17 patients) and/or posterior HC contacts (in 11 patients), and related to sleep 

graphoelements (GE) in 12-30 NC bipolar recording channels per patient. Several patients (n = 

8) had both Ant-HC and Post-HC contacts in the same HC, and/or with bilateral (left and right) 

HC contacts (n=4) placed in either both anterior or both posterior HC.  

In order to examine the relationship between HC-SWR and NC-GE, different categories 

of GE (TB, DS, US, and SS) were identified in simultaneous recordings from NC in all lobes. 

These recording channels were differential derivations between adjacent contacts spanning the 
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cortical ribbon, and were thus assured of being locally-generated. Detection algorithms have all 

been extensively validated in our previous studies (Mak-McCully et al., 2015, 2017; Gonzalez et 

al., 2018). Down-to-upstate transitions (D2U) were also identified. However, the results for the 

D2U event were largely redundant with those for DS and US, and thus are only included in Fig. 

3.S2.  

In order to display the regularities in our data, we constructed histograms of the 

occurrence times of each GE (TB onset, SS onset, DS peak, and US peak) between each pair of 

(non-epileptogenic) HC (n=32) and NC (n=366) channels (n=20 patients). Separate analyses 

were carried out for stages N2 vs. N3, for SWR recorded in Ant-HC vs. Post-HC, and for HC-

NC pairs in the same vs. opposite hemispheres. Altogether, there were 598 unique HC-NC pairs 

(458 ipsilateral, 140 contralateral), and 8 histograms for each pair (one for each sleep stage, 

times each of the 4 GEs), for a total of 4784 histograms. Overall, each of these histograms plots 

the occurrence times of 3048±4221 NC-GEs (+2.84 skewness) with respect to 2080±2502 HC-

SWR (+2.1 skewness); a total of 14.6 million NC-GE events and 9.95 million HC-SWR were 

used for histogram construction. Detailed breakdown of histogram contents by GE types and 

SWR sources (N2 vs. N3, Ant-HC vs. Post-HC, ipsilateral vs. contralateral) can be found in 

Table 3.S1.  

Of the 598 HC-NC pairs, 551 (92%) of all pairs had at least one histogram showing a 

significant relationship between the HC-SWR and a NC-GE (p<.0.05 post FDR-correction, 

randomization test, see section “Experimental design and statistical analysis” in Methods). The 

proportion was slightly greater when the HC and NC sites were in the same hemisphere (432 

(94%) of the ipsilateral pairs and 119 (85%) of the contralateral pairs). Of the entire set of 4784 

histograms, 1722 (36%) showed a significant association between the HC-SWR and NC-GE. 
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The significant histograms (examples are shown in Fig. 3.1) include all types of cortical GE from 

channels across all cortical lobes. The peak of the histogram represented a mean increase of 

71%, or median increase of 49% above baseline (measured as the mean height of non-significant 

bins). 

We summarized these data further by constructing histograms of peak latencies from the 

histograms described above. Specifically, we determined the latency of peak occurrence rate 

relative to HC-SWR time for each significant HC-SWR/NC-GE histogram, and plotted these as a 

histogram for each GE, separately for N2 vs. N3 and Ant-HC vs. Post-HC (Fig. 3.2, Fig. 3.S1). 

Each of these 16 histograms of histogram peaks (N2/N3 x Ant/Post x 4 GEs) summarizes the 

significant latencies from 108±54 HC-NC channel pair histograms, comprising a total of 4.03 x 

105±3.78 x 105 HC-NC events (range 2.44 x 104-1.35 x 106). As noted previously in Chapter 2, 

N2 and posterior HC sites had fewer HC-SWR. Results were also summarized by plotting each 

cortical channel after morphing to a standardized brain (Fig. 3.2, Fig. 3.S1). 

In the summary histograms, significant temporal relationships were found between HC-

SWR and each of the GE types. As shown in Table 3.S2, we tested for the presence of a 

significantly non-random distribution of NC-GE peak times with respect to HC-SWR (column 

4), and found significant results for both N2 and N3, and both Ant-HC and Post-HC, for TB, DS 

and US. NC-SS and HC-SWR were significantly related in N2 Post-HC with a trend in N3 Post-

HC, reflecting both the preferred occurrence of NC-SS during N2, and a tighter coupling 

between NC-SS and Post-HC as compared to Ant-HC, which we will explore in a future 

publication. 

NC-TB typically precede, while NC-US and SS typically follow HC-SWR 
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We also examined if the peak latency in the summary histograms between HC-SWR and 

NC-GE differed significantly from zero, using both the mean of the included HC-NC channel 

pairs (column 5 of Table 3.1), or a fitted distribution (column 6 of Table 3.1). Significant effects 

were found for SS in N2, which followed HC-SWR by 169ms (mean) or 244ms (fitted). DS were 

also significantly later than HC-SWR in the Post-HC by 157ms (mean) or 290ms (fitted). 

Finally, US were significantly later than HC-SWR in both N2/N3 and Ant/Post-HC by 112ms 

(mean) or 179ms (fitted). The same conditions also showed a significant difference in the 

proportion of NC-GE events in the 500ms before versus after the HC-SWR (columns 7 and 8 of 

Table 3.1).While only trends were noted for TB to precede Post-HC SWR (column 7 of Table 

3.1), possibly due to the relatively low count of NC sites showing significant HC-SWR to NC-

TB coupling (Fig. 3.2, Fig. 3.S1), overall TB precedence was indeed significant (column 8 of 

Table 3.1). 

Different types of NC-GEs had different typical latencies with respect to HC-SWR; for 

example, TB occurred at about the same time but with a tendency to precede HC-SWR, 

especially for Post-HC, and spindle onsets were often found about ~300 ms after Post-HC SWR. 

Overall, the latencies of different NC-GEs with respect to SWR shown in Fig. 3.2 and Table 3.1 

were consistent with the typical sequence we established in our previous studies of cortical NC-

GE during NREM sleep (Mak-McCully et al., 2015, 2017; Gonzalez et al., 2018). In N2, this 

sequence begins with the NC-TB which increases in strength to terminate as the negative peak of 

the NC-DS, and the NC-SS then begins on the upslope to the NC-US. An example of a canonical 

sequence is shown in Fig. 3.3A together with an HC-SWR between the NC-DS and NC-SS. 

Although generally consistent with the canonical sequence, the temporal ordering of NC-

GE would be obscured by the fact that they are not necessarily associated with the same SWRs. 



84 

Thus, we performed an analysis limited to events wherein NC-TB, NC-DS and NC-SS all 

occurred in proximity (-1500 ms to +1000 ms) to the same HC-SWR. We found that the 

canonical order (NC-TB→NC-DS→NC-SS) was about twice as common as other orders 

(p=0.0001, two-tailed paired t-test for in-category vs out-category over all NC channels, 

combining N2/N3/Ant/Post). Furthermore, in the canonical sequences, the latencies of the 

successive NC-GE and HC-SWR were highly stereotyped (Fig. 3.3B), especially in the events 

anchored by an Ant-HC SWR. 

Multiple NC-DS are more likely than single NC-DS to co-occur with HC-SWR  

In previous studies with SEEG, we showed that NC-DS vary in the extent of cortex 

which they engage (Mak-McCully et al., 2015, 2017), with the NC-DS involving greater cortical 

extents being more likely to evoke a thalamic DS (Mak-McCully et al., 2015, 2017). As 

previously noted (Chapter 2), HC-SWR tend to occur on the background of a broadband spectral 

power decrease, suggestive of a DS-like state in the HC, and this in turn suggests that the NC-

HC relationship may be similar to the NC-thalamic interactions previously examined. Thus, we 

predicted that HC-SWR may be associated with the convergence of NC-DS from multiple 

cortical locations. Indeed, we found that multiple NC-DS are significantly more likely than 

single DS to co-occur with HC-SWR from N2 Post-HC (15% increase), N3 Ant-HC (13% 

increase), and N3 Post-HC (18% increase) (p = 0.0021, 0.0026, and 0.0029, respectively, one-tail 

paired t-tests). In the case of N2 Ant-HC, there was a trend for multiple NC-DS to co-occur with 

HC-SWR more often (5% increase, p = 0.075, one-tail paired t-tests). 

NC-US following HC-SWR tend to occur in medial and then lateral cortex 

Prominent models of memory consolidation posit that the information from the HC to the 

NC driven by the replay firing during the HC-SWR trigger the re-activation of the 
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spatiotemporal patterns in the NC and thus memory consolidation (Buzsáki, 2015). Given our 

observation that NC-US reliably follow HC-SWR from both Ant-HC and Post-HC, and in both 

N2 and N3, we set out to determine whether signs of sequential cortical activation can be 

detected after HC-SWR, and if so, whether any regularities in this spread can be ascertained. 

First, we found that pairs of NC-US in different NC locations falling within 500 ms after the 

same HC-SWR occurred at rates higher than one would expect from the rate of single NC-US (p 

< 0.001, bootstrapping test). Furthermore, these NC-US sequences tended to be in a particular 

order from medial to lateral sites. At a threshold of p < 0.05 for NC-US sequences occurring 

more often than chance, when the medial/lateral preference was considered for each unique 

channel pair, trends of medial temporal and medial frontal leading preferences were observed for 

N3 Ant-HC (p = 0.064 and p = 0.056, two-tailed binomial), whereas medial parietal and medial 

occipital leading were significantly preferred for N2 Post-HC (p = 0.044 and p = 0.0001, two-

tailed binomial).  

The NC sites whose GE co-occur with SWR in a given HC site are not random 

The results presented above demonstrate that for a given HC site, a particular category of 

GEs will significantly co-occur in some but not other NC sites. Indeed, the striking positive 

skewness both in general and in specific categories (Table 3.S1) suggests that, in addition to high 

variability in co-occurrence rates of NC-GEs with SWRs, a small population of histograms for 

particular HC-NC-GE-state combinations (shown in Fig. 3.1) may contain a disproportionately 

large number of events. However, they would not bias the main results (Figs. 3.2, 3.S1) where 

each of the significant HC-NC channel pairs provide a single count. 

We further examined this issue by performing a chi-square test of homogeneity for each 

HC site with regard to co-occurrence of each NC-GE, across NC sites. We found that most HC 
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sites were coupled to NC-GE with NC site distributions that significantly differ from chance 

(Table 3.S2): out of 32 unique HC sites, 21 were coupled to non-homogeneous distributions of 

NC sites with significant TB-SWR relationships, 21 were coupled to significant SS-SWR NC 

site distributions, and all 32 were coupled to significant DS and US distributions. 

Different anatomical patterns of NC sites have DS or US that co-occur significantly with SWR 

from multiple simultaneously recorded HC sites 

The NC sites where GE co-occur with HC-SWR from a particular HC location constitute 

an anatomical network which could have functional significance during consolidation. Having 

determined above that the HC-NC co-occurrences are not randomly distributed across the 

recorded NC sites, we then examined if the distribution differed between HC sites. This analysis 

was conducted in patients with multiple HC contacts either in the same hippocampus (Ant-HC 

and Post-HC) or bilaterally in both anterior or both posterior HC. Again, we repeated this 

analysis for each of the NC-GE categories, provided that both HC sites had a significantly non-

random pattern of co-occurrence with NS sites. For a given NC-GE, analysis was limited to 

those NC sites that significantly co-occurred with both HC sites (i.e., both Ant- and Post-HC, or 

both left and right HC, in a given patient). 

Specifically, Wilcoxon signed rank tests were performed on the proportions of NC-GE 

that co-occurred with anterior versus posterior HC-SWR, or in a separate analysis, that co-

occurred with left versus right HC-SWR. In total, 8 Ant-Post HC pairs and 4 Left-Right HC pairs 

were examined. We found a tendency for Ant-Post HC pairs to yield significantly different NC-

HC coupling distributions, with NC-DS and NC-US showing stronger effects than NC-TB and 

NC-SS: 2 of the 5 qualified pairs for NC-TB showed significant difference (and an additional 2 

showed a trend, i.e. p < 0.1), 1 in 3 for NC-SS (and 1 with a trend), 5 in 8 for NC-DS (and 2 with 
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a trend), and 7 in 8 for NC-US (Table 3.S3). Similarly, for Left-Right HC pairs, all 4 of the 

qualified pairs for NC-TB, NC-SS, and NC-US showed significant differences, and all 3 of the 

qualified pairs did for NC-DS (Table 3.S3). 

Similar anatomical patterns of NC sites co-occur significantly with SWR from multiple 

simultaneously recorded HC sites for different GE types 

We then repeated this procedure, but instead of comparing proportions between HC site 

pairs, we compared between NC-GE types for each HC site (Table 3.S4). Each test required that 

for a given HC site, both NC-GE types needed to have a significantly non-random co-occurrence 

pattern across the NC sites, as described above. For two of the six possible NC-GE site pairs (TB 

vs. SS, DS vs. US), we found remarkably few HC sites showing significant difference, with 

another (SS vs. DS) showing mixtures of significant and non-significant HC sites, suggesting 

that the distributions of NC sites—specifically those coupled to multiple NC-GE types—tend not 

to differ significantly across these NC-GE type pairs for a given HC site. In contrast, most HC 

sites tested showed significant difference for TB vs. DS, TB vs. US, and SS vs. US; in other 

words, for these NC-GE type pairs, the distributions of NC sites coupled to one NC-GE type tend 

to differ from distributions of NC sites coupled to the other. 

We also computed the correlation of HC-SWR overlap rates for different NC-GE types, 

with each data point of the correlation derived from a different NC site. In addition, we 

computed across NC sites from all patients chi-square tests of independence for whether there 

could be a significant relationship between the anatomical distributions of different NC-GE 

types’ respective NC sites that significantly coupled to HC-SWR. Remarkably, for most NC-GE 

type pairs, strong correlations in proportions of NC-GE overlapping with HC-SWR were found 

(Fig. 3.4A). The chi-square tests in both N2 and N3 also indicated that NC sites that tended to 
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show significant temporal correlation with HC-SWR for one NC-GE type also tended to 

associate with another NC-GE type, with some exceptions: TB vs. SS only showed a trend, and 

SS vs. US in N2 was non-significant. Specifically, for N2 and N3 respectively, we found p = 

0.0822 and p = 0.0694 for TB vs. SS, p = 1.785 x 10-11 and p = 9.355 x 10-8 for TB vs. DS, p = 

3.191 x 10-15 and p = 2.264 x 10-7 for TB vs. US, p = 0.0187 and p = 0.0106 for SS vs. DS, p = 

0.4350 and p = 5.267 x 10-5 for SS vs. US, p = 5.036 x 10-32 and 9.509 x 10-32 for DS vs. US. 

HC-SWR co-occur with NC-GE more often for DS/US than TB/SS, in NREM sleep stage N2 

than N3, in posterior than anterior HC, and in frontal than occipital regions 

While the summaries in Fig. 3.2 and Table 3.1 gave us an overview of NC-GE and HC-

SWR relations, we noted that the maps in Fig. 3.2 revealed apparent regional differences across 

NC in co-occurrence strength. We also considered the possibility that “hot spots” may exist in 

NC and contribute to the widespread positive skewness seen in Table 3.S1. We therefore 

explored the spatial distribution of NC-HC relationship further by tallying the proportion of 

significant HC-NC channel pairs across different NC regions, with respect to different NC-GE 

types and different HC-SWR sources (Table 3.2). To explore the apparent variability in Table 

3.2, we performed a 4-way ANOVA to compare the main effects of GE type (TB, SS, DS, US), 

NREM stage (N2 vs. N3), Ant- or Post-HC origin of SWRs, and NC ROIs (coverage listed in 

Table 3.2 and Table 3.S5), as well as the 2-way and 3-way interaction effects. All post-hoc 

analyses were performed with Tukey’s range test. We checked the normality assumption by 

conducting the Lilliefors test on the residuals, and the null hypothesis of normality could not be 

rejected (p = 0.1653). 

All 4 main effects were significant. The main effect for GE yielded F = 136.87, p = 1.93 

x 10-16, indicating that some NC-GE types were more related to HC-SWR than others. Post-hoc 
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analysis across GE types showed that, while the mean proportions of SWR-responsive HC-NC 

channel pairs did not differ between TB and SS (p = 0.7852), nor between DS and US (p = 

0.9968), they did differ between TB/SS and DS/US (p = 3.774 x 10-9 for TB and DS, same for 

TB and US; p = 3.773 x 10-9 for SS and DS; same for SS and US). The mean proportions were 

0.1655 for TB, 0.1852 for SS, 0.5136 for DS, and 0.5299 for US; thus, TB and SS were related 

in a smaller proportion of NC sites to SWRs than DS and US were.  

The main effect for NREM stage yielded F = 61.38, p = 2.01 x 10-8, and together with 

mean proportions of 0.412 for N2 versus 0.294 in N3, suggested that more HC-NC channel pairs 

were significantly related to SWRs in N2 than in N3. This was despite SWRs occurring more 

often in N3 (Chapter 2). The fact that the durations of N2 were about twice those of N3 in our 

recordings may have contributed to this unexpected observation.  

The main effect of HC-SWR longitudinal origin yielded F = 41.457, p = 6.72 x 10-7, and 

together with mean proportions of 0.316 for Ant-HC and 0.414 for Post-HC, suggested that more 

of NC were related to Post-HC SWR than to Ant-HC SWR, despite the density of SWR being 

about twice as high in Ant-HC versus in Post-HC (see Chapter 2, Fig. 2.3).  

The main effect of NC ROIs yielded F = 10.56, p = 8.47 x 10-7, indicating that different 

NC regions were coordinated with/by HC-SWR to different extents. When the sum of mean 

proportions across NREM stages and Ant/Post-HC for each ROI were sorted, there appeared to 

be an anterior-to-posterior gradient, whereby the more frontal an NC region, the higher the sum 

tended to be (Fig. 3.4B-C). The exception was cingulate, which had the largest sum overall, and 

post-hoc analysis across NC ROIs confirmed that, except for orbitofrontal and prefrontal (p = 

0.6885 and p = 0.6787, respectively), the mean proportion for cingulate was significantly greater 

than all other NC ROIs (p = 0.0099 for lateral temporal, p = 0.0235 for paracentral, p = 0.0005 
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for medial temporo-occipital, p = 0.0106 for medial parietal, p = 0.0171 for insula, p = 3.211 x 

10-7 for lateral occipital, p = 0.0007 for lateral parietal). In contrast, the most posterior ROI 

(lateral occipital) had the smallest sum overall, and except for lateral parietal (p = 0.0714) and 

medial temporo-occipital (p = 0.0879), the mean proportion for lateral occipital was significantly 

less than all other NC ROIs (p = 0.0062 for lateral temporal, p = 0.0025 for paracentral, p = 

1.958 x 10-5 for prefrontal, p = 0.0058 for medial parietal, p = 0.0035 for insula, p = 1.880 x 10-5 

for orbitofrontal, p = 3.211 x 10-7 for cingulate). 

NREM stage, GE type, anterior vs posterior HC-SWR origin, and NC ROI, have interacting 

effects on SWR-GE co-occurrence 

With the exception of GE * NREM stage, all 2-way interaction effects from the ANOVA 

were significant. The interaction effect of GE * HC-SWR longitudinal origin yielded F = 4.57, p 

= 0.0103, indicating that certain NC-GE types could be related to Ant-HC and Post-HC to 

different extents. When averaged across ROIs and separately for N2/N3, the proportions of 

significant HC-NC channel pairs were greater for Post-HC than for Ant-HC in all GE types, with 

the exception of SS N3 (Ant-HC proportion was 1.3 times greater than Post-HC). For NC-TB, in 

particular, Post-HC proportions were twice as large as Ant-HC proportions. As expected, post-

hoc analysis for GE * Ant-/Post-HC interaction supported the significant difference between 

Ant-HC and Post-HC proportions for NC-TB (p = 0.0005), but not for NC-SS (p ≈ 1), likely due 

to the confounding effect of different NREM stages. Significant Ant/Post difference was also 

found for DS (p = 0.0049), and a trend was present for US (p = 0.0564). 

The interaction effect of GE * NC ROI yielded F = 3.314, p = 0.0014, in line with our 

observation that certain NC regions, e.g. insula, cingulate, and orbitofrontal, could be more 

related to some NC-GE types than others (Table 3.2, Fig. 3.4D). Post-hoc analysis indicated that 
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cingulate TB were significantly more related to HC than paracentral (p = 0.0373), medial 

temporo-occipital (p = 0.0184), medial parietal (p = 0.0139), and lateral occipital (p = 0.0030) 

ones were. Orbitofrontal SS were significantly more related to HC than lateral temporal (p = 

0.0089), paracentral (p = 0.0082), insula (p = 0.0002), and lateral occipital (p = 0.0036) ones 

were. In contrast, for DS and US, the HC-NC relationship across ROIs appeared less variable 

overall, with the exception that cingulate DS and US were significantly more related to HC than 

lateral occipital ones were (p = 0.0277 for DS, p = 0.0121 for US). 

The interaction effect of NREM stage * Ant-/Post-HC yielded F = 8.822, p = 0.0062, as 

we observed in Fig. 3.4E where, with the exception of NC-SS in N3, the degree to which Post-

HC proportion was higher than Ant-HC appeared attenuated in N3 compared to N2. Post-hoc 

analysis confirmed that the difference between Post-HC and Ant-HC proportions was significant 

in N2 (p = 2.283 x 10-6) but not in N3 (p = 0.0910). This may be related to the preference of NC-

TB for Post-HC (as mentioned earlier for interaction effect of GE * Ant-/Post-HC) and NC-SS 

for N2 (as known in literature (Andrillon et al., 2011)). 

The interaction effect of NREM stage * NC ROI yielded F = 6.763, p = 4.93 x 10-5, 

indicating that certain NC regions could be more related to HC-SWR in N2 than in N3, or vice 

versa. Overall, the proportions of significant channels were greater in N2, especially 

orbitofrontal, while cingulate appeared to be the exception (Fig. 3.4C). Post-hoc analysis showed 

that among the individual ROIs, only orbitofrontal and insula had significantly greater 

proportions in N2 than in N3 (p = 3.528 x 10-6 for orbitofrontal, p = 0.0051 for insula). Notably, 

the proportion of orbitofrontal channels with significant SS-SWR relationship was the highest 

among ROIs (Fig. 3.4D), possibly contributing to orbitofrontal’s N2 preference as described 

above. 
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The interaction effect of Ant-/Post-HC * NC ROI yielded F = 2.946, p = 0.0143. Thus, 

while both Ant-HC and Post-HC appeared to engage the whole cortex (Fig. 3.2, Fig. 3.4), some 

ROIs could preferentially communicate with Ant- or Post-HC, with cingulate and prefrontal 

being possible examples (Fig. 3.4C). Post-hoc analysis indicated that no significant Ant/Post 

preference was present within most individual ROIs, with the exception being prefrontal, where 

Post-HC was preferred (p = 0.0103). 

As previously mentioned, the interaction effect of GE * NREM stage was not significant, 

despite the fact the NC-TB and NC-SS occur more often in N2 (Andrillon et al., 2011; Gonzalez 

et al., 2018), while NC-DS and NC-US occur more often in N3 (Cash et al., 2009). This 

observation suggested that the GEs which did occur in the sleep stage where they occurred less 

often overall might not change in how related they were to the HC-SWR, i.e. the NC-HC 

relationships (as estimated from GE-SWR correlations) were consistent over time in NREM. 

Among the 3-way interaction effects, only NREM stage * Ant-/Post-HC * NC ROI was 

significant (F = 2.958, p = 0.0140), as one might expect given that certain ROIs appeared to 

prefer Post-HC (prefrontal) and N2 (orbitofrontal). Indeed, post-hoc analysis revealed that for 

individual ROIs, only prefrontal and orbitofrontal showed significant differences among the four 

SWR sources (N2 Ant-HC, N2 Post-HC, N3 Ant-HC, N3 Post-HC): for prefrontal, N2 Post-HC 

had a significantly greater proportion of related HC-NC channel pairs than N3 Ant-HC (p = 

0.0328); for orbitofrontal, N2 Post-HC had a significantly greater proportion of related channel 

pairs than other SWR sources (p = 0.0003 for N2 Ant-HC, p = 7.559 x 10-6 for N3 Ant-HC, p = 

4.582 x 10-6 for N3 Post-HC). 

HC-SWR/NC-GE co-occurrence is stronger within hemisphere than between hemispheres 
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Given the well-known lateralization of human hippocampal function (Weber et al., 2006; 

Iglói et al., 2010), we were interested in examining whether ipsilateral HC-NC channel pairs 

would show different relationships from contralateral pairs across NC-GE types, NREM stages, 

or NC ROIs. Due to a sparse representation of contralateral channel pairs for individual ROIs, 

we calculated proportions for larger regions by combining both HC and NC sites. Anterior and 

posterior HC channels were combined into a single HC category. The 10 NC ROIs used in 

previous analysis were collapsed into two: “fronto-central”, which included the previous 

cingulate, orbitofrontal, prefrontal, and paracentral ROIs; and “non-frontal”, which included the 

previous lateral temporal, medial temporo-occipital, medial occipito-parietal, insula, lateral 

occipital, and lateral parietal ROIs. We then computed for each ROI the proportion of NC 

channels significantly coupled to HC-SWR (Table 3.3), and performed 4-way ANOVA as 

previously described, with the ipsilateral/contralateral factor replacing the Ant-/Post-HC factor. 

All post-hoc analyses were performed with Tukey’s range test. We checked the normality 

assumption by conducting the Lilliefors test on the residuals, and the null hypothesis of 

normality could not be rejected (p = 0.0950). 

All 4 main effects were significant. As our previous ANOVA already revealed significant 

main effects for GE type and NREM stage, we focused our attention on the remaining two 

factors (i.e. ipsilateral/contralateral and combined NC ROI). The main effect of 

ipsilateral/contralateral channel pair types yielded F = 65.058, p = 0.0040. and together with 

mean proportions of 0.395 for ipsilateral and 0.282 for contralateral (a 40% increase), indicating 

that NC-GE in more channels significantly co-occurred with ipsilateral HC-SWR than 

contralateral HC-SWR. The main effect of ROIs yielded F = 28.267, p = 0.0130, indicating that 

the more frontal/cingulate parts of NC were significantly more likely to show significant GE-
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SWR correlations than the posterior regions (mean proportion of 0.376 for fronto-central versus 

0.301 for non-frontal). 

Of the 2-way interaction effects, only laterality * GE and laterality * NC ROI were 

significant. No 3-way interactions were significant. Post-hoc analysis of the significant laterality 

* GE interaction (F = 14.98, p = 0.0261) revealed a stronger laterality effect for NC-US (p = 

0.0287). However, the proportions for contralateral pairs were not themselves small compared to 

those for other NC-GE types (Fig. 3.4F).  We also computed the proportions of ipsilateral versus 

contralateral HC-NC channel pairs with significant HC-SWR coupling to each NC-GE type. The 

ratios of contralateral over ipsilateral proportions for NC-TB (0.37), NC-DS (0.64), and NC-US 

(0.51) indicated a reduction of likelihood for contralateral HC-NC channel pairs to show 

significant HC-NC association compared to ipsilateral pairs, but the ratio of proportions for NC-

SS was 1.02, i.e. there was a remarkably specific lack of ipsi/contra-lateral difference regarding 

HC-SWR to NC-SS association. Post-hoc analysis of the significant laterality * ROI interaction 

(F = 10.450, p = 0.0481) indicated a stronger laterality effect for the non-frontal ROI (p = 

0.0124). Thus, the proportion of ipsilateral channels whose NC-GE significantly co-occur with 

HC-SWR is 40% greater than contralateral, and this effect is greater for NC-US and non-frontal 

locations. 

Discussion: 

Overall, our study demonstrates that human hippocampal sharpwave-ripples (SWR) are 

significantly associated with all categories of neocortical sleep grapho-elements (NC-GE) 

occurring in non-rapid-eye-movement (NREM) sleep, including theta bursts (TB), downstates 

(DS), upstates (US), and sleep spindles (SS). This coordination extends to all recorded NC areas, 

but for any given HC site only includes a minority of the cortex. The spatial intensity and 
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topography of HC-NC coordination differs across GE category, NREM sleep stage (N2 versus 

N3), HC location (anterior versus posterior), and NC area (frontal versus posterior). In addition, 

the HC-NC interactions are temporally-organized, with HC-SWR tending to follow TB, occur 

during DS, and precede SS and US (Fig. 3.3, Fig. 3.5). We discuss here how these spatio-

temporal characteristics of the interaction of HC-SWR with NC-GE may assist in memory 

consolidation by coordinating information transfer between HC and NC, and processing within 

these structures. 

Spatial organization of HC-SWR interactions with NC-GE.  

SWR in both anterior and posterior HC co-occur with NC-GE of all kinds in all cortical 

areas, but there are some quantitative differences. The proportion of ipsilateral channels whose 

NC-GE significantly co-occur with HC-SWR is 40% greater than contralateral, and this effect is 

greater for US and non-frontal locations. This finding is consistent with the well-known 

lateralization of human hippocampal function (Weber et al., 2006; Iglói et al., 2010). 

Frontal-GE co-occurred with HC-SWR ~25% more than average, whereas the lateral 

occipital GE co-occurred ~45% less. The frontal lobe has been considered to play a prominent 

role in declarative memory, especially in forming recollection cues, and integrating context with 

content (Fletcher and Henson, 2001; Badre et al., 2010). Similarly, memory consolidation during 

sleep is especially strong for inferential implications of events rather than their perceptual 

content (Zeithamova et al., 2012). Consistent with our observations, medial temporal lobe 

connections in primates target association and prefrontal areas more strongly than early sensory 

cortex (Van Hoesen, 1995; Suzuki and Amaral, 2004). 

The proportion of SWR-GE pairs that were significantly related was 37% higher for 

SWR occurring in posterior than in anterior HC. In rodents, the dorsal but not ventral HC is 
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needed for spatial memory (Strange et al., 2014). While the ventral HC no doubt also has 

memory functions, they are less well understood. Rodent dorsal and ventral HC have similar 

internal anatomy but different external connections (Strange et al., 2014); corresponding 

differences are observed in primates and humans (Strange et al., 2014; Ding and Van Hoesen, 

2015), implying that the dorsal-ventral distinction in rodents corresponds to the posterior-anterior 

in primates. If so, then our finding may reflect a tighter coupling of replaying HC events with 

cortical GE in posterior than anterior HC. Although anatomical data in primates is limited, the 

anterior-HC is mainly connected to limbic structures including amygdala and orbital cortex, 

whereas posterior-HC is more connected to posterior cingulate and parietal cortices. The 

implication that these areas would contain higher proportions of connected locations with 

anterior versus posterior HC was only partially supported: whereas posterior-HC-SWR co-

occurred frequently with NC-GE in cingulate and parietal cortices, it also did with orbitofrontal 

cortex. 

The proportion of HC-NC channel pairs whose HC-SWR/NC-GE significantly co-

occurred was 44% higher in N2 than N3, despite the lower rate of HC-SWR in N2 than N3 (See 

Chapter 2, Fig. 2.3). Classically, isolated SS and K-Complexes predominate in N2, and the Slow 

Oscillation during N3 (Silber et al., 2007). However, intracranial recordings show that the 

principle difference is that in N2, NC-GE occur in TB-DS-SS-US sequences (known as K-

complexes (Cash et al., 2009)), whereas in N3, abbreviated TB-SS are sandwiched between 

continuously alternating DS-US comprising the Slow Oscillation (Mak-McCully et al., 2017; 

Gonzalez et al., 2018). Consequently, SS and TB are about equally dense in N3 as N2, but have 

fewer oscillations (Mak-McCully et al., 2017; Gonzalez et al., 2018). Apparently, HC-SWR are 

more consistently associated with the TB-DS-SS-US complexes when they occur in relative 
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isolation in N2 than more continuously in N3. Alternatively, the relative lack of significant 

associations may reflect a statistical difficulty in distinguishing temporal correlations because of 

the high rates of both HC-SWR and DS-US in N3. If the difference is indeed physiological, it 

would imply that co-occurring HC-SWR with NC-GE are more common later in the night, when 

N2 predominates. Furthermore, in each ~90 min sleep cycle, N2 precedes N3, suggesting that the 

HC-NC engagement may become more selective over the course of each cycle. 

The proportion of SWR-GE pairs that were significantly related was three times higher 

for NC-DS or NC-US than NC-TB or NC-SS. This could suggest that the HC-NC pairs related 

during TB and SS exchange more specific information whereas the HC-NC pairs related during 

NC-DS and NC-US reflect more contextual information, and/or provide an overall oscillatory 

context supporting large-scale timing and synchronization. This interpretation is consistent with 

the higher density and greater long-range coherence of NC-DS and NC-US than NC-TB and NC-

SS (Mak-McCully et al., 2017; Gonzalez et al., 2018; Halgren et al., 2018). 

The NC sites where GE co-occur with HC-SWR from a particular HC location constitute 

an anatomical network which could have functional significance during consolidation. In our 

data, the HC-NC co-occurrences were not randomly distributed across the recorded NC sites. 

Furthermore, if two HC locations were recorded simultaneously, their SWR co-occurred with 

NC-GE in different anatomical sites. However, for a given HC site, the NC sites with significant 

SWR-GE co-occurrence did not differ significantly across categories of NC-GE. Together, these 

results suggest that the SWR in a particular HC location engage with all categories of GE within 

the same, selected group of NC sites. 

Previously we found that NC-US sequences occur during waking in particular sequences 

across large parts of the cortex (Jiang et al., 2017). A significantly greater proportion of these 
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spatiotemporal sequences occur more frequently in the sleep periods following the waking period 

where they were found, as compared to the sleep from preceding nights. These “replaying” 

events were associated with SWR-like events in the HC of 3 patients. In the current study, we 

did not compare spatiotemporal US sequences from waking to those in sleep. However, we did 

find that HC-SWRs did tend to be followed by multiple NC-US, and that these tended to exhibit 

a consistent structure, often proceeding from medial to lateral cortical areas. 

Temporal organization of HC-SWR interactions with NC-GE.  

While NC-TB, DS, US, and SS can occur separately from each other, they often occur in 

that order (Mak-McCully et al., 2017; Gonzalez et al., 2018). Typically, the sequence begins 

with an NC-TB whose oscillations grow into an NC-DS. Thalamic-DS follow NC-DS, especially 

when there multiple NC-DS are present. Thalamic-SS onset is coupled to the thalamic-DS peak. 

Thus, when the TH-SS is projected back to the NC, it arrives on the upslope of the NC-SS and 

continues through the NC-US (Fig. 3.5). 

We found that within this sequence, NC-TB tend to precede HC-SWR, and thus are 

positioned to help define potential cortical cues for SWR firing. Several studies have found that 

waking NC-TB occur during cognitive processing, phase coupled with neuronal firing, as 

indexed by high gamma (Canolty et al., 2006; Sato et al., 2014; Alekseichuk et al., 2016). NC-

TB when asleep have a similar laminar profile and are also phase coupled with high gamma 

(Gonzalez et al., 2018; Halgren et al., 2018). The final inhibitory peak of the NC-TB coincides 

with the local NC-DS, consistent with NC-DS sometimes being triggered by TB (Gonzalez et al., 

2018). 

The occurrence of NC-DS following NC-TB would tend to decrease the excitatory NC 

input to HC. This is consistent with our previous observation that HC-SWR tend to be 
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surrounded by locally-decreased broadband power (see Chapter 2, Fig. 2.2). Inhibitory 

interneurons in CA1 play a prominent role in the genesis of HC-SWR (Buzsáki, 2015), and in 

humans begin to fire prior to the HC-SWR (Le Van Quyen et al., 2008). The global decrease in 

membrane fluctuations prior to the HC-SWR may help create a more stable background upon 

which the exceptional synchrony underlying SWR can emerge. 

Regardless of their influence on the local neuronal background, the most important 

function of NC-DS may be to synchronize activity across different structures. The tight coupling 

of thalamic-SS onset to the most hyperpolarized peak of the thalamic-DS suggests that the h and 

T currents, thought to be necessary for spindle generation (Bonjean et al., 2011), are not 

chronically available during NREM, but require the additional hyperpolarization consequent to 

decreased excitatory cortical input during NC-DS. This interpretation is supported by the 

observations that NC-DS consistently precede thalamic-DS, and that the probability of thalamic-

DS is substantially higher when there are multiple NC-DS (Mak-McCully et al., 2017). 

Similarly, we found here that HC-SWR were more likely in conjunction with multiple than 

isolated NC-US. In addition to this indirect triggering of NC-SS by NC-DS projected to the 

thalamus, NC-US are directly triggered as a rebound from the profound hyperpolarization during 

NC-DS. The implication that converging NC-DS may trigger DS in the HC and thalamus, and 

consequently synchronized HC-SWR and thalamic-SS, is consistent with the finding that HC-

SWR-triggered BOLD in monkeys shows thalamic suppression (Logothetis et al., 2012). 

A striking finding of the current study were the widespread NC-US and NC-SS which 

consistently follow HC-SWR. During the NS-US, cortical cells fire at levels comparable to 

waking (Steriade, 2001). NC-SS tend to occur on the US, and there is a phasic additional 

increase in firing at their peaks (Mak-McCully et al., 2017; Gonzalez et al., 2018). The increased 
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firing within narrow temporal windows would create the conditions for Spike Timing Dependent 

Plasticity (Froemke and Dan, 2002), as would the strong inward Ca+2 current in the apical 

dendrites of cortical pyramidal cells during NC-SS (Seibt et al., 2017). In rodents, HC pyramidal 

cells replay sequences of firing from the preceding waking period during HC-SWR (Wilson and 

McNaughton, 1994), and this has been shown to be important for memory consolidation (Suh et 

al., 2013; de Lavilléon et al., 2015). Our results imply that the information encoded in these 

firing patterns arrives in an NC prepared to construct firing patterns and consolidate the 

consequent networks by virtue of the coincident NC-SS and NC-US (Fig. 3.5). 

 

Chapter 3, in full, is currently being prepared for submission for publication of the 

material. Jiang, Xi; Gonzalez-Martinez, Jorge; Halgren, Eric. The dissertation author was the 

primary investigator and author of this paper. 
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Figure 3.1: Neocortical graphoelements (NC-GE) in relation to HC-SWR, for example 

channel-pairs. Each row of histograms is for a different type of GE: theta burst onsets (TB), 

downstate peaks (DS), spindle onsets (SS), and upstate peaks (US). The four columns of plots 

show example histograms with significant temporal correlations between HC-SWR and NC-GE 

from the frontal, temporal, parietal, and occipital lobes, respectively. Magenta vertical lines 

indicate trigger (SWR) location for the peri-stimulus histograms. Orange bars indicate the time 

ranges with both peak NC-GE occurrence rate and significant correlation. 
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Figure 3.2: GEs across NC tend to co-occur with HC-SWR at consistent latencies. A-C. Top: 

Histograms of peak latencies for HC-NC channel pairs with significant temporal correlations 

between HC-SWRs and NC-GE. Each count is the peak latency of a particular HC-NC channel 

pair (see Fig. 3.1 for examples). Bottom: maps of peak latency between SWR and GE for cortical 

channels. Circles indicate where GE-SWR relationships are significant, while plus signs 

represent non-significant channels. The intensity of each circle corresponds to the strength of 

GE-SWR coupling estimated (as in Fig. 3.1), and the color of each circle indicates peak latency: 

red for GE before SWR, blue for GE after SWR, and yellow for GE co-occurring with SWR (i.e. 

within 100 ms of each other). Both hemispheres and medial and lateral cortical sites are 

superimposed in each plot. A. NC-US tend to follow both Ant-HC and Post-HC SWR in both N2 

and N3. B. NC-TB tend to precede Post-HC SWR, while other NC-GEs tend to follow. C. NC-

TB tends to precede Ant-HC SWRs, while NC-DS and NC-SS tend to follow. B-C. Stage N2 

NREM sleep. Stage N3 results are shown in Figure 3.S1. 
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Figure 3.3: HC-SWR are associated with stereotyped NC-GE sequences. A. Example LFP 

traces of a HC-NC channel pair where TB, DS, SWR, and SS occur in sequence. Vertical colored 

lines indicate automatically detected NC-GE locations (TB start, DS peak, SWR center, and SS 

start). B. In TB→DS→SS sequences that co-occur with HC-SWR, the latencies between NC 

GEs and SWRs are stereotyped, with TB starts almost always preceding HC-SWR and SS starts 

almost always following. C. Hypothesized schema of thalamo-cortico-hippocampal coordination 

based on co-occurrences of HC-SWR and NC-GEs. Ih, IT: thalamic H-current and T-current, 

respectively, which are key in regulating NC-US (Mak-McCully et al., 2017). 
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Figure 3.4: Strength of HC-NC association varies across NC regions (C, D, F), NREM 

stages (C, E, F), GE types (A, D, E, F), and anterior vs posterior (E) or ipsilateral vs 

contralateral (F) SWR sources. A. Proportions of co-occurring HC-SWR with NC-GE for 

different NC channels show strong correlation across NC-GE type pairs (TB vs. SS, TB vs. DS, 

etc.), especially for DS vs. US. Each marker in a given scatter plot panel represents one HC-NC 

channel pair. Linear regression best fit lines were marked for each scatterplot in grey. B. Map of 

NC ROIs C, F. Stacked bar graph of mean proportions of significant HC-NC channel pairs. 

Channels with significant (as evaluated in Fig. 3.1) HC-NC co-occurrences are more common in 

fronto-central (FC) than non-frontal (NF) cortex (C, D, F), N2 than N3 (C, E, F), DS and US 

than TB and SS (D, E, F), with posterior than anterior HC-SWR (E), and with ipsilateral than 

contralateral HC-SWR (F). Within these general patterns, interactions can be observed, such as 

the relatively high co-occurrence of orbitofrontal GE with Post-HC SWR in N2 (C). Proportions 

are relative to total channels in each ROI (C, D), all ROIs (E), or fronto-central or non-frontal 

ROIs in the ipsilateral vs contralateral hemisphere (F).  For correspondence of ROIs to 

FreeSurfer labels, and their amalgamation to fronto-central and non-frontal, see Table 3.S5.   
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Figure 3.5: Summary of HC-SWR interactions with NC-GE in the context of previous 

findings of NC-thalamus interactions during GE. A. NC areas whose GE co-occur with SWR 

in a particular HC location are widespread, and more distributed for DS and US than TB and SS. 

For a given HC site, the NC locations which co-occur with different GE are overlapping but 

distinct. Generally, NC-TB precede HC-SWR, whereas other NC-GE follow. B. Thalamic 

interactions. 1- NC-TB precede NC-DS and sometimes may help trigger them. 2- Converging 

NC-DS appear to trigger thalamic-DS. 3- the resulting hyperpolarization of thalamo-cortical 

(TC) cells appears to be a necessary condition to make the voltage-gated T and h currents 

available, which in interaction with thalamic reticular nucleus cells (RE) results in SS generation. 

4- SS are projected from thalamus to NC. a- We found that NC-TB precede HC-SWR and 

propose that they may enfold NC firing that helps select HC traces that are activated in SWR. 

The NC-DS that may follow NC-TB could be the source of the decreased HC-LFP surrounding 

the SWR. b- Information contained in the HC replay during the consequent SWR would thus 

arrive at the NC in the same time frame as the SS and US are providing a favorable environment 

for synchronous activation of NC neurons. In sum, we propose 3 stages in the spatiotemporal 

organization of memory consolidation. In stage I, NC-TB induce NC-DS, which converge on 

thalamus and HC. In stage II, thalamic-DS result in thalamic-SS, and HC-DS in HC-SWR. In 

stage III, thalamic SS are projected to the NC where they meet the US (rebound from the 

preceding NC-DS) and the trace information activated by the HC-SWR. 
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Figure 3.S1: GEs across NC tend to occur with consistent latencies from HC-SWR in stage 

N3. A-B. Top: Histograms of peak latencies for HC-NC channel pairs with significant temporal 

correlations between HC-SWR and NC-GE in N3. Each count is the peak latency of a particular 

HC-NC channel pair. Bottom: maps of peak latency between SWR and GE for cortical channels. 

Circles indicate where GE-SWR relationships are significant, while plus signs represent non-

significant channels. The intensity of each circle corresponds to the strength of the coupling, and 

the color indicates latency: red for NC-GE before HC-SWR, blue for NC-GE after HC-SWR, 

and yellow for NC-GE co-occurring with HC-SWR (i.e. within 100 ms of each other). A. NC-DS 

tend to follow Ant-HC SWR. B. NC-TB tend to precede Post-HC SWR, while NC-DS and NC-

SS tend to follow. 
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Figure 3.S2: D2U across NC sites co-occur with HC-SWR, but with variable latencies. Top: 

Histograms of peak latencies for HC-NC channel pairs with significant temporal correlations 

between HC-SWR and NC-D2U in N3. Each count is the peak latency of a particular HC-NC 

channel pair. Bottom: maps of peak latency between HC-SWR and NC-D2U for cortical 

channels. Circles indicate where D2U-SWR relationships are significant, while plus signs 

represent non-significant channels. The intensity of each circle corresponds to the strength of the 

coupling, and the color indicates latency: red for NC-D2U before HC-SWR, blue for NC-D2U 

after HC-SWR, and yellow for NC-D2U co-occurring with HC-SWR (i.e. within 100 ms of each 

other).  
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Table 3.1: Relation of HC-SWR to NC-GE. Separate values and statistical significance tests 

are shown for NREM sleep stages N2 vs. N3, for anterior vs. posterior HC, and for 

different graphoelements (TB- theta bursts; DS- downstates; SS- sleep spindles; US- 

upstates). Tests indicate if there was a significant association between the times of occurrence of 

the SWR and GE (fourth column); if the GE occurred significantly before the SWR (negative 

numbers) or before, when measuring the peak latency as the mean value across cortico-HC pairs 

(fifth column), or as the peak of an extreme value distribution fitted over the ±500 ms histogram-

of-histograms in Fig. 2 and in Fig. 2-1 (sixth column). The seventh column shows if there is a 

significant difference in the number of GE occurring 500ms before vs. 500ms after the SWR. 

The eighth column contains results from the same test as the seventh column, but applied to data 

with N2/N3/Ant/Post combined. BOLD indicates significant values; italics indicate trends. For 

columns 4, 7, and 8, extremely small (< 0.0001) p-values are represented by 0 for clarity. 

 

GE 

Type 

Sleep 

Stage 

HC 

Longi-

tudinal 

Axis 

SWR v. 

GE related 

(KS test p-

value) 

Peak 

Latency 

(ms), 

Mean 

Peak 

Latency 

(ms), 

DistPeak 

Non-zero 

Latency, 

binomial 

p-value 

Non-zero 

Latency, 

binomial 

p-value, 

overall 

TB N2 Ant 0.023 -92 -104 0.238 

0.0011 
TB N2 Post 0 -45 -123 0.065 

TB N3 Ant 0.023 0 -95 0.508 

TB N3 Post 0.003 -62 -209 0.052 

DS N2 Ant 0 0 94 0.228 

0 
DS N2 Post 0 186 356 0 

DS N3 Ant 0.002 35 236 0.091 

DS N3 Post 0 128 224 0 

SS N2 Ant 0.115 150 179 0.009 

0.0002 
SS N2 Post 0.02 187 309 0.001 

SS N3 Ant 0.452 -32 -229 0.481 

SS N3 Post 0.073 238 342 0.092 

US N2 Ant 0 126 216 0 

0 
US N2 Post 0 164 279 0 

US N3 Ant 0 76 134 0 

US N3 Post 0 81 85 0.013 
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Table 3.2: Numbers of HC-NC channel pairs by NC regions of interest (ROIs) and 

proportions of HC-NC channel pairs with significant GE-SWR relationships across NC. 

Ch. pairs: HC-NC channel pairs. Ant.: Ant-HC. Post.: Post-HC. 
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Table 3.3: Proportions of HC-NC channel pairs with significant GE-SWR relationships 

across NC, separated by ROI, NREM stage, GE type, and ipsilateral/contralateral NC-HC 

pairings. ipsi: ipsilateral. contra: contralateral. 
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Table 3.S1: Summary of number of events in NC-GE to HC-SWR histograms. Each cell is 

formatted as follows: Mean±Standard Deviation (Skewness). Ant: anterior. Post: posterior. Ipsi: 

ipsilateral. Contra: contralateral. 

 

NC-GE Type NC-TB NC-SS NC-DS NC-US 

Stage 
Ant/ 

Post 

Ipsi/ 

Contra 

NC-

GE 

HC-

SWR 

NC-

GE 

HC-

SWR 

NC-

GE 

HC-

SWR 

NC-

GE 

HC-

SWR 

N2 Ant Ipsi 

803± 

1032 

(1.9) 

714± 

911 

(1.9) 

1077± 

1604 

(2.6) 

911± 

1280 

(2.3) 

2992± 

2918 

(1.4) 

2249±

2221 

(1.4) 

2962±

2862 

(1.5) 

2115±

2015 

(1.5) 

N2 Ant Contra 

931± 

949 

(1.3) 

832± 

833 

(1.3) 

1531± 

2048 

(1.7) 

1286±

1649 

(1.6) 

3813±

3171 

(0.4) 

2921±

2327 

(0.4) 

3914±

3091 

(0.6) 

2862±

2163 

(0.4) 

N2 Post Ipsi 

927± 

1127 

(1.7) 

822± 

995 

(1.7) 

989± 

1732 

(3.0) 

857± 

1448 

(2.8) 

3131±

3627 

(1.5) 

2382±

2740 

(1.5) 

3120±

3412 

(1.5) 

2260±

2498 

(1.5) 

N2 Post Contra 

383± 

585 

(3.2) 

335± 

501 

(3.1) 

325± 

407  

(1.6) 

286± 

350 

(1.4) 

1277±

1238 

(1.3) 

970± 

935 

(1.3) 

1376±

1305 

(1.4) 

948± 

871 

(1.3) 

N3 Ant Ipsi 

1480±

1894 

(2.7) 

1276±

1573 

(2.6) 

1537± 

2255 

(2.7) 

1297±

1785 

(2.5) 

7673±

6550 

(1.5) 

4576±

3377 

(1.3) 

8467±

6712 

(1.5) 

4573±

3124 

(1.2) 

N3 Ant Contra 

1325±

1211 

(1.8) 

1177±

1030 

(1.7) 

2221± 

2799 

(1.6) 

1864±

2247 

(1.6) 

7134±

4298 

(1.0) 

4996±

2687 

(0.8) 

8229±

4324 

(1.3) 

5226±

2424 

(1.0) 

N3 Post Ipsi 

1145±

1057 

(1.1) 

1003±

906 

(1.1) 

1078± 

2208 

(6.5) 

918± 

1686 

(5.2) 

5148±

5003 

(3.0) 

3355±

3047 

(2.7) 

5754±

5283 

(2.7) 

3392±

2945 

(2.6) 

N3 Post Contra 

678± 

696 

(2.5) 

591± 

593 

(2.5) 

583± 

712 

(1.4) 

509± 

591 

(1.3) 

3381±

2495 

(2.0) 

2253±

1574 

(2.5) 

4196±

2811 

(2.5) 

2417±

1520 

(2.7) 
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Table 3.S2: P-values for chi-square tests of homogeneity (α = 0.05 post FDR-correction 

applied over each column), conducted for each HC site with regard to each NC-GE’s 

coupling to HC-SWR in NREM. A: anterior. P: posterior. Cells marked 2.20E-016 are 

placeholders for p < 2.2 x 10-16. # signif.: number of HC sites with a non-homogeneous 

anatomical distribution of significantly coupled NC sites. Dist.: anatomical distribution (of NC 

sites). 
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Table 3.S4: Anatomical distributions of NC sites significantly coupled with HC-SWR in 

terms of different NC-GE types tend to be similar for some NC-GE type pairs (TB vs. SS, 

DS vs. US) and different for other pairs. Wilcoxon signed rank tests were performed on the 

data obtained for Table 3.S2. Each test (whose p-value was tabulated above) required that the 

corresponding cell in Table 3.S2 for that particular HC site must have significant chi-square test 

result from Table 3.S2 (thereby counting towards Qualif. Sites); otherwise, the corresponding 

cell would be filled with NA. # signif.: number of significant tests (in total number of qualified 

patients). 
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Patient HippSite TB vs SS TB vs DS TB vs US 

SS vs 

DS SS vs US DS vs US 

1 LA 0.2719 0.0012 0.0009 0.0048 0.0033 0.0256 

2 LA 0.0035 0.0230 0.9697 0.0810 0.0014 0.0256 

3 
LA 0.0032 0.0036 0.0098 0.1703 0.0917 0.6582 

LP 0.1162 0.1585 0.7348 0.5658 0.0928 0.1085 

4 

LA 0.0807 0.1114 0.0141 0.0908 0.6490 0.1576 

LP NA NA NA 0.0348 0.6002 0.1106 

RA 0.1671 0.0603 0.0078 0.8590 0.0908 0.2979 

5 
RA 0.6581 0.0054 0.0075 0.0005 0.0007 0.3207 

RP 0.4383 0.0104 0.0119 0.0012 0.0008 0.3430 

6 
RA 0.4656 0.0029 0.0008 0.0032 0.0011 0.0072 

RP 0.3482 0.0020 NA 0.0031 NA NA 

7 LA 0.7667 0.0045 0.0034 0.0521 0.0033 0.0659 

8 RA 0.0666 0.0021 0.0010 0.1643 0.7599 0.1085 

9 
LA 0.4383 0.0230 0.0024 0.0732 0.0066 0.4108 

LP 0.0757 0.0029 0.0220 0.9097 0.3173 0.4108 

10 RA 0.0066 0.7022 0.4867 0.0014 0.0011 0.4643 

11 

LA 0.0481 0.0002 8.6275E-05 0.0112 0.0033 0.8681 

RA 0.1071 0.0012 0.0001 0.2201 0.0441 0.0659 

RP 0.8899 0.0030 0.0094 0.0002 0.0006 0.3433 

12 RP 0.9464 0.0127 0.0016 0.1305 0.0441 0.1576 

13 

LA 0.2096 0.3286 0.1561 0.2486 0.7160 0.7728 

LP 0.0066 0.0030 0.0065 0.1402 0.0766 0.9163 

RA 0.1165 0.0845 0.0385 0.8590 0.8077 0.9341 

14 LP 0.6928 0.0015 0.0024 0.0014 0.0048 0.0171 

15 
LP 0.0035 0.4658 0.0553 0.0014 0.0011 0.0723 

RP 0.1162 NA 0.1806 NA 0.0102 NA 

16 RA 0.1162 0.8092 0.0098 0.0222 0.0014 0.0072 

17 LA 0.0035 0.0029 0.0024 0.0647 0.1139 0.6582 

18 LA 0.1162 0.0009 0.0006 0.0005 0.0006 0.2979 

19 
LA 0.4453 0.0030 0.0009 0.0110 0.0014 0.0659 

LP 0.0035 0.0722 0.0575 0.0005 0.0006 0.9341 

20 RA 0.0035 0.0081 0.0011 0.0745 0.0917 0.2979 

 

Qualif. 

Sites 31 30 30 31 31 30 

 

Signif. 

Sites 8 21 23 15 20 5 

 

Signif. 

Ratio 0.2581 0.7000 0.7667 0.4839 0.6452 0.1667 

p-values (1-tailed 

binomial),  

# Signif. Sites vs. # 

Non-signif. Sites 0.9983 0.0214 0.0026 0.6399 0.0748 1.0000 
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Table 3.S5: ROIs for statistical analyses of spatio-temporal differences across NC regions 

in NC-SWR relationships.  

 

Combined 

ROI 

Original Freesurfer Label(s) 

Lateral 

temporal 

Banks of superior temporal gyrus, inferior temporal, middle 

temporal, superior temporal, temporal pole, transverse temporal 

Cingulate Caudal anterior cingulate, rostral anterior cingulate, isthmus 

cingulate, posterior cingulate 

Orbitofrontal Frontal pole, lateral orbitofrontal, medial orbitofrontal, pars orbitalis 

Prefrontal Caudal middle frontal, pars opercularis, pars triangularis, rostral 

middle frontal, superior frontal 

Paracentral Paracentral, postcentral, precentral 

Medial 

temporo-

occipital 

Entorhinal, fusiform, lingual 

Medial 

occipito-

parietal 

Cuneus, pericalcarine, precuneus 

Insula Insula 

Lateral 

occipital 

Lateral occipital 

Lateral 

parietal 

Inferior parietal, superior parietal, supramarginal 

  

Fronto-

central 

All labels for the following Combined ROIs: Cingulate, orbito-

frontal, prefrontal, paracentral 

Non-frontal All labels for the following Combined ROIs: Lateral temporal, 

medial temporo-occipital, medial occipito-parietal, insula, lateral 

occipital, lateral parietal 
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CHAPTER 4: Hippocampal spindle-ripples and cortico-hippocampal communication 

Title: Hippocampal-cortical interactions during NREM sleep in humans vary across the 

hippocampal longitudinal axis 

Abstract:  

The human anterior and posterior hippocampus (Ant-HC, Post-HC) differ in their 

functional correlates. This has been explained as mainly resulting from different external 

connections rather than intrinsic physiology. However, the activities of human Ant-HC versus 

Post-HC have not been compared when they are performing what is presumed to be their 

primary function: memory consolidation. Here we confirm previous reports that during NREM 

sleep the HC generates sharpwave-ripples (SWR: as in rodents), as well as spindle-ripples (SSR: 

ripples phase-locked to local spindles). We found that SSR comprise 51% of Post-HC ripples, as 

compared to only 14% in Ant-HC. Both SWR and SSR co-occur with neocortical theta bursts 

(TB), downstates (DS), spindles (SS) and upstates (US), which are thought to coordinate cortico-

hippocampal interactions and facilitate consolidation. Within the cortex, these typically occur in 

the order TB-DS-SS-US, with SWR most often occurring with DS, and SSR during SS. In 

contrast to SWR which most often co-occurred with frontal DS and US, Post-HC SSR were 

strongly phase-locked to SS in medial and lateral posterior parietal cortices. Our results suggest 

that replay events in human anterior hippocampus resemble those of rodents. In contrast, human 

posterior hippocampal ripples are embedded within spindles tightly coupled to specific cortical 

areas associated with recollective experience in neuroimaging and lesion studies. Human SWR, 

and any associated replay events, are separated by ~5s. In contrast, ripples on successive SSR 

peaks are separated by ~80ms, potentially supporting a different mode of plasticity leading to 

consolidation of specific details supporting conscious recollection. 
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Introduction:  

Hippocampal sharpwave-ripples (HC-SWR) are striking complexes of local field 

potentials (LFP) recorded in the hippocampus during NREM sleep and rest periods (Buzsáki, 

2015). HC-SWR consist of an initial negative component lasting 40-100 ms in the CA1 stratum 

radiatum, accompanied by a faster 110-200 Hz oscillation maximal in stratum pyramidale termed 

a “ripple” and typically followed by a ~200 ms duration positive wave in stratum radiatum. 

Pyramidal cell firing during HC-SWR tends to reproduce the spatio-temporal patterns 

established during the preceding active periods; this ‘replay’ is hypothesized to help guide 

cortical activity as it consolidates memories (Wilson and McNaughton, 1994; Skaggs and 

McNaughton, 1996; Nádasdy et al., 1999). Disruption of HC-SWR impairs memory 

consolidation (Girardeau et al., 2009; Maingret et al., 2016). The coordination of HC ripples with 

cortical consolidation is thought to be orchestrated by neocortical LFP graphoelements (NC-GE) 

such as sleep spindles (SS), down- and upstates (DS, US), and possibly theta bursts (TB) 

(Gonzalez et al., 2018). Specifically, in rodents, evidence suggests that coordination between 

HC-SWR and NC-SS (Siapas and Wilson, 1998; Sirota et al., 2003; Peyrache et al., 2009) and 

DS/US (Battaglia et al., 2004; Mölle et al., 2006; Headley et al., 2016) is central to replay 

(Diekelmann and Born, 2010; O’Neill et al., 2010; Girardeau and Zugaro, 2011). 

HC-SWR have been extensively studied in rodents. However, two studies in macaques 

have confirmed the presence of HC-SWR during NREM sleep with the typical biphasic 

negative-positive waves in radiatum, and ~100 Hz ripples in pyramidale (Skaggs et al., 2007; 

Ramirez-Villegas et al., 2015). HC-SWR have also been observed in recordings from 

hippocampal electrodes implanted in humans to identify epileptogenic tissue. In a series of 

studies, Bragin described HC-SWR but mainly focused on the use of ripples to identify 
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epileptogenic tissue (Bragin et al., 1997, 1999; Staba et al., 2002). Axmacher (Axmacher et al., 

2008) described HC ripples which occurred mainly in waking but were phase-locked to delta. 

Previously, we described typical SWR in human HC (Chapter 2). 

Recently, Staresina (Staresina et al., 2015) reported that HC ripples in humans during 

NREM are tightly phase-coupled to hippocampal SS (HC-SS). HC-SS (without specific 

reference to ripples) were later reported to occur in both NREM and REM (Carpentier et al., 

2017; Lestra et al., 2018). We will henceforth refer to ripples associated with HC-SS as 

hippocampal sleep spindle-ripples (HC-SSR). Staresina et al. suggested that HC-SS modulation 

of ripples could indicate their origin—and possibly function—being uniquely human, in contrast 

to HC-SWR in mammals; however, other interpretations of the data are possible. First, while not 

explicitly stated, their recordings were mainly in the posterior HC, whereas previous recordings 

were mainly in anterior where most of the human hippocampal volume lies (Destrieux et al., 

2013). Thus, Staresina’s findings could be reconciled with earlier studies if HC-SSR were 

specifically and/or mainly a property of posterior HC. Second, Staresina’s recordings did not use 

a bipolar configuration within the hippocampus, but a referential recording to a somewhat distant 

location. While that is not likely to affect their ripple recordings, it is possible that their SS and 

US sometimes arose outside of the hippocampus (Mak-McCully et al., 2017). Third, it could be 

that both classical SWR and SSR exist within the HC, as well as transitional forms. 

We report here that, indeed, both SWR and SSR exist in the HC, as do transitional forms. 

HC-SSR and HC-SS are largely confined to the posterior HC. The posterior hippocampal SSs 

tend to co-occur with NC-SS. Both HC-SSR and HC-SS are embedded in a sequence beginning 

with NC theta bursts, then downstates, spindles and upstates, in that order. Hippocampal and 

parietal spindles are initially incoherent but gradually achieve high levels of synchrony in about 
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2 cycles. Posterior HC-SS interacting in close synchrony with parietal NC-SS within the context 

of more widespread cortical rhythms provides another possible mechanism for hippocampo-

cortical coordination of memory consolidation. 

Methods: 

Patient selection 

20 patients with long-standing drug-resistant partial seizures underwent SEEG depth 

electrode implantation in order to localize seizure onset and thus direct surgical treatment. 

Patients were selected from a group of 54 as previously described (in Chapter 2) criteria for 

minimal pathology. The resulting group of 20 patients includes 6 patients with an HC contact in 

a location with no interictal spikes, which were used to guide the protocols applied to the 

remaining 14 patients. The 20 patients included 7 males, aged 29.8±11.9 years old (range 16-58). 

Electrode targets and implantation durations were chosen entirely on clinical grounds (Gonzalez-

Martinez et al., 2013). All patients gave fully informed consent for data usage as monitored by 

the local Institutional Review Board, in accordance with clinical guidelines and regulations at 

Cleveland Clinic.  

Electrode localization 

After implantation, electrodes were located by aligning post-implant CT to preoperative 

3D T1-weighted structural MRI with ~1mm3 voxel size (Dykstra et al., 2012), using 3D Slicer 

(RRID:SCR_005619). This allows visualization of individual contacts with respect to HC cross-

sectional anatomy, which was interpreted in reference to the atlas of Duvernoy (Duvernoy, 

1988). The assignment of depth contacts to anterior or posterior hippocampus (Ant-HC/Post-HC) 

was made with the posterior limit of the uncal head as boundary (Poppenk et al., 2013; Ding and 
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Van Hoesen, 2015). Recordings were obtained from 32 HC contacts, 20 anterior (11 left) and 12 

posterior (7 left). In 4 patients, HC recordings were bilateral (3 anterior and 1 posterior), and in 8 

patients, ipsilateral anterior and posterior HC were both recorded. The distance of each 

hippocampal contact from the anterior limit of the hippocampal head was obtained in Freesurfer 

(RRID:SCR_001847). The CT-visible cortical contacts were then identified as previously 

described (see Chapter 2 Methods), in order to ensure that activity recorded by bipolar 

transcortical pairs is locally generated (Mak-McCully et al., 2015). Electrode contacts were 

rejected from analysis if they were involved in the early stages of the seizure discharge, had 

frequent interictal activity or abnormal spontaneous local field potentials. From the total of 2844 

contacts implanted in the 20 patients, 366 transcortical pairs (18.3±4.7 per patient) were accepted 

for further analysis. Polarity of the pairs was adjusted if necessary to ‘pial surface minus white 

matter’ according to MRI localization, confirmed with decreased high gamma power during 

surface-negative downstates (see below). 

Freesurfer (Dale et al., 1999; Fischl et al., 1999a, 2004) was used to reconstruct from 

individual MRI scans the cortical pial and inflated surfaces, as well as automatic parcellation of 

the cortical surface into anatomical areas (Desikan et al., 2006), after a sulcal-gyral alignment 

process. An average surface for all 20 patients was then generated to serve as the basis of all 3D 

maps. While each cortical SEEG electrode contact’s location was obtained through direction 

correlation of CT and MRI as described earlier in this section, we obtained the cortical 

parcellation labels corresponding to each contact by morphing the Right-Anterior-Superior-

oriented anatomical coordinates from individual surfaces to the average surface space (Fischl et 

al., 1999b). In addition, the nearest vertices on the average surface to the morphed coordinates 

would be identified for subsequent plotting of 2D projections onto the left lateral view (Figures 3 
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and 4). For the 2D projections only, to optimize visualization (i.e. minimize multiple contact 

overlap) while preserving anatomical fidelity, positions of contacts with significant HC-NC GE 

correlation were allowed to shift within a 5 mm radius. All visualizations were created with 

custom scripts in MATLAB 2016b. 

Data collection and preprocessing 

Continuous recordings from SEEG depth electrodes were made with cable telemetry 

system (JE-120 amplifier with 128 or 256 channels, 0.016-3000 Hz bandpass, Neurofax EEG-

1200, Nihon Kohden) across multiple nights (see Table 2.3 in Chapter 2) over the course of 

clinical monitoring for spontaneous seizures, with 1000 Hz sampling rate. The total NREM sleep 

durations vary across patients; while some difference is expected given intrinsic variability of 

normal human sleep duration (Carskadon and Dement, 2010) and clinically assigned sleep 

deprivation, we also confirmed that the percentages of NREM in total sleep from 28 sleeps 

across 16 of our patients were comparable to (i.e. within 2 standard deviation of) normative data 

(Moraes et al., 2014) in terms of N2 and N3 durations. Recordings were anonymized and 

converted into the European Data Format (EDF). Subsequent data preprocessing was performed 

in MATLAB (RRID:SCR_001622); the Fieldtrip toolbox (Oostenveld et al., 2011) was used for 

bandpass filters, line noise removal, and visual inspection. Separation of patient NREM 

sleep/wake states from intracranial LFP alone was achieved by previously described methods 

utilizing clustering of first principal components of delta-to-spindle and delta-to-gamma power 

ratios across multiple LFP-derived signal vectors (Gervasoni et al., 2004; Jiang et al., 2017), with 

the addition that separation of N2 and N3 was empirically determined by the proportion of 

down-states that are also part of slow oscillations (at least 50% for N3 (Silber et al., 2007)), since 
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isolated down-states in the form of K-complexes are predominantly found in stage 2 sleep (Cash 

et al., 2009). 

Hippocampal graphoelement selection 

To identify hippocampal spindles, we applied a previously reported spindle detector 

(Mak-McCully et al., 2017) to hippocampal LFP signals from NREM: a 10–16 Hz bandpass was 

applied to the LFP data, and the analytic amplitude of the bandpassed signal was convolved with 

an average Tukey window of 600 ms. A channel-wise cutoff set at mean +2 s.d. was applied to 

identify local maxima that would be “peaks” of putative spindles, with spindle edges defined at 

50 % of peak amplitude. The putative HC-SS segments were accepted for subsequent analyses if 

they were longer than 400 ms, had less than 14dB power in the nearby frequency bands (4-8 Hz 

and 18-30 Hz), and contained at least 3 unique oscillation peaks with 40-100 ms gaps. 

Hippocampal SWR were obtained as previously described (see Chapter 2), on the basis of 60-

120 Hz power, number of distinct (at least 3) peaks in the HC LFP signal, and similarity to hand-

marked non-epileptic exemplars. Prior to the SWR similarity evaluation, putative ripples were 

also examined for whether a given ripple center falls within a hippocampal spindle duration in 

the same signal; if positive, such ripples were then deemed SSR. Since a single ripple could 

qualify as both SWR and SSR, such a ripple would then be termed SXR where appropriate (e.g. 

Fig. 4.1). 

Cortical graphoelement selection 

Automatic cortical theta burst (TB) detection was performed as previously described 

(Gonzalez et al., 2018): a 5-9 Hz bandpass was applied to the LFP data, and a channel-wise 

cutoff set at mean +3 s.d. was applied to each channel’s Hilbert envelope (smoothed with 300 ms 

Gaussian kernel) to identify local maxima that would be “peaks” of putative TBs, and make 
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start/stop edge cut-offs at mean +1 s.d.. The resulting TBs were only accepted for further 

analyses if their durations fall between 400 ms and 1000 ms, with their number-of-zero-

crossings-based frequency estimate falling within the bandpass frequency range as well.   

Automatic cortical spindle (SS) detection was performed in the same matter as previously 

described for hippocampal spindles. Downstates (DS) and upstates (US) were identified as 

follows: for each cortical LFP signal, a zero-phase eighth order Butterworth filter from 0.1 to 4 

Hz was applied. Consecutive zero crossings of opposite slope separated by 250 to 3000 ms were 

then selected as delineating putative graphoelements. For each putative graphoelement, the 

amplitude peak between zero crossing was computed; only the top 10% of peaks were retained. 

The polarity of each signal was inverted if necessary to assure that DS were negative, as 

confirmed with a high gamma (70-190 Hz) power decrease exceeding 1 dB within ±250 ms of 

the negative DS peaks.  

Experimental design and statistical analysis 

All statistical tests below have α = 0.05 post FDR-correction for multiple comparisons 

(Benjamini and Hochberg, 1995), unless otherwise specified.  

Peri-stimulus time histograms were constructed for each NC-HC channel pair, separately 

for each graphoelement (GE; TB, SS, DS, and US), and for each sleep-stage (N2 or N3), each 

histogram comprising the occurrence times of a given NC-GE during the ±2s interval 

surrounding midpoints of HC-GE (i.e. HC-SSR and HC-SS, see Fig. 4.2 for examples). The 

significance of peaks and troughs in each histogram was tested by comparing them to 

distributions derived from histograms constructed under the null hypothesis of no relationship 

between the NC-GE and HC-GE using the following randomization procedure. Null-hypothesis 

histograms (N=1000) were constructed of NC-GE occurrences relative to a number of random 
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times equal to the number of HC-GEs. For each 200ms time bin with 100ms overlap comprising 

the 4-second trial duration, the actual counts are then compared to the distribution under the null 

hypothesis. 

The latencies of the largest significant peaks identified in the individual histograms 

constructed as described above, were used to create summary histograms for each GE, sleep 

stage, and HC-GE origin in anterior versus posterior HC. These are plotted in Fig. 4.3 and Fig. 

4.S3, and tabulated in Table 4.2. To test if, overall, a given type of cortical graphoelement 

significantly precedes or follows HC-GE, two-tailed binomial tests with chance probability of 

0.5 were performed on the number of channel-pairs with peak latencies in the 2000 ms before vs 

the 2000 ms after the reference HC-GE. Since certain graphoelements, such as cortical theta, 

tend to yield peak latencies centered around zero, we also tested with Kolmogorov-Smirnov (KS) 

tests whether, overall, for a given NC-GE, the distribution of peak latencies significantly related 

to HC-GE differs from chance.  

To evaluate the phase relationship between cortical and hippocampal spindle oscillations, 

we computed phase-locking values (PLV) (Lachaux et al., 1999) between each cortical and 

hippocampal channel pairing over 3-second trials centered on all hippocampal spindle event 

starts in NREM (N2+N3). Only hippocampal graphoelements that overlapped with cortical 

spindle for at least 160 ms were included. We also computed PLV for the same cortical-

hippocampal channel pairs over the same number of trials centered on random times in NREM to 

create a baseline estimate, and for each non-overlapping 50ms time bin, a two-sample t-test was 

performed between the actual PLV and the baseline estimate, with the resulting p-values 

undergoing FDR correction. A given channel pair would be considered significantly phase-

locking if: 1, more than 40 trials were used in the PLV computation, since small sample size is 
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known to introduce bias (Aydore et al., 2013); 2, at least 3 consecutive time bins yield post-FDR 

p-values below 0.05. 

For intra-hippocampal coupling between ripple-frequency amplitude (70-100 Hz) and 

spindle (10-16 Hz) phase, we applied previously published methods for evaluating event-related 

phase-amplitude coupling (ERPAC) and estimating subsequently ERPAC significance over time 

from intracranial LFP data (Voytek et al., 2013). The events were NREM hippocampal spindle 

starts, and each ERPAC trial covers -1000 ms to +1500 ms peri-event. Each trial was also 

marked as either overlapping with NC-SS (by more than one spindle cycle) or not. Statistical 

evaluation of significant coupling was done using permutation tests that kept the actual analytic 

amplitude and phase values at each time point, but randomized the trial labels 1,000 times so that 

the amplitude values are matched to phase values from random trials. To generate the 

comodulogram in Fig. 4.1, we concatenated the hippocampal data across spindle events and 

applied previously published phase-amplitude coupling algorithm (Colgin et al., 2009) 

implemented within the Pactools software package (Tour et al., 2017) under Python 3.6 

(RRID:SCR_008394). 

In order to explore the anatomical distribution of NC-HC GE co-occurrences, we tested 

the following: 1. whether the distribution of significantly SSR- or HC SS-coupled NC sites was 

different from chance for a given HC site; 2. whether the significantly-different-from chance 

distributions of NC sites from 1 would also differ between Ant-/Post-HC site pairs; 3. whether 

the NC sites showing significant HC-NC correlation with one NC-GE type tended to also show 

correlation with another NC-GE type. 

For 1, we performed a chi-square test of homogeneity for each HC site with regard to 

each GE, i.e. for a given patient with multiple NC sites, a 2 x N contingency table was made for 
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each NC site, N being the number of NC sites, one row of table containing the number of NC-GE 

overlapping with (i.e. occurring within 1500 ms of) HC-GE for each NC, the other containing the 

number of NC-GE that do not. A significant chi-square would therefore indicate a significant 

non-random distribution for that particular HC site and NC-GE type. 

For 2, we performed Wilcoxon signed rank tests on the data obtained in 1 to evaluate 

whether for a given NC-GE type (for which 1 yielded significance for both members of an HC 

site pair), the proportions of GE from significantly coupled NC sites that overlapped with Ant-

HC SSR/SS differ from the proportions for Post-HC SSR/SS. Each test required that both 

members of a HC site pair have a significant chi-square test result from 1.  

For 3, we computed the correlation of HC-GE overlap rates for different NC-GE types, 

with each data point of the correlation derived from a different NC site. In addition, we 

computed across NC sites from all patients chi-square tests of independence for whether there 

could be a significant relationship between the anatomical distributions of different GE types’ 

respective NC sites that significantly coupled to HC-SSR/HC-SS. 

We further explored the spatial distribution of NC-HC relationship by tallying the 

proportion of significant HC-NC channel pairs across different NC regions, with respect to 

different NC-GE types and different HC-GE sources (Table 4.5, Table 4.S4). To characterize the 

apparent variability in Table 4.5, we performed 4-way ANOVAs to compare the main effects of 

GE type (TB, SS, DS, US), NREM stage (N2 vs. N3), Ant- or Post-HC origin of HC-GE, and 

NC ROIs (coverage listed in Table 4.S3) as well as the 2-way and 3-way interaction effects 

(Table 4.6, Table 4.S6). Similarly, given the lateralization of human hippocampal function, we 

were interested in examining whether ipsilateral HC-NC channel pairs would show different 

relationships from contralateral pairs across GE types, NREM stages, or NC ROIs. Due to a 
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sparse representation of contralateral channel pairs for individual ROIs, we calculated 

proportions for larger regions by combining both HC and NC sites: Ant-HC and Post-HC 

channels were combined into a single HC category, and the 10 NC ROIs used in previous 

analysis were collapsed into two: “fronto-central” and “non-frontal” (Table 4.S3). We then 

computed for each ROI the proportion of NC channels significantly coupled to HC-GE (Table 

4.S5), and performed 4-way ANOVA as previously described, with the ipsilateral/contralateral 

factor replacing the Ant/Post-HC factor. All post-hoc analyses for both ANOVAs were 

performed with Tukey’s range test. For each ANOVA, we checked the normality assumption by 

conducting the Lilliefors test on the residuals. 

Results: 

In this paper, we considered the hippocampal HC-SS and HC-SSR (HC-GE collectively) 

in humans, and their relationship to NC-GE. We noted above the study of Staresina which 

reported that human ripples occur within the context of spindles rather than sharpwaves in 

humans. We found that indeed, HC-SSR do occur in the human hippocampus, but they are 

preferentially located in the posterior HC sites (Fig. 4.1). Like HC-SWR (see Chapter 3), HC-

SSR were strongly related to the NC-GE (Fig. 4.2, Fig. 4.3). The histograms and brain maps in 

Fig. 4.3 show a strong relationship in stage N2 between posterior HC-SS and NC-TB, DS, SS 

and US. The relative latencies are consistent with the order we have established in earlier studies 

of NC and thalamic GE (Mak-McCully et al., 2017; Gonzalez et al., 2018), i.e. TB→ 

DS→SS→US (Fig. 4.3, Fig. 4.4), and HC-SS tends to coincide with NC-SS (Fig. 4.4). 

Preferential co-occurrence, strong coherence, and phase-locking were noted between posterior 

HC-SS and NC-SS in the posterior parietal and retrosplenial cortices (Fig. 4.5, Fig. 4.6). 

Characterization of human HC-SS and SSR in NREM 
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We identified human HC-SWR, SSR and SS from intracranial recordings and aligned 

them with simultaneously recorded cortical events in NREM sleep, in order to determine if their 

occurrences are related and have a consistent order, and whether their relations change between 

NREM stages N2 and N3, or between anterior and posterior HC sites. Morphologically normal 

ripples were isolated from >24 h continuous recordings in 20 stereoelectroencephalography 

(SEEG) patients with intractable focal epilepsy, with anterior (in 17 patients) and/or posterior 

HC contacts (in 11 patients), and related to sleep NC-GE in 12-30 bipolar recording channels per 

patient. Some ripples were found to co-occur with classical sharpwaves (Fig. 4.1A), and others 

did not (Fig. 4.1B). The latter could sometimes be observed as HC-SSR nestled within HC-SS 

(Fig. 4.1C-F), as previously reported (Staresina et al., 2015). Time-frequency analysis showed 

that, while HC-SWR tended to be surrounded by a broad-band power decrease, HC-SSR and 

HC-SS did not (Fig. 4.1G-I). Similar to NC-SS and HC-SWR, HC-SSR and HC-SS in humans 

were mostly absent in waking (Fig. 4.1J-K, Fig. 4.S1). However, HC-SSR and HC-SS did not 

appear to concentrate in NREM to the same extent as SWRs, in agreement with a recent report 

on human HC-SS in REM (Lestra et al., 2018). Time-frequency plots locked to HC spindle peaks 

yielded ripple power increases that appeared modulated by spindle frequency phase (Fig. 4.1E-

F); this was further supported by intrahippocampal phase-amplitude coupling (Fig. 4.1L). 

We found that, while HC sites produce both HC-SWR and HC-SS/HC-SSR (Table 4.1), 

the occurrence rates (#/min) of HC-SSR were remarkably lower than those of HC-SWR in Ant-

HC (2.049 vs. 11.59 in N2, p = 1.602 x 10-7; 2.523 vs. 17.01 in N3, p = 7.682 x 10-8; two-tailed 

paired t-tests). No similar difference was observed for Post-HC, however (8.053 vs. 6.750 in N2, 

p = 0.4911; 10.00 vs. 10.71 in N3, p = 0.8038; two-tailed paired t-tests). HC-SSR tended to 

occur more often in Post-HC than in Ant-HC (p = 0.0018 in N2, p = 0.0027 in N3, two-tailed 
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two-sample t-tests), and this Post-HC preference was observed for HC-SS as well (2.758 / min in 

Ant-HC vs. 7.537 / min in Post-HC for N2, p = 0.0002; 3.318 in Ant-HC vs. 9.683 in Post-HC 

for N3, p = 0.0004; two-tailed two-sample t-tests) (Fig. 4.1M-P). Transitional forms (“SXR”) 

that were detected as both SWR and SSR constituted a minority of SSR (21.4% in N2 Ant-HC, 

26.9 % in N3 Ant-HC, 9.7% in N2 Post-HC, 13.0% in N3 Post-HC), and the proportion of SXR 

among SSR was greater in Ant-HC than in Post-HC (p = 0.0045 for N2, p = 0.0060 for N3, two-

tailed two-sample t-tests), in line with the SWR rate reduction in Post-HC. Notably, while 

cortical spindles tend to occur more often in N2, we observed an increase in both HC-SS and 

HC-SSR in N3, and this increase was restricted to Post-HC only (p = 0.0752 and p = 0.0857 for 

Ant-HC SSR and SS, respectively; p = 0.0088 and 0.0061 for Post-HC SSR and SS, respectively; 

two-tailed paired t-tests). 

Since HC-SS could co-occur with multiple ripples in different spindle cycles, as could be 

seen in Fig. 4.1D, we tallied the numbers of HC ripples within the duration of HC-SS in N2 and 

N3. We found in our data that up to 9 ripples could occur within one HC-SS in N2 (up to 10 in 

N3), although in both N2 and N3, only ~10% of the HC-SS had 3 ripples or more nestled within. 

Given the potential locality of HC ripples (Patel et al., 2013) and the SS phase modulation of 

high gamma amplitude (Fig. 4.1L), these ripple counts might be underestimates if each spindle 

cycle could contain a ripple. More than half (53% in N2, 57% in N3) of the HC-SS overlapped 

with at least one ripple from the same HC site, and this N2 vs. N3 percentage difference was 

significant (Fisher’s exact test, p < 2.20 x 10-16). Among the population of HC-SS with at least 

one co-occurring ripple, 62% and 69% had more than one ripple within the SS duration for N2 

and N3, respectively. Again, the N2 vs. N3 percentage difference was significant (Fisher’s exact 

test, p = 2.070 x 10-12).  
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Co-occurrence of HC-SS and HC-SSR in anterior and posterior, or left and right HC 

Although initial descriptions of SWR in rodents emphasized their co-occurrence 

throughout the entire extent of both hippocampi (Buzsaki et al., 1992), more detailed studies 

showed that isolated SWR are more common (Patel et al., 2013). The dominant and non-

dominant hippocampal formations of humans are thought to be specialized for verbal and 

visuospatial memory, respectively (Gleiβner et al., 1998; Weber et al., 2006), which might 

predict distinct memory traces and thus low bilateral co-occurrence of HC-GE. Analogously, the 

extent to which HC-SSR and/or HC-SS co-occur within the same hippocampus and/or bilaterally 

ought to be investigated. We found that, for patients (n = 8) with both Ant-HC and Post-HC 

contacts in the same HC, the overlap (i.e. co-occurrence within 50 ms) between Ant-HC and 

Post-HC SSR was 1.6±1.8% in N2, and 1.7±2.3% in N3, compared to chance levels of 

0.59±0.58% in N2 and 0.65±0.73% in N3. In both N2 and N3, the actual mean overlap 

percentage tended to be greater than the mean overlap percentage derived from chance, but not 

significantly so for N3 (p = 0.0418 and p = 0.0674, respectively; one-tailed paired t-tests). 

Similarly, the overlap between Ant-HC and Post-HC SS was significantly greater than chance in 

both N2 and N3 (p = 0.0082 and p = 0.0188, respectively; one-tailed paired t-tests); the mean 

percentages were 3.6±2.8% in N2, and 3.8±3.6% in N3, compared to chance levels of 

0.61±0.37% in N2 and 0.79±0.61% in N3. We also evaluated HC-NC GE overlap in patients (n 

= 4) with bilateral (left and right) HC contacts, placed in either both anterior or both posterior 

HC. In these patients, co-occurrence of SSRs between HC in different hemispheres was 

minuscule: 0.38±0.49% in N2, and 0.73±0.86% in N3. This was much less than that usually 

observed between two contacts within the same HC, and not significantly greater than chance-

derived overlap percentages (0.13±0.13% in N2, 0.30±0.21% in N3) for either N2 or N3 (p = 
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0.1673 and p = 0.1955, one-tailed paired t-tests). Co-occurrence of HC-SS was also rare but 

more frequent than that of HC-SSR: 1.1±0.73% in N2, and 0.90±0.56% in N3. These small 

percentages nonetheless tend to be greater than chance (0.40±0.31% in N2, 0.27±0.13% in N3), 

and significantly so in N2 (p = 0.036) but not in N3 (p = 0.0501, one-tailed paired t-tests). Thus, 

in humans, a small but significant proportion of HC-SSR and HC-SS co-occurs in both anterior 

and posterior hippocampal regions, and only a minuscule (but still greater than chance for HC-

SS) proportion of HC-SS and HC-SSR co-occur in both left and right hippocampi, with the 

differences from chance being greater in N2 than in N3. 

Furthermore, by varying the co-occurrence criterion range between 25 ms and 5000 ms, 

we observed greater-than-chance co-occurrence rates for Ant-HC and Post-HC SSR/SS (as well 

as for left and right HC SSR/SS) initially (Fig. 4.S2), but the actual co-occurrence rate tapered 

off exponentially (i.e. showed linear decay in log-log plots) towards chance level beyond 1000 

ms. For bilateral HC, high variability in the ratio between actual and chance proportions (of 

overlapping HC-GE) was observed, likely due to the relatively small sample size. 

Associations of cortical graphoelements with HC-SSR and HC-SS 

In order to examine the relationship between HC graphoelements (HC-GE, i.e. SS and 

SSR) and cortical activity, different graphoelements (NC-GE, including theta bursts (TB), 

downstates (DS), upstates (US), and spindles (SS)) were identified in simultaneous recordings 

from neocortex (NC) in all lobes. These recording channels were differential derivations between 

adjacent contacts spanning the cortical ribbon, and were thus assured of being locally-generated. 

Detection algorithms have all been extensively validated in our previous studies (Mak-McCully 

et al., 2015, 2017; Gonzalez et al., 2018). To display the regularities in our data, we constructed 

histograms of the occurrence times of each NC-GE (TB onset, SS onset, DS peak, US peak) 
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between each pair of (non-epileptogenic) HC (n = 32) and NC (n = 366) channels (n = 20 

patients). Separate analyses were carried out for stages N2 vs. N3, for HC-GE recorded in Ant-

HC vs. Post-HC, and for HC-NC pairs in the same vs. opposite hemispheres.  

Altogether, there were 598 unique HC-NC pairs (458 ipsilateral, 140 contralateral), and 

16 histograms for each pair (one for each sleep stage, times each of the 4 GE types, for HC-SS or 

SSR), for a total of 9568 histograms. Overall, each of these histograms plots the occurrence 

times of 1386±2565 NC-GEs (+3.86 skewness) with respect to 861±1581 SSRs (+3.57 

skewness) and to 1022±1642 HCSSs (+3.61 skewness); a total of 13.2 million NC-GE events, 

4.12 million HC-SSR, and 4.89 HC-SS were plotted. Detailed breakdown of histogram contents 

by GE types and HC-GE sources (N2 vs. N3, Ant-HC vs. Post-HC, ipsilateral vs. contralateral) 

can be found in Table 4.S1. The striking positive skewness both in general and in specific 

categories (Table 4.S1) suggests that, in addition to high variability in co-occurrence rates of 

NC-GE with HC-SS and with HC-SSR, a small population of histograms may contain a 

disproportionately large number of NC and HC events. For both HC-SS and HC-SSR, across all 

NC-GE types, in both N2 and N3, the NC-HC associations appeared to be more frequently 

involving Post-HC than Ant-HC, as reflected in the elevation of NC-GE counts (Table 4.S1); this 

agrees with our earlier observation that HC-SS and HC-SSR predominantly occurred in Post-HC. 

Of the 598 HC-NC channel pairs, 555 (93%) of all pairs (429 (94%) of the ipsilateral 

pairs and 126 (90%) of the contralateral pairs) had at least one histogram showing a significant 

relationship between the HC-GE and a NC-GE (p<.0.05 post FDR-correction, randomization 

test, see section “Experimental design and statistical analysis” in Methods). The percentages of 

significant ipsilateral and contralateral pairs were not significantly different (Fisher’s exact test, 

p = 0.1888). Of the entire set of 4784 histograms involving HC-SSR and NC-GE, 1247 (26%) 
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showed a significant association; for those involving HC-SS and NC-GE, 2033 (43%) showed a 

significant association, which is significantly greater than the proportion of histograms coupled 

to HC-SSR (p = 1.385 x 10-64, Fisher’s exact test). The significant histograms (examples are 

shown in Fig. 4.2) include all types of NC-GE from channels across all cortical lobes. For HC-

SSR, the peak of the histogram represented a mean increase of 157%, or median increase of 

86.7% above baseline (measured as the mean height of non-significant bins), with standard 

deviation of 250%, and positive skew value of 6.40. For HC-SS, the peak of the histogram 

represented a mean increase of 147%, or median increase of 91.3% above baseline, with standard 

deviation of 220%, and positive skew value of 9.19. The large positive skew values indicate the 

presence of long right tails in the distributions of HC-SSR and HC-SS histogram peak elevations, 

i.e. the presence of a HC-NC channel pair population with much stronger HC-NC GE co-

occurrence than other channel pairs. 

We summarized these data further by constructing histograms of peak latencies from the 

histograms described above. Specifically, we determined the latency of peak occurrence rate 

relative to HC-SSR or HC-SS time for each significant HC-NC-GE histogram, and plotted these 

as a histogram for each NC-GE type, separately for N2 vs. N3 and Ant-HC vs. Post-HC (Fig. 

4.3, Fig. 4.4, Fig. 4.S3, Fig. 4.S4). Each of the 16 histograms of histogram peaks (N2/N3 x 

Ant/Post x 4 NC-GE) for HC-SSR summarizes the significant latencies from 78±41 HC-NC 

channel pair histograms, comprising a total of 1.37 x 105±1.45 x 105 HC-NC events (range 7.18 

x 103-4.04 x 105). Each of the 16 histograms of histogram peaks for HC-SS summarizes the 

significant latencies from 126±63 HC-NC channel pair histograms, comprising a total of 2.46 x 

105±2.07 x 105 HC-NC events (range 1.24 x 104-6.23 x 105). As noted above, N2 and posterior 
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HC sites had more HC-SSR and HC-SS. Results were also summarized by plotting each cortical 

channel after morphing to a standardized brain (Fig. 4.3, Fig. 4.4, Fig. 4.S3, Fig. 4.S4). 

In the summary histograms, significant temporal relationships were found between HC-

SSR and each of the NC-GE types. As shown in Table 4.2, we tested for the presence of a 

significantly non-random distribution of NC-GE peak times with respect to HC-SSR (column 4), 

and found significant results for both N2 and N3, and both Ant-HC and Post-HC, for NC-SS and 

NC-US. NC-TB and HC-SSR were significantly related in N2, but not in N3, possibly due to 

NC-TB being more abundant and more related to NC-DS in N2 (Gonzalez et al., 2018). NC-DS 

and HC-SSR were significantly related in N2 for both Ant-HC and Post-HC, but only for Post-

HC in N3, which may reflect the preference of HC-SSR to occur in Post-HC. Similarly, in the 

summary histograms, significant temporal relationships were found between HC-SS and each of 

the NC-GE types. We also tested for the presence of a significantly non-random distribution of 

NC-GE peak times with respect to HC-SS (column 8 in Table 4.2); we found significant results 

for both N2 and N3, and both Ant-HC and Post-HC, for NC-TB, DS, SS, and US.  

We also examined if the peak latency in the summary histograms between HC-GE and 

NC-GE differed significantly from zero, and computed both the mean of the included HC-NC 

channel pairs (columns 5 and 9 of Table 4.2) and the center of a distribution fitted over the peak 

latencies (columns 6 and 10 of Table 4.2). With HC-SSR, significant effects were found for NC-

TB in N2, which preceded HC-SSR by 398 ms (mean) or 741 ms (fitted). For Ant-HC in N2, 

NC-DS was significantly earlier than HC-SSR by 185 ms (mean) or 575 ms (fitted), while NC-

SS and NC-US latencies were not significantly biased either way (i.e. earlier or later than HC-

SSR). For Post-HC in both N2 and N3, NC-SS was significantly earlier than HC-SSR—by 211 

ms (mean) or 353 ms (fitted) in N2, and by 241 ms (mean) or 425 ms (fitted) in N3—while NC-
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DS was significantly earlier than HC-SSR by 288 ms (mean) or 489 ms (fitted) in N3, but not in 

N2. However, it should be noted that NC-DS distribution appeared bimodal for N2 Post-HC SSR 

(Fig. 4.3B), which likely distorted the mean and distribution peak estimations. The larger pre-

trigger peak of the NC-DS latency distribution for N2 Post-HC SSR, like the NC-DS distribution 

peak in N3, preceded that of the NC-SS latency distribution (~700 ms pre-SSR for NC-DS vs. 

353 ms for NC-SS). Thus, at least among the NC-GE that preceded HC-SSR, there appeared to 

be a reliable sequence of TB-DS-SS for both Ant-HC and Post-HC in N2. Similarly, for Post-HC 

in N3, the TB-DS-SS persisted. Finally, while NC-US were significantly coupled to HC-SSR 

across N2 and N3 for both Ant-HC and Post-HC, there were no significant biases to precede or 

follow HC-SSR, indicating that NC-US tended to co-occur with HC-SSR and were likely to be 

the last in the sequence of NC-GE types we observed, i.e. TB→ DS→SS→US. These 

observations are consistent with previously established order in earlier studies of NC and 

thalamic GE (Mak-McCully et al., 2017; Gonzalez et al., 2018). 

HC-NC GE co-occurrence patterns are anatomically selective 

Since several of our patients have HC contacts in both anterior and posterior parts of the 

same hippocampus, we investigated whether these HC sites have similar or different anatomical 

distributions over NC locations in terms of their preferred associations with different GE types. 

In particular, we asked the following: 1. whether the distribution of significantly SSR/HCSS-

coupled NC sites was different from chance for a given HC site; 2. whether the significantly-

different-from chance distributions of NC sites from 1 would also differ between Ant-HC and 

Post-HC site pairs; 3. whether the NC sites showing significant HC-NC correlation with one NC 

GE type tended to also show correlation with another NC GE type. 
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For 1, we performed a chi-square test of homogeneity for each HC site with regard to 

each GE, and we found that most of the HC sites were indeed coupled to NC-GEs with NC site 

distributions that significantly differ from chance in N2 (Table 4.3, Table 4.S2): out of 32 unique 

HC sites, 24 / 25 were coupled to non-homogeneous distributions of NC sites with significant TB 

to HC-GE relationships, respectively; similarly, 21 / 26 were coupled to NC-SS site distributions, 

22 / 30 were coupled to DS distributions, and 21 / 28 were coupled to US distributions. In 

contrast, out of 32 x 4 = 128 distributions of NC channels showing NC-GE to HC-GE 

association in N3, only 43 were significantly different from chance for HC-SSR, and 61 were 

significantly different from chance for HC-SS. We further confirmed that the proportion of 

significant distributions were indeed significantly greater in N2 for both SSR and HC-SS 

(Fisher’s exact tests, p = 2.754 x 10-8 for SSR, p = 2.212 x 10-10 for HC-SS). 

For 2, we performed Wilcoxon signed rank tests on the data obtained in 1 to evaluate 

whether for a given GE type, the proportions of GEs from significantly coupled NC sites that 

overlapped with Ant-HC SSR/SS differ from the proportions for Post-HC SSR/SS. Each test 

required that both members of a HC site pair have a significant chi-square test result from 1. In 

total, 8 Ant-Post HC pairs were examined. We found that, for all the qualified Ant-Post HC 

pairs, the distributions of significantly associated NC channels for Ant-HC and for Post-HC 

differed significantly (Table 4.4).  

For 3, we computed the correlation of HC GE overlap rates for different NC GE types, 

with each data point of the correlation derived from a different NC site. In addition, we 

computed across NC sites from all patients chi-square tests of independence for whether there 

could be a significant relationship between the anatomical distributions of different GE types’ 

respective NC sites that significantly coupled to SSRs/HCSSs. Remarkably, for all GE type 
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pairs, strong correlations were found (Fig. 4.5A), and the chi-square tests in both N2 and N3 

indicated that NC sites that tended to show significant temporal correlation with SSR/HC-SS for 

one NC-GE type also tended to associate with another NC-GE type (with the sole exception of 

TB vs. SS in N3 with HC-SSR): with regard to HC-SSR, for N2 and N3 respectively, we found p 

= 0.0005 and p = 0.6642 for TB vs. SS, p = 4.319 x 10-6 and p = 6.885 x 10-6 for TB vs. DS, p = 

1.538 x 10-15 and p = 2.775 x 10-6 for TB vs. US, p = 3.509 x 10-5 and p = 0.0094 for SS vs. DS, 

p = 0.0026 and p = 6.130 x 10-5 for SS vs. US, p = 2.506 x 10-27 and 7.927 x 10-14 for DS vs. US. 

Similarly, with regard to HC-SS, for N2 and N3 respectively, we found p = 2.589 x 10-8 and p = 

3.742 x 10-5 for TB vs. SS, p = 5.242 x 10-25 and p = 6.132 x 10-17 for TB vs. DS, p = 2.675 x 10-

23 and p = 5.475 x 10-12 for TB vs. US, p = 0.0053 and p = 4.782 x 10-8 for SS vs. DS, p = 0.0042 

and p = 1.483 x 10-13 for SS vs. US, p = 6.153 x 10-29 and 9.211 x 10-41 for DS vs. US.  

Differences in NC-HC SSR relationship across NC regions, NREM stages, HC sites, and GEs 

While the summaries in Figs. 4.3 and 4.4 and Tables 4.3, 4.4, and 4.5 gave us an 

overview of NC-GE and HC-GE relations, we noted that there appeared to be regional 

differences across NC in the strength of temporal correlations. We also considered the possibility 

that “hot spots” may exist in NC and contribute to the widespread positive skewness in the 

distributions of GE counts across individual NC-HC GE histograms (Table 4.S1). We therefore 

explored the spatial distribution of NC-HC relationship further by tallying the proportion of 

significant HC-NC channel pairs across different NC regions, with respect to different NC-GE 

types and different SSR/HC-SS sources (Table 4.5, Table 4.S4). We then performed two 4-way 

ANOVAs (one for SSR, another for HC-SS) to compare the main effects of NC-GE type (TB, 

SS, DS, US), NREM stage (N2 vs. N3), Ant- or Post-HC origin of HC-GE, and NC ROIs (Fig. 

4.5B, coverage listed in Table 4.S3), as well as the 2-way and 3-way interaction effects. All post-
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hoc analyses were performed with Tukey’s range test. We checked the normality assumption by 

conducting the Lilliefors test on the residuals, and the null hypothesis of normality could not be 

rejected (p = 0.2058 for HC-SSR, p = 0.0935 for HC-SS). Both the ANOVA and post-hoc 

analyses’ results (F-statistics and p-values) are summarized in Table 4.6. 

For the ANOVA performed over proportions of NC channels showing significant NC-GE 

to HC-SSR temporal correlations, all 4 main effects were significant. The main effect for GE 

indicated that some NC-GE were more related to HC-SSR than others. Post-hoc analysis across 

NC-GE types showed that, while the mean proportions of SSR-responsive HC-NC channel pairs 

did not differ between NC-DS and NC-US, they did differ for the rest of NC-GE type pairs. The 

mean proportions were 0.1252 for TB, 0.2822 for SS, 0.3591 for DS, and 0.3874 for US; thus, 

TB and SS were related in a smaller proportion of NC sites to HC-SSR than DS and US were, 

and TB was less related to HC-SSR than SS overall. The significant main effect for NREM 

stage, together with mean proportions of 0.3784 for N2 versus 0.1985 in N3, suggested that more 

HC-NC channel pairs were significantly related to HC-SSR in N2 than in N3. The significant 

main effect of HC-SSR longitudinal origin, and together with mean proportions of 0.2152 for 

Ant-HC and 0.3617 for Post-HC, suggested that more of NC were related to Post-HC SSRs than 

to Ant-HC SSR, in line with our previous observation that the density of HC-SSR was much 

higher in Post-HC than in Ant-HC.  

The significant main effect of NC ROIs indicated that different NC regions were 

coordinated with/by HC-SSR to different extents. When the sum of mean proportions (of NC 

channels significantly coupled to HC-SSR) across NREM stages and Ant/Post-HC for each ROI 

were computed, the NC region with the strongest HC-NC association appeared to be prefrontal, 

followed by cingulate, orbitofrontal, and medial occipito-parietal cortices; in contrast, lateral 
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occipital and lateral temporal regions had the least and second least sum, particularly in N3 (Fig. 

4.5C). Post-hoc analysis across NC ROIs confirmed that, except for lateral temporal, the mean 

proportion for lateral occipital was significantly less than all other NC ROIs. Similarly, 

according to post-hoc analysis, the mean proportion for prefrontal ROI was not significantly 

different from cingulate, orbitofrontal, or medial occipito-parietal, but was significantly greater 

than the rest of the ROIs. 

Except for GE * ROI, all 2-way interaction effects from the SSR ANOVA were 

significant. None of the 3-way interaction effects were significant. The lack of significance for 

GE * ROI interaction suggests that, overall, HC-NC association with respect to different NC-GE 

types tended to involve similar populations of NC channels; this agrees with our previous results 

regarding the significantly more than chance likelihoods of NC sites with multiple GE types 

showing association with HC-SSR, as well as the strong correlations in proportions of different 

types of NC-GE to co-occur with HC-SSR (Fig. 4.5A). However, one cannot exclude the 

possibility of specific ROIs being more involved with one type of NC GE-HC SSR association 

(e.g. NC-SS with HC-SSR) than other ROIs, as we shall demonstrate in subsequent analyses.  

The interaction effect of GE * NREM stage indicated that certain NC-GE type could 

preferentially couple to HC-SSR in N2 and/or N3 compared to other NC-GE types. Post-hoc 

analysis revealed that, in N2, while the DS and US mean proportions were not significantly 

different from each other, they both exceeded TB and SS proportions significantly; in contrast, 

while N3 DS and US mean proportions still did not differ significantly, SS mean proportion in 

N3 also did not differ from those for DS/US. In both N2 and N3, TB mean proportions were 

significantly less than those for other NC-GE types. 
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The interaction effect of GE * HC-SSR longitudinal origin suggested that certain NC-GE 

types could be related to Ant-HC and Post-HC SSRs to different extents. When averaged across 

ROIs and separately for N2/N3, the proportions of significant HC-NC channel pairs were greater 

for Post-HC than for Ant-HC in all NC-GE types, except for TB in N3. For SS, in particular, 

Post-HC proportions were about twice as large as Ant-HC proportions in N2, and about three 

times as large in N3 (Fig. 4.5E). As expected, post-hoc analysis for GE * Ant-/Post-HC 

interaction supported the significant difference between Ant-HC and Post-HC proportions for 

SS, DS, and US (p = 0.0001), but not for TB.  

The interaction effect of NREM stage * Ant-/Post-HC could be observed in Fig. 4.5E 

where, except for NC-TB (where Ant-HC proportion was greater than Post-HC), the degree to 

which Post-HC proportion was higher than Ant-HC appeared less in N2 compared to N3. Post-

hoc analysis confirmed that the difference between Post-HC and Ant-HC proportions was 

significant in both N2 and N3, with the difference between Ant-HC and Post-HC means in N2 

being greater than that in N3 (0.1841 vs. 0.1090). 

Since the interaction effect of NREM stage * NC ROI is significant, certain NC regions 

could be more related to HC-SSR in N2 than in N3, or vice versa. Overall, the proportions of 

significant channels were greater in N2, especially in orbitofrontal and lateral temporal ROIs, 

while cingulate appeared to show the least N2/N3 difference (Fig. 4.5C). Post-hoc analysis 

showed that, as expected, orbitofrontal and lateral temporal ROIs had significantly greater mean 

proportions in N2 than in N3. Similarly, prefrontal, paracentral, and insula all had significantly 

greater mean proportions in N2, while the other (generally more posterior) ROIs showed no 

significant difference either way.  
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Given the interaction effect of Ant-/Post-HC * NC ROI, while both Ant-HC and Post-HC 

SSR appeared to engage the whole cortex (Fig. 4.2A, Fig. 4.3, Fig. 4.S3), some ROIs could 

preferentially communicate with Ant- or Post-HC compared to others. In fact, the mean 

proportions across ROIs appeared higher for Post-HC, only differing in the extent (Fig. 4.5C). 

Post-hoc analysis indicated that significant Ant/Post preference was present for cingulate, 

prefrontal, and medial occipito-parietal, but not for the other ROIs. 

Differences in NC-HC SS relationship across NC regions, NREM stages, HC sites, and NC-GE 

types 

We repeated the analysis described above for HC-SSR, but for HC-SS, and summarized 

the results below (with F-statistics and p-values in Table 4.S6). For the ANOVA performed over 

proportions of NC channels with significant NC-GE to HC-SS temporal correlation, all 4 main 

effects were significant. The main effect for GE suggested that some NC-GE were more related 

to HC-SS than others. Post-hoc analysis across NC-GE types showed that, while the mean 

proportions of HC-SS-responsive HC-NC channel pairs did not differ between DS and US or 

between TB and SS, they did differ for the rest of NC-GE pairs. The mean proportions were 

0.3165 for TB, 0.3160 for SS, 0.5484 for DS, and 0.5658 for US; thus, TB and SS were related 

in a smaller proportion of NC sites to HC-SS than DS and US were. The main effect for NREM 

stage, together with mean proportions of 0.5507 for N2 versus 0.3226 in N3, suggested that more 

HC-NC channel pairs were significantly related to HC-SS in N2 than in N3. The main effect of 

HC-SS longitudinal origin, and together with mean proportions of 0.3826 for Ant-HC and 0.4907 

for Post-HC, suggested that more of NC were related to Post-HC SS than to Ant-HC SS, in line 

with our previous observation that the density of HC-SS was much higher in Post-HC than in 

Ant-HC (Fig. 4.1M-N). All the above effects were comparable to their counterparts in the 
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previous ANOVA regarding HC-SSR, with the exception that NC-SS were significantly more 

related to HC-SSR than NC-TB were, but no such significant difference was observed for HC-SS 

overall. Thus, HC-SSR could involve a subset of HC-SS with preferential coupling to NC-SS. 

The main effect of NC ROIs indicated that different NC regions were coordinated 

with/by HC-SS to different extents. When the sum of mean proportions (of NC channels 

significantly coupled to HC-SS) across NREM stages and Ant/Post-HC for each ROI were 

computed, the NC regions with the strongest HC-NC relationship appeared to be cingulate; in 

contrast, lateral occipital had the least sum (Fig. 4.5D). Post-hoc analysis across NC ROIs 

confirmed that, except for medial temporo-occipital and insula, the mean proportion for lateral 

occipital was significantly less than all other NC ROIs. Similarly, according to post-hoc analysis, 

the mean proportion for cingulate ROI was not significantly different from orbitofrontal or 

prefrontal, but was significantly greater than the rest of the ROIs. These results agree with their 

counterparts from the HC-SSR ANOVA, where lateral occipital was also found to be the least 

involved in HC-NC association, and prefrontal, cingulate, and orbitofrontal were found to be the 

most involved. 

Out of the six 2-way interaction effects from the HC-SS ANOVA, half were significant 

(GE * Ant-HC/Post-HC, GE * ROI, NREM stage * ROI), and the other half were not (GE * 

NREM stage, NREM stage * Ant-HC/Post-HC, Ant-HC/Post-HC * ROI). The lack of 

significance for GE * NREM stage interaction suggests that, overall, HC-NC association with 

respect to different NC-GE types tended to be consistent across N2 and N3. Indeed, regardless of 

NC-GE type, more NC channels show NC-GE co-occurring with HC-SS in N2 than in N3 (Fig. 

4.5F). The lack of significance for NREM stage * Ant-HC/Post-HC interaction suggests that, 

overall, NC association with Ant-HC and with Post-HC was consistent across N2 and N3. This 
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can be observed in Fig. 4.5F for NC-TB and NC-SS, where the relative differences between 

mean proportions of NC channels significantly coupled to Ant-HC and those of NC channels 

coupled to Post-HC were not apparently different; however, the Ant-HC/Post-HC differences 

appeared exaggerated in N3 compared to N2 for NC-DS and NC-US. Thus, a mixture of trends 

across NC-GE types may have contributed to the weak NREM stage * Ant-HC/Post-HC 

interaction effect. The lack of significance for Ant-HC/Post-HC * ROI indicates that HC-NC 

association across ROIs for Ant-HC resembled that for Post-HC regarding HC-SS, despite the 

higher density of Post-HC SS compared to Ant-HC SS. One could thereby propose that the 

relative rarity of HC-SS in Ant-HC might not preclude their importance.  

The interaction effect of GE * Ant-HC/Post-HC indicated that certain NC-GE types could 

be related to Ant-HC and Post-HC SS to different extents. When averaged across ROIs and 

separately for N2/N3, the proportions of significant HC-NC channel pairs were greater for Post-

HC than for Ant-HC for NC-SS in both N2 and N3, for DS in N3, and for US in N3. For NC-SS, 

in particular, Post-HC proportions were about twice as large as Ant-HC proportions in N2, and 

more than twice as large in N3 (Fig. 4.5G). As expected, post-hoc analysis for GE * Ant-/Post-

HC interaction supported the significant difference between Ant-HC and Post-HC proportions 

for SS. In addition, significant difference was found for DS, but not for TB or US.  

Given the significant interaction effect of GE * ROI, certain NC-GE types could be 

related to different NC ROIs more or less often than other NC-GE types. The insula, for instance, 

had greater proportions of channels showing DS to HC-SS and US to HC-SS associations (mean 

proportions across Ant-HC/Post-HC and N2/N3 of 0.5833 and 0.3485, respectively) than TB to 

HC-SS and NC-HC SS associations (mean proportions of 0.2197 and 0.1742, respectively). Post-

hoc analysis showed that, indeed, several ROIs were showing preferential associations of certain 
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NC-GE types with HC-SS, e.g. DS and US were significantly preferred over NC-SS to associate 

with HC-SS for lateral temporal, among others.  

The interaction effect of NREM stage * NC ROI indicated that certain NC regions could 

be more related to HC-SS in N2 than in N3, or vice versa. Overall, the proportions of significant 

channels were greater in N2, especially in orbitofrontal and insula ROIs, while cingulate and 

lateral occipital appeared to show the least N2/N3 difference (Fig. 4.5D). Post-hoc analysis 

showed that, as expected, orbitofrontal and insula ROIs had significantly greater mean 

proportions in N2 than in N3. Lateral temporal, prefrontal, paracentral, and lateral parietal ROIs 

all had significantly greater mean proportions in N2, while the other ROIs showed no significant 

difference either way. Notably, for both HC-SSR and HC-SS ANOVAs, regarding the 

interaction effect of NREM stage * NC ROI, all ROIs involving occipital cortices (medial 

temporo-occipital, medial occipito-parietal, and lateral occipital) showed consistent associations 

with HC across N2 and N3, while orbitofrontal, prefrontal, paracentral, lateral temporal, and 

insula ROIs showed preferential associations in N2. 

Among the 3-way interaction effects, the following two were significant: GE * NREM 

stage * Ant-/Post-HC, and NREM stage * Ant-/Post-HC * NC ROI. GE * NREM stage * Ant-

/Post-HC interaction was present in Fig. 4.5F, where e.g. N2 Post-HC dominated for NC-SS 

relations, and N3 Ant-HC was low for both DS and US. Post-hoc analysis confirmed that the 

mean proportion of NC channels with significant HC-NC SS associations was greater for N2 

Post-HC than for the three other HC-SS sources. Similarly, DS and US were much less likely to 

associate with HC-SS from N3 Ant-HC than with those from other sources. NREM stage * Ant-

/Post-HC * NC ROI interaction was in line with Fig. 4.5D, where N2 Post-HC proportion was 

dominant in some ROIs (e.g. orbitofrontal), while others appeared more balanced (e.g. cingulate, 
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lateral occipital). Post-hoc analysis revealed a more complicated picture, with no ROI showing 

significantly more association with one HC-SS source over all others (e.g. N2 Post-HC over N2 

Ant-HC, N3 Ant-HC, and N3 Post-HC), but some ROIs comes close (e.g. orbitofrontal, p = 

0.1354 for N2 Post-HC vs. N2 Ant-HC, p = 1.138 x 10-5 for N2 Post-HC vs. N3 Ant-HC, and p = 

4.444 x 10-6 for N3 Post-HC). On the other hand, cingulate and lateral occipital ROIs did turn out 

as expected, i.e. no significant differences in HC-NC associations across N2/N3 and Ant-/Post-

HC; medial temporo-occipital was similarly unaffected. 

Relationships between NC-GE and HC-GE in ipsilateral versus contralateral HC-NC channel 

pairs 

Given the well-known lateralization of human hippocampal function (Weber et al., 2006; 

Iglói et al., 2010), we were interested in examining whether ipsilateral HC-NC channel pairs 

would show different relationships from contralateral pairs across NC-GE types, NREM stages, 

or NC ROIs. Due to a sparse representation of contralateral channel pairs for individual ROIs, 

we combined the 10 NC ROIs used in previous analysis into two: “fronto-central”, which 

included the previous cingulate, orbitofrontal, prefrontal, and paracentral ROIs; and “non-

frontal”, which included the previous lateral temporal, medial temporo-occipital, medial 

occipito-parietal, insula, lateral occipital, and lateral parietal ROIs. We then computed for each 

ROI the proportion of NC channels significantly coupled to HC-SSR/HC-SS (Table 4.S5) and 

tallied the numbers of NC channels with or without significant HC-NC associations for each NC-

GE type across N2 and N3 (Table 4.7). 

We checked the normality assumption for ANOVA by conducting the Lilliefors test on 

the residuals; while the null hypothesis of normality could not be rejected for HC-SS (p = 

0.5000), the null hypothesis was rejected for SSR (p = 0.0030). Nevertheless, we could observe 
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in Table 4.7 a consistent reduction in the proportions of NC channels showing significant 

temporal correlation with HC-SSR, by 13-45% for each NC-GE type (separately in N2 or N3) 

from ipsilateral to contralateral, with NC-TB in N3 showing the least drop and DS in N2 

showing the most. Similarly, for HC-SS, we observed a consistent reduction across NC-GE types 

in both N2 and N3; with the exception of NC-TB in N3 (40% drop for HC-SS vs. 13% for HC-

SSR), the ipsilateral-to-contralateral drop (11-20%) in HC-NC association proportions was 

smaller with respect to HC-SS than to HC-SSR. This suggests that spindle phase-modulated HC-

NC communication preferentially take place ipsilaterally, and our subsequent phase-amplitude 

coupling analyses appeared to support this (Fig. 4.6), as we would describe in detail later in the 

Results. 

We performed 4-way ANOVA as previously described for NC-GE to HC-SS 

associations, with the ipsilateral/contralateral factor replacing the Ant-/Post-HC factor. All post-

hoc analyses were performed with Tukey’s range test. All 4 main effects were significant, but 

none of the interaction effects were. As our previous ANOVA already revealed significant main 

effects for NC-GE type and NREM stage, we focused our attention on the remaining two factors 

(i.e. ipsilateral/contralateral and combined NC ROI), which substantially differed from those for 

the previous ANOVA. The main effect of ipsilateral/contralateral channel pair types yielded F = 

12.55, p = 0.0383. and together with mean proportions of 0.454 for ipsilateral and 0.400 for 

contralateral, suggested that more of NC were related to ipsilateral HC-SS than to contralateral 

HC-SS, although the difference was modest. The main effect of ROIs yielded F = 28.90, p = 

0.0126. Since only two ROIs were included in this ANOVA, this result suggested that the more 

frontal/cingulate parts of NC were significantly more likely to show significant associations 
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between NC-GE and HC-SS than the posterior regions (mean proportion of 0.468 for fronto-

central versus 0.386 for non-frontal).  

HC-SS phase-lock to NC-SS and modulate ripple-frequency activity 

A previous report of human HC-SS suggested that scalp-recorded NC-SS could phase-

lock with HC-SS, which modulated ripple activity (Staresina et al., 2015). We observed earlier in 

the results that hippocampal ripples could indeed co-occur with and appeared modulated by HC-

SS (Fig. 4.1C, D, L), and we found widespread NC channels showing significant NC-HC SS 

temporal correlations, particularly in N2 with respect to Post-HC (Fig. 4.4B, Fig. 4.5F). To 

further evaluate spindle-mediated HC-NC coupling, we computed phase-locking values over 3-

second trials where NC-SS overlapped with HC-SS for at least one cycle (examples shown in 

Fig. 4.6A), and computed event-based (“events” being HC-SS) phase-amplitude coupling within 

Ant-HC or Post-HC using HC-SS from all patients in NREM (N2+N3) (Fig. 4.6D). After PLV 

computation, for each non-overlapping 50ms time bin, a two-sample t-test was performed 

between the actual PLV and the baseline estimate, with the resulting p-values undergoing FDR 

correction. A given HC-NC channel pair would be considered significantly phase-locking if: 1, 

more than 40 trials were used in the PLV computation, since small sample size is known to 

introduce bias (Aydore et al., 2013); 2, at least 3 consecutive time bins yield post-FDR p-values 

below 0.05. We found that significant HC-NC SS phase-locking (over 10-16 Hz, with maximum 

PLV ranging from 0.3 to 0.9) could be found across widespread NC regions (Fig. 4.6B, C; Fig. 

4.S5), and maximum PLV tended to be reached at ~300-700 ms after HC-SS onsets.  

We observed a higher density of NC channels showing significant PLV with Post-HC 

than with Ant-HC. In particular, 37% of NC channels phase-locked with HC, and out of this 

channel population, 67% phase-locked with Post-HC in N2, and 70% in N3. For both N2 and 
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N3, this Post-HC preference among NC channels with significant SS PLV was significant 

(Fisher’s exact tests, p = 4.991 x 10-9 for N2, p = 2.377 x 10-7 for N3). While HC-NC SS phase-

locking was observed across NC, only a small proportion had sustained large PLV (e.g. 

rightmost panel of Fig. 4.6A). Specifically, only 3% of all NC channels had a peak HC-NC SS 

PLV value above 0.5; in this small population of high PLV channels, ~70% were parietal (an 

even mix of precuneus/superior parietal and inferior parietal lobule). In addition, for patients 

with both Ant-HC and Post-HC contacts in the same hippocampus, NC channels phase-locked to 

Post-HC tended not to show significant phase-locking with Ant-HC as well (e.g. Fig. 4.6A), 

suggesting that HC-NC coupling mediated by spindle phase could be strongly localized along the 

HC longitudinal axis, which appears in agreement with the rare overlap between Ant-HC and 

Post-HC SSR/SS reported in the beginning of the Results section.  

Remarkably, for the population of NC channels from the 8 patients with multiple HC 

contacts in the same hippocampi, 15 out of 16 (94%) NC channels showing significant SS phase-

locking with Ant-HC also phase-lock with Post-HC significantly in N2, while conversely only 15 

out of 43 (35%) NC channels showing significant SS phase-locking with Post-HC also phase-

lock with Ant-HC; in N3, this Ant/Post imbalance in percentages of concurrently coupled NC 

sites was preserved (7 out of 10 (70%) with Ant-HC vs. 7 out of 24 (29%) with Post-HC). Thus, 

if Ant-HC phase-locks with an NC site, then Post-HC does also, but not vice versa. 

Strong ipsilateral preference for phase-locked HC-NC channel pairs was also observed in 

the patients with bilateral Post-HC contacts, with example PLV plots shown in Fig. 4.6A, where 

the right precuneus preferentially coupled with right Post-HC. Within the channel pairs showing 

significant SS PLV involving Ant-HC, in N2, only 5% were contralateral (thus 95% were 

ipsilateral); in N3, all of the channel pairs with significant PLV involving Ant-HC were 
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ipsilateral. Similarly, for phase-locking channel pairs involving Post-HC, 89% were ipsilateral in 

N2, and 90% were ipsilateral in N3. This strong preference for ipsilateral HC-NC SS phase-

locking is larger than the preference for ipsilateral co-occurrence of HC-SS and HC-SSR with 

NC-GE described above.  

Finally, we computed intra-hippocampal event-related phase-amplitude coupling 

(ERPAC) between spindle (10-16 Hz) phase and ripple (60-120 Hz) amplitude, using previously 

published methods (Voytek et al., 2013). All HCSSs in NREM across all patients were included 

in the computation, separated by longitudinal origin (Ant-HC/Post-HC), with aligned events 

being HCSS starts. As we expected from Fig. 4.1L earlier, we found significant event-related 

modulation of hippocampal ripple amplitude by HC-SS phase (Fig. 4.6D), with the effect being 

much more prominent in Post-HC (two-tailed paired t-test over mean ERPAC values from 0 to 

1000 ms post-trigger, p < 2.20 x 10-16, Cohen’s d = 1.74). 

Discussion: 

In this study, our investigation began with a previously published claim that HC-SSR—

i.e. ripples co-occurring with human hippocampal spindles (HC-SS)—represented a uniquely 

human phenomenon that could play a similar role in memory consolidation as sharpwave-ripples 

(HC-SWR) in animals (Staresina et al., 2015). We noted, however, that Staresina et al.’s site 

selection criteria resulted in their (unremarked) concentration of recordings from the posterior 

hippocampus (Post-HC) which may not be typical of the human HC, whose volume is 

predominantly anterior (Poppenk et al., 2013). In addition, anterior and posterior HC are quite 

distinct in their external connections (Strange et al., 2014). Based on our previous work where 

typical HC-SWR were demonstrated with an anterior hippocampus (Ant-HC) preference (see 

Chapter 2), we propose an alternative interpretation wherein both HC-SWR and HC-SSR exist, 
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but are concentrated in anterior and posterior HC (Post-HC), respectively. We confirm that 

hypothesis here, and demonstrate properties of Post-HC SSR which may distinguish its 

contribution to memory consolidation.  

The presence of human HC-SS itself was known from early intracranial studies 

(Montplaisir et al., 1981) and was considered possibly pathological. However, their non-epileptic 

nature was supported by subsequent reports of HC-SS in animals (Siapas and Wilson, 1998; 

Sirota et al., 2003; Miyawaki and Diba, 2016), human NREM (Malow et al., 1999; Andrillon et 

al., 2011; Carpentier et al., 2017),  and, surprisingly, REM sleep (Lestra et al., 2018)—as we also 

observed (Fig. 4.1). Given the prominent presence and functional relevance of sleep spindles 

(SS) in the neocortex (NC) in NREM sleep (Mednick et al., 2013), particular in stage 2 (N2) for 

humans (Niknazar et al., 2015), the modulation of HC activity by HC-SS and HC-NC SS 

coordination constitute a candidate mechanism for HC-NC information transfer, as proposed by 

Staresina et al., among others (Siapas and Wilson, 1998; Sirota et al., 2003; Staresina et al., 

2015). While our results do provide further evidence for the importance of SSR/HC-SS 

coordination with NC-SS, we also report for the first time the relative dearth of SSR/HC-SS in 

human Ant-HC, and offer further electrophysiological characterizations that set SSR apart from 

SWR, particularly in terms of LFP event morphology (Fig. 4.1) and preferential association with 

posterior cortices (Fig. 4.5, 4.6).  

Animal studies indicated a present but not well defined temporal relationship between 

HC-SWR and NC-SS; while SS could reach the hippocampus via entorhinal cortex and phase-

modulate HC firing (Sirota et al., 2003; Isomura et al., 2006), HC-SWR were typically found to 

precede NC spindles (Siapas and Wilson, 1998; Peyrache et al., 2011). In addition, different NC-

SS and HC-SWR origins might predicate different temporal (and by extension functional) 
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relationship (Buzsáki, 2015). From our results concerning the SSR/HC-SS as HC events 

distinguishable from SWR in morphology and distribution, we propose an alternative resolution 

where HC-SWR tend to precede NC-SS (see Chapter 3) and SSR/HC-SS tend to co-occur with 

NC-SS (Fig. 4.3, 4.4). In support of this, we would like to note that methodology of earlier 

reports on HC ripples being modulated by either HC or NC-SS tends to rely on high-frequency 

power alone and to lack verification of ripples co-occurring with sharpwave waveform, thereby 

likely permits mixed population of SWR and SSR in analyses. (Sirota et al., 2003; Wierzynski et 

al., 2009; Staresina et al., 2015; Maingret et al., 2016; Latchoumane et al., 2017).  

Clemens et al. (Clemens et al., 2011) reported that ripples (including both interictal 

spikes as well as physiological activity) recorded medially to the parahippocampal gyrus are 

phase modulated by parietal scalp spindles. Similarly, Staresina et al. (Staresina et al., 2015) 

found a 5% increase in HC ripple band power +/-250ms to Cz SS center. However, the current 

report appears to be the first to provide the first direct electrophysiological evidence of human 

HC-NC-SS phase-locking. HC and parietal spindles may become phase-locked via the direct 

anatomical connections from CA1 to area 7a, demonstrated in primates (Clower et al., 2001). 

Although pulvinar spindles drive posterior parietal in humans (Mak-McCully et al., 2017), it is 

the nucleus reuniens which projects to the HC in primates (Amaral and Cowan, 1980). In 

humans, spindles modulate cortical firing (Hagler et al., 2018), synergistically with the increase 

associated with the upstate that they ride (Csercsa et al., 2010; Mak-McCully et al., 2017; 

Gonzalez et al., 2018). In rodents, spindles themselves (Seibt et al., 2017), and especially those 

riding on upstates (Niethard et al., 2018), are associated with strong Ca2+ influx in NC pyramidal 

cell apical dendrites, presumably supporting the plasticity observed during these waves (Steriade 

and Timofeev, 2003). Behavioral consolidation in rodents has been found to depend on NC 
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spindles and down-upstates, coupled with each other and with HC-SWR (Maingret et al., 2016; 

Latchoumane et al., 2017). Similarly, scalp SS and SS-US complexes are associated with 

consolidation in humans (Marshall et al., 2006; Mednick et al., 2013; Niknazar et al., 2015). 

The distinctive behavioral contributions of the ventral vs. dorsal HC in rodents, or Ant-

HC vs. Post-HC in humans, have been characterized in multiple ways. In rodents, ventral HC 

lesions impair contextual emotional learning, consistent with its connections with amygdala, 

orbitofrontal, and hypothalamic areas, whereas dorsal lesions impair spatial learning, consistent 

with its connections with retrosplenial and parietal areas (Fanselow and Dong, 2010). Although 

ventral HC neurons also exhibit place fields, they are less frequent and larger than dorsal HC 

(Strange et al., 2014), and the relatively decreased dentate gyrus presence in ventral HC is 

consistent with coarser pattern separation (Poppenk et al., 2013). The anatomical contrasts 

between ventral and dorsal HC in rodents have been confirmed with resting state BOLD 

connectivity measures (Ranganath and Ritchey, 2012). The functional imaging studies are 

generally consistent with greater involvement of anterior HC in learning the gist of events, and 

posterior the details, a characterization perhaps consistent with the broader encoding by its cells 

in rodents (Poppenk et al., 2013; Strange et al., 2014). 

The preponderance of SSR in the posterior HC has not been reported in rodents. Indeed, 

if anything, SWR are more dense and stronger in dorsal than ventral rodent HC (Patel et al., 

2013). This raises the possibility that Post-HC SSR are a species-specific phenomenon in 

humans. In this context, it is interesting that the cortical areas (angular g., precuneus, and 

retrosplenial cortex) strongly phase-locked with Post-HC SSR, as well as the HC itself, are all 

associated with episodic memory, which Tulving (Tulving and Markowitsch, 1998) has argued is 

unique to humans. Lesions restricted to the HC but sparing adjoining temporal cortical areas 
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severely impair episodic memory while allowing declarative memories to be formed (Vargha-

Khadem et al., 1997). Similarly, angular gyrus lesions impair recollective experience without 

necessarily impairing familiarity judgements (Papagno, 2018). Recollective experience is 

correlated with PET and fMRI activation in these areas (Gilmore et al., 2015), as well as unit-

increases (Rutishauser et al., 2017). This has been interpreted as indicating a role of 7a+ in 

directing attention (Davis et al., 2018), or in actually storing details of the memories (Rugg and 

King, 2018). Recollection is also associated with a late parietal positive event-related potential, 

which is dependent on HC integrity (Smith and Halgren, 1989), and correlated across trials with 

Post-HC and retrosplenial BOLD activation (Hoppstädter et al., 2015). HC stimulation can 

induce intense feelings that current experience is being re-lived (déjà vu) as well as vivid 

recollections of previous experiences (Halgren et al., 1978; Curot et al., 2017). 

The ratio of hippocampal to neocortical pyramidal cells is ~1:33 in rats, and ~1:2246 in 

humans (Korbo et al., 1990; West and Gundersen, 1990; West et al., 1991; Pakkenberg and 

Gundersen, 1997). Yet, a central feature of HC-dependent memory is its ability to unify arbitrary 

elements, and this is presumed to require the HC to interact with all or most of the NC 

(McNaughton, 2010). Indeed, we have shown that the HC-SWR co-occur with NC-SS/US across 

widespread cortical areas in all lobes. Furthermore, HC-SWR only occur ~12 times per minute, 

and thus most cortical activity would develop in the absence of HC input. Nonetheless, HC-SWR 

tend to occur at the time of the NC-DS, i.e., at the beginning of the NC-SS and US, and thus can 

set the stage for subsequent elaboration of the NCNC network. Thus, the wide HC→NC 

fanout and low HC-SWR density as well as its timing, might be expected to limit the influence of 

HC input to setting the general context of with respect to NC network evolution rather than its 

precise content. 
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In contrast to Ant-HC SWR, Post-HC SSR produce multiple ripple bursts to a focal 

cortical target during the process of NC cell-assembly. We found that multiple ripples commonly 

occur over the course of a single Post-HC SWR, with their centers separated by ~80ms, 

compared to HC-SWR which are separated by ~5s. Furthermore, in contrast to the co-occurrence 

of HC-SWR with widespread NC areas, Post-HC SSR have a very high level of phase-locking 

with a relatively highly restricted target in area 7a. Finally, the Post-HC SSR provides input over 

a sustained period to the NC, during the SS-US, as opposed to a single punctate input from HC-

SWR at the beginning of the SS-US. Thus, while the HC-SWR input is well-suited to provide 

guiding input to widespread NC areas comprising the “gist” of a recent event, the Post-HC SSR 

may be better suited to impress specific details through repeated inputs to focal NC areas.  

 

Chapter 4, in full, is currently being prepared for submission for publication of the 

material. Jiang, Xi; Gonzalez-Martinez, Jorge; Halgren, Eric. The dissertation author was the 

primary investigator and author of this paper. 
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Figure 4.1: Hippocampal spindles (HC-SS) co-ordinate ripples and are found 

predominantly in posterior HC. A-B. Overlaid average waveforms of HC-SWR (A) and of 

ripples not coupled to sharpwaves (B) across hippocampal contacts from different patients, with 

one representative patient bolded in black for clarity. C. Example LFP trace of a ~14 Hz HC-SS 

(red section), bipolar recording in the posterior HC. D. Expanded time-base plot of the spindle 

shown in C; a 80-90 Hz ripple occurs preferentially at some peaks of the spindle waves. E. 

Example averaged time-frequency plot triggered on the center peak of HC-SS from the same 

channel in C (n=1086).  F. The average LFP of events in E. G-I. Event-related spectral power is 

contrasted for SWR (G), SSR (H), and SS (I) from the same HC site, with corresponding 

average LFP traces below the time-frequency plots. The high frequency ripple burst is seen for 

SWR and SSR but not prominently so in SS. Prolong spindle activity is seen for SSR and SS but 

not SWR. J-K. Example state plots showing the separation of NREM sleep from waking/REM in 

~8-hour LFP recording, using the first principal component derived from vectors (one per 

cortical bipolar SEEG channel) of frequency power ratios (0.5-3 Hz over 0.5-16 Hz) (Gervasoni 

et al., 2004; Jiang et al., 2017). SWR rate (J) and SSR rate (K) are color coded with red intensity, 

and N2/N3 periods are marked with orange/green horizontal lines, respectively. Light blue arrow 

marks the beginning of NREM sleep. L. Phase-amplitude coupling within HC between HC-SS 

phase and ripple amplitude (bandpassed between 50 and 150 Hz). M-P. Distribution of HC-SS 

and HC-SSR occurrence rates in different NREM stages across the HC longitudinal axis. Each 

circle represents data from one hippocampal contact. Red circles indicate contacts in Ant-HC; 

blue circles indicate those in Post-HC. Yellow highlights mark the contacts from interictal-free 

patients. 
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Figure 4.2: Neocortical graphoelements (NC-GE) in relation to HC-SSR (A) and HC-SS 

(B), for example channel-pairs. Each row of histograms is for a different type of NC-GE: theta 

burst onsets (TB), downstate peaks (DS), spindle onsets (SS), and upstate peaks (US). Each 

column of plots shows example histograms with significant temporal correlations between HC-

GE and NC-GE from the same NC region in (from left to right) frontal, temporal, parietal, and 

occipital lobes. Magenta vertical lines indicate trigger (HC-GE) location for the peri-stimulus 

histograms. Orange bars indicate the time ranges with both peak NC-GE occurrence rate and 

significant correlation. 
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Figure 4.3: GEs across NC tend to occur with consistent latencies from HC-SSR. A-B. Top: 

Histograms of peak latencies for HC-NC channel pairs with significant temporal correlations 

between HC-SSR and NC-GE. Each count is the peak latency of a particular HC-NC channel 

pair. Bottom: maps of peak latency between HC-SSR and NC-GE for cortical channels. Circles 

indicate where NC-GE relationships with HC-SSR are significant, while plus signs represent 

non-significant channels. The intensity of each circle corresponds to the strength of HC-SSR to 

NC-GE coupling estimated (as in Fig. 4.2), and the color of each circle indicates peak latency: 

red for NC-GE before HC-SSR, blue for NC-GE after HC-SSR, and yellow for NC-GE co-

occurring with HC-SSR (i.e. within 100 ms of each other). Both hemispheres and medial and 

lateral cortical sites are superimposed in each plot. A. In N2, with Ant-HC SSR as reference, NC-

GE tend to occur in the following order: TB starts → DS peaks ~= SS starts → US peaks. B. In 

N2, with Post-HC SSR as reference, NC-GE tend to occur in the following order: TB starts → 

DS peaks ~= SS starts → US peaks; NC-US peaks tend to co-occur with HC-SSR. 
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Figure 4.4: GEs across NC tend to occur with consistent latencies from HC-SS. A-B. Top: 

Histograms of peak latencies for HC-NC channel pairs with significant temporal correlations 

between HC-SS and NC-GE. Each count is the peak latency of a particular HC-NC channel pair. 

Bottom: maps of peak latency between HC-SS and NC-GE for cortical channels. Circles indicate 

where HC-NC relationships are significant, while plus signs represent non-significant channels. 

The intensity of each circle corresponds to the strength of NC-GE to HC-SS coupling estimated 

(as in Fig. 4.2), and the color of each circle indicates peak latency: red for NC-GE before HC-SS, 

blue for NC-GE after HC-SS, and yellow for NC-GE co-occurring with HC-SS (i.e. within 100 

ms of each other). Both hemispheres and medial and lateral cortical sites are superimposed in 

each plot. A. In N2, with Ant-HC SS as reference, NC-GE tend to occur in the following order: 

TB starts → DS peaks → SS starts → US peaks. B. In N2, with Post-HC SS as reference, NC-

GE tend to occur in the following order: TB starts → DS peaks → SS starts → US peaks. In both 

A and B, NC-SS tend to co-occur with HC-SS, and widespread NC-US tend to follow. 
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Figure 4.5: Strength of HC-NC association shows both correlativity and variability across 

GE types, NREM stages, HC-GE sources, and NC regions. A. Proportions of HC-SSR events 

co-occurring with NC-GE (upper row) or HC-SS events with NC-GE, compared for different NC 

channels across NC-GE type pairs (TB vs. SS, TB vs. DS, etc.). Co-occurrence rates are highly 

correlated between all NC-GE types, especially for DS vs. US. Each marker in a given scatter 

plot panel represents one HC-NC channel pair. Linear regression best fit lines were marked for 

each scatterplot in grey. B. Map of NC ROIs used for analysis (see Table 4.S3). C, D. Stacked 

bar graph of mean significant (evaluated as in Fig. 4.2) HC-NC channel pair proportions with 

regard to all channels found in each ROI. Data in C was obtained by averaging across GE types 

for each SSR origin (different NREM stages and HC contact positions); similarly, data in D was 

obtained by averaging across NC-GE types for each HC-SS origin. E, F. Global (i.e. across all 

NC ROIs) proportions of significant HC-NC channel pairs for HC-SSR (E) and for HC-SS (F). 

Panels C-F share the same color legend.  
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Figure 4.6: Hippocampal spindles phase-lock to neocortical spindles and modulate 

hippocampal ripple activity. A. HC-SS phase-locking with NC-SS tends to be localized along 

the longitudinal axis and prefers ipsilateral HC-NC channel pairs. Each panel shows two traces 

of phase-locking values (PLV); blue trace marks average PLV computed over three-second trials 

with overlapping HC- and NC-SS, centered on the starts of HC-SS; black trace marks average 

PLV computed over an equal number of pseudo-trials centered on random time points in NREM 

(N2+N3). From left to right, panels 1 and 2 show phase-locking to the same NC channel in (left) 

superior parietal cortex; panels 3 and 4 show phase-locking to the same NC channel in right 

precuneus. LA: left anterior. LP: left posterior. RP: right posterior. B, C. 2d projection maps of 

medial (B) and lateral (C) NC channels showing significant spindle phase-locking with HC. Each 

blue circle marks a significant NC channel, with color intensity corresponding to peak PLV 

amplitude. Plus signs mark channels with no significant phase-locking. D. Intra-hippocampal 

event-related phase-amplitude coupling (ERPAC) was computed over all HC-SS in NREM 

across all patients, separated by longitudinal origin (Ant-HC/Post-HC), with aligned events being 

HC-SS starts (red vertical lines), between spindle (10-16 Hz) phase and ripple (60-120 Hz) 

amplitude. Green line segments mark the time segments with significant coupling (p < 0.001). 

 



169 

 

 

 

 

 



170 

 

Figure 4.S1: Example state plot showing the separation of NREM sleep from waking/REM 

in ~8-hour LFP recording and HC-SS occurrence rate (color coded with red intensity) over 

time. N2/N3 periods are marked with orange/green horizontal lines, respectively. Light blue 

arrow marks the beginning of NREM sleep. 
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Figure 4.S2: For both bilateral HC site pairs and Ant-HC/Post-HC site pairs, SSR (A) and 

HC-SS (B) co-occurrence likelihood approaches chance as time window for co-occurrence 

expands. Blue filled circles mark (wrt. left y-axis) the ratios of actual over chance overlap 

proportions, and orange/brown unfilled circles mark (wrt. right y-axis) the corresponding actual 

(orange) and chance (brown) proportions. All axes for each panel are logarithmic. Bilat.: 

bilateral. AP: Ant-HC/Post-HC. 
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Figure 4.S3: DS, SS, and US across NC tend to occur with consistent latencies from HC-

SSR in N3. A-B. Top: Histograms of peak latencies for HC-NC channel pairs with significant 

temporal correlations between HC-SSR and NC-GE. Each count is the peak latency of a 

particular HC-NC channel pair. Bottom: maps of peak latency between HC-SSR and HC-GE for 

cortical channels. Circles indicate where GE-SSR relationships are significant, while plus signs 

represent non-significant channels. The intensity of each circle corresponds to the strength of 

GE-SSR coupling estimated (as in Fig. 4.2), and the color of each circle indicates peak latency: 

red for NC-GE before HC-SSR, blue for NC-GE after HC-SSR, and yellow for NC-GE co-

occurring with HC-SSR (i.e. within 100 ms of each other). Both hemispheres and medial and 

lateral cortical sites are superimposed in each plot. A. In N3, with Ant-HC SSR as reference, NC-

GE tend to occur in the following order: DS peaks → SS starts → US peaks. B. In N3, with Post-

HC SSR as reference, NC-GE tend to occur in the following order: DS peaks → SS starts → US 

peaks. In both A and B, US peaks tend to co-occur with HC-SSR. 
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Figure 4.S4: GEs across NC tend to occur with consistent latencies from HC-SS in N3. A-B. 

Top: Histograms of peak latencies for HC-NC channel pairs with significant temporal 

correlations between HC-SS and NC-GE. Each count is the peak latency of a particular HC-NC 

channel pair. Bottom: maps of peak latency between HC-SS and NC-GE for cortical channels. 

Circles indicate where GE-SS relationships are significant, while plus signs represent non-

significant channels. The intensity of each circle corresponds to the strength of NC-GE to HC-SS 

coupling estimated (as in Fig. 4.2), and the color of each circle indicates peak latency: red for 

NC-GE before HC-SS, blue for NC-GE after HC-SS, and yellow for NC-GE co-occurring with 

HC-SS (i.e. within 100 ms of each other). Both hemispheres and medial and lateral cortical sites 

are superimposed in each plot. A. In N3, with Ant-HC SS as reference, NC-GE tend to occur in 

the following order: DS peaks → SS starts → US peaks. B. In N3, with Post-HC SS as reference, 

NC-GE tend to occur in the following order: TB starts → DS peaks → SS starts → US peaks. In 

both A and B, NC-SS tend to co-occur with HC-SS, and widespread NC-US tend to follow. 
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Figure 4.S5: 2D projection maps of left hemisphere medial (A), left hemisphere lateral (B), 

right hemisphere medial (C), and right hemisphere lateral (D) NC channels showing 

significant spindle phase-locking with HC. Each blue circle marks a significant NC channel, 

with color intensity corresponding to peak PLV amplitude. Plus signs mark channels with no 

significant phase-locking. 
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Table 4.1: List of patient-wise occurrence rates of hippocampal graphoelements. Pt: patient. 

L: Left. R: Right.  
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R
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 H
C

 

S
W
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a
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N

2
 A

n
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S
W

R
 R

a
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, 
N

2
 

P
o

st
. 
 

S
W

R
 R

a
te

, 
N

3
 A

n
t.

  

S
W

R
 R

a
te

, 
N

3
 P

o
st

  

S
S

R
 R

a
te

, 
N

2
 A

n
t.

 

S
S

R
 R

a
te

, 
N

2
, 

P
o

st
. 

 

S
S

R
 R

a
te

, 
N

3
, 

A
n

t.
  

S
S

R
 R

a
te

, 
N

3
, 

P
o

st
. 

H
C

-S
S

 R
a

te
, 

N
2

 

A
n

t.
 

H
C

-S
S

 R
a

te
, 

N
2

, 

P
o

st
. 
 

H
C

-S
S

 R
a

te
, 

N
3

, 

A
n

t.
  

H
C

-S
S

 R
a

te
, 

N
3

, 

P
o

st
. 
 

1 x       11   19   6.3  9.4  5.8  9  

2 x       1.6       0.67    1.7    

3 x x     11 12 24 25 

1.4 3.4 1.4 5.

6 

2.8 5.4 2.6 9.3 

4 x x x   10 4.3 11 4.3 

1.4 3.8 1.1 1.

6 

2.6 5.5 2.4 3.2 

5     x x 21 3.7 38 14 

1.3 7 1.9 9.

9 

1.4 4 1.8 7.2 

6     x x 9 12 15 17 4.6 18 5.2 22 6.1 10 7.6 14 

7 x       11   13   

0.27  0.2

6 

 0.52  0.43  

8     x   19   20   1.2  1.3  1.4  1.9  

9 x x     13 7.9 16 7.2 1.1 7.2 1.5 11 2.2 5.9 2.8 9.3 

10     x   13   18   2.7  2.2  2.7  2.7  

11 x   x x 7.3 7.7 12 12 

0.44 1.1 0.4

9 

1.

5 

1.5 2.4 1.1 2.8 

12       x   5.5   7 

 13.

4 

 19  12  17 

13 x x x   13 6.2 19 4.9 

2.6 8 2.4 8.

2 

3.6 9.8 3 13 

14   x       11   15 

 7  7.

9 

 11  12 

15   x   x   3.6   7.2 

 7.1  8.

6 

 7.2  7.6 

16     x   9.4   11   1.6  2.2  2.2  3  

17 x       23   24   

0.75  0.8

9 

 1.4  1.4  

18 x       7.8   10   1.2  1.1  1.9  1.9  

19 x x     12 2.6 19 6.1 7.7 14 9.7 16 6.6 9.7 9.3 12 

20     x   11   12   1.3  3  2.9  5.6  

mean         12 7 18 11 2.1 8.2 2.8 10 2.8 7.5 3.5 9.8 
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Table 4.2: Relation of HC-GE to NC-GE. Separate values and statistical significance tests 

are shown for NREM sleep stages N2 vs. N3, for anterior vs. posterior HC, and for 

different graphoelements (TB- theta bursts; SS- sleep spindles; DS- downstates; US- 

upstates). Tests indicate if there was a significant association between the times of occurrence of 

the SSR/HCSS and GE (fourth column); if the NC-GE occurred significantly before the 

SSR/HC-SS (negative numbers) or before, when measuring the peak latency as the mean value 

across cortico-HC pairs (fifth column), or as the peak of an extreme value distribution fitted over 

the ±2000 ms histogram-of-histograms in Fig. 3 and in Fig. 3-1 (sixth column). The seventh 

column shows if there is a significant difference in the number of NC-GE occurring 2000 ms 

before vs. 2000 ms after the SSR/HC-SS. Extremely small (< 0.0001) p-values are represented 

by 0 for clarity. 
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Table 4.3: P-values for chi-square tests of homogeneity (α = 0.05 post FDR-correction 

applied over each column), conducted for each HC site with regard to each NC-GE type’s 

coupling to HC-SSR. Ant.: Ant-HC. Post: Post-HC. Cells marked 2.20E-016 are placeholders 

for p < 2.2 x 10-16. # signif.: number of HC sites with a non-homogeneous anatomical 

distribution of significantly coupled NC sites. 
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Table 4.4: Proportions of NC-GE from significantly coupled NC sites that overlapped with 

Ant-HC SSR/SS differ from the proportions for Post-HC SSR/SS. Wilcoxon signed rank 

tests were performed on the data obtained for Table 4. Each test (whose p-value was tabulated 

above) required that both members of a HC site pair must have significant chi-square test result 

from Table 4 (for HC-SSR) or Table 4-1 (for HC-SS); otherwise, the corresponding cell would 

be filled with NA. # signif.: number of significant tests (in total number of qualified patients). 

 

 HC-SSR HC-SS 

Patient NC-TB NC-DS NC-SS NC-US NC-TB NC-DS NC-SS NC-US 

3 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

4 0.0005 3.35E-004 NA 0.0003 0.0005 3.35E-004 0.0005 0.0003 

5 NA NA 0.0003 NA NA NA 0.0005 0.0001 

6 0.0002 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 0.0001 

9 0.0005 NA NA NA 0.0005 0.0005 0.0342 0.0005 

11 4.72E-005 1.39E-005 8.65E-005 NA 2.53E-005 1.39E-005 2.81E-005 1.39E-005 

13 0.0002 0.0002 NA 0.0002 0.0002 0.0002 0.0002 0.0002 

19 NA NA NA NA 0.0002 NA 0.0002 0.0001 

# signif. 6 in 6 5 in 5 4 in 4 4 In 4 7 in 7 6 in 6 8 in 8 8 in 8 
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Table 4.5: Numbers of HC-NC channel pairs by NC regions of interest (ROIs) and 

proportions of HC-NC channel pairs with significant NC-GE/HC-SSR relationships across 

NC. Ant.: Ant-HC. Post.: Post-HC. 
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Table 4.6: Summary of 4-way ANOVA results with respect to NC-GE and HC-SSR 

associations. LO: lateral occipital; LT: lateral temporal; CG: cingulate; OF: orbitofrontal; PF: 

prefrontal; PC: paracentral; MTO: medial temporo-occipital; MOP: medial occipito-parietal; IS: 

insula; LP: lateral parietal. N.S.: not significant (for post-hoc Tukey’s range tests, p > 0.1). 
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Table 4.7: Numbers and proportions of ipsilateral (ipsi) and contralateral (contra) NC 

channels showing significant NC-HC GE coupling. Overall, across all GEs, the proportions of 

significant channels were lower for contralateral than for ipsilateral. 
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Table 4.S1: Summary of events in NC-GE to HC-SSR/SS histograms. Each cell is formatted 

as follows: Mean±Standard Deviation (Skewness). I: ipsilateral. C: contralateral. A: Ant-HC. P: 

Post-HC. 

 

 

G

E                

  

TB SS DS US 

NC-

GE 

HC-

SSR 

HC-

SS 

NC-

GE 

HC-

SSR 

HC-

SS 

NC-

GE 

HC-

SSR 
HC-SS 

NC-

GE 

HC-

SSR 

HC-

SS 

N

2, 

A

, 

I 

209±

246 

(1.7) 

132±

155 

(1.8) 

231±

243 

(1.4) 

227±

326 

(2.6) 

155±

210 

(2.2) 

230±

309 

(2.2) 

753± 

788 

(1.6) 

410± 

419 

(1.6) 

679± 

654 

(1.2) 

774±

801 

(1.8) 

388±

385 

(1.7) 

666±

630 

(1.3) 

N

2, 

A

, 

C 

196±

269 

(2.0) 

130±

214 

(2.6) 

212±

245 

(1.6) 

213±

325 

(2.6) 

142±

233 

(2.4) 

217±

299 

(2.3) 

657± 

791 

(1.6) 

371± 

528 

(1.9) 

597± 

586 

(1.4) 

706±

823 

(2.2) 

361±

499 

(2.0) 

621±

565 

(1.6) 

N

2, 

P

, 

I 

821±

917 

(1.6) 

684±

787 

(1.8) 

759±

805 

(1.2) 

920±

1285 

(2.6) 

759±

989 

(1.9) 

824±

1126 

(2.4) 

2710±

2378 

(0.88) 

1851±

1520 

(0.65) 

2187±

1923 

(0.69) 

2701

±225

8 

(0.77) 

1737

±139

4 

(0.67) 

2083

±175

5 

(0.63) 

N

2, 

P

. 

C 

526±

700 

(1.8) 

451±

589 

(1.5) 

469±

635 

(2.0) 

482±

786 

(2.8) 

413±

702 

(2.8) 

435±

645 

(2.3) 

1850±

2154 

(1.5) 

1343±

1541 

(1.3) 

1434±

1635 

(1.5) 

2037

±234

5 

(1.6) 

1321

±145

7 

(1.2) 

1422

±159

0 

(1.5) 

N

3, 

A

, 

I 

368±

464 

(1.9) 

244±

336 

(2.7) 

377±

408 

(1.4) 

278±

408 

(2.8) 

207±

313 

(3.0) 

262±

339 

(2.2) 

1680±

1897 

(1.9) 

837± 

1012 

(2.3) 

1124±

966 

(1.4) 

1874

±196

6 

(1.7) 

837±

965 

(2.1) 

1148

±923 

(1.2) 

N

3, 

A

, 

C 

243±

277 

(1.6) 

157±

210 

(1.9) 

264±

237 

(1.2) 

258±

327 

(2.1) 

166±

221 

(1.9) 

265±

297 

(1.8) 

980± 

818 

(0.87) 

500± 

491 

(1.2) 

836± 

483 

(0.47) 

1148

±882 

(1.0) 

509±

473 

(1.3) 

902±

430 

(0.67) 

N

3, 

P

, 

I 

1266

±177

6 

(2.3) 

1100

±157

5 

(2.2) 

1095

±143

7 

(2.1) 

1218

±212

5 

(3.7) 

1037

±164

0 

(2.4) 

1045

±176

6 

(3.5) 

5499±

5499 

(1.1) 

3489±

3406 

(0.91) 

3586±

3562 

(1.2) 

6058

±585

1 

(0.97) 

3476

±333

3 

(0.89) 

3586

±345

6 

(1.2) 

N

3, 

P

, 

C 

818±

1105 

(2.0) 

714±

990 

(1.9) 

715±

936 

(2.2) 

711±

1223 

(3.4) 

588±

1078 

(3.4) 

651±

986 

(2.8) 

3926±

4209 

(1.9) 

2606±

2907 

(1.8) 

2661±

2634 

(2.0) 

4709

±459

6 

(1.7) 

2702

±284

5 

(1.6) 

2795

±255

9 

(1.9) 
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Table 4.S2: P-values for chi-square tests of homogeneity (α = 0.05 post FDR-correction 

applied over each column), conducted for each HC site with regard to each NC-GE type’s 

coupling to HC-SS. Ant.: Ant-HC. Post: Post-HC. Cells marked 2.20E-016 are placeholders for 

p < 2.2 x 10-16. # signif.: number of HC sites with a non-homogeneous anatomical distribution of 

significantly coupled NC sites. 
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Table 4.S3: ROIs for statistical analyses of spatio-temporal differences across NC regions 

in NC-SWR relationships. This table is identical to Table 3.S5, but is included again here for 

convenience. 

 

Combined 

ROI 

Original Freesurfer Label(s) 

Lateral 

temporal 

Banks of superior temporal gyrus, inferior temporal, middle 

temporal, superior temporal, temporal pole, transverse temporal 

Cingulate Caudal anterior cingulate, rostral anterior cingulate, isthmus 

cingulate, posterior cingulate 

Orbitofrontal Frontal pole, lateral orbitofrontal, medial orbitofrontal, pars orbitalis 

Prefrontal Caudal middle frontal, pars opercularis, pars triangularis, rostral 

middle frontal, superior frontal 

Paracentral Paracentral, postcentral, precentral 

Medial 

temporo-

occipital 

Entorhinal, fusiform, lingual 

Medial 

occipito-

parietal 

Cuneus, pericalcarine, precuneus 

Insula Insula 

Lateral 

occipital 

Lateral occipital 

Lateral 

parietal 

Inferior parietal, superior parietal, supramarginal 

  

Fronto-

central 

All labels for the following Combined ROIs: Cingulate, orbito-

frontal, prefrontal, paracentral 

Non-frontal All labels for the following Combined ROIs: Lateral temporal, 

medial temporo-occipital, medial occipito-parietal, insula, lateral 

occipital, lateral parietal 
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Table 4.S4: Numbers of HC-NC channel pairs by NC regions of interest (ROIs) and 

proportions of HC-NC channel pairs with significant relationships between NC-GE and 

HC-SS. Ch. pairs: HC-NC channel pairs. Ant.: Ant-HC. Post.: Post-HC. 
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Table 4.S5: Proportions of HC-NC channel pairs with significant GE-SSR or GE-HC SS 

relationships across NC, separated by ROI, NREM stage, NC-GE type, and 

ipsilateral/contralateral NC-HC pairings. ipsi: ipsilateral. contra: contralateral. 
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Table 4.S6: Summary of 4-way ANOVA results with respect to NC-GE and HC-SS 

associations. LO: lateral occipital; LT: lateral temporal; CG: cingulate; OF: orbitofrontal; PF: 

prefrontal; PC: paracentral; MTO: medial temporo-occipital; MOP: medial occipito-parietal; IS: 

insula; LP: lateral parietal. N.S.: not significant (for post-hoc Tukey’s range tests, p > 0.1). 
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