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ABSTRACT OF THE DISSERTATION 

 

Corticothalamic Mechanisms of Non-REM Sleep 

 

by 

 

Rachel Mak-McCully 

 

Doctor of Philosophy in Neurosciences 

 

University of California, San Diego, 2015 

 

Professor Eric Halgren, Chair 

 

K-complexes (KCs), spindles, and slow oscillations characterize non-REM 

(NREM) sleep. Understanding how these large-scale cortical modulations coordinate 

cortical processing requires knowing where and how they are generated and spread. 

However, this is largely unknown, especially in humans.  In this thesis, the interaction of 

the thalamus and cortex in giving rise to these sleep events, in particular the KC, was 

examined using computational modeling and a variety of recordings in humans: scalp 

electroencephalography (EEG), electrocorticography (ECOG), and 



 

xii 
  

stereoelectroencephalography (SEEG).   The overall aim to characterize how the KCs 

arise in the human cortex and how the thalamus may be implicated in this process is 

addressed in three parts.  Chapter 1 presents a novel thalamocortical computational model 

of NREM stage 2 sleep that produces spindles as well as spontaneous and evoked KCs.  

Properties of the model are based on evidence outlined in the chapter from EEG, ECOG, 

and SEEG recordings that KCs may arise synchronously across the cortex.  The model 

suggests the disruption of thalamic spindling via inactivation of the low-threshold Ca
2+

 

current (IT) as a possible mechanism for the production of synchronous KCs.  Chapter 2 

examines the spatial and temporal dynamics of individual KCs measured locally in the 

cortex using SEEG recordings.  This study addresses where KCs occur, how often they 

occur, how large they are in amplitude, whether they co-occur across the cortex, and 

whether they propagate in sequential order across the cortex.  Unlike a previously 

dominant model, this work finds that the KC can start anywhere, and then spread over a 

large or small cortical area, in any direction.  Chapter 3 describes how the downstate 

differentially groups the cortical and thalamic spindle using simultaneous bipolar SEEG 

recordings.  This study finds that the thalamus leads the cortex in the initiation of 

spindles, as well as driving individual spindle waves, while the downstate occurs in the 

cortex before the thalamus.  In sum, the body of work presented here furthers our 

understanding of how corticothalamic mechanisms in humans give rise to stereotyped 

patterns of brain activity during sleep and suggests how these mechanisms may underlie 

the functional role of sleep in the brain. 
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Introduction 

 

Sleep remains one of the greatest mysteries in modern neuroscience.  Despite 

spending about a third of our lives sleeping, many basic questions remain regarding how 

and why we sleep. What are the brain mechanisms underlying sleep processes? (How do 

we sleep?).  And what functional purpose do these sleep processes serve?  (Why do we 

sleep?).  Advances on both fronts have rapidly evolved in recent years, but understanding 

the intricate brain mechanisms of sleep remains critical to ultimately understanding the 

function of sleep.  The body of work presented herein uses computational modeling and 

intra- and extracranial human recordings to investigate the corticothalamic mechanisms 

of NREM sleep, with particular emphasis on the K-complex and slow oscillation 

downstates.            

 

Stages and Graphoelements of Sleep 

The invention of electroencephalography (EEG) by Hans Berger revolutionized 

our ability to understand the relationship between sleep and the brain.  Behaviorally, the 

body appears simply to be at rest during sleep; yet, Alfred Loomis’ laboratory discovered 

by placing electrodes on the scalp of sleeping subjects that very stereotyped patterns or 

‘states’ emerge over the course of sleep (Loomis et al., 1937).  Staging based on scalp 

EEG, electrooculography (EOG), and electromyography (EMG) has been widely 

accepted and adopted to define our modern understanding of sleep stages (Silber et al., 

2007).  Two types of sleep are now recognized: rapid-eye movement (REM) and non-

REM (NREM).  During REM sleep, the scalp EEG records activity similar to wake, with 
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accompanying rapid eye movements and muscle atonia.  NREM sleep is characterized by 

three different ‘graphoelements’: spindles, K-complexes (KCs), & slow oscillations 

(SOs).  Different NREM stages emerge as sleep deepens: stage 1 is characterized by an 

increase in low amplitude 2-7 Hz activity and a decrease in 8-13 Hz alpha activity; stage 

2 is defined by the presence of spindles and KCs; and stage 3 is dominated by SOs 

(Silber et al., 2007).   Sleep spindles are low amplitude 10-16 Hz oscillations, while SOs 

are large amplitude oscillations of approximately 1 Hz.  KCs are isolated downstates 

identical to the downstate of the SO (Cash et al., 2009).  All three of these 

graphoelements—spindles, SOs, and KCs—represent large scale modulations of cortical 

and thalamic activity that involve billions of neurons in characteristic ways.  In normal 

adult sleep, the first part of the night is largely NREM stage 3 (N3), and therefore 

dominated by slow oscillations, while the second part cycles between periods of NREM 

stage 2 (N2), dominated by spindles and KCs, and REM (Diekelmann and Born, 

2010).   Once perceived as a passive state, our modern neuroscientific inquiry into sleep 

centers on understanding the very active process of sleep: its mechanisms and its 

functional role. 

 

The Thalamocortical Loop and its Relation to the Sleep Graphoelements 

The production of these different graphoelements throughout the course of the 

night naturally necessitates an examination of their underlying mechanisms.  For many 

years, the thalamus was thought to be the sole generator of spindles, while the cortex was 

thought to be the sole producer of SOs.  KCs were also assumed, due to their relationship 

to SOs, to have a cortical origin.  Evidence for this dichotomy came largely from 
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decortication studies (Morison and Bassett, 1945; Steriade et al., 1993b; Timofeev and 

Steriade, 1996) which appropriately led to the conclusion that the cortex is critical for SO 

generation and the thalamus is critical for spindle generation.  However, the importance 

of thalamocortical mechanisms for the full expression of these sleep graphoelements has 

re-emerged as an important line of inquiry discussed in Chapters 1 & 3.     

In order to appreciate the possible thalamocortical interactions underlying sleep 

graphoelements, it is important to understand the two firing modes of thalamic neurons.  

Thalamic neurons, both thalamocortical and thalamic reticular, can operate in two modes: 

tonic and burst.  In tonic mode, thalamic neurons fire action potentials.  Underlying the 

burst mode is the low-threshold spike, regulated by the low-threshold Ca
2+

 current, IT, 

and the hyperpolarization-activated cation current, Ih.  At hyperpolarized potentials, Ih 

becomes activated, which sufficiently depolarizes the membrane potential to activate 

IT.  When IT is activated, T channels open, letting Ca
2+ 

into the cell and leading to the 

low-threshold spike.  This low-threshold spike in turn sufficiently depolarizes the 

membrane potential to lead to a burst of action potentials.   

In addition to the two firing modes of the thalamus, the unique inhibitory 

properties of thalamic reticular neurons are also important for understanding the 

thalamocortical mechanisms of sleep graphoelements. The thalamic reticular nucleus is a 

specialized group of neurons sheathed around the thalamus, which only make inhibitory 

connections.  Corticothalamic and thalamocortical neurons synapse onto thalamic 

reticular neurons on their way to or from the cortex.  The reticular nucleus, therefore, 

provides a unique inhibitory mechanism for regulating communication between the 

cortex and thalamus in both directions.  
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In particular, animal and modeling studies have elucidated how these unique 

properties of the thalamus and thalamic reticular nucleus work in tandem to form spindles 

(reviewed in Luthi (2013)).  Burst firing in thalamocortical neurons, which occurs as 

described above from action potentials riding on low-threshold Ca
2+

 spikes, leads to 

depolarization of thalamic reticular neurons, which subsequently inhibit thalamocortical 

neurons.  This hyperpolarization of thalamocortical neurons activates Ih, which leads to 

enough depolarization to activate IT, leading once again to a low-threshold Ca
2+

 spike and 

burst firing.  Burst firing in these thalamocortical neurons, thereby initiates another cycle 

of the spindle by again depolarizing the thalamic reticular neurons.  Evidence that the 

cortex is important for the full expression of spindles include the cortex’s potential role in 

spindle synchronization  (Contreras et al., 1996) as well as spindle initiation and 

termination (Bonjean et al., 2011). 

While the thalamocortical loop appears heavily implicated in the generation of 

spindles, its role in slow oscillation generation has been reevaluated in recent years 

(Crunelli and Hughes, 2010).  The thalamus has been shown to be important for 

maintaining the frequency of the slow oscillation (David et al., 2013) and its 

synchronization (Lemieux et al., 2014).  How the thalamus and cortex interact in the 

generation of the slow oscillation downstate and spindles is the subject of Chapter 3. The 

KC has been assumed to be cortically generated due to its relationship to the SO; 

however the relationship of KCs and SOs is discussed in Chapter 2.  The relationship of 

the KC to the thalamocortical loop, and to spindles, is a main focus of the work described 

in Chapter 1. 
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KC morphology and function 

The Alfred Loomis lab was the first to describe the K-complex in scalp EEG as 

arising spontaneously or in response to a variety of sensory stimuli (Davis et al., 1939).  

Once it became technologically possible to average the signal of several KCs, the KC 

came to be defined  and studied by its morphological components: a defining surface 

negative peak around 550ms, followed in some cases by a rebound surface positive peak 

at ~900ms (Halasz, 2005).  As with event-related potential research in EEG, how the 

shape or the amplitude of the KC components changed with varying conditions could be 

examined to describe the characteristics or purpose of the KC.  For many years, a debate 

in the KC literature revolved around whether the KC was a sleep protective mechanism 

or served a role in information processing.  Halasz (2005) proposed that the early 

components (N200 & P300) were for information processing, while the later components 

(N550 & P300) were protective of sleep.  It is now generally agreed that the KC serves a 

sleep protective role (Colrain, 2005); however, an expanding functional role of the KC is 

discussed below and in the chapters that follow.  

The early observation by the Loomis lab that KCs could occur spontaneously, as 

well as be evoked by a variety of sensory stimuli has also prompted inquiry into the 

differences between spontaneous and evoked KCs.  When measured locally in the cortex, 

however, the neurophysiological characteristics of both spontaneous and evoked KCs are 

found to be identical to the downstate of the slow oscillation, which is a period of 

neuronal silence (Cash et al., 2009).   Indeed, while the first few decades of KC research 

were informed heavily by scalp EEG studies, the limitations of scalp EEG have also 
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introduced ideas about the KC that are being reexamined in light of new methodological 

approaches. 

 

The role of methodology in KC localization 

From scalp EEG studies, the KC appears to be largest in amplitude in frontal 

midline sites (Colrain, 2005), decreasing in amplitude laterally, anteriorly & posteriorly.  

The scalp EEG KC also appeared to occur more or less synchronously across different 

locations.  Scalp EEG, however, represents a summation and cancellation of both local 

and distant generators that are smeared by the skull and scalp, making it difficult to 

determine the location of KC generators in the brain.  In addition, EEG is always 

measured between two points. The assumption that only one is active is crucial for 

interpretation but seldom examined.  A variety of recording techniques have been applied 

in the last 20 years to uncover these KC generators and to examine other properties of the 

KC.  The findings from these different recording methodologies, as well as their relative 

advantages and pitfalls are discussed at length in Chapter 2.  Briefly, while other 

recording methods can localize generators better than scalp EEG, focal intracranial 

recordings in humans offer the best temporal and spatial resolution to answer 

fundamental questions about how and why the KC arises in the brain.   

 

Interrelationship of KCs, Slow Oscillations, and Spindles 

The recent finding from human intracranial recordings that the KC is an isolated 

downstate (Cash et al., 2009) serves as a foundation for the studies presented in the 

following chapters.  The KC as an isolated downstate means that it is identical in 
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neurophysiological properties to the downstate of a slow oscillation and is not part of an 

ongoing oscillation.  The slow oscillation is a series of up and downstates (Steriade et al., 

1993a): during upstates there is an increase in firing, while during upstates there is 

silence.  Csercsa et al. (2010) established using laminar recordings in humans that 

broadband spectral increases characterize the upstate and broadband spectral decreases 

characterize the downstate of the slow oscillation.  Cash et al. (2009) extended these 

findings to determine that the KC is a downstate characterized by a broadband spectral 

decrease.  In addition to being identical to the downstate of the slow oscillation, KCs are 

also hypothesized to become SOs as sleep deepens (De Gennaro et al., 2000).  However, 

as isolated events, the KCs may have properties or generating mechanisms which differ 

from SOs.  This relationship is explored in depth in Chapter 2. 

Like KCs, sleep spindles define NREM stage 2 sleep; however, compared to both 

KCs and SOs, spindles are small amplitude events.  Unlike KCs, which are isolated 

events, spindles are a 10-16Hz oscillation.  Some early studies of the KC counted the 

spindle as a required element, only including KCs crowned by a spindle (Colrain, 

2005).  While the presence of a spindle is no longer required to define a KC, about 70% 

of KCs recorded in scalp EEG are followed by a spindle (Kokkinos and Kostopoulos, 

2011).  While cortical KCs and spindles were thought to have an inverse, or even 

antagonist, relationship, an understanding of the connection between KCs and spindles in 

the human thalamus and cortex is lacking.  The relationship of thalamic spindles to 

cortical KCs is the focus of Chapter 1.  The interrelationship of slow oscillation 

downstates and spindles in both the thalamus and cortex is the subject of Chapter 3. 
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The KC as a local or global sleep phenomenon 

While sleep has been considered a global brain state, accumulating evidence 

shows that different parts of the brain may enter sleep at different times; that some 

regions exhibit wake-like activity during sleep; and that sleep graphoelements may be 

locally produced.  Sleep spindles appear in the thalamus and hippocampus prior to sleep 

onset measured at the scalp (Gucer et al., 1978; Caderas et al., 1982; Sarasso et al., 2014) 

and the thalamus becomes deactivated prior to sleep onset measured locally in the cortex 

(Magnin et al., 2010).   Even after sleep onset, sleep-like and wake-like activity can occur 

concurrently in the brain (Nobili et al., 2011).  The opposite has also been demonstrated: 

Vyazovskiy et al. (2011) found that rats whose behavior and brain activity indicated that 

they were awake showed local downstates characterized by a slow wave event in the 

local field potential corresponding to a silence in firing in the multi-unit activity.   

Even if all parts of the brain are ‘asleep,’ they might not be rhythmically 

synchronized to create a global sleep state; rather, KCs, SOs, and spindles may occur 

locally in different regions of the brain.  Using depth electrode recordings, Nir et al. 

(2011) found both slow oscillations and spindles to be local events (defined as occurring 

in <50% of sampled channels); however, SOs became more local in late sleep while 

spindles became more global.  In contrast, the KC was found to be a global event both in 

early and late sleep, occurring, on average in about 52% of channels.  Ultimately, the 

study concludes that all three NREM sleep events—SOs, spindles, and KCs—operate on 

a continuum between local and global activity.  The production of a global KC is 

examined in Chapter 1 and the question of whether KCs are generated locally or 

globally is explored in depth in Chapter 2. 
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The KC as a synchronous event or a traveling wave 

A related question is whether KCs arise as synchronous events or as propagating 

waves (over small or large areas of cortex).   Early scalp EEG observations of the KC 

seemed to indicate that KCs occurred rather synchronously; however, studies related to 

the SO have confounded interpretation of whether KCs are synchronous or traveling.  

Some animal studies indicated that SOs and KCs are synchronous: SO downstates 

synchronously occur over long distances in anaesthetized cats (Volgushev et al., 2006), 

consistent with the SO synchrony seen over large areas of cortex in naturally sleeping 

cats (Destexhe et al., 1999).  K-complexes recorded in anaesthetized cats and during 

natural sleep also occur simultaneously and in large parts of cortex (Amzica and Steriade, 

1998).  Other animal studies; however, indicated that SOs can propagate across the 

cortex: upstates were found to be traveling waves in anesthetized and unanesthetized rats 

(Luczak et al., 2007) and recordings in ferret slices similarly found SOs to slowly 

propagate (Sanchez-Vives and McCormick, 2000).  An influential paper in humans using 

scalp EEG found that SOs could arise throughout the cortex and travel in different 

directions, but focused the interpretation and promulgation of their results to be that SOs 

travel in anterior to posterior sweeps across the cortex (Massimini et al., 2004).  Many 

SO studies, however, include KCs as part of their SO detections.  Therefore, we examine 

the question of whether KCs themselves are synchronous or traveling in Chapters 1 & 2. 

 

Rethinking the Functional Role of the K-complex  

In recent years, the functional role of the sleep graphoelements (spindles, SOs, 

and KCs) has been reexamined.  Whereas it was previously debated whether the KC 
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played a role in either information processing or sleep protection, the KC as a sleep 

protective mechanism may underestimate the complete functional role of the KC during 

sleep.  In conjunction with the SOs and spindles, the sleep graphoelements may be 

critical for the restorative processes of sleep, memory replay, and memory consolidation.  

These potential functional roles are discussed in Chapter 3.   

While accumulating evidence suggests the important role of sleep graphoelements 

in memory, a fuller understanding of their generating mechanisms can confirm and 

further elucidate their role in these critical memory processes. In the chapters that follow, 

the mechanisms underlying downstates and the KC, in particular, are explored in order to 

address such questions as:  Where is the KC locally generated?  Can KCs occur 

independently in a focal manner or do they arise globally across the cortex?  If they are 

global, do KCs occur synchronously across the cortex or arise as a traveling wave?  If 

KCs can arise synchronously across the cortex in a widespread manner, what mechanism 

would allow such coordinated inhibitory activity?  What is the role of the thalamus in KC 

generation?  And more broadly, what is the interaction of downstates and spindles in the 

thalamus as they relate temporally and spatially to downstates and spindles in the cortex? 
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Abstract  

Sleep spindles and K-complexes (KCs) define stage 2 NREM sleep (N2) in 

humans. We recently showed that KCs are isolated downstates characterized by 

widespread cortical silence. We demonstrate here that KCs can be quasi-synchronous 

across scalp EEG and across much of the cortex using electrocorticography (ECOG) and 

localized transcortical recordings (bipolar SEEG). We examine the mechanism of 

synchronous KC production by creating the first conductance based thalamocortical 

network model of N2 sleep to generate both spontaneous spindles and KCs. Spontaneous 

KCs are only observed when the model includes diffuse projections from restricted 

prefrontal areas to the thalamic reticular nucleus (RE), consistent with recent anatomical 

findings in rhesus monkeys. Modeled KCs begin with a spontaneous focal depolarization 

of the prefrontal neurons, followed by depolarization of the RE. Surprisingly, the RE 

depolarization leads to decreased firing due to disrupted spindling, which in turn is due to 

depolarization-induced inactivation of the low-threshold Ca
2+

 current (IT). Further, 

although the RE inhibits thalamocortical (TC) neurons, decreased RE firing causes 

decreased TC cell firing, again because of disrupted spindling. The resulting abrupt 

removal of excitatory input to cortical pyramidal neurons then leads to the downstate. 

Empirically, KCs may also be evoked by sensory stimuli while maintaining sleep. We 
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reproduce this phenomenon in the model by depolarization of either the RE or the 

widely-projecting prefrontal neurons. Again, disruption of thalamic spindling plays a key 

role. Higher levels of RE stimulation also cause downstates, but by directly inhibiting the 

TC neurons.  SEEG recordings from the thalamus and cortex in a single patient 

demonstrated the model prediction that thalamic spindling significantly decreases before 

KC onset. In conclusion, we show empirically that KCs can be widespread quasi-

synchronous cortical downstates, and demonstrate with the first model of stage 2 NREM 

sleep a possible mechanism whereby this widespread synchrony may arise.  

 

Author Summary 

EEG in the most common stage of human sleep is dominated by K-complexes 

(KCs) and sleep spindles (bursts of 10-14Hz oscillations) occupying the thalamus and 

cortex. Recently, we discovered that KCs are brief moments when the cortex becomes 

almost completely silent. Here, using recordings directly from the cortex of epileptic 

patients, we show that KCs can be quasi-synchronous across widespread cortical areas, 

and ask what mechanism could produce such a phenomenon. We created the first 

network model of realistic cortical and thalamic neurons, which spontaneously generate 

KCs as well as sleep spindles. We showed that the membrane channels in the reticular 

nucleus of the thalamus can be inactivated by excitatory inputs from the cortex, and this 

disrupts the spindle-generating network, which can trigger widespread cortical silence. 

The model prediction that thalamic spindle disruption occurs prior to KC was then 

observed in simultaneous recordings from the human thalamus and cortex. Understanding 
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the cellular and network mechanisms whereby KCs arise is crucial to understanding its 

roles in maintaining sleep and consolidating memories.  

 

Introduction   

The EEG during deep non-rapid eye movement sleep (NREM stage N3) is 

dominated by very large slow oscillations (SO) at ~1 Hz. Intracellular recordings show 

that the SO represents alternating ‘upstates’ when neural activity is comparable to 

waking, and ‘downstates’ when most pyramidal (PY) and interneurons (IN) stop firing 

and synaptic activity is very low (Steriade et al., 1993a; Bazhenov et al., 2002; Destexhe 

and Sejnowski, 2003). The same pattern is observed in humans where the cortical silence 

during downstates is reflected in a severe drop in high gamma power (Csercsa et al., 

2010). The most common sleep stage is N2, a lighter form of NREM sleep, characterized 

by K-complexes (KC) and sleep spindles. Recently, it was shown that the main 

component of the KC is the cortical downstate, occurring in relative isolation, i.e., 

without a preceding upstate (Cash et al., 2009). The fact that the KC can be evoked by a 

weak sensory input, and reflects cortical inactivity, supports a role for the KC as a sleep 

protective mechanism, suppressing arousal in response to stimuli that are judged by the 

sleeping brain to be safe (Colrain, 2005; Halasz, 2005). In addition, KC, SO, and sleep 

spindles have been observed to reflect the hippocampal-cortical interaction during 

memory replay and may play a critical role orchestrating the consolidation of temporary 

episodic memories into the permanent semantic store (Diekelmann and Born, 2010; 

Molle et al., 2011).  
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SOs are ubiquitous in mammalian sleep, allowing their neural substrate to be 

well-delineated. The occurrence of SOs in the undercut cortex (Timofeev and Steriade, 

1996) and in cortical slices (Sanchez-Vives and McCormick, 2000; Timofeev et al., 

2000), suggests that intracortical mechanisms are critical for SO generation. During the 

SO, possible mechanisms for the downstates that follow upstates include synaptic fatigue, 

active K
+
 currents, or synaptic inhibition (Metherate and Ashe, 1993; Timofeev et al., 

2000; Bazhenov et al., 2002; Compte et al., 2003; Cunningham et al., 2006; Chen et al., 

2012). However, these mechanisms inadequately explain the KC origin because they 

depend on a preceding upstate which typically does not occur before the KC. In these 

mechanisms, the downstates of the SO not only arise locally as a consequence of the 

upstate, but it is the upstate which spreads and the spread of the downstate is again 

dependent on a preceding upstate which is not present before the KC. This spread of SO 

upstates is modeled as carried by local excitatory cortico-cortical connections, and thus 

comprise travelling waves. Travelling waves have been observed in an in vitro model of 

SO (Compte et al., 2003), and have been inferred to travel from prefrontal to posterior 

cortex based on scalp EEG during SO (Massimini et al., 2004). Since the KC is identical 

to an isolated component of the SO, it has often been assumed that it also is a cortico-

cortical travelling wave. On the other hand, qualitative descriptions of KCs in EEG 

suggest that they appear quasi-synchronously across the scalp (Colrain, 2005; Halasz, 

2005). Since this issue is crucial for constraining mechanistic models of the KC, we first 

examined it quantitatively before constructing our model. Using scalp EEG, we 

confirmed earlier reports that KCs can appear quasi-synchronously across frontal and 

posterior sites. However, the scalp KC is comprised of multiple overlapping EEG 
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components whose overlap could affect their apparent latencies. Thus, we confirmed the 

EEG findings with widespread recordings directly from the pial surface (ECOG) as well 

as recordings from electrode pairs that span the cortex (bipolar SEEG). Although KCs 

were not absolutely synchronous across the cortical surface, their relative latencies 

between distant locations were too short to be consistent with current models of cortical 

travelling waves, and we therefore define them as quasi-synchronous. 

In addition to KCs, N2 is characterized by sleep spindles, which are waxing and 

waning bursts of 10-14Hz oscillations, each lasting ~1s. Like KCs, scalp EEG also 

suggests that sleep spindles are widely synchronous, but simultaneous 

magnetoencephalographic and intracranial recordings have demonstrated multiple 

asynchronous generators (Dehghani et al., 2010; Dehghani et al., 2011; Nir et al., 2011). 

Unlike KCs, spindles can be generated by the isolated thalamus (Contreras et al., 1996) 

through the interaction of GABAergic thalamic reticular nucleus (RE) neurons and 

excitatory thalamocortical (TC) neurons, reinforced by intrinsic currents (von Krosigk et 

al., 1993). Burst firing of RE neurons hyperpolarizes TC neurons, deinactivating IT, and 

inducing rebound burst firing that excites RE neurons, triggering another cycle. Although 

spindles and KCs/SOs can thus be generated by the isolated thalamus or cortex, 

respectively, the close anatomical and physiological integration of these structures 

suggests that both are involved in generating, and especially synchronizing, both 

phenomena (Contreras et al., 1996; Crunelli and Hughes, 2010; Bonjean et al., 2011; 

Timofeev and Chauvette, 2011; Bonjean et al., 2012; Caporro et al., 2012; Jahnke et al., 

2012; David et al., 2013; Gardner et al., 2013).   
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In sum, recent evidence has shown that KCs are isolated states of profound 

thalamocortical silence, which can appear quasi-synchronously across both hemispheres 

and multiple lobes. What mechanism could produce such a phenomenon? As we noted 

above, current models of the SO are not sufficient because the downstates are triggered 

by preceding upstates in these models, but KCs are not preceded by upstates. Further, 

these models do not predict that downstates will be synchronous, but that they will spread 

like a wave across the cortical surface. These models also do not include the thalamus 

(thus preventing the potential synchronizing effects of the thalamocortical interactions to 

be assessed), and they do not include spindles, which commonly occur in close proximity 

to KCs during N2. Finally, given the crucial roles that the H and T currents play in 

generating thalamocortical sleep rhythms, it is essential that they be included in models 

for these phenomena. Here we describe the first such model, including both the thalamus 

and cortex, which produces spindles, as well as spontaneous and evoked KCs. In the 

model, the same limited number of RE, TC, PY, and IN cells are interconnected in local 

and distant feedback and feed forward loops, as is typically observed in vivo (Bazhenov 

et al., 2002). However, in some simulations we also included connections from a limited 

set of PY neurons to all of the RE neurons, reflecting the recent anatomical finding in 

rhesus monkeys, that PY neurons in areas 46, 13, and 9 are unique in projecting widely to 

the RE neurons (Zikopoulos and Barbas, 2006).  Activation of these PY neurons would 

widely excite RE neurons, thus inhibiting TC neurons; the sudden removal of tonic TC 

drive would trigger a widespread synchronized cortical KC.  

Using a detailed conductance based thalamocortical network model of N2, we 

find that, indeed, these widespread RE connections from a limited PY region are 
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necessary for spontaneous KCs to occur. Furthermore, applied depolarization of this focal 

prefrontal area does lead to a KC, as predicted, but it is via an unexpected mechanism: 

RE depolarization inactivates IT, thus disrupting thalamic spindles, which removes tonic 

thalamocortical excitation.  In order to test the robustness of the model’s predictions for 

empirical data, we analyze rare human recordings made simultaneously from the cortex 

and thalamus during NREM sleep and find that a drop in thalamic spindling precedes the 

prefrontal KC.  In summary, this paper presents the first comprehensive computational 

neural model of stage N2 sleep, and demonstrates, using a combination of modeling and 

empirical observations, a possible mechanism whereby an interaction of network and 

channel properties results in quasi-synchronous cortical downstates (KCs), triggered by 

the interruption of thalamic spindling. 

 

Results  

First, we present evidence from scalp EEG and direct cortical recordings that help 

place constraints on the model.  Scalp EEG demonstrates that KCs can be quasi-

synchronous over the scalp and direct cortical recordings show that evoked and 

spontaneous KCs can be quasi-synchronous over much of the cortical surface in humans. 

Second, we describe the KCs produced spontaneously by the thalamocortical model when 

the cortex contains neurons which project diffusely to RE, and how the rate of KCs 

depends on the strength and number of such connections. The mechanism whereby KCs 

arose was studied in the model by examining different intracellular and network 

parameters associated with the spontaneous KCs, as well as those associated with KCs 

evoked by direct depolarization of RE neurons or by stimulating the cortical neurons 
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projecting diffusely to RE. The model KCs resulted from removal of cortical excitation 

when TC neurons stopped firing. Although this can result from inhibitory input from RE 

neurons that are strongly stimulated, in most cases direct or indirectly-induced 

depolarization of RE neurons resulted in decreased firing of both RE and TC neurons by 

disruption of spindling, a consequence of inactivation of IT.  Third, as an empirical test of 

the model’s predictions, we report a single patient with simultaneous direct thalamic and 

cortical recordings showing spindling in the human thalamus that is disrupted before the 

KC.
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Figure 1.1: Quasi-synchrony and topography of spontaneous and evoked KCs in EEG 

and ECOG.  A, An individual spontaneous KC shows quasi-synchrony over frontal, 

central, and occipital scalp EEG channels.  Overlaid channels participating in the KC are 

color-coded by scalp position: frontal channels in green, central in pink, and occipital in 

purple.  There is no evidence of a systematic propagation of green frontal to purple 

posterior channels. The vertical black line is plotted at the time point where there is a 0ms 

delay in the timing of the most negative peak of the KC in channels across the anterior to 

posterior axis: Fp1, Fpz, F1, Fc2, C4, Po3, and Po8.  B, Almost all ECOG channels show 

a quasi-synchronous surface negative potential at the time of a single spontaneous KC 

detected at the scalp.  The left plot depicts the color coded local field potentials while the 

right plot depicts the waveforms of this KC. Regions listed are: temporal pole 

(TempPole), lateral occipital (LatOc), anterior orbitofrontal (antOrbF), anterior prefrontal 

(antPreF), and ventral occipital (VenOc). C, Both spontaneous (black) and evoked (red) 

KCs in ECOG are characterized by a quasi-synchronous and widespread surface 

negativity. KCs were averaged over trials on the most negative peak of the KC as 

detected at the pictured scalp EEG electrode, C4.  Waveforms are the average of 86 

spontaneous (black) and 42 evoked (red) KCs. Patient is the same as in B. D, Traces of 

KC averages from all channels pictured in C are superimposed to demonstrate the 

regularity of the waveforms across sites. E, On both an average and single trial basis, 

spontaneous and evoked KCs show similar topographical profiles that are quasi-

synchronous across the cortex. The scalp EEG electrode and ECOG channels from across 

the cortex (selected to be maximally far apart) are pictured for the averaged spontaneous 

or evoked KC, as depicted in C & D, as well as a single trial. The vertical black line 

indicates time zero of the most negative peak of the scalp KC on the average (left) and 

the single trial (right).  Channel location regions listed are the same as in B. 
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Empirical measures 

KCs measured with scalp EEG do not always show a systematic propagation from 

anterior to posterior channels 

The prevailing view in the field is that slow oscillations propagate systematically 

in an anterior to posterior direction via a cortico-cortical mechanism, and it has often 

been assumed that KCs travel in the same manner.  We demonstrate here with a 

spontaneous KC measured using scalp EEG that this systematic front-to-back 

propagation is not the rule for all KCs (Figure 1A).  Figure 1A shows the overlay of all 

scalp EEG channels participating in the KC from a healthy control subject.  KC 

waveforms are color-coded to indicate their frontal (green), central (pink), or occipital 

(purple) positions.  There is no evidence of a systematic propagation from anterior to 

posterior, as would be visualized as a progression from green to pink to purple channels.  

Furthermore, the vertical black line marks the time point where the following channels, 

which span the anterior to posterior axis, appear absolutely synchronous (i.e. a 0ms delay 

in the timing of the most negative peak of the KC, at a resolution of 1.7 ms): Fp1, Fpz, 

F1, Fc2, C4, Po3, and Po8.  The average latency delay of the most negative peak of the 

KC in frontal channels compared to the most negative peak of the KC in occipital 

channels is ~8ms.  As the signal from scalp EEG is smeared by the skull, and latencies of 

individual components can be shifted by overlapping components, we do not undertake a 

systematic investigation into the travelling versus quasi-synchronous KCs as measured in 

scalp EEG.  Rather, we quantitatively investigate the existence of quasi-synchronous KCs 

using direct cortical recordings, as outlined below.   
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Evoked and spontaneous KCs are downstates occurring quasi-synchronously across 

much of the cortex  

Intracranial recordings were obtained from patients undergoing evaluation for 

their epileptogenic focus: Patient 1 had ECOG grid electrodes on the pial surface, and 

Patients 2 to 4 had exclusively cortical SEEG.  We examined KCs using both of these 

recording techniques and found that KCs are: quasi-synchronous, widespread across the 

cortex, and that spontaneous and evoked have similar morphologies and topographies.  

We compared the distribution and synchrony of evoked and spontaneous KCs 

across the cortex using ECOG in Patient 1 (Figure 1B-E). In the single spontaneous KC 

shown in figure 1B, almost all ECOG channels show a near-synchronous negativity at the 

time of a KC chosen on the C4 scalp electrode. This widespread and tightly synchronized 

negativity is apparent in both the time-voltage plot (where each line represents color 

coded voltage across time of a single channel Figure 1B, left), and the superimposed KC 

waveforms across all channels (Figure 1B, right).  

Figure 1C compares the distribution and synchrony of averaged spontaneous 

(black waveforms, n=86) and evoked (red waveforms, n=42) KCs across the cortex using 

ECOG grid electrodes from the same patient.  Of 54 tones delivered, 42 (~78%) resulted 

in an evoked KC. Both spontaneous and evoked KCs were detected on C4 and averaged 

on the most negative peak of this scalp channel.  Both evoked and spontaneous KCs are 

characterized by a quasi-synchronous surface negativity that is widespread across the 

cortical surface (Figure 1C).  Superimposed averaged traces from all channels 

demonstrate the similar topography of both types of KCs, implying they have the same 

generators (Figure 1D).  This was tested statistically by calculating the correlation 
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coefficient in the peak amplitudes between spontaneous and evoked KCs across the 71 

channels: R was found to be 0.94.  In Figure 1E, the scalp EEG channel and ECOG 

channels selected to represent the most distant relative locations across the cortex are 

enlarged to depict the similar and quasi-synchronous spontaneous and evoked 

morphologies that occur for both averaged and single trial KCs.   The vertical black line 

demarcates the KC peak in the scalp EEG channel. Relative to this time, the peak 

latencies of the displayed channels for the spontaneous (black) KC peaks ranged from -

15.6ms to 7.8ms (mean 0ms) for the average, and from -7.8ms to 7.8ms (mean 3.1ms) for 

the single trial. In particular, the latency difference between the anterior prefrontal 

channel (antPreF) and the lateral occipital (LatOc), which represent the most distant 

anterior-posterior sites of the selected channels, was 3.9ms on average and 0ms on a 

single trial basis.  The peak latencies for the evoked (red) KC peaks ranged from -7.8ms 

to 7.8ms (mean -0.8ms) for the average, and from -11.7ms to 11.7ms (mean 1.6ms) for 

the single trial. For the evoked KCs, the latency difference between antPreF and LatOc 

was also 3.9ms for the average and 0ms for a single trial.  The quasi-synchrony of the 

average ECOG peaks demonstrates that KCs do not show a regular delay between 

prefrontal and posterior sites that is comparable to that which has been reported for the 

SO in the scalp EEG (~120ms, (Massimini et al., 2004)). Since the quasi-synchrony can 

also be observed in single trials, the lack of large latency differences in the average peaks 

is unlikely to be due to KCs slowly propagating on each trial, but in different directions, 

which would thus be masked in the average.  

As is evidenced by the large differences between adjacent ECOG contacts, ECOG 

is thought to mainly reflect the immediately underlying cortex. However, it is subject to 
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reference effects as well as volume conduction (Klee and Rall, 1977). In order to obtain 

unambiguously focal cortical recordings, we examined SEEG depth electrode trajectories 

to identify successive contacts on the same probe, with one above the cortical gray matter 

in the CSF, and the other just below it in the white matter. Often the external electrode 

was in the subarachnoid space just lateral to the cortical surface, but in some cases it was 

medial to midline cortex (i.e., just lateral to the falx cerebri), or within a vertically-

trending sulcus. We calculated the transcortical local field potential (LFP) by subtracting 

the SEEG recorded by the electrode below the gray matter from that recorded by the 

electrode above it. These contacts were selected to measure transcortical LFP in order to 

have a very focal recording of local activity.  
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Figure 1.2: Bipolar SEEG recordings illustrate widespread spontaneous KC quasi-

synchrony across lobes and hemispheres. Single spontaneous (dashed lines) and averaged 

(solid lines) KCs detected on Fz for each patient and computed for each selected pair of 

bipolar contacts. The color of each waveform corresponds to the colored arrow indicating 

its location on the reconstructed hemispheres and coronal MRI sections for each patient.  

A, A single trial and the average of 70 KCs for Patient 2 with contacts across the frontal, 

temporal, and parietal lobes. On average, there is a 32ms delay between the anterior 

(inferior frontal sulcus, LbiFg) and posterior (angular gyrus, LAng) channels shown by 

the yellow arrows.  B, A single trial and the average of 129 KCs for Patient 3 with 

contacts in both hemispheres.  The yellow arrow marks mirrored locations in the left and 

right superior frontal gyrus (RsFg and LsFg), which have an average KC peak latency 

delay of 2ms.   C, A single trial and the average of 172 KCs for Patient 4 with contacts in 

both hemispheres for subfrontal and frontal regions.  In mirrored sites in the left and right 

precentral sulcus (LpCs and RpCs), highlighted by the yellow arrow, there is an average 

18ms peak latency difference. 
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In Figure 2, spontaneous KCs were analyzed using exclusively cortical bipolar 

SEEG recordings in three patients, with analyzed channels chosen as described above. 

For all three patients, KCs were detected on Fz.  For each patient, a single spontaneous 

KC (dashed lines) is displayed with the average KC (solid lines) chosen on Fz and 

computed for each selected pair of bipolar contacts across the cortex (Figure 2). For each 

patient, the postoperative CT with the electrodes in place was superimposed on the 

preoperative MRI to estimate the entry points of SEEG probes on the reconstructed 

cortical surface, as well as the locations of individual contacts on coronal T1-weighted 

sections (Dykstra et al., 2012). For each bipolar SEEG recording, the same color is used 

to denote corresponding waveforms, entry-points, contacts, and anatomical labels.  

Patient 2 in Figure 2A had electrodes implanted unilaterally in the dorsal and ventral 

prefrontal, temporal, and parietal cortices.  Over the average of 70 KCs, there was a 32ms 

peak latency difference between the bank of the inferior frontal sulcus (LbiFg) and the 

angular gyrus (LAng) (marked by the yellow arrows), which was reduced to 12ms on a 

single trial example. Patient 3 in Figure 2B shows a single example KC and an average of 

129 KCs that are quasi-synchronous between the hemispheres.  Mirrored sites in the left 

and right superior frontal gyrus (RsFg and LsFg) have a 2ms latency difference in their 

averaged KC peaks, marked by the yellow arrows, and a 8ms single trial KC peak latency 

difference.  Patient 4 in Figure 2C demonstrates the quasi-synchrony of KCs across 

multiple dorsal and ventral prefrontal and anterior cingulate areas in one hemisphere, as 

well as between the frontal lobes.  On the average of 172 KCs, mirrored sites in the left 

and right precentral sulcus (LpCs and RpCs) showed a 18ms peak latency difference 

(marked by yellow arrows), which was 14ms in the single trial example.  As with the 
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ECOG recording, we include single as well as averaged KCs to demonstrate that quasi-

synchrony in the average is not due to travelling waves propagating systematically in 

different directions on different trials.  

  

Quasi-synchronous versus travelling waves  

The primary goal of the initial empirical studies was to constrain the important 

characteristics of KCs that would need to be reproduced in an adequate mechanistic 

computational model of the KC. Specifically, we sought to determine if the spread of 

KCs can be accommodated within the range of conduction velocities previously 

demonstrated in vivo, in vitro, or in modeling to be supported by short and medium range 

cortico-cortical fibers. We did this by comparing the estimated conduction velocities 

observed for the KCs in our recordings to those reported for cortical travelling waves 

found in the mammalian neocortex during sensory processing. These range from 0.1-0.4 

m/s (Sato et al., 2012), up to 0.6m/s (Muller et al., 2014).  These studies focus on active 

visual processing and thus may not be directly relevant to propagation of the KC. For this 

reason, we also specifically refer to the speeds observed by Massimini et al. (2004), 

which is the key study asserting that the slow oscillation is a travelling wave, and to the 

references cited by that study from the animal and modeling literature.  Different 

comparisons are made for speeds that are measured on the cortical versus the scalp 

surface.  In the scalp EEG recordings presented by Massimini et al. (2004), propagation 

speed was estimated between 1.2 and 7 m/s (mean=2.5m/s), with an approximate 120ms 

delay from frontal to occipital EEG recording sites.  Source modeling by the same group 

estimated cortical propagation speeds as approximately 2.2m/s (Murphy et al., 2009).  In 
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cortical recordings from ferret slices, the propagation speed was measured at 0.011 m/s 

(Sanchez-Vives and McCormick, 2000).  In a realistic neural model inspired by the latter 

study, the propagation speed was calculated from 0.003 to 0.008 m/s (Compte et al., 

2003).  

We measured the average delay between anterior prefrontal and occipital sites, 

and found it to be about 8ms in scalp EEG (Figure 1A), and 25ms in intracranial 

recordings, averaged from the intracranial subjects (Figures 1E and 2A). Assuming a 

distance on the scalp of about 24cm, and on the cortical surface of about 48cm (both are 

underestimates), then this corresponds to a velocity of 30m/s at the scalp and 20m/s on 

the cortical surface. This is ~30-200 times faster than those observed in cortical travelling 

waves (Sato et al., 2012; Muller et al., 2014). It is also at least 10 times faster than that 

described by Massimini et al. (2004) for scalp recordings, ~2,000 times faster than the in 

vitro study (Sanchez-Vives and McCormick, 2000) and ~4,000 times faster than the 

modeling study (Compte et al., 2003) that they quote.  Thus, our observed average delays 

between KCs recorded at distant sites are not consistent with the interpretation of KCs as 

cortical travelling waves. Our observations also fail to support a consistent or obligatory 

origin of KC in prefrontal cortex.  Rather, our results indicate that KCs appear in distant 

cortical locations with delays that are inconsistent with propagation by short- or medium-

range cortico-cortical connections. Since long range cortico-cortical connections are 

thought to be excitatory as well as sparse, we explored a possible role for the thalamus in 

synchronizing KC onset.  
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Model Simulation Results 

The cardinal features identifying human N2 are the occurrence of spindles and 

KCs, and thus any model of this state must produce both of these phenomena. As 

demonstrated above using empirical recordings, the model must also produce both 

spontaneous and evoked KCs that occur quasi-synchronously across the cortex. We used 

a conductance based thalamocortical model (see Materials and Methods section) 

composed of 100 pyramidal (PY) neurons, 25 inhibitory interneurons (IN), 50 thalamic 

reticular (RE) neurons, and 50 thalamocortical (TC) neurons.  Our initial model was 

based on that described by (Bazhenov et al., 2002) to produce SOs. We modified this 

model by decreasing the strength of the PY to PY AMPA synapses from 0.15 µS to 0.09 

µS.  In a very similar model, it has recently been shown that decreasing these intracortical 

connections causes a transition from N3 to N2 (Krishnan et al., 2013).  In our model, 

decreasing AMPA synaptic strength effectively decreased the relative strength of cortico-

cortical, as compared to cortico-thalamo-cortical connections, with the result that 

spontaneous SOs were eliminated while allowing spontaneous spindles to emerge. 

However, this model was still inadequate because it did not generate spontaneous KCs. 

 

KCs are produced spontaneously 

Inspired by recent anatomical work demonstrating widespread connections from 

restricted prefrontal locations to the RE (Zikopoulos and Barbas, 2006), we modified our 

model to include a fraction of PY neurons (15 PY neurons in these simulations) which 

project to all RE neurons (see Figure 3C). This modification resulted in spontaneously 
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occurring KCs, as well as spontaneous spindles, thus faithfully reproducing the essential 

features of N2.  

 

 

 

Figure 1.3: Network geometry and altered projections of thalamocortical model. A, The 

network contained 100 PY, 25 IN, 50 TC, and 50 RE neurons. The number of projections 

between PY and RE neurons was altered to test two ways of evoking KCs. B, In the 

original network geometry, each PY neuron projected to 5 RE neurons. To evoke KCs, 

all RE neurons were depolarized. C, In the altered connectivity, a subset of PY neurons 

projected to all RE neurons, while the remaining PY neurons projected to 5 RE neurons. 

To evoke KCs, only the PY neurons projecting to all RE neurons were stimulated.  

 

 

Figure 4 plots an example spontaneous KC produced by the model.  For each of 

the four neuronal populations in the model (PY, IN, TC, RE), we measured the individual 

membrane potential of each neuron in the population (Figure 4, top plot for each 

population). For each population, we calculated the averaged membrane potential and the 

averaged spiking rate.  Average membrane potential was calculated by averaging over 

each neuron’s membrane potential and applying a -50mv spiking threshold to 

approximate the local field potential (LFP) (Figure 4, second plot for each population). 

For each population, the spiking pattern of a representative neuron is plotted, with the y-

axis specifying the number of that neuron in the population (Figure 4, third plot for each 
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population). The average spiking rate over each population (Figure 4, fourth plot for each 

population) was calculated over a 100ms bin by counting each time a neuron’s membrane 

potential reached above -20mv and dropped below -30mv the following millisecond. 

High gamma power (HGP, 70-200Hz) was calculated for the PY neurons and spindle 

power (8-13Hz) was calculated for the TC and RE neurons using Morlet wavelets.  We 

did not distinguish between slow and fast spindles because this is a level of detail that 

would require a larger model; rather, we observed that spindles occurred in the model at a 

rate of 8-13Hz and used this as our bounds for quantifying the strength and time-course 

of spindles.  For both HGP and spindle power, power was calculated for individual 

neuronal membrane potentials and then averaged. 

In Figure 4, blue asterisks and “KC” indicate a spontaneously occurring KC, 

characterized by a sustained drop in membrane potential and spiking across all 

populations. A drop in HGP in the PY neurons further confirmed the event as a KC 

(black asterisk). Spindling in the average membrane potential of TC and RE neurons is 

marked by green asterisks and shows a clear and sustained drop at or before the time of 

the KC, along with a drop in spindle power (red vertical lines and red asterisks).  
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Figure 1.4: Characteristics of a single spontaneous KC. A KC generated when 15 PY 

neurons projected to all RE neurons. For each of the neuronal populations, the membrane 

potential of the individual neurons (Vm), the average membrane potential (Avg Vm), the 

spiking of a single neuron (Cell), and the average spiking rate (Avg Spikes/Sec) are 

pictured. In addition, high gamma power is plotted for PY neurons and spindle power is 

plotted for RE and TC neurons. The KC is characterized by a cessation of firing by all 

cell types, with a drop in membrane potential (blue asterisks), and high gamma power 

(black asterisk) in PY neurons. The model exhibited spindling (green asterisks), which 

dropped in the RE and TC neurons during the cortical KC (red asterisks). The red arrow 

indicates the 15 PY neurons that are connected to all RE neurons, and the red vertical 

lines mark the start of RE spindle disruption.  The membrane potential color scale 

displayed in the middle of the figure is the same for all cell populations. 
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We investigated whether, on average, spontaneous KCs exhibit the same 

characteristic as the individual spontaneous KC pictured in Figure 4: a drop in TC and 

RE spindling power at the time of the KC. Figure 5 shows the average of 39 spontaneous 

KCs generated over 200 seconds of the same simulation described in Figure 4, with 15 

PY neurons projecting to all RE neurons. The 39 KCs were chosen based on the PY 

firing rate criteria for a KC: less than 10 spikes per 100ms, for at least 200ms. As 

expected from these criteria, and as seen in the individual KC, these KCs were 

characterized by a drop in PY membrane potential and decreased firing in all populations 

(blue asterisks and “KC,” respectively). In addition, the averaged KCs also showed a 

drop in HGP in PY (black asterisk) and a disruption of spindling in RE and TC neurons 

(red asterisks). A red arrow indicates the 15 PY neurons that project to all RE neurons, 

whose membrane potential and spiking are plotted separately. The firing of these neurons 

increases before the KC (yellow asterisk).  
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Figure 1.5: Characteristics of 39 averaged spontaneous KCs. KCs generated when 15 PY 

neurons projected to all RE neurons, as in Figure 4. For each of the populations, the 

membrane potential of the individual neurons (Vm), the average membrane potential 

(Avg Vm), and the average spiking rate (Avg Spikes/Sec) (averaged over the 39 KCs) are 

pictured. High gamma power is plotted for all PY neurons. In addition, the membrane 

potential (Vm) and the averaged spiking (Avg Vm) of the 15 PY neurons projecting to all 

RE neurons, averaged over the 39 KCs, are plotted separately.  The red arrow indicates 

the 15 PY neurons that are connected to all RE neurons. The color scale of the PY 

membrane potential is the same for all PY neurons and these 15 PY neurons. The 

averaged KC exhibited the same characteristics as the individual KC shown in Figure 4: 

cessation of firing by all cell types, and a drop in all PY neurons in membrane potential 

(blue asterisks), and high gamma power (black asterisk). Spindling also dramatically 

decreased in the RE and TC neurons during the cortical KC (red asterisks). The 15 PY 

neurons showed a marked increase in spontaneous firing before the KC (yellow asterisk).  
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The rate of spontaneous KCs depends on the number of PY neurons projecting to 

all RE neurons  

To better understand the mechanism underlying the generation of spontaneous 

KCs, we tested which model parameters affected the rate at which KCs are generated. 

When a subset of PY neurons projected to all RE neurons, increasing the number of such 

PY neurons in the model increased the number of KCs in a near-linear fashion (Figure 

6A). In doing so, however, the overall input strength from the cortex to thalamus was 

increased. To test if the increase in spontaneous KCs was due to the changed connectivity 

versus the increased strength, we systematically tested the effects of gradually increasing 

the strength of each PY neuron projecting to RE neurons in the model, while maintaining 

the original connectivity where each PY neuron projects to 5 RE neurons. This increased 

connection strength had little or no effect on the rate of spontaneous KC production until 

2.5 or 5 µS, a level corresponding to 5 to 10 times the baseline connection strength of 0.5 

µS (Figure 6B). The total PY-RE strength in the baseline model is 500 synapses (100 PY 

– 5 RE) times 0.5, or 250 µS. Adding 10 PY neurons which project to all RE neurons 

(Figure 6A, black arrow) produces a total synaptic strength of 475 µS, less than that for 

the model with the original connectivity when each synapse is set to 1 µS (Figure 6B, red 

arrow), which totals 500 µS. However, the former simulation resulted in ~8 KCs per 

minute (black arrow) whereas the latter resulted in baseline levels (red arrow). 

Eventually, increasing the strength of all PY-RE synapses with the original connectivity 

did result in the sharp increase of downstate production. However, these did not appear as 

isolated downstates (i.e., as KCs) but rather as continuous SOs (0.25-1Hz) (i.e., 

resembling N3 rather than N2) (Bazhenov et al., 2002). These simulations suggest that 
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widely projecting connections from PY to RE neurons can effectively transform a model 

that generates spindles to one that also generates spontaneous KCs. 

 

 

Figure 1.6: Parametric modulation of spontaneous KC frequency by changing the 

projection from PY to RE. A, Increasing the number of PY neurons projecting to all RE 

neurons increased the number of spontaneous KCs in a near linear fashion. B, In contrast, 

increasing the strength of projections from PY neurons to RE neurons had little effect 

until a threshold strength was reached and the system began oscillating almost 

continuously (i.e., generated SOs rather than KCs). In A, the PY to RE configuration 

schematic on the left illustrates one PY cell projecting to all RE neurons, while each of 

the remaining PY neurons maintain a projection to 5 RE neurons (as in Figure 3C). The 

schematic on the right shows how the projection pattern changes with the addition of a 

second PY neuron projecting to all RE neurons. In B, the schematic on the left illustrates 

the original model configuration (as in Figure 3B), while the right schematic shows the 

increasing strength of PY to RE connections. For each value on the x-axis, 10 simulations 

of 200s with different random seeds were run. The number of spontaneous KCs was 

calculated for each run; each value represents the average number of KCs per minute in 

the 10 runs ± SEM.  The black arrow marks 10 PY neurons projecting to all RE neurons 

while the red arrow marks the original connectivity with a strength of 1µS between PY 

and RE neurons. 
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Note that the baseline rate of ~3-4 KCs/min produced spontaneously by the model 

is close to rates reported in the literature: ~2 KCs/min (slightly higher for young subjects 

and slightly lower for older subjects) (Crowley et al., 2002); 1.3 KCs/min at baseline and 

2.6 KCs/min for recovery sleep (Nicholas et al., 2002); and a 5-10 second evoked KC 

refractory period (which is equivalent to ~3-6 KCs/min if assuming a 50% rate of 

evoking KCs with stimuli delivered at a rate with this refractory period in mind) (Bastien 

and Campbell, 1994). 

 

KCs are evoked either by directly depolarizing all RE neurons or by stimulating a 

subset of PY neurons projecting to all RE neurons    

In addition to occurring spontaneously, KCs may be evoked by sensory stimuli in 

humans. We tested whether KCs could be evoked in the model in two ways: (1) by 

directly depolarizing all RE neurons in the baseline model where each PY neuron 

projects to 5 RE neurons; or (2) by stimulating the subset of PY neurons which project to 

all RE neurons. Each allowed direct testing of a part of the PY-RE interaction observed in 

a spontaneous KC by intervening at different stages of the network. We first illustrate the 

effects of depolarization with a detailed example (Figure 7) and then provide summary 

data from parametric analysis (Figure 8). 
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Figure 1.7: Evoking KCs by directly versus indirectly depolarizing RE. A, KCs are 

evoked by directly depolarizing all RE neurons for 350ms at 85.8pA.  B, KCs are evoked 

by stimulating 6 PY neurons, indicated by the red arrow, for 200ms at 15pA. In A & B, 

the membrane potential of individual neurons (Vm), the average membrane potential 

(Avg Vm), the spiking of a single cell, and the average spiking rate (Avg Spikes/Sec) are 

graphed for each population. The membrane potential color scales are the same for both 

panels for each cell population. The number of the individual cell graphed is also the 

same between panels. The length of the RE depolarization is outlined by the orange box 

and the length of the stimulation of the 6 PY neurons is outlined by the black box. In both 

cases, the KC was quantified by a drop in the PY membrane potential and the spiking in 

cell populations (blue asterisks and "KC"). There was a marked increase in the membrane 

potential of the stimulated 6 PY neurons projecting to all RE neurons (yellow asterisk). In 

both cases, RE membrane potential was depolarized for the duration of RE current 

injection or PY stimulation (purple asterisks), but this did not correspond to an increase 

in RE spiking (orange asterisks). Like the spontaneous KC (Figures 4 & 5), a drop in the 

TC and RE spindling occurred at the same time as the evoked KC (red asterisks) in both 

cases.  
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As predicted by our hypothesized mechanism, a KC was reliably evoked by 

injection of a depolarizing current into all RE neurons in the baseline model. These 

events were identified as KCs by a drop in the PY membrane potential and decreased PY 

spiking (Figure 7A, blue asterisks and “KC”). The orange box marks the 350ms duration 

of depolarization applied at 85.8pA. We had expected RE depolarization (Figure 7A, 

purple asterisks) to lead to increased firing in the RE neurons; surprisingly, this was not 

the case. RE firing actually decreased during most levels of RE depolarization tested (see 

Figure 7A, orange asterisk, for an example and Figure 8A for summary data). In seeking 

the mechanism of this counter-intuitive result, we noted that the RE depolarization 

systematically leads to RE and TC spindling disruption (see Figure 7A, red asterisks, for 

an example and Figure 8A for summary data). Note that we had observed a similarly 

decreased spindling in the spontaneous KCs. These processes, including the cortical KC, 

start at a short latency (<200ms) after the onset of RE depolarization, and thus do not 

represent a post-depolarization rebound phenomenon. 

We then tested the reconfigured model described above where 6 of the PY 

neurons project to all RE neurons at the baseline strength of 0.5 µS (Figure 3C). 

Depolarization of these widely projecting PY neurons provided a more direct test of our 

hypothesized mechanism. As predicted, directly depolarizing the 6 widely-projecting PY 

neurons triggers a KC (see Figure 7B for an example and Figure 8B for summary data). 

The black box in Figure 7B delineates the 200ms duration of depolarization applied at 

15pA to these 6 PY neurons. The KCs evoked in this manner are characterized by a drop 

in both the PY membrane potential and the PY spiking (Figure 7B, blue asterisks and 

“KC”). They thus closely resemble the electrophysiological characteristics observed in 
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spontaneous KCs (Figures 4 & 5) and KCs evoked by direct RE depolarization (Figures 

7A & 8A). As expected, the 6 PY neurons indicated by a red arrow that project to all RE 

neurons are depolarized before the KC (Figure 7B, yellow asterisk). As in the case of 

directly depolarizing all RE neurons, the RE neurons are also depolarized when 

stimulation is applied to the 6 PY neurons that project to all the RE neurons (see Figure 

7B, purple asterisks for an example and Figure 8B for summary data). In this case as 

well, the RE depolarization is not accompanied by increased RE firing (Figure 7B, 

orange asterisk for example and Figure 8B for summary data), but in most cases by 

decreased RE firing. As was observed after direct RE depolarization, stimulation of the 

widely projecting PY neurons also disrupted TC and RE spindling (Figure 7B, red 

asterisks for an example and Figure 8B for summary data). 

 

Parametric analysis supports a critical role of TC and RE spindle disruption in KC 

generation 

The simulations described above support the hypothesis that a lack of drive from 

TC neurons to PY neurons can trigger both spontaneous and evoked KCs. However, 

contrary to our hypothesis, this decreased drive did not occur due to increased firing in 

RE neurons. Rather, the consistent finding was that decreased TC firing reflected 

disrupted spindling by the TC-RE circuit.  

In order to systematically investigate the relationship between cortico-thalamic 

input to RE, spindling in RE and TC, TC firing, and KCs, we examined different baseline 

corrected properties of the network response over a range of RE depolarization (Figure 

8A) and PY stimulation (Figure 8B) values. Each point is the mean of five baseline 
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corrected runs ± standard error of the mean (SEM) (see Methods, baseline corrected 

values). For each network property, the PY (black), TC (blue), and RE (red) values are 

plotted together.  The basic network diagram to the left of Figure 8 provides color coding 

for the cell types and illustrates the effects of RE depolarization (red bolt, A) or PY 

stimulation (black bolt, B) on 1) RE neurons, 2) TC neurons, and 3) PY neurons, 

ultimately leading to a KC. 

In the case of directly depolarizing all RE neurons, there is a depolarization 

threshold--both in terms of duration (not shown) and amplitude --for evoking KCs 

(Figure 8A).  The points plotted occur 300ms into the 350ms of RE depolarization. The 

RE Vm directly reflects the increasing amount of applied depolarization (Figure 8A, 

purple asterisk). RE firing initially decreases with increasing RE depolarization (Figure 

8A, red line, blue asterisk), and only increases when a high level of depolarization is 

applied (Figure 8A, orange asterisk).  The purple box highlights a threshold level of 

depolarization to produce a KC characterized by a drop in PY firing (blue asterisk) and 

HGP (black asterisk). A green box highlights a subthreshold depolarization, while the red 

box outlines a KC produced when RE depolarization is strong enough to increase RE 

firing. Therefore, there are two ways in which RE could affect TC firing--via spindling 

suppression from increasing depolarization of thalamic neurons and via direct TC 

inhibition from a depolarization high enough to increase RE spiking, as originally 

hypothesized.  
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Figure 8B examines the stimulation of 6PY neurons projecting to all RE neurons 

at different levels of stimulation. In the top panel of Figure 8B, the points plotted occur 

100ms into the 200ms of PY stimulation. At this time point, stimulation at 20pA or 80pA 

leads to a drop in both TC and RE spindling (Figure 8B, red asterisk). The bottom two 

panels of Figure 8B correspond to time points that occur 100ms after PY stimulation has 

ended (300ms from the beginning). At 20pA, there is a KC characterized by a drop in PY 

firing (Figure 8B, blue asterisk) and PY HGP (Figure 8B, black asterisk). The green box 

highlights a subthreshold level of PY stimulation. In this configuration, drops in TC and 

RE spindling can be indicative of a KC; however, there is not an absolute threshold as 

was the case with depolarizing all the RE neurons. For example, at 80pA there was a drop 

in TC and RE spindling at 100ms that did not result in a KC at 300ms (Figure 8B, green 

asterisks).  This may be explained by a depolarizing effect of direct PY stimulation and 

the rebound in TC neurons at the stimulus offset.  Thus, while all KCs that we observed 

had disrupted RE and TC spindling, the converse was not true: a RE and TC spindling 

decrease was not always predictive of a KC. However, this should be considered a strong 

exception to the otherwise universal association of KCs with decreased spindling, 

because it was only observed with high levels of PY stimulation, which had additional 

effects of directly activating TC neurons as well as other PY neurons. In summary, 

parametric analysis of this model supports a strong association between disruption of 

spindling and KCs, mediated by removal of TC-PY activation.  
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Figure 1.8: Parametric analysis of evoking KCs by directly versus indirectly depolarizing 

RE. The effect of increasing levels of RE depolarization or PY stimulation was inspected 

at individual time points. The schematic to the left outlines the connectivity and the order 

of effects on: 1) RE neurons, 2) TC neurons, and 3) PY neurons, based on RE 

depolarization (A) or PY stimulation (B).  Five simulations with different random seeds 

were run for each value plotted, as well as a no stimulation baseline run. Baseline 

correction was performed for membrane potential (Vm) and high gamma power. Percent 

change was calculated for spindling power and firing. The average of five runs at a 

particular stimulation value and time point is plotted ± SEM. A, As the level of applied 

RE depolarization increases, so does the RE membrane potential (purple asterisk); 

however, RE firing does not increase until high levels of depolarization are reached (red 

box and orange asterisk). The green box highlights a level of RE depolarization that is 

subthreshold for evoking KCs. At 114.4pA (purple box), PY firing and high gamma 

power drop (blue and black asterisks, respectively), indicating a KC. Spindling also 

decreases in all three cell populations (red asterisk). The red box outlines a level of 

stimulation where RE firing increases, leading to the production of a KC. B, When 

stimulating 6 PY neurons projecting to all RE neurons, the spindling in all three 

populations drops 100ms after stimulation is applied at a level of 20pA or higher (red 

asterisk). At 20pA (purple box), the firing in all cell populations (blue asterisk) and high 

gamma power in PY neurons (black asterisk) drop 300ms after stimulation, indicating a 

KC. The green box highlights a subthreshold level of PY stimulation. At 80pA of PY 

stimulation (grey box), there is a drop in spindling but no KC, presumably because the 

direct cortical excitation is sufficient to counteract the removal of thalamic input (green 

asterisks).  
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Inactivation of RE IT underlies RE and TC spindling disruption that leads to a KC  

We next sought to understand the underlying mechanism of the TC and RE 

spindling disruptions critical to generating both spontaneous and evoked KCs. We 

hypothesized that because the low-threshold Ca
2+

 current, IT, in both RE and TC neurons 

is crucial for spindle generation (Destexhe et al., 1993; Destexhe et al., 1996; Bazhenov 

et al., 2000), and because it is easily inactivated by RE depolarization, that it may 

mediate the observed effects. Specifically, we hypothesized that depolarization of RE 

would inactivate IT and this would prevent spindling from occurring. Furthermore, since 

IT is responsible for burst firing during spindles, this would decrease the overall firing of 

RE neurons during depolarization. Figure 9 compares the spontaneous KC from Figure 4 

and the evoked KCs from both depolarizing all RE neurons and stimulating a subset of 6 

PY neurons projecting to all RE neurons from Figure 7. We examine RE IT inactivation 

(by monitoring the inactivation variable, h, of the IT current, RE IT h), PY to RE currents, 

and TC IT, in comparison to spindling power and PY spiking in all three cases.  

IT is fully inactivated when RE IT h drops to zero. For all three KCs, RE IT h first 

decreases towards zero (Figure 9, purple asterisks), which is followed by a drop in RE 

and TC spindling (Figure 9, red asterisks) and PY spiking (Figure 9, “KC”). For the 

evoked KCs, this drop in RE IT h occurred during the period of RE depolarization (Figure 

9, orange box) or PY stimulation (Figure 9, black box). During the KC, RE IT h increases 

as it becomes deinactivated (Figure 9, green asterisks), and ultimately spindling resumes, 

as does firing, in all populations. 

In order to directly test the hypothesis that RE IT inactivation produces a KC by 

disrupting RE and TC spindling, we attempted to induce a KC by abruptly increasing the 
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amount of RE IT inactivation. RE IT h was scaled to 40% of its original value to test if it 

would result in a drop in RE and TC spindling and a KC, in both model configurations 

used to evoke KCs (Figure 10). The black vertical line indicates the time point at which 

RE IT h was scaled to 40% of its value in both the original configuration (Figure 10A) 

and the configuration where 6 PY neurons project to all RE neurons (Figure 10B). The 

sudden increase in RE IT h (visualized as a drop towards zero) is seen in both cases 

(Figure 10, purple asterisks). This leads to a drop in RE and TC spindling (Figure 10, red 

asterisks) and PY spiking (Figure 10, “KC”), indicating a KC. The scaling of RE IT h also 

leads to accompanying drops in PY to RE currents and TC IT. 

In the case of both spontaneous and evoked KCs, RE IT inactivation causes a 

disruption of TC and RE spindling that decreases the drive to PY from TC, leading to a 

cortical KC characterized by a drop in membrane potential, spiking, and HGP in PY 

neurons. In the case of evoked KCs, RE IT inactivation is triggered by RE depolarization, 

either directly or from a stimulated group of widely-projecting PY neurons. 
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Figure 1.9: Currents and conductances underlying KCs. A, A spontaneous KC (same KC 

as in Figure 4), B, a KC evoked by depolarizing all RE neurons (same KC as in Figure 

7A), or C, a KC evoked by stimulating 6 PY neurons projecting to all RE neurons (same 

KC as in Figure 7B), all show a drop in PY spiking ("KC"), and in RE and TC spindling 

(red asterisks). The orange box in B and the black box in C indicate the length of the 

applied RE depolarization or PY stimulation, respectively. In all three cases, these 

characteristics of the KC were preceded by RE IT inactivation dropping towards zero (RE 

IT h, purple asterisks), indicating greater inactivation. A decrease in PY to RE currents 

and a decrease in TC IT accompanied this RE IT inactivation drop. During the KC, an 

increase in RE IT h indicates greater deinactivation (green asterisks), and rebound 

spindling.  
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Figure 1.10: Inducing KCs by abruptly increasing RE IT inactivation (RE IT h). A, In the 

original configuration and, B, in the 6 PY neurons projecting to all RE neurons 

configuration, RE IT h is scaled to 40% of its original value (purple asterisks) at 1s 

(vertical black line). In other words, the proportion of deinactivated IT channels is 

abruptly decreased. In both cases, this drop in RE IT h leads to a decrease in PY to RE 

currents and TC IT, as well as a drop in RE and TC spindling (red asterisks), which 

ultimately leads to a KC, as indicated by decreased PY spiking ("KC"). 
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KCs are produced by a lack of drive from TC neurons to PY neurons 

Our findings above provide evidence that decreased TC and RE spindling driven 

by IT inactivation leads to a KC due to disruption of the thalamocortical drive to the 

cortex. In order to directly test the hypothesis that a lack of drive from TC neurons to PY 

neurons can trigger a KC, we hyperpolarized all TC neurons. In Figure 11, 116pA of 

hyperpolarization for 300ms is applied to all TC neurons. The top panel shows a clear 

hyperpolarization in TC (Figure 11, blue asterisk). This produces a disruption of RE and 

TC spindling (Figure 11, red asterisks) and a complete lack of cortical firing (Figure 11, 

“KC”), as was seen in all previous cases of KCs. During this period, we also see RE IT 

deinactivation (Figure 11, green asterisk), as pictured in Figures 9 and 10. As opposed to 

previously examined KCs, RE IT does not become more inactivated preceding the KC, 

because we are directly hyperpolarizing the TC neurons. Furthermore, the lack of PY 

firing and the spindle disruption only lasts as long as the application of TC 

hyperpolarization. Once the hyperpolarization is removed, the KC is followed by a 

rebound increase above baseline of TC Vm, RE and TC spindling, and PY spiking 

(Figure11, black arrows). TC hyperpolarization triggering a cortical downstate for the 

duration of the hyperpolarization is consistent with our previous findings, except in those 

cases, depolarization of RE neurons hyperpolarized the TC neurons. Strongly 

depolarizing RE neurons that then inhibit TC neurons is one way in which this 

hyperpolarization could occur (Figure 8). More commonly, suppression of firing in TC 

neurons was accomplished by weakly depolarizing RE neurons, which depresses 

spindling in RE and TC, leading to a cortical KC (Figures 7 & 8). Hyperpolarization of 

TC was tested over a range of levels (not shown). As the level of hyperpolarization 
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increased (became more negative), a downstate would occur during the time of 

hyperpolarization, followed by a rebound upstate as pictured in Figure 11, but the system 

could not recover and was followed by a long-lasting downstate. These findings 

demonstrate that hyperpolarization of TC neurons is sufficient to produce a KC.  

 

 

Figure 1.11: Hyperpolarizing TC neurons produces a KC by decreasing the 

thalamocortical drive to cortex. All TC neurons were hyperpolarized at 116pA for 300ms. 

The length of TC hyperpolarization is outlined by the blue box. For the duration of TC 

hyperpolarization (blue asterisk), RE and TC spindling dropped (red asterisk), RE IT 

became deinactivated (green asterisk), and PY spiking dropped to zero (“KC”), indicating 

a KC. This was followed by a rebound upstate, as marked by TC depolarization, 

increased RE and TC spindling above baseline levels, and high PY spiking (black 

arrows).  
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Depolarizing or hyperpolarizing other populations in the model does not produce 

KCs 

Using the original model configuration, we also tested whether depolarizing or 

hyperpolarizing the other neuronal types could trigger KCs. We found that depolarizing 

TC or PY neurons only lead to a downstate after an upstate. Depolarizing inhibitory 

interneurons (IN) could trigger a downstate, but the downstate only lasted as long as the 

depolarization was applied to the IN. KC generation using this mechanism would require 

a widespread projection to the IN.  
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Figure 1.12: Disruption of spindling in the human thalamus precedes the cortical KC.  

KCs chosen on a single prefrontal bipolar SEEG channel located in Brodmann's area 10 

are displayed as single trials (A, 50 randomly selected individual KCs) and, B, the 

average of all 229 KCs, band pass filtered to 0.1 to 5Hz.  C, Time frequency analysis (5-

120Hz) in the 1
st
 (most medial) thalamic bipolar SEEG channel using the times of the 

frontal KCs in B, thresholded at p<0.01 (uncorrected) compared to the -1.5 to -0.5 second 

baseline.  The blue arrow shows that there appears to be a drop in spindle power.  D, The 

average absolute value of the Hilbert transform applied to the frontal KCs in B, band pass 

filtered for high gamma (60-120Hz), is plotted in black. The grey box indicates the time 

period where high gamma drops significantly compared to baseline, outlined with a black 

box (-1.5 to -1 seconds, p<0.01, FDR corrected).  The blue line indicates the average 

absolute value of the Hilbert transform applied to the 1
st
 thalamic bipolar SEEG channel 

band pass filtered for spindling (12-16Hz), using the times of the frontal KCs.  The blue 

box indicates the time period where spindling drops significantly compared to baseline 

(p<0.01, FDR corrected).  The drop in thalamic spindling (blue box) occurs prior to the 

drop in cortical high gamma (grey box). E& F, The same analysis as outlined in D is 

applied to the 2
nd

 thalamic bipolar channel (E) and the 3
rd

 thalamic bipolar channel (F).  

The cortical data are the same in all three subplots; the thalamic spindling amplitude 

scales are individualized for each thalamic bipolar contact in D-F.  For all three thalamic 

bipolar channels, thalamic spindling drops significantly (blue box) prior to the significant 

cortical high gamma drop (grey box). 
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Simultaneous SEEG Recordings from Thalamus and Cortex during Sleep 

Thalamic spindling power drops before and during frontal KCs 

As we cannot intracellularly measure the human cortex or thalamus to directly test 

whether RE IT inactivation causes spindle disruption leading to KCs, as suggested by the 

model, we sought instead to empirically test the model prediction that thalamic spindle 

disruption precedes the KC.  We tested this hypothesis using rare simultaneous bipolar 

SEEG recordings from a patient with temporal lobe epilepsy, who had electrodes 

implanted in the prefrontal cortex and the thalamus (Patient 5).  During N2 and N3, we 

selected 229 KCs on a prefrontal bipolar SEEG channel estimated to lie in Brodmann’s 

area 10.  The KCs chosen on this channel exhibited a classic KC morphology, without a 

preceding upstate, on an individual trial and averaged basis (Figure 12A & B). Using the 

times of the frontal KCs, a time frequency analysis (5-120Hz) was performed on the 1
st
 

thalamic channel (Figure 12C) and there appeared to be a drop in thalamic spindling 

power preceding the prefrontal KC (blue arrow in Figure 12C). In order to test whether 

this drop was statistically significant across trials, we first accurately identified the onset 

of the KC by measuring the drop in local high gamma activity. Amplitude of the 

prefrontal bipolar SEEG from 60-120Hz was measured during each trial using the Hilbert 

transform. This amplitude was compared at each point to a baseline period (-1.5 to -1s, 

outlined by a black box in Figure 12D-F, before the KC peak at time zero), and the period 

of significant (p<0.01, FDR corrected) drop in high gamma was identified. The period of 

cortical high gamma drop identified in this way is highlighted by a grey box in Figure 

12D, E & F. We then identified the onset of the thalamic spindling drop in the same 

manner for the 1
st
 (Figure 12D), 2

nd
 (Figure 12E), and 3

rd
 (Figure 12F) thalamic bipolar 
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channels (with the 1
st
 thalamic channel being the most medial).  The amplitude of each 

thalamic bipolar channel was measured from 12-16Hz continuously on each trial using 

the Hilbert transform and compared to a baseline period (-1.5 to -1s) in order to identify 

periods of significant (p<0.01, FDR corrected) drop in thalamic spindling.  These 

significant periods of thalamic spindling drop are outlined for each individual thalamic 

bipolar channel by a blue box in Figure 12D-F.  The scale for the thalamic spindling 

amplitude is individualized for each bipolar contact to better visualize the significant drop 

in each. In all three thalamic bipolar channels, the drop in thalamic spindling (blue box) 

occurs prior to the drop in cortical high gamma (grey box).  We also tested all grey matter 

bipolar channels along the electrode targeting the thalamus (but lateral to the thalamus) 

and did not find any statistically significant decreases in thalamic spindling prior to the 

cortical high gamma drop.  While this result is consistent with the computational model, 

further studies are needed to determine its reliability in different patients and 

thalamocortical regions, given their high anatomical and physiological variability.  

 

Discussion  

We describe a neural model for KCs during N2 sleep with detailed conductances 

and synaptic connections for the major cell types in the cortex and the thalamus. KCs in 

this model are cortical downstates, without a preceding upstate, that occur quasi-

synchronously across the cortex, either spontaneously or evoked by a variety of external 

stimulations. These cardinal features of human KCs have been empirically demonstrated 

in this and previous studies (Colrain, 2005; Halasz, 2005; Cash et al., 2009). Analysis of 

simulations with this model yielded an unexpected result: KCs were systematically 
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preceded by an induced or spontaneous decrease in thalamic spindling. The decrease in 

spindling was caused by a depolarization-induced inactivation of IT. Decreased thalamic 

spindling caused an abrupt decrease of thalamocortical excitatory drive, leading to the 

synchronous cortical downstate. We then tested the main prediction of this model in a 

simultaneous recording from the human thalamus and cortex in a single patient; we found 

that, indeed, decreased thalamic spindling preceded cortical KC downstates. 

The first cardinal feature of KCs reproduced in the current model is that they occur 

intermingled with sleep spindles, as is characteristic of human N2 (Colrain, 2005; Halasz, 

2005). Thus, our model includes the thalamic and cortical circuits and currents crucial for 

generating spindles (Destexhe et al., 1993; Destexhe et al., 1996; Bazhenov et al., 2000), 

together with the intracortical circuits which are crucial for SO generation (von Krosigk 

et al., 1993; Bazhenov et al., 2002; Compte et al., 2003; Chen et al., 2012). Although 

cortico-cortical connections are sufficient for generation of rhythmic upstates and 

downstates, thalamocortical interactions have been increasingly implicated in the 

synchronization and control of SOs (David et al., 2013), and thus may play a similar role 

for the KC. Indeed, our model suggests that thalamocortical and corticothalamic 

connections may both play key roles in triggering KCs. As expected from the strong 

projection of TC neurons to the cortex, directly hyperpolarizing TC neurons abruptly 

removes excitation from cortical neurons, causing a KC. Similarly, as expected from their 

known synaptic connections, strong RE activation directly inhibits TC neurons, and the 

model found that this results in a KC, due to abrupt removal of TC excitatory drive from 

the cortex. However, at low levels of depolarizing input to RE neurons, these neurons 

may actually decrease their firing rate, yet a KC is still observed. Analysis of the model 
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found that this apparently anomalous result occurs because weak depolarization of RE 

inactivates IT, which disrupts thalamic spindling. Since burst firing during spindling is the 

main activity of TC projection neurons in N2, the disruption of spindling causes a 

profound suppression of firing, thus triggering KCs. 

A second cardinal feature of KCs produced by our model is the generation of KCs 

without preceding upstates. In previous models, downstates arose as the direct product of 

a preceding upstate, resulting, for example, from synaptic exhaustion or inward 

potassium currents due to high activity (Metherate and Ashe, 1993; Bazhenov et al., 

2002; Compte et al., 2003; Destexhe and Sejnowski, 2003; Cunningham et al., 2006). 

Such mechanisms may be important for downstates during the SO of N3. However, they 

cannot explain the KC because it is not preceded by an upstate. Conversely, the 

mechanism modeled here could contribute not only to KC generation, but also to 

synchronization during the SO (Crunelli and Hughes, 2010). We identified cortical KCs 

in PY neurons by their hyperpolarized membrane potential, decreased high gamma 

power, and decreased firing rate, with the opposite changes identifying upstates. By these 

criteria, our model generates KCs without preceding upstates, as is observed in the 

human cortex during KCs (Cash et al., 2009), and at a rate consistent with empirical 

observations in humans (Bastien and Campbell, 1994; Crowley et al., 2002; Nicholas et 

al., 2002).  

The third cardinal feature of KCs, demonstrated by our empirical recordings and 

reproduced by our model, is the quasi-synchrony of KCs across the neocortex. When we 

began this study, it was unclear whether KCs should be modeled as quasi-synchronous 

downstates or as travelling waves. On the one hand, qualitative observation of scalp EEG 
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suggested that KCs may be synchronous across the scalp (Colrain, 2005). On the other 

hand, the prevailing view in the field, based on scalp EEG, is that SOs are travelling 

waves (Massimini et al., 2004), and thus KCs, being composed of the downstate segment 

of SOs, are also. However, scalp EEG patterns do not uniquely determine their 

underlying cortical generators, and they are particularly ambiguous when sources are 

highly distributed, due to smearing across the skull and source cancellation (Ahlfors et 

al., 2010). Furthermore, since the activity of multiple cortical components are 

superimposed in each scalp EEG sensor, apparent latency differences between different 

sensors may actually arise from different proportions of underlying components with 

fixed latencies. Thus, it is important to refer to direct cortical recordings to resolve this 

issue. Using dual intracellular recordings from cells separated by 4 to 12 mm, Volgushev 

et al. (2006) found that the onset of the downstate in anesthetized cats propagated on 

average at ~7 m/s. In contrast, Sanchez-Vives and McCormick (2000) found a 

propagation speed of 0.011 m/s in cortical recordings from ferret slices. While Volgushev 

et al. (2006) considered that the onsets were essentially synchronous, their conduction 

velocity was close to the range reported by Massimini et al. (2004) as evidence that the 

SO are travelling waves: between 1.2 and 7 m/s on the scalp, with an approximate 120ms 

delay from frontal to occipital EEG recording sites. Given the broad range in conduction 

velocities and terminology in these studies of the SO, and their questionable applicability 

to human KCs in natural sleep, we also considered the literature on travelling waves in 

the occipital cortex of animals during visual processing, which have conduction speeds in 

the range of 0.1-0.4 m/s (Sato et al., 2012), or up to 0.6m/s (Muller et al., 2014). We 

found that the latencies of KC peaks across the frontal and occipital scalp in EEG, or 
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between frontal and parietal cortex in ECOG and SEEG, indicate an average delay that 

would correspond to propagation speeds at least 10 times faster compared to scalp EEG 

estimates (Massimini et al., 2004), about 2000 times faster compared to in vitro estimates 

(Sanchez-Vives and McCormick, 2000), about 4000 times faster than modeling estimates 

(Compte et al., 2003), and about 30-200 times faster than those observed in cortical 

travelling waves (Sato et al., 2012). Based on these empirical observations of the short 

delays between averaged KCs recorded at distant sites, we attempted to model KCs as 

quasi-synchronous rather than cortical travelling waves. We also provide examples of 

recorded single KCs which are quasi-synchronous, and thus our results with average KCs 

do not arise from combining KCs with relatively large latency differences. However, 

such KCs do exist, and it remains a challenge for future research to determine if the 

apparent variability in the sequence of KC onset across sites reflects measurement error 

due to superimposed noise, propagation of slow activity under certain circumstances, or a 

shifting focus of readiness to produce KCs as has been suggested for the SO (Massimini 

et al., 2004; Volgushev et al., 2006; Nir et al., 2011). 

Consistent with our results, Wennberg (2010) reported that KCs recorded with 

SEEG during normal sleep in humans appeared to be synchronous, although he did not 

quantify their relative latencies. In contrast to our findings, he reported dramatic frontal 

to posterior amplitude decrements, with phase reversal in the temporal lobes, which he 

interpreted as indicating that ventral temporal and occipital areas do not generate KCs. 

Wennberg (2010) recorded SEEG relative to an average reference. It can be difficult to 

determine with certainty whether an SEEG contact is in the subdural space or within the 

cortex, and this can have very large effects on SEEG amplitude and polarity. Similarly, 
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an average reference constructed during a very widely generated graphoelement would 

itself generally be large, unless it is constructed from a complete sampling of the surface 

bounding the generating structures, which is not possible in this case.  In contrast to 

Wennberg (2010), we either recorded ECOG, which has a consistent location relative to 

the grey matter imposed by physical constraints, or from bipolar transcortical SEEG, 

which must be locally generated given the amplitudes that we observed. Nir et al. (2011), 

who recorded SEEG relative to a largely inactive reference (linked earlobes), found KCs 

in ventromedial temporal limbic structures associated with decreased unit firing, 

supporting local generation. Together with our observations, these data suggest that 

ventral temporal structures also generate KCs. Nir et al. (2011) also found that slow 

waves in the medial temporal lobe limbic cortex systematically followed those in medial 

frontal cortex by about 180ms. This difference from our results could reflect the fact that 

their observations were mainly of SOs, or that they were between cortical and limbic 

areas rather than between neocortical locations. Nonetheless, significant variability is 

observed in the local amplitude of KCs across sites and trials, which remain to be 

systematically explored. 

A fourth remarkable cardinal feature of KCs reproduced by the model is that they 

can be either spontaneous or evoked by a variety of sensory stimuli. Our previous 

findings showed that both are cortical downstates (Cash et al., 2009), but there remains 

controversy regarding whether they represent the same neurophysiological phenomenon 

(Colrain et al., 1999; Riedner et al., 2011). In particular, the original observation made by 

the Loomis laboratory that different modality stimuli can evoke KCs has led to the 

investigation of modality-specific evoked KC responses.  Modality-specific modulation 
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of the topography or source localization of the P200 component of the KC for auditory, 

visual, and somatosensory stimuli has been reported (Riedner et al., 2011; Laurino et al., 

2014); however, it is difficult in these studies to disentangle the effects of superimposed 

modality-specific (sensory) responses onto non-modality-specific P200 activity (i.e., the 

early phase of the KC).  For auditory evoked KCs, our current results in Figure 1B-F 

show that spontaneous and evoked KCs have the same topography and highly correlated 

amplitudes across the cortex, at a resolution unachievable with scalp recordings.   

Some studies have shown that the efficacy of different stimuli in evoking KCs 

varies with their complex cognitive characteristics, but this remains controversial 

(reviewed in (Colrain, 2005; Halasz, 2005)).  If such complex control over evoked KCs 

does exist, then it would suggest that there is a cortical control mechanism over the 

triggering of KCs; for our schema, that would imply a cortico-RE projection, such as has 

been found from focal prefrontal areas (Brodmann 9, 13, and 46) to widely distributed 

areas of the RE in rhesus monkeys (Zikopoulos and Barbas, 2006). We tested the 

hypothesis that excitation of these focal prefrontal areas would broadly excite the RE 

neurons, thus resulting in a synchronous isolated KC. We found that the addition of such 

connections from a restricted cortical area to the RE was required for spontaneous KCs to 

occur in our model, and further, that spontaneous KC frequency was proportional to the 

intensity of such connections. Recently, a parallel pathway from the amygdala to 

widespread RE sites has been reported (Zikopoulos and Barbas, 2012). The amygdala and 

posterior orbital cortex (including area 13) are thought to interact in assigning emotional 

valence to stimuli (Zikopoulos and Barbas, 2012). It is an intriguing possibility that they 
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also interact during sleep in evaluating whether stimuli should be permitted to arouse the 

subject. 

We noted above that an unexpected finding of our simulations was that all KCs 

showed disruption of TC and RE spindling, which correlated with RE IT becoming more 

inactivated. Evoked and spontaneous KCs were triggered when the excitatory drive to the 

cortex from the thalamus was abruptly decreased, consequent to sufficient excitation of 

the RE neurons to inactivate RE IT. Furthermore, making RE IT more prone to 

inactivation led to an immediate disruption of thalamic spindling and a KC. The role of IT 

in spindle generation is well known (Steriade et al., 1993b) and recent work has shown 

that thalamic network dynamics are highly sensitive to the inactivation status of IT 

(Tscherter et al., 2011). Spindling is also more sensitive to knocking out the T-type Ca
2+

 

channel subtype abundantly expressed in RE neurons (Cav3.3), than to knocking out the 

subtype exclusively expressed in TC neurons (Cav3.1) (Astori et al., 2011; Lee et al., 

2013). 

The interaction between spindles and KCs has long been of interest (Halasz, 

1993; Crowley et al., 2004; Colrain, 2005; Zygierewicz et al., 2009; Koupparis et al., 

2013).  Our model predicts that thalamic spindling would decrease before and during 

KCs, but the implications of the model for scalp EEG, which reflects cortical spindles, 

are uncertain. As our model predicts for thalamic spindles, scalp spindles do not occur 

during KCs (Fuentealba et al., 2004; Kokkinos and Kostopoulos, 2011).  However, the 

presence and termination of scalp spindles prior to KCs is not strongly regular.  For 

example, it has been demonstrated in scalp EEG that only ~30% of KCs are preceded by 

spindles while ~70% of KCs are followed by spindles (Kokkinos and Kostopoulos, 



72 
 

 
  

2011). Furthermore, KCs elicited by stimuli delivered during, versus away from scalp 

spindles, did not show the differences in either rate or amplitude (Crowley et al., 2004) 

that one might expect from the model, although this was not simulated, so the 

implications for the model are not known. Although MEG spindles are also generated in 

the cortex, it may be useful to consider them in order to infer the properties of thalamic 

spindles. Whereas spindles in scalp EEG are well-delineated discrete events that occur 

only several times per minute (Luthi, 2013), MEG spindles commonly occur without 

EEG concomitants, in a quasi-continuous fashion during N2 (Dehghani et al., 2011), 

similar to SEEG (Bonjean et al., 2012). It appears that spindles in focal cortical 

generators may be detectable in MEG, but not in EEG until multiple focal generators 

become synchronized and involve more diffuse generators, thus recruiting a sufficient 

cortical domain to become visible in scalp EEG (Dehghani et al., 2011; Bonjean et al., 

2012). Since the MEG spindles imply thalamic spindles, EEG would seem to give an 

incomplete sampling of when thalamic spindling occurs, and thus would not provide a 

strong test of the model. The necessary simultaneous SEEG recordings from thalamus 

and cortex during natural sleep are rare, but we were able to perform such recordings in 

one patient.  As predicted, a simultaneous SEEG recording of KCs from prefrontal cortex 

and spindling from the thalamus found that spindle power in all bipolar contacts in the 

thalamus decrease before the KC.   

The interaction of spindles and KCs may be important for memory consolidation. 

The organization of memory replay during spindles and KCs is unknown, but the 

temporal coordination of the SO upstate, fast spindles, and hippocampal sharp waves has 

been implicated in memory consolidation (Diekelmann and Born, 2010; Molle et al., 
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2011). One can speculate that a recursive rhythmic thalamocortical interaction evolves 

during each spindle discharge to consolidate a particular memory. Over the course of the 

spindle, intracellular Ca
2+

 accumulates, facilitating plasticity, but eventually causing 

inactivation and termination of the spindle (Destexhe and Babloyantz, 1993; Destexhe et 

al., 1996; Bonjean et al., 2011). Our model indicates that this would also evoke a KC in 

some cases. The KC downstate would shut down most thalamocortical neural activity, 

followed by rebound spindling. The KC may therefore provide closure to the 

consolidation of one memory before the following spindle launches consolidation of 

another memory. Indeed the increased coordination of upstates, downstates, and spindles 

has a powerful effect on memory consolidation (Ngo et al., 2013).   

Although our model was arguably realistic in terms of active channels, synaptic 

currents, cellular dynamics, cell types, and the basic connections between them, it is 

obviously limited in the number of modeled neurons. A distinction was not made 

between slow spindles seen maximally in frontal areas and fast spindles seen maximally 

in parietal areas in scalp EEG; these separate spindle categorizations would require a 

much larger model.  In a related fashion, our model also did not distinguish between 

matrix and core thalamocortical systems (Jones, 1998). Matrix projections are more 

widespread than core, and modeling and empirical evidence suggest that they are 

important for synchronizing EEG sleep spindles (Dehghani et al., 2010; Bonjean et al., 

2011; Dehghani et al., 2011; Bonjean et al., 2012). Additional synchronization would be 

expected in our model if the posited cortico-thalamic projections preferentially targeted 

TC matrix neurons. We also failed to model the diffuse projections from brainstem 

monoaminergic structures such as the locus coeruleus to the cortex (Jones, 2005), 
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although their role in KC generation is unlikely because they fire at low rates during 

SWS and their activation lasts much longer than the KC. We also did not model direct 

inhibition of PY via a long range GABAergic inhibition from the basal forebrain (Manns 

et al., 2000b; Henny and Jones, 2008) or a diffuse cholinergic projection to the IN, whose 

excitation could conceivably lead to widespread indirect inhibition of PY neurons 

(Manns et al., 2000a; Henny and Jones, 2008). When we modeled the effects of 

widespread excitation of the IN, we found, as expected, that PY were inhibited as in the 

KC. However, the PY inhibition did not significantly outlast the IN excitation, which is 

inconsistent with empirical observations that both cell types are silent during the 

downstate in humans (Cash et al., 2009; Csercsa et al., 2010; Peyrache et al., 2012) and 

animals (Chen et al., 2012). Nonetheless, this possibility deserves further exploration 

with GABAB-mediated PY inhibition, which would greatly outlast the IN excitation 

(Mann et al., 2009). This mechanism would make the empirical prediction that at least 

some of the IN are activated immediately prior to the KC and may be responsible for the 

synchrony leading to the KC (Chen et al., 2012).  

In summary, we describe here the first neuronal model that reproduces the four 

cardinal characteristics of the KC: (1) KCs occur together with spindles in N2; (2) KCs 

are isolated downstates without a preceding upstate; (3) KCs can appear quasi-

synchronously across multiple lobes in both hemispheres; and (4) KCs can occur both 

spontaneously and be evoked by a variety of sensory stimuli, with nearly identical 

mechanisms and distribution. We present novel empirical evidence to constrain the model 

from recordings made directly from the human cortex.  The model demonstrates a 

possible mechanism whereby widespread quasi-synchronous cortical downstates (KCs) 
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may be triggered by the disruption of thalamic spindling.  The prediction of disrupted 

thalamic spindling prior to KCs was tested and observed in rare simultaneous cortical and 

thalamic human recordings; however, the further precise mechanism predicted by the 

model, involving inactivation of IT by a depolarizing input to RE neurons from a small 

cortical area, can only be fully tested in animal models.   

 

Materials and Methods 

Ethics Statement 

The institutional review boards of The Children’s Hospital, Boston, and Partners 

Healthcare Inc., in addition to the ethics committee of Comité Consultatifs de Protection 

des Personnes se Prêtant à des Recherches Biomédicales Lyon-Centre Léon Bérard, 

approved the parts of this study conducted at each respective site.  Written consent was 

obtained directly from all patients.  

Empirical Measures 

Cortical intracranial recordings were obtained in patients (three women, one man) 

suffering from pharmaco-resistant epilepsy who were candidates for surgical resection of 

their seizure focus, preceded by intracranial EEG (iEEG) for localization of that focus, at 

Massachusetts General Hospital, Brigham and Women’s Hospital, and Children’s 

Hospital. The electroencephalogram (EEG) and electrooculogram (EOG) were recorded 

simultaneously with iEEG, which could be either the stereoencephalogram (SEEG) or the 

electrocorticogram (ECOG). At all programs, electrodes are localized with respect to 

anatomical structures using CT with the electrodes in place, and intraoperative 

photographs (Dykstra et al., 2012). Depth probes (SEEG) either had 6 contacts with 8mm 
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center-to-center spacing or 8 contacts with 5mm center-to-center spacing. Each contact 

was 2.4mm long with a diameter of 1.28mm. The probes usually passed approximately 

perpendicular to the midsagittal plane. Subdural strip or grid electrodes (ECOG) usually 

included 8 contacts at 1cm center-to-center, in 1 to 8 rows. 128-256 macro-contacts are 

recorded in each patient using cable telemetry systems and dedicated amplifiers. Fully 

informed consent was obtained prior to surgery under the auspices of local institutional 

review boards and in accordance with the Helsinki accords.  The signals were sampled at 

either 500 or 256Hz and then band-pass filtered from 0.1-120Hz. Spontaneous KCs were 

recorded during natural NREM sleep, and KCs were also evoked during N2 with simple 

auditory tones that were presented randomly at 30-40 second intervals. Intensity was 

increased until more than half of the tones elicited a KC without arousal (see (Cash et al., 

2009)).   

A thalamocortical intracranial recording was obtained in one female patient 

suffering from pharmaco-resistant epilepsy at Neurological Hospital, Lyon, France. To 

delineate the extent of the cortical epileptogenic area and to plan a tailored surgical 

treatment, 12 SEEG recording electrodes were implanted according to the stereotactic 

technique of Talairach and Bancaud. Each electrode had ten to fifteen 2mm contacts, 

with an inter-contact interval of 1.5mm and a diameter of 0.8mm.  The medial pulvinar 

nucleus was a target of the thalamic implantation because its reciprocal connections with 

temporal cortical areas may be an important relay in the building of epileptic discharges. 

Furthermore, if the epileptic zone cannot be localized, this electrode placement allows a 

determination of whether stimulating the thalamus may decrease the frequency of 

seizures, with a view toward the eventual placement of a chronically implanted 
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stimulator.  Intracortical exploration of temporal neocortical areas and of the medial 

pulvinar nucleus was possible using a single multicontact electrode, so that thalamic 

exploration did not increase the risk of the procedure by requiring an additional electrode 

track. All patients were fully informed of the aim of this investigation and gave their 

written consent for the implantation and recording procedure, which was approved by the 

local ethics committee.  The data were sampled at 256Hz and a 0.33-128Hz band pass 

filter was applied. Spontaneous KCs were recorded during NREM sleep.  

 

Table 1.1: Patient demographics and clinical characteristics.  

 

 

EEG recording was obtained in one 23 year-old female subject during a full night 

recording.  The subject was free of any neurological disorders, was not taking 

medication, and did not have caffeine or alcohol on the recording day.  Sixty-four 

Patient Gender Age Handedness 
Electrode 
Type 

Clinical 
Diagnosis 

Pathological 
Diagnosis 

Focus 
IQ 
(FSIQ) 

Intelligence 

1 F 17 R 

ECOG 

(Grids & 

Strips) 

CPS; 

temporal 
lobe 

dysplasia 

Temporal 

dysplastic 

lesion 

Right 
temporal pole 

75  

2 F 45 R 
SEEG 
(Cortical) 

CPS; 
Multifocal 

Multifocal 

temporal 
parietal 

occipital 

Temporal  Average 

3 M 45 L 
SEEG 

(Cortical) 

CPS; 

bitemporal 

No 
pathology 

obtained 

 

Left and right 
mesial 

temporal 

lobes 

83 

 
 

4 F 65 R 
SEEG 
(Cortical) 

CPS; 

Temporal 

lobe 
epilepsy 

with two 

foci: left 
mesial 

temporal 

structures 
& right 

subfrontal 

region 

No 

pathology 
obtained 

 

Right 
subfrontal & 

anterior 

temporal  
 

101  

5 F 37 R 

SEEG 
(Thalamic 

& 

Cortical) 
 

Temporal 

lobe 

epilepsy 

No 

pathology 
obtained 

 

Hippocampus  Average 
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channels placed in a 10-10 montage were referenced to an average mastoid and sampled 

at 600Hz.   

One patient with ECOG and four patients with SEEG were analyzed (Table 1). 

Activity identified as epileptic or abnormal, including epileptiform KCs (Niedermeyer, 

2008) and epileptiform spikes in conjunction with KCs (Geyer et al., 2006), were 

excluded based on visual inspection. 

Sleep staging and KC identification for cortical intracranial recordings followed 

standard criteria and were verified by one qualified rater (SC). Sleep staging relies on 

iEEG, surface EEG (at least one scalp electrode referenced to the mastoid), and 

submental EMG, when available. N2 is identified by prominent KCs and spindles with 

only occasional delta activity in the absence of rapid eye movements (Silber et al., 2007). 

N3 is classified with the onset of deeper sleep and the gradual diminishment of spindles 

and increase in delta frequency waveforms. KCs were selected based on multiphasic 

morphology during N2 or N3, occurring spontaneously or evoked by a sensory stimuli, 

with a significant surface negative and then surface positive potential occurring ~500 and 

900ms from the beginning of the waveform (Colrain, 2005).  Chosen KCs were isolated 

(i.e. not part of a preceding oscillation) and were not categorized based on preceding or 

following spindling activity. 

Sleep staging for the thalamocortical intracranial recording was performed based 

on cortical activity across intracranial contacts and a scalp electrode by one qualified 

rater (HB).   

Bipolar SEEG analysis was performed by examining voltage differences across 

bipolar depth electrode contacts that spanned the local cortical gray matter. Typically, 
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one contact of the bipolar pair lay above the cortical gray matter, in the CSF, and the 

other just below it in the white matter. As KCs have such extensive generators, distant 

sources, although individually weaker than local sources, are so numerous that in sum 

they could contribute substantially to the recorded iEEG signal (Klee and Rall, 1977). 

When many distributed generators are active, even extracranial locations serving as a 

reference lead may record high voltage responses. Our bipolar method obtains 

unambiguously focal cortical recordings free of the volume conduction and reference 

lead issues that may confound interpretation of iEEG. The surface negative component is 

usually dominant and corresponds to a downstate (Cash et al., 2009).    

KC detection for cortical intracranial recordings was performed on the midline 

scalp electrode Fz for Patients 2-4, where KCs show the greatest amplitude, or the scalp 

electrode C4 for Patient 1 where placement of a midline electrode was not clinically 

feasible, during N2 and N3. For SEEG, only bipolar channels with average KC 

amplitudes greater than 100 μV were included for analysis.   

KC detection for the thalamocortical intracranial recording was performed on a 

prefrontal bipolar SEEG channel estimated to lie in Brodmann’s area 10 during N2 and 

N3 based on the multiphasic morphology outlined above. 

KC detection for EEG was performed on the midline scalp electrode Fz, where 

KCs show the greatest amplitude during N2. 

Elimination of epileptiform activity: Sleep and epilepsy can have a profound 

effect on one another (Derry and Duncan, 2013) and their interactions must be considered 

in analyzing the intracranial recordings obtained from patients with epilepsy. The types 

of epilepsy which most commonly affect the graphoelements of N2 are generalized, 
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frontal, or nocturnal frontal lobe epilepsy (Crespel et al., 2000; Si et al., 2010; Derry and 

Duncan, 2013), but these were not present in the patients studied here.  A concern in all 

patients with epilepsy is that typical KCs would be contaminated with epileptiform KCs 

(Niedermeyer, 2008) or focal epileptiform spikes in conjunction with KCs (Geyer et al., 

2006). Fortunately, these are easy to detect and each KC was examined visually and all 

such KCs were excluded, as outlined above. In addition, we eliminated from 

consideration any electrode leads with consistent delta slowing, or frequent interictal 

spikes, or which participated in the seizure focus.  The majority of the patients examined 

here present with temporal lobe seizures, which more often are enhanced during 

wakefulness as compared to sleep (Crespel et al., 2000).   While these intracranial 

recordings must be interpreted within this clinical context, we have sought to rigorously 

exclude epileptic activity and to include a normal control subject’s data as well. 

 

Computational model  

Intrinsic currents: thalamus  

Single-compartment models of thalamocortical (TC) and reticular nucleus (RE) 

neurons included voltage- and calcium-dependent currents based on Hodgkin-Huxley 

kinetics:  

  int ,syn

m L L

dV
C g V E I I

dt
       

 

(1) 

with membrane capacitance Cm = 1 µF/cm
2
; leakage conductance gL (gL = 0.01 mS/cm

2
 

for TC and gL = 0.05 mS/cm
2
 for RE); and reversal potential EL (EL = -70 mV for TC and 

EL = -77 mV for RE). I
int

 expresses a sum of active intrinsic currents and I
syn

 a sum of 
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synaptic currents. Area of an RE cell was SRE=1.43 ·10
-4

 cm
2
 and area of a TC cell was 

STC=2.9 ·10
-4

 cm
2
.  

In both RE and TC, we implemented a fast sodium current, INa, a fast potassium 

current, IK, a low-threshold Ca
2+

 current, IT, and a potassium leak current, IKL = gKL(V-

EKL), EKL= -95mV. TC also included a hyperpolarization-activated cation current Ih. The 

expressions for voltage- and Ca
2+

-dependent transition rates for all currents are given in 

(Bazhenov et al., 1998; Chen et al., 2012). The maximal conductances were gK = 10 

mS/cm
2
, gNa = 90 mS/cm

2
, gT = 2.2 mS/cm

2
, gh = 0.017 mS/cm

2
, gKL = 0 - 0.03 mS/cm

2
 

for TC and gK = 10 mS/cm
2
, gNa = 100 mS/cm

2
, gT = 2.3 mS/cm

2
, gKL = 0.005 mS/cm

2
 

for RE. In some cases, IT inactivation in RE was scaled to a percentage of its original 

value. 

Intrinsic currents: cortex  

Two-compartment models of cortical pyramidal (PY) neurons and interneurons 

(IN) included channels modeled by Hodgkin-Huxley kinetics (Mainen and Sejnowski, 

1996):  

     int synD
m L D L D S D

dV
C g V E g V V I I

dt
         

   int ,S D Sg V V I     

 

(2) 

with dendritic compartment membrane capacitance (Cm) and leakage conductance (gL); 

reversal potential EL; membrane potentials of dendritic (VD) and axo-somatic 

compartments (VS); sums of active intrinsic currents in axo-somatic (IS
int

) and dendritic 

compartments (ID
int

); sum of synaptic currents (I
syn

); and conductance between axo-
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somatic and dendritic compartments g. This model was first proposed in (Mainen and 

Sejnowski, 1996) as a reduction of a multi-compartmental pyramidal cell model, based 

on the assumption that the current dynamics in axosomatic compartment are fast enough 

to ensure that VS is always at equilibrium state, as defined by the second equation in (2). 

Indeed, this reduced model has relatively high Na
+
 and K

+
 conductance values (gNa = 

3000 mS/cm
2 
, gK = 200 mS/cm

2
 (Mainen and Sejnowski, 1996)) in the axosomatic 

compartment (representing axon hillock in the model).  Because of the high conductance 

densities, smaller integration steps were needed to ensure stability of calculation when 

capacitance was included in the axosomatic compartment.  Both models (reduced and 

completed) showed identical firing patterns (Mainen and Sejnowski, 1996).  

The fast Na
+
 channels, INa, were high density in the axo-somatic compartment and 

low density in the dendritic compartment. The axo-somatic compartment contained a fast 

delayed rectifier potassium K
+
 current, IK. The axo-somatic and dendritic compartments 

both included a persistent sodium current, INa(p). The dendritic compartment contained a 

slow voltage-dependent non-inactivating K
+
 current, IKm, slow Ca

2+
 dependent K

+
 

current, IK(Ca), high-threshold Ca
2+

 current, IHVA, and a potassium leak current, IKL = 

gKL(V-EKL). See (Timofeev et al., 2000; Chen et al., 2012) for the voltage- and Ca
2+

-

dependent transition rates for all currents. The maximal conductances and passive 

properties were Ssoma=1.0 ·10
-6

 cm
2
, gNa = 3000 mS/cm

2
, gK = 200 mS/cm

2
, gNa(p) = 0.07 

mS/cm
2
 for axo-somatic compartment and Cm = 0.75 µF/cm

2
, gL = 0.033 mS/cm

2
, gKL = 0 

- 0.0025 mS/cm
2
, Sdend=Ssoma r, gHVA = 0.01 mS/cm

2
, gNa = 1.5 mS/cm

2
, gKCa = 0.3 

mS/cm
2
 gKm = 0.01 mS/cm

2
 gNa(p) = 0.07 mS/cm

2
 for dendritic compartment. EL = -68 
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mV and EKL = -95 mV. No INa(p) was modeled for IN. The resistance between 

compartments was R = 10 MΩ.  

The firing properties in Eq. (2) depend on the ratio of dendritic area to axo-

somatic area r (Mainen and Sejnowski, 1996) and the coupling conductance between 

compartments (g=1/R). A model of a regular-spiking neuron was used for PY (r = 165) 

and a model of a fast spiking neuron was used for IN (r = 50).  

Synaptic currents  

All synaptic currents were calculated using:  

    ,syn syn synI g O V E    (3) 

with maximal conductivity gsyn; fraction of open channels [O](t); and reversal potential 

Esyn. E
syn

AMPA = 0 mV for AMPA and NMDA receptors; E
syn

GABAA = -70 mV for GABAA 

receptors in RE and PY and E
syn

GABAA = -80 mV for GABAA receptors in TC (Ulrich and 

Huguenard, 1997); and E
syn

GABAB = -95 mV for GABAB receptors. A simple 

phenomenological model described short-term depression of intracortical excitatory 

connections (Abbott et al., 1997; Tsodyks and Markram, 1997; Galarreta and Hestrin, 

1998; Timofeev et al., 2000).  According to this, a maximal synaptic conductance was 

multiplied to depression variable, D ≤ 1, representing the amount of available “synaptic 

resources.”      1 1 1 exp /i iD D U t t       ,where U = 0.07 is the fraction of 

resources used per action potential, τ = 700 msec the time constant of recovery of the 

synaptic resources, Di is the value of D immediately before the ith event, and (t - ti) is the 

time after ith event. 
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First-order activation schemes modeled GABAA, NMDA, and AMPA synaptic 

currents (Destexhe et al., 1994). NMDA receptors’ dependence on postsynaptic voltage 

was    1/ 1 exp / ,post thV V     where Vth= -25 mV, σ = 12.5 mV (Traub et al., 1991; 

Destexhe et al., 1994; Golomb and Amitai, 1997). A higher-order reaction scheme 

modeled GABAB receptors, which took into account activation of K
+
 channels by G-

proteins (Dutar and Nicoll, 1988; Destexhe et al., 1994; Destexhe et al., 1996). For all 

synaptic current equations see (Bazhenov et al., 1998; Timofeev et al., 2000; Chen et al., 

2012). The maximal conductances (for each synapse) were gAMPA(PY-PY) = 0.09 µS, 

gNMDA(PY-PY) = 0.01 µS, gAMPA(PY-TC) = 0.08 - 0.025 µS, gAMPA(PY-RE) = 0.5 µS (for most 

simulations, but in the case of increasing this value to generate increasing number of 

KCs, the maximum value was 5 µS), gAMPA(TC-PY) = 0.1 µS, gAMPA(PY-IN) = 0.05 µS, 

gNMDA(PY-IN) = 0.008 µS, gGABAA(IN-PY) = 0.05 µS, gAMPA(TC-IN) = 0.1 µS, gGABAA(RE-RE) = 

0.2 µS, gGABAA(RE-TC) = 0.2 µS, gGABAB(RE-TC) = 0.04 µS, gAMPA(TC-RE) = 0.4 µS.  

Spontaneous miniature IPSPs and EPSPs on the cortical synapses followed the 

same equations as the regular PSPs.  Poisson processes (Stevens, 1993) modeled their 

arrival times, with time-dependent mean rate 

      1 02 / 1 exp / 400 1 /100u t t t      or     2 0log 50 / 50 / 400u t t t   , 

where t0 is a time instant of the last presynaptic spike (Timofeev et al., 2000). The mini 

amplitude was ~0.75 mV.   
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Network geometry and stimulation  

The simulated geometry was a two layer network representing the cortex and the 

thalamus (Figure 3A). Each layer was one-dimensional. The cortical layer consisted of 

100 PY neurons and 25 INs. The thalamic layer consisted of 50 RE neurons and 50 TC 

neurons. The fan-out from PY to PY was radius 5 for AMPA and NMDA connections, 

radius 1 for AMPA and NMDA PY to IN synapses, radius 5 for GABAA IN to PY 

synapses, radius 10 for AMPA TC to PY, radius 2 for AMPA TC to IN synapses, radius 5 

for AMPA PY to TC and PY to RE, and radius 5 for AMPA and GABAA synapses 

between TC and RE neurons (Figure 3A & B). In some simulations, a subset of PY 

neurons projected to all RE neurons, while the remaining PY neurons maintained their 

original projections to 5 RE neurons each (Figure 3C). Depolarization was applied to all 

RE neurons in the original configuration (Figure 3B) and to the subset of PY neurons 

projecting to all RE neurons in the reconfiguration (Figure 3C). GABAergic IN-IN 

synapses were not included. Some of the intrinsic parameters of the neurons in the 

network were initialized with random variability (Gaussian distribution with σ= 5 - 10 %) 

to insure the robustness of the results (Bazhenov et al., 1998). Neurons were stimulated 

by injecting currents into RE (14 to 915pA) or PY (0.5 to 80pA) neurons. Spontaneously 

occurring KCs were produced without the addition of these currents. Most simulations 

ran for 10s, while simulations of spontaneous activity ran for 200s. 

 

Measures of Model Activity 

The average membrane potential for each population was calculated by averaging 

over each cell’s membrane potential; application of a -50mv spiking threshold prevented 
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the signal from being contaminated by spiking activity. This was taken as an 

approximation of the LFP for this population (Linden et al., 2011). 

Firing rate was calculated using the membrane potentials from each cell. The 

firing rate for an individual cell was calculated over a 5ms or 100ms bin: a spike was 

counted each time a cell’s membrane potential reached above -20mv and then dropped 

below -30mv the following millisecond. Firing rate for a population was calculated in 

spikes per second by multiplying the number of spikes in a bin by the number of bins in 1 

sec (e.g. 5ms=20bins/sec) and dividing by the number of neurons in the population (e.g. 

100 for PY neurons).  

Population specific measures of conductance, current, calcium levels, and 

inactivation and activation states were measured for PY, TC, and RE neurons. For PY 

neurons, these measures were: average axosomal INa(p); average dendritic INa(p); average 

IK(Ca); average IKL; and level of calcium. For TC neurons, these were: average gh 

conductance; average Ih; average IT; average IKL; IT inactivation and activation states; 

sum of PY to TC total currents; and level of calcium. For RE neurons, these were: 

average IT; average IK current; IT inactivation and activation states; and sum of PY to RE 

total currents.  

Spindle and high gamma power were calculated using Morlet wavelets or the 

Hilbert transform with customized Matlab routines incorporating the publicly available 

FieldTrip toolbox (Oostenveld et al., 2011). For modeling results, spindling power was 

calculated from 8-13Hz (the standard deviation of the wavelet was 2 Hz in the frequency 

domain and 80ms in the time domain), while HGP was calculated from 70-200Hz (the 

standard deviation of the wavelet was 10 Hz in the frequency domain and 16ms in the 
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time domain). Although the spindle band for this analysis is lower than is typically 

observed in scalp EEG, it corresponds to the frequencies present in the spindles generated 

by the model. Power was calculated for individual neurons and trials and then averaged. 

No distinction was made in the model corresponding to the distinction between frontal 

maximum slow spindles and parietal maximum fast spindles seen in scalp EEG, because 

it is not clear what their intracortical basis is, and their modeling would require more 

neurons than are currently practical to compute.  

For thalamocortical SEEG data, the cortical bipolar channel was band pass 

filtered to between 60-120Hz (to measure high gamma) and the thalamic bipolar channel 

was band passed filtered to between 12-16Hz (to measure spindling). Because the normal 

spindle frequency in the human thalamus is unknown, the spindle frequency band for the 

thalamus used for analysis was chosen based on the dominant frequencies present in 

spontaneous spindles in these recordings. The data were epoched using cortical KC times 

and the Hilbert transform was applied to each KC.  The absolute value of the Hilbert was 

averaged over all KCs for the cortical (for high gamma) and thalamic (for spindling) 

channels.  Time frequency analysis (5-120Hz) of thalamic data was performed using 

EEGLAB (Delorme and Makeig, 2004), with the most negative peak of the KC at time 

zero using -1.5 to -0.5 seconds as a comparison baseline at a p<0.01 threshold. 

Baseline corrected values were calculated when multiple simulations evoking 

KCs were run with the same input values. In these cases, the same random seed was used 

for an evoked KC run and a no stimulation run. Both runs used the same parameters, 

except that the evoked KC run either applied PY stimulation or RE depolarization. Each 

evoked KC run was baseline corrected using its corresponding no stimulation run. At a 
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time point of interest, the baseline corrected value was calculated by subtracting the value 

in the no stimulation condition, B, from the corresponding value in the evoked condition, 

A. The calculation for a percent change was: ((A-B)/B)*100.  

Cortical KCs were identified in PY neurons by their hyperpolarized membrane 

potential, decreased membrane potential fluctuations (as indicated by HGP), and 

decreased firing rate (less than 10 spikes per 100ms, for at least 200ms).  
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Abstract   

K-complexes (KCs) are thought to play a key role in sleep homeostasis and 

memory consolidation; however, their generation and propagation remain unclear. The 

commonly held view from scalp EEG findings is that KCs are primarily generated in 

medial frontal cortex and propagate parietally, whereas an electrocorticography (ECOG) 
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study suggested dorsolateral prefrontal generators and an absence of KCs in many areas. 

In order to resolve these differing views, we used unambiguously focal bipolar depth 

electrode recordings in patients with intractable epilepsy to investigate spatiotemporal 

relationships of human KCs. KCs were marked manually on each channel, and local 

generation was confirmed with decreased gamma power. In most cases (76%), KCs 

occurred in a single location, and rarely (1%) in all locations. However, if automatically 

detected KC-like phenomena were included, only 15% occurred in a single location, and 

27% occurred in all recorded locations. Locally generated KCs were found in all sampled 

areas, including cingulate, ventral temporal, and occipital cortices. Surprisingly, KCs 

were smallest and occurred least frequently in anterior prefrontal channels. When KCs 

occur on two channels, their peak order is consistent in only 13% of cases, usually from 

prefrontal to lateral temporal. Overall, the anterior–posterior separation of electrode pairs 

explained only 2% of the variance in their latencies. KCs in stages 2 and 3 had similar 

characteristics. These results open a novel view where KCs overall are universal cortical 

phenomena, but each KC may variably involve small or large cortical regions and spread 

in variable directions, allowing flexible and heterogeneous contributions to sleep 

homeostasis and memory consolidation. 

 

Significance Statement  

This is the first examination of the location of K-complexes (KCs) and their 

temporal relationship across the cortex using such focal measures of brain activity. KCs, 

along with sleep spindles and slow oscillations, are thought to play important roles in the 

restorative and memory consolidation processes of non-rapid eye movement sleep. KCs 
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are unique from these other markers because they indicate isolated periods of cortical 

silence. We describe here that KCs occur in parts of the brain previously thought not to 

generate KCs. We show they may co-occur over small or large parts of the cortex, but do 

not propagate in a systematic way. This variability could reflect and support 

consolidation processes devoted to memories involving the corresponding cortical areas 

and sequences.  

 

Introduction  

K-complexes (KCs) are isolated down states occurring both spontaneously and in 

response to sensory stimuli during non-rapid eye movement (NREM) sleep (Colrain, 

2005; Cash et al., 2009). Here we examine the spatial distribution and temporal dynamics 

of KCs across the cortex using bipolar stereoencephalographic (SEEG) recordings to 

address basic questions that are unanswered or ambiguous in the KC literature. Which 

cortical regions generate KCs? How variable is KC amplitude? How variable is the KC 

occurrence rate? How often do KCs co-occur across the cortex? Do KCs propagate 

sequentially from one cortical location to another? 

Answers to some of these questions have varied due to the recording technique. 

Scalp EEG examination of the KC indicates that KCs are largest in amplitude and most 

frequent over midline frontal sites (Colrain, 2005; Halasz, 2005). Cortical surface 

electrocorticography (ECOG) recordings and average reference SEEG recordings have 

led to the conclusion that many cortical areas crucial for memory do not generate KCs 

(Wennberg, 2010). Scalp EEG and ECOG recordings, however, are difficult to interpret 
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due to potential overlap and cancellation from multiple distributed generators. 

Additionally, average references may detect signals that are not locally generated. 

Bipolar SEEG recordings eliminate the ambiguity of scalp EEG, ECOG, and 

average reference SEEG. In both scalp EEG and ECOG, individual electrodes record 

activity from local and distant generators, which are difficult to disentangle; scalp EEG is 

further smeared by the skull. In bipolar SEEG recordings, nearby contacts along an 

electrode are subtracted from one another. Adjacent contacts chosen for analysis can have 

one contact just above the gray matter in the CSF, and one just below the gray matter in 

the white matter. This subtraction provides a focal recording of brain activity unavailable 

with scalp EEG or ECOG. Even the use of an average reference in SEEG may mask or 

augment a local signal, which is not the case when SEEG is analyzed using bipolar 

subtraction. The ambiguity inherent in scalp EEG, ECOG, and referential SEEG may 

confound interpretations of both where KCs are generated and how they co-occur or 

spread across the cortex. 

Another source of ambiguity in previous studies is the grouping together of KCs 

and slow oscillations (SOs), which occur as a series of up and down states in NREM 

stage 3 sleep (N3).   SOs and KCs share a frequency of ~1 Hz, and the KC is identical to 

the down state of the SO (Cash et al., 2009). The commonly used automated SO detection 

methods identify all large low-frequency deflections, including KCs. Scalp EEG 

recordings have led to the interpretation that SOs propagate across the cortex in an 

anterior-to-posterior direction, with a delay of ~200 ms (Massimini et al., 2004; Murphy 

et al., 2009). Since these studies included KCs as well as SOs in their analyses, these 

studies provide insight into the propagation of KCs as well. A major distinction between 
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SOs and KCs is that the KC is an isolated event: it is neither part of an ongoing 

oscillation nor is preceded by an up state. It is, therefore, possible to pinpoint the start of 

a KC in the cortex. In contrast, because the SO is an oscillation, it can be difficult to 

determine which waves correspond to each other across different cortical areas, resulting 

in ambiguous order and dependence. 

By rigorously quantifying the spatial distribution and temporal dynamics of KCs 

across the cortex, we focused on three questions. First, are KCs a fundamental neocortical 

state that are locally generated in all neocortical areas with similar amplitudes and rates 

of occurrence? Particular attention was paid to the cingulate, ventral temporal, and 

occipital cortices where Wennberg (2010) failed to find KC generators using intracranial 

recordings. Similarly, special attention was paid to lateral cortex, in general, where other 

studies using high-density EEG failed to find generators of evoked KCs or isolated SOs 

(i.e., KCs) (Murphy et al., 2009; Riedner et al., 2011). Second, do KCs co-occur in 

multiple lobes and both hemispheres, or do they occur in a more isolated fashion? Third, 

do KCs systematically propagate from anterior to posterior locations, and in particular 

from prefrontal to parietal? 

The three NREM sleep markers—sleep spindles, SOs, and KCs—have all been 

implicated in the restorative and memory processes that occur during sleep (Diekelmann 

and Born, 2010; Tononi and Cirelli, 2014). By understanding where the KC occurs in the 

brain, how the KC occurs temporally across the cortex, and whether it is an event that 

may manifest heterogeneously each time it occurs, we can understand how the role of 

each generating structure and their orchestration lead to sleep homeostasis and memory 

consolidation. 
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Materials and Methods 

SEEG recordings were obtained in nine patients (eight women, one man; mean 

age, 41.4 ± 4.9 years) who experienced pharmacoresistant epilepsy to localize their 

seizure focus prior to possible resection at Massachusetts General Hospital or La Timone 

Hospital (Table 1).  The anatomical nomenclature follows that of Destrieux et al. (2010). 

At Massachusetts General Hospital, electrodes were localized with respect to anatomical 

structures using computed tomography (CT) with the electrodes in place, and 

intraoperative photographs (Dykstra et al., 2012). Depth electrodes (SEEG) had either 

eight contacts with 5 mm center-to-center spacing or six contacts with 8 mm center-to-

center spacing. Each contact was 2.4 mm long with a diameter of 1.28 mm. The 

electrodes usually passed approximately perpendicular to the midsagittal plane. At La 

Timone Hospital, electrodes were localized using the fusion of CT scanning with 

implanted electrodes and MRI. In one case, surgical planning and preoperative MRI were 

used to localize the electrodes. SEEG electrodes had 10 or 15 contacts with 3.5 mm 

center-to-center spacing; in some cases, the 15 contact electrodes contained three sets of 

five contacts, with 3.5 mm center-to-center spacing within the set and 7 or 11 mm 

between each set of five contacts. Contacts were 2 mm long with a 0.8 mm diameter. 

Electrodes were both perpendicular and oblique. Prior to surgery, fully informed consent 

was obtained under the auspices of local institutional review boards. The signals were 

sampled at 256, 500, 512, or 1024 Hz. 
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Table 2.1: Demographic and clinical information for all patients studied.  FSIQ, Full 

Scale Intelligence Quotient; CPS, Complex Partial Seizures. 

 

  

Adjacent contacts along each SEEG electrode were subtracted to create bipolar 

contacts. The bipolar derivation was obtained by subtracting the more lateral lead from 

the more medial adjacent lead. In the case where the electrode is passing through the 

most superficial cortex, the lateral lead is over the pia and the medial lead is in the 

underlying white matter. Since the KC is surface negative (Cash et al., 2009), a medial − 

lateral derivation would in this case result in a positive peak. In contrast, at the midline 

locations (e.g., the crown of the cingulate gyrus), the medial lead is above the pia and the 

lateral is in the underlying white matter, and consequently KCs are negative in the medial 

− lateral derivation. Intermediate bipolar pairs could be either polarity depending upon 

the exact relationship of the contacts to local cortical folding. 

Contacts to include for analysis were chosen by examining both physiological and 

anatomical criteria. Physiologically, referential recordings from a given depth electrode 

were examined for successive contacts which recorded polarity-inverted spontaneous 

activity. In such cases, anatomically, one contact of the bipolar pair would typically lay in 
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the CSF above the cortical gray matter, while the other lay just below it in the white 

matter. In the case of overlapping bipolar contacts (i.e., two pairs sharing a contact), only 

one bipolar pair was included for analysis. A total of 55 bipolar contacts were analyzed. 

This bipolar method is free of volume conduction and reference lead issues, obtaining 

unambiguously focal cortical recordings. Furthermore, to be included for analysis, 

contacts needed to be distant from the epileptogenic focus, free of epileptiform activity 

(spikes or pathological slowing), and exhibit KCs. 

Usable scalp EEG channels were recorded in the four subjects from 

Massachusetts General Hospital, but not in the five subjects from La Timone Hospital. 

When present, the scalp recordings lacked the full montage used for formal 

polysomnography (Silber et al., 2007). Periods when patients were behaviorally noted to 

be sleeping were selected for analysis. As this study sought to characterize KCs as 

measured locally, rather than defined by scalp EEG, the initial selection of KCs was blind 

to sleep staging. As a secondary analysis, sleep staging based on a scalp EEG—as well as 

EMG and EOG, when available—for subjects recorded at Massachusetts General 

Hospital, or based on the SEEG for subjects recorded at La Timone Hospital, was 

performed for all subjects by a qualified rater (M. Rey). 

KCs were manually marked independently on each bipolar SEEG contact for each 

subject. Each night was considered independent and studied separately. Selected KCs 

were isolated (i.e., they were not part of a preceding oscillation) and exhibited a 

multiphasic morphology, with a significant drop peaking at ~500 ms from the beginning 

of the waveform, often followed by a rebound peaking at ~900 ms (Colrain, 2005). Each 
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channel was then bandpassed from 0.1 to 5 Hz in order to select the peak of the manually 

marked KC. 

To confirm that selected KCs, regardless of their polarity, were down states, we 

tested for a drop in high gamma power (HGP) at the time of the KC in all channels for 

each subject. If a subject had multiple nights, only one sample night was used to test an 

HGP drop in all channels. KCs were therefore not validated individually for a drop in 

HGP, but were validated over all KCs in each channel, for 1 night per subject. HGP was 

calculated from 60 to 120 Hz, or from 70 to 120 Hz, depending on whether the line noise 

was at 50 or 60 Hz, respectively. Visually, a drop in HGP up to 120 Hz was determined 

by a time frequency analysis using default wavelets in EEGLAB (Delorme and Makeig, 

2004): with the most negative peak of the KC at time zero, −1.5 to −0.5 s was used as a 

comparison baseline for a t test at a p < 0.01 uncorrected threshold. The drop in HGP 

seen at the time of the KC was further verified using a Hilbert transform applied to each 

KC. The analytic amplitude of the Hilbert transform was calculated after applying a 

bandpass filter for the appropriate HGP range (either 60–120 Hz or 70–120 Hz) and 

averaged over all KCs for each channel. Compared to a baseline period from −1.5 to −1 

s prior to the most negative peak of the KC at time zero, periods of significant (p < 0.01, t 

test, false discovery rate corrected) drop in HGP were required for KC confirmation. 

These analyses were accomplished with custom MATLAB (2009) routines with 

dependencies including the FieldTrip (Oostenveld et al., 2011) toolbox. 

In order to compare our bipolar derivations with the common average reference 

recordings used in a previous study (Wennberg, 2010), referential recordings were 

reconstructed for the individual leads used in a typical transcortical bipolar pair, and in 
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nearby leads on the same probe but in the white matter. HGP was calculated as above 

(see Fig. 3 for details). 

KC detections were grouped across channels to classify the number of unique KC 

events for each night for each subject using R (R Development Core Team, 2004). 

Starting with the first KC peak, additional channels were classified as participating in the 

same KC if their peak time was ≤200 ms from this first peak latency. The next KC peak 

after the 200 ms window was the beginning of the second KC event. The grouping of KC 

events continued until the last KC peak was classified. As a control, KCs were also 

regrouped using a 200 ms crawling window: after each KC peak detection, the detection 

window was shifted 200 ms to the right. The detection window continued shifting to the 

right until no more peaks were detected. These regroupings were not used for any of the 

analyses described below. 

Although the 200 ms window procedure would allow KCs occurring in at least 

two channels to have a maximum peak difference up to 200 ms, the actual maximum 

difference was observed to be much less. This latency difference was quantified by 

calculating the delay between the first channel peak and the last channel peak for each 

KC event. The mean and SD over all KCs for each night were then calculated. 

To study how KC amplitude and KC occurrence rate may vary across the cortex, 

bipolar channels were grouped by anatomical locations into 10 groups (Fig. 1). To test 

KC amplitude, a linear mixed-effects model (Pinheiro et al., 2015) was performed. 

Location was used as a fixed effect. Placement of electrodes for each patient was chosen 

to localize the patient’s epilepsy, but electrodes included in this analysis were not shown 

to be part of each patient’s seizure focus. Therefore, patient and location were considered 
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independent. Interpatient variability was adjusted for by using patient as a random effect. 

Channel variability due to electrode placement with respect to the surrounding cortex, as 

well as variable contact spacing, was taken into account by using channel as a random 

nested effect. 

To test the KC occurrence rate, a linear mixed-effects model of the inter-KC 

interval was performed with location as a fixed effect and patient as a random effect. In 

both the amplitude and occurrence rate models, the orbitofrontal cortex group served as 

the reference. For the residuals of the model to be normally distributed, a log transform 

was applied to the amplitudes and a Box-Cox Transform (Box and Cox, 1964) was 

applied to the inter-KC intervals. The normality of the residuals was checked visually. 

All models were developed using the LME procedure implemented in the nlme package 

(Pinheiro et al., 2015) of R. Due to the limitations of this package, confidence intervals 

for all predicted values derived from the linear mixed-effects models could not be 

provided. In order to quantify the difference in either amplitude or occurrence rate 

between a tested location and the orbitofrontal reference, population level predictions 

were computed for each location. An inverse Box-Cox transformation was then applied 

to these estimates to obtain values in either microvolts or milliseconds in order to 

compute a relative percentage to the reference level. 

To test whether KCs co-occur in multiple channels, we compared the number of 

KC events observed in exactly one channel, versus more than one channel, to what those 

numbers would be by chance. Fisher’s exact test was performed in R to determine 

whether the numbers significantly differed at α = 0.05. The number of KCs that would be 

expected in one channel or multiple channels by chance was estimated by randomizing 
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the latencies between two consecutive KCs within each channel. This provided a new list 

of KC peaks for each channel. This randomization was performed 1000 times. These 

randomized latency differences were converted into latencies by adding in the latency of 

the first detected KC for each channel. Additionally, the latency of the first detected KC 

was added back to keep the number of latencies consistent. The KCs were then grouped 

for each of these 1000 s simulations in the same manner as for the actual data (i.e., within 

200 ms time windows) to create the distribution of expected single and multichannel KC 

events under the null hypothesis. 

Using the same method for subjects with more than two channels, we tested co-

occurrence for KCs observed in three or more channels, four or more channels, and five 

or more channels. Five or more KCs had to be observed for the category to be tested. 

Bonferroni correction for multiple comparisons was applied to all test results. 

To test whether KCs occur in a sequential order across the cortex, a multinomial 

test was performed in R for KC events observed in two, three, four, or five channels. The 

channel sequence of each KC event was determined by ordering channels by their KC 

peak latency. For a given set of channels, the multinomial test compares the frequencies 

of observed sequences to all possible sequences containing the same channels. Bonferroni 

correction was applied separately to each category of channels over all subjects. 

Because each KC was verified visually, and for each channel, KCs were in all 

cases validated by decreased high gamma power, one may be confident in the locations 

where they were found to be locally generated and other quantified characteristics. 

However, using such strict criteria could lead to an underestimation of the extent of 

cortical involvement in a given KC event. This possibility was avoided by using an 
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automatic procedure to look for KC-like activity in the channels where KCs were not 

manually marked, at times when a KC was manually marked in at least one channel. 

Each channel was bandpassed with a zero phase-shift filter from 0.2 to 5 Hz before the 

detection of KC-like activity. For each channel, a KC template was created by averaging 

over the manual KC detections from −350 to +650 ms around the peak. A sliding inner 

product was then performed between this template and a 1.2 s window when a manual 

KC occurred in at least one channel. To prevent edge effects, this window was set from 

−450 to +750 ms around the manually marked KC peak at time zero; if more than one 

channel was manually marked, then the average of the first and last peak latency was 

used as time zero. The maximum value of the sliding inner product within the 200 ms 

window where the template and test data overlap was compared with a predetermined 

threshold value. If this value was greater, the channel was considered to contain KC-like 

activity. However, if the time when the sliding inner product was greatest was at the edge 

of the 200 ms window (and the amplitude continued to get larger beyond that window), 

then the activity was not counted as KC like. 

The threshold value for KC-like activity was determined for each channel by 

calculating the sliding inner product between the KC template and randomly chosen 

epochs of data that did not contain KCs or slow oscillations in any channel. The number 

of such epochs chosen was 110% the number of KC events for each night. As above, the 

maximum value of the 200 ms window where the template and each epoch overlapped 

was stored in a vector. The threshold was the 99th percentile of that vector. Thus, the 

KC-like activity chosen by the template can be considered to be more similar than 

random activity to the template constructed from the manually chosen KCs at p < 0.01. 
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For 2 nights in two different subjects, it was not possible to obtain 110% the number of 

KC events. In these cases, ~350 periods for each channel were used. 

To quantify the characteristic differences between manually detected and 

template-detected KCs, the KC peak amplitudes, and the signal variance from −1.4 to 

−0.4 s prior to the KC peak, were calculated for each channel for the null times, manual 

KCs, and template-detected KCs. The z-scores for the peak amplitude and variance on 

each channel for the manually detected and template-detected KCs were calculated with 

respect to the null values. A paired t test was calculated between the z-scored manual KC 

amplitudes averaged over all channels and the z-scored template-detected KC amplitudes 

averaged over all channels. Another paired t test was calculated comparing the pre-KC 

period variance between average z-scored manually detected and template-detected KCs. 

A new list of KC events, including KC-like activity in addition to the manually 

marked KCs was computed. To test whether there is a consistent temporal relationship 

between manually detected and template-detected KCs, the difference between the 

average peak latency of all manual KCs and the average of all template KCs was 

calculated for each KC event for a representative night over all subjects. 

The number of channels participating in KCs and the regional distribution of KCs 

was compared between the manual-only KCs and the manual plus template-detected 

KCs. For 1 representative night for each subject, the number of KCs occurring on each 

channel was normalized to the largest number of KCs occurring on a channel. This 

normalization was performed separately for the manual-only detections and the manual 

plus detections surviving the 99th percentile threshold. A multinomial test was repeated 

for these KCs to test whether the inclusion of KC-like activity revealed any meaningful 
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sequential order of two channels across the cortex. Bonferroni correction was applied to 

all tests. 

To further test for a significant relationship between KC latency and anterior-to-

posterior distance in the cortex, all pairs of anterior and posterior channels were chosen 

for each subject. Pairs were in all cases from different electrodes and could maximally 

have one contact gap in the medial-lateral direction. These three-dimensional electrode 

coordinates were projected onto the sagittal plane. The distance between these 

coordinates for each channel pair was plotted versus the average KC latency difference 

between each pair. Additionally, the channel distance was plotted for each individual KC 

latency difference. Significant distance versus delay relationships were analyzed in a 

linear mixed-effects model (Pinheiro et al., 2015), where the patient was introduced as a 

random effect to account for interindividual variability. Marginal r
2
 values were 

calculated as presented in the study by Nakagawa and Schielzeth (2013). 

 

Results 

Cortical areas generating KCs 

KCs were analyzed from nine patients undergoing observation for intractable 

epilepsy. A total of 55 bipolar SEEG contacts were included for analysis. Contacts 

sampled all lobes but showed the greatest concentration in subcallosal, prefrontal 

(anterior and posterior), and temporo-parieto-occipital junction regions (Fig. 1A). Bipolar 

contact pairs spanned the gray matter, with one contact in the white matter and the other 

in the CSF, providing a very focal measure (Fig. 1B). 
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Figure 2.1: Bipolar SEEG contacts. A, Bipolar SEEG contacts, color coded by subject, 

are marked by circles on the medial (left) and lateral (right) surfaces of the brain. Bipolar 

SEEG contacts are grouped into 1 of 10 anatomical groups, as demarcated by black 

circles and/or one of the following labels: ac (anterior cingulate and subcallosal); af 

(anterior prefrontal cortex); pc (posterior cingulate); pf (posterior prefrontal cortex); cs 

(central sulcus); in (insula); f3op (inferior frontal gyrus; pars opercularis); of 

(orbitofrontal cortex); tp (temporo-parieto-occipital junction); vt (ventrolateral temporal 

cortex). B, Example SEEG electrodes for subject 1 (green) and subject 4 (purple) are 

superimposed on the subjects’ MRIs. The arrows indicate the location of the bipolar 

contact pair chosen on each electrode. From the MRI, it is possible to see that the two 

contacts in each pair are spanning the local cortical mantle. 
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KCs were manually marked, independently on each bipolar channel. A total of 

13,821 KCs were manually marked over all channels for all subjects. For each channel, 

KCs were verified as down states by a significant drop in high gamma power at the time 

of the KC (Fig. 2). Locally generated KCs were demonstrated in all sampled regions, 

including subcallosal, orbital, cingulate (anterior and posterior), frontal (superior, middle 

and inferior, pars opercularis, triangularis, and orbitalis), supramarginal, angular, 

annectant, temporal (inferior and middle) gyri, the insula and frontal operculum, and the 

central and anterior occipital sulci (Fig. 2). 

In addition to the 55 bipolar SEEG contacts included for further analysis, KCs 

were also identified in four bipolar SEEG contacts where it has previously been reported 

that KCs are not found (Wennberg, 2010). These sites were in anteroventral medial 

temporal (possibly entorhinal), posteroventral medial temporal, and lateral ventral 

temporal areas. These four sites were not included in further analyses because they either 

occurred in potentially non-isocortex (entorhinal cortex) or were in locations implicated 

in the patient’s epilepsy; therefore, further verification is needed for these sites. As with 

the other pairs, these sites recorded locally generated KCs, as verified by a significant 

drop in high gamma power (Fig. 2, sites marked by red squares). 
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Figure 2.2: Example KC localizations, waveforms, and down state confirmations. KCs 

are plotted from representative sites across the cortical areas sampled. Individual KCs for 

each bipolar location are plotted in black with the average KC overlaid in red. The 

number of individual KCs plotted is listed above the waveforms. Below the KC 

waveforms, time frequency plots from 5 to 120 Hz with a −1.5 to −0.5 s baseline relative 

to the most negative peak of the KC at time zero indicate a significant drop (p < 0.01, 

uncorrected) in high gamma power at the time of the KC. Arrows indicate the bipolar 

locations where the plotted waveforms and time–frequency plots were recorded. Circles 

indicate the subject color-coded bipolar channel locations, as in Figure 1. The four 

additional red squares indicate sites where KCs were located, but not included for 

additional analysis because they were part of an epileptic region or potentially in 

entorhinal cortex. 

 

KCs measured in bipolar versus common average reference montage 

Previously, KC generation was examined using SEEG, with each individual 

electrode contact referenced to a common average of scalp electrodes (Wennberg, 2010). 

To compare this method to the method of transcortical bipolar subtraction used in the 

analyses presented here, KCs were examined in two adjacent white matter contacts, as 

well as two adjacent contacts spanning the gray matter, in both the common average 
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reference and bipolar montage (Fig. 3). All four contacts were located on the same 

electrode. 

Using the KCs identified on the bipolar channel spanning the gray matter, the two 

white matter contacts referenced to the common scalp average show clear KCs (Fig. 3A, 

red waveforms). However, when the two white matter channels are viewed in a bipolar 

montage (blue waveform), the signal is flat. This finding implies that the common 

average reference signal in this case is due to volume conduction rather than local 

generation. This interpretation is consistent with the absence of a drop in high gamma 

power in any bipolar or referential recording from the white matter contacts. 

Conversely, the transcortical bipolar contact along the same electrode used in this 

study spans the gray matter, with one contact on the white matter side of a cortical patch, 

and the other on the CSF side. In this case, both channels referenced to the common scalp 

average show KCs (Fig. 3B, red waveforms), but so does the bipolar subtraction between 

these two channels (Fig. 3B, blue waveform). Additionally, in all three cases, there is a 

drop in high gamma power to verify that what is being recorded is a down state. A 

common average reference SEEG can, therefore, accurately record KCs, but it also risks 

recording activity that is not locally present, which is not the case for bipolar SEEG. 

 



117 
 

 
  

 

Figure 2.3: Bipolar versus common average reference recordings. Bipolar KC recordings 

(blue waveforms) were compared with monopolar KC recordings (red waveforms) 

referenced to a common average reference (T3, T5, F3, C3, P3, O1, F4, C4, P4, O2, T4, 

and T6) as in Wennberg (2010). Two pairs of adjacent contacts located on the same 

electrode of subject 4 were examined. A, Bipolar (blue) and referential (red) recordings 

from two adjacent contacts, both located in the white matter, as confirmed by MRI. 

Bipolar recordings show no KCs, but referential recordings do, despite the fact that no 

decrease in high gamma power is present in the time–frequency plots below each 

waveform. Thus, referential recordings show KCs even when they are not locally 

generated. B, Bipolar (blue) and referential (red) recordings from two adjacent contacts 

that span the gray matter, as confirmed by MRI. Both bipolar and referential recordings 

show KCs, together with decreased high gamma power. All recordings were averaged 

with respect to the peaks of KCs identified in the bipolar recordings in B. 
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KC amplitude and occurrence rate varies across cortical locations 

In Figure 4A, average KC amplitudes for each channel are color coded by subject. 

The mean amplitudes for subjects 1 through 9 were as follows (in μV): 416, 329, 209, 

489, 385, 513, 420, 624, and 230. KCs with the largest amplitude were recorded in 

posterior prefrontal and anterior cingulate/subcallosal areas, whereas small KCs were 

recorded in anterior prefrontal and orbital areas, and moderate amplitude KCs were 

recorded in ventrolateral temporal areas (Figs. 2, 4A). Large KCs were also recorded in 

supramarginal, posterior cingulate, and anterior occipital areas, although sampling was 

limited. It should be appreciated that low amplitudes could reflect individual variation 

between patients, in exact electrode placement with respect to the cortex, or in variable 

spacing between contacts, rather than a characteristic of a particular cortical area. 

In order to account for these patient and channel variabilities, a linear mixed-

effects model of the amplitudes was performed with location as a fixed effect, patient as a 

random effect, and channel as a random nested effect. Bipolar channels were grouped 

into 10 locations by anatomic location, as pictured in Figure 1. The results of the model 

revealed that there were no significant amplitude differences between areas, although the 

anterior prefrontal cortex was close to being significantly smaller (p = 0.089), despite the 

common observation that the largest scalp KCs are recorded above this area. These issues 

are further examined below. 

 

 

 

 



119 
 

 
  

 

Figure 2.4: KC amplitudes vary across the cortex. A, The average amplitude of manual 

KCs at each channel, color coded by subject, is highly variable across the cortex. 

However, no significant effects are found when a linear mixed-effects model is applied. 

B, The addition of KC-like activity shows a similar pattern, but with the increased 

sample, the same linear mixed-effects model now finds that the anterior prefrontal 

channels highlighted by the blue circle are ~30% smaller than the orbitofrontal reference 

(p = 0.045). Black circles in the top right indicate the amplitude scale represented by the 

size of each circle. 

 

In Figure 5A, the occurrence rate in each bipolar pair was normalized to the pair 

with the highest frequency in that subject, resulting in less striking differences between 

cortical locations. As a measure of occurrence rate, the inter-KC intervals were calculated 

for each channel. A linear mixed-effects model of these intervals was calculated with 

location as a fixed effect and patient as a random effect to test for areas with significantly 
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different occurrence rates. Compared with the orbitofrontal reference, KCs occurred 15% 

more often in the anterior cingulate (p = 0.0051), 48% more often in posterior cingulate 

(p < 0.00001), 11% more often in posterior prefrontal cortex (p = 0.024), and 14% more 

often in ventrolateral temporal regions (p = 0.022); these groups are highlighted in pink 

in Figure 5A.  Again, contrary to inferences from scalp EEG findings, KCs occurred 30% 

less often in the anterior prefrontal cortex (p = 0.0001) compared with the orbitofrontal 

location. KCs also occurred two times less frequently in the central sulcus (p < 0.00001); 

these two locations are highlighted in blue in Figure 5A. 

 

KCs co-occur in channels across the cortex 

In order to determine whether KCs co-occur across the cortex, the KCs that were 

marked independently on each channel were regrouped. Starting with the first KC 

latency, any KCs occurring in other channels within the next 200 ms were grouped as 

being part of the same KC event. As the time delay of potential KC propagation across 

the cortex is unknown, this 200 ms time window was defined for grouping a KC event 

because it is the approximate time delay reported for the slow oscillation from anterior to 

posterior scalp EEG recording sites (Massimini et al., 2004). Each KC event, therefore, 

would minimally contain one channel and could maximally contain the number of 

channels analyzed for an individual subject. 
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Figure 2.5: KC occurrence rates vary across the cortex. A, Manually marked KCs color 

coded for each subject. The size of the circle indicates the KC occurrence rate at each 

location, normalized to the maximum KC occurrence rate seen on any channel for that 

subject. Black circles in the top right indicate this normalized occurrence rate scale. 

Locations identified by a linear mixed-effects model to have a significantly higher 

occurrence rate than the orbitofrontal reference are highlighted by pink circles. Locations 

identified as occurring significantly less frequently are highlighted by blue circles. B, 

KC-like activity in addition to manually marked KCs. The locations showing a lower 

occurrence rate are the same as in A. The locations showing a higher occurrence rate 

differ with the addition of the template-detected KCs. 

 

 

To examine whether KC peaks in different channels participating in a KC 

spanned the entire 200 ms window, the time between the first and last peak in each KC 

containing more than one channel was calculated. The mean and SD of these maximum 
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peak delays was calculated for each night for each subject. All subjects showed a mean 

peak difference of <100 ms (Table 2). The single exception was 1 night for subject 9, 

where only one KC involved both channels; as a result, the mean reflects only one 

calculation. Therefore, even though a 200 ms window was chosen to include KCs 

potentially traveling across the cortex, KCs occurred in almost all cases in less than half 

this time. 

 

Table 2.2: Mean and SD of maximum KC peak differences between manually chosen 

KCs for each night for each subject 

 

 

To test whether these observed KC co-occurrences were significant, we simulated 

a set of expected KC data under the null hypothesis that the KC times are unrelated in 
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different channels. This expected distribution was created by randomizing the inter-KC 

intervals within channels of the observed KCs and grouping the latencies over channels 

within 200 ms windows, as was done with the observed KCs. We examined observed and 

expected KCs occurring in one channel versus two or more channels for each subject 

(Fig. 6). In the observed KCs, there are KCs that occur only in one channel (Fig. 6A, light 

orange). However, there are many more KCs that occur only in one channel for the null 

distribution (Fig. 6B, light purple). Conversely, there is a larger number of KCs involving 

two or more channels for the observed data (Fig. 6A, dark orange) than under the null 

hypothesis (Fig. 6B, dark purple). To statistically verify this observation, a Fisher’s exact 

test was performed, comparing the number of observed KCs to the null distribution in 

one channel versus two or more channels. For 20 nights over eight subjects, this was 

highly significant (p < 0.05, Bonferroni corrected; Table 3).  For 4 nights over two 

subjects (3 of 4 nights for one subject and 1 of 3 nights for the other subject), it was not. 

Due to the variable number of channels for each subject, the “one channel” versus “two 

or more channels” comparison was the only comparison testable for all nine subjects. In 

eight subjects, it was possible to repeat this test using expected and observed data for one 

channel and three or more channels; for seven of these subjects at least 1 night was 

significant at p < 0.05 (Bonferroni corrected), while the night of the eighth subject was 

not significant. For six subjects, it was possible to test up to four or more channels; in this 

case, we find all nights for five subjects to be significant at p < 0.05 (Bonferroni 

corrected) and not in 1 night in one subject. This analysis demonstrates that KCs co-occur 

across the cortex. 
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Figure 2.6: Observed manual KCs versus those expected under the null hypothesis of 

independent occurrence, for representative nights for each subject. A, KC events 

observed for each subject were classified into two groups: KCs with one participating 

channel (light orange); and KCs with two or more participating channels (dark orange). 

B, KC events derived from simulating an expected distribution for each subject were 

classified into the same two groups: one channel (light purple); and two or more channels 

(dark purple). For all subjects, there are more KCs that occur only in one channel 

expected under the null hypothesis than were actually observed. These distributions are 

tested statistically using a Fisher’s exact test, and these results are listed in Table 3. 
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Table 2.3: Fisher’s exact test for co-occurrence for one channel and two or more 

channels; three or more channels; four or more channels; and five or more channels for 

all nights for all subjects. Bonferroni correction at p < 0.05 was applied across all tests.  

Values in bold are significant after this Bonferroni correction.  

 

 

 

KCs do not occur in particular sequential order across the cortex 

As examined above, channels participating in a KC event exhibit a tighter time 

window than the 200 ms used to group KC events. However, this specific limit was 

imposed to investigate propagation sequences: according to Massimini et al. (2004), it 

takes ~200 ms for a slow wave to travel from anterior to posterior cortex. As stated 

previously, because the potential propagation time of KCs is unknown, the time delay of 

the SO was used as a maximum time window. To test the hypothesis that KCs occur in a 

sequential order across the cortex, we performed a multinomial test on the sequential 

order of channels participating in the observed KCs. Using the KC peak latencies, we 

recorded for a pair of channels the number of times the KC peak occurred in channel A 
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before channel B and the number of times the KC peak occurred in channel B before 

channel A. In this example of two channels, the multinomial test determined when one 

sequential order occurred significantly more often than the other sequential order. Of 341 

channel pairs tested over a representative night for each of the nine subjects, only 20 pairs 

from two subjects (subjects 2 and 6) were statistically significant at p < 0.05 after 

Bonferroni correction. These results indicate that when two channels repeatedly record 

KCs within a 200 ms time window, only 6% of these 341 channel pairs show a 

significantly consistent latency order. Conversely, 94% of channel pairs show no 

systematic latency even though they occur repeatedly within the same transcortical KCs. 

If KCs significantly occurred in a sequential order from anterior to posterior 

cortex, we would expect to find ordered sequences of two or more channels, beginning in 

anterior cortical regions and finishing in posterior cortical regions. Thus, we examined 

individually all of the electrode pairs to determine whether they were systematically 

engaged in an anterior-to-posterior direction. We found that for subject 2, 11 of the 16 

significant pairs started in various parts of cortex and ended in the temporal lobe. Three 

other pairs were situated along the same electrode, one was a pair of mirrored locations 

across the hemispheres, and the last was a pair with a slight posterior-to-anterior direction 

(Fig. 7B, red arrows). Of the four significant pairs found for subject 6, there was evidence 

of anterior-to-posterior propagation for three pairs, all lying entirely within prefrontal 

cortex. One of these three pairs was along the cingulate gyrus. One other pair was located 

along the same electrode, with no anterior–posterior separation. 
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Figure 2.7: Lack of systematic sequential order in KCs. Sequence pairs that are 

significant with manually marked KCs are plotted with red arrows, while sequence pairs 

that are significant only after the addition of KC-like activity are plotted with blue 

arrows. Sequence pairs tested but not significant are plotted in yellow. A, Subject 3 has 

electrodes in frontal and parietal cortices, but only shows significant sequences within the 

frontal lobe, and only after the addition of KC-like activity. B, Subject 2 shows a large 

number of significant sequence pairs (16) in manually marked KCs, the majority of 

which lead to the temporal lobe (11). This pattern is strengthened with the addition of 

KC-like activity (18 of 29 additional significant pairs). A variety of other significant 

sequences are seen within the frontal lobe. 

 

We further tested three-, four-, and five-channel sequences, whenever possible 

given the number of channels and the rate of multichannel KC occurrence for each 

subject. Of 222 triplets tested, 5 from subject 6 were statistically significant at p < 0.05 
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after Bonferroni correction. As with the pair results for this subject, these triplets showed 

anterior-to-posterior propagation only within the prefrontal cortex, as well as patterns that 

bounced back and forth or looped around within the frontal cortex. There were no 

significant sequences involving four or five channels. 

 

Automatic template-based detection of KC-like activity 

The above analyses were performed on the manually marked KCs. The strict 

criteria used to select these phenomena, most notably that there was a flat baseline (i.e., 

no preceding oscillation) prior to the KC, may have prevented KC-like phenomena from 

being detected, and thus result in an underestimation of the degree of KC co-occurrence. 

In order to detect KC-like events, a template was created for each channel and applied at 

the times of manual KCs occurring in at least one channel (Fig. 8). A threshold was 

established as the 99th percentile of periods when no KC was visually present. Events 

that exceeded the template threshold were included as KC-like events (see Materials and 

Methods). Application of these individualized channel templates identified 13,383 KC-

like events—a 96.8% increase in detected KCs—and 98.7% of the 13,821 manually 

marked KCs. 
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Figure 2.8: Template application to detect KC-like activity. Channel-specific templates 

were created for each subject by averaging from −350 to +650 ms on the most negative 

peak at time zero over the manually detected KCs in each channel (box at left). The 

channel-specific templates were then applied when a manually marked KC occurred in at 

least one channel. The templates were applied from −450 to +750 ms, with time zero 

representing the average time between the first and last manually chosen channel peaks 

within a KC. Four such examples from subject 6 are plotted vertically. Manually marked 

KCs are plotted in red. The maximum value of the sliding inner product between the 

signal and the template was taken over the blue highlighted window. If the value was 

above the 99th percentile of the null distribution for that channel and corresponded to the 

largest (or smallest) peak over the entire 1200 ms window, the KC was recorded as KC-

like activity (KCs in blue), and if it was below the threshold, it was not (signal in black). 
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Compared to the manually detected KCs, template-detected KCs were smaller in 

amplitude (manual = 420 ± 219 µV vs template = 326 ± 183 µV) and had more variance 

in the pre-KC period (manual KCs = 1945 ± 1604 vs template-detected KCs = 7388 ± 

10,708). The variance in the preactivity period (Fig. 9A) and the KC peak amplitude (Fig. 

9B) for each of subject 1’s four channels are plotted for the null times (Fig. 9B, black 

distribution), manual KCs (Fig. 9B, red distribution), and template-detected KCs (Fig. 

9B, blue distribution). In some cases, the template-detected KCs were smaller in 

amplitude than the manual KCs, without much distinction in the variance (channel 1), 

while in other cases, the opposite occurred: the variance was larger for template-detected 

KCs than for manual KCs, without a large distinction in amplitude (channel 4). In most 

cases, it was a combination of variance and amplitude that distinguishes the manually 

detected and template-detected KCs (channels 2 and 3). 
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Figure 2.9: Manually detected KCs have smaller pre-KC period variance and larger 

amplitude than template-detected KCs. A, The probability density of variance in the pre-

KC period (−1.4 to −0.4 s prior to peak) is plotted for the null times (black), manually 

detected KCs (red), and template-detected KCs (blue) for each of subject 1’s four 

channels. B, The KC peak amplitude probability density of null times (black), manually 

detected KCs (red), and template-detected KCs (blue) are plotted for the same four 

channels as in A. C, For each channel, the manually detected (red circles) and template-

detected (blue triangles) z-scores were calculated for the KC peak amplitude and the pre-

KC period variance referenced to the null values. A line connects the manually detected 

and template-detected values for each channel. A green line indicates that the amplitude 

of template-detected KCs is smaller than that of manually detected KCs in that channel; a 

black line indicates the opposite relationship. On the right is an expansion of the lower 

left corner, which is outlined by a gray box. 
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In order to evaluate for all channels the contributions of KC peak amplitude and 

pre-KC period variance in distinguishing manual from template-detected KCs, z-scores 

were calculated for the KC peak amplitude and pre-KC period variance for each channel 

with respect to the null values (Fig. 9C, right, which is an expansion of the lower left 

corner outlined in gray). In general, as above, the manual KCs (Fig. 9C, red circles) are 

larger in amplitude (i.e. shifted to the right on the x-axis) than the template-detected KCs 

(Fig. 9C, blue triangles). The manually detected and template-detected values for each 

channel are connected by a line. This line is green if the manual KCs were larger in 

amplitude than the template-detected KCs; however, this line is black in the rare cases 

where the template-detected KCs are larger in amplitude than the manual KCs. 

Furthermore, the pre-KC period variance is generally larger (i.e. shifted up on the y-axis) 

for the template-detected KCs compared to the manual KCs within each channel. To test 

these observations, a paired t test between the manually detected and template-detected 

KC z-transformed amplitudes over all channels was significant (p = 0.000065), as was a 

paired t test between the z-transformed variance in the pre-KC period for manually 

detected and template-detected KCs over all channels (p = 0.00027). While there are 

clear overall distinctions in amplitude and pre-KC period variance between template-

detected and manually marked KCs, they appear to form a continuum on a channel-by-

channel basis, and thus both manually detected and template-detected KCs should be 

considered together when examining the true extent of cortical involvement at the time of 

KCs. 

We further examined whether a directionally consistent temporal lag existed 

between manually detected and template-detected KCs by subtracting the average of the 
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template KC peaks from the average of the manual KC peaks within each KC event. The 

mean lag was −1.25 ms with an SD of 40 ms, and the normality of the distribution was 

determined visually; therefore, we concluded that no such temporal relationship existed 

between the manually detected and template-detected KCs. 

 

Including KC-like activity increases the multichannel participation of KCs 

Combining the number of manually marked KCs with the template KCs resulted 

in 27,204 total KCs over all subjects. We first examined how the addition of template 

KCs increased multichannel participation. In subjects where all channels participated in a 

subset of manually marked KCs, the percentage of such KCs increased with the addition 

of template-detected KCs (Fig. 10A). Similarly, in subjects where only a subset of 

channels participated in manually marked KCs, the addition of template KCs resulted in 

KCs where all possible channels participated (Fig. 10B). Manually marked KCs already 

showed significant co-occurrence across the cortex; the addition of KC-like activity 

indicates that KCs co-occur even more broadly across the cortex. 

In Subjects 1, 2, 3, and 9, all channels participated in a subset of manually marked 

KCs. For subject 1, the percentage of KCs involving all four channels increased from 

about 2% in manual KCs to 9% after addition of the template KCs. For subject 2 (Fig. 

10A), all 13 channels participated in only 0.7% of manual KCs, which increased to ~5% 

of all KCs with the addition of KC-like activity. If ≥10 channels are considered as a 

group for subject 2, then the percentage of total KCs increased from ~4% in the manual 

case to 20% in the case of manual plus template-detected KCs. For subject 3, the increase 

in KCs involving all channels was slight, from 1% to 2.5%, while for subject 9 this 
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increase was from ~3% to ~28%. While this latter result indicates the largest increase, 

there are only two channels for subject 9. 

 

 

 

Figure 2.10: Including KC-like activity increases multichannel KC participation. The 

addition of KC-like activity (blue columns) to the manually marked KCs (red columns) 

increased the number of channels that were participating in KCs for all subjects. A, In 

subjects where a small number of manually marked KCs included the participation of all 

channels, the addition of KC-like activity increased the percentage of such KCs. B, 

Subjects who did not show maximum channel participation with manually marked KCs 

displayed KCs that included all channels after the addition of KC-like activity. In subjects 

2 and 6 (pictured), and subject 3 (not pictured), the classification of KCs using a 200 ms 

crawl window slightly shifted the distribution of manual multichannel participation to the 

right (gray columns), but not to the extent of the addition of KC-like activity (blue 

columns). 
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In subjects 4, 5, 6, 7, and 8, KCs with all channels participating were not found 

until template-detected KCs were included. In subject 4, only five of seven channels 

maximally participate in manually marked KCs, and these represent only 0.2% of KCs. 

With the addition of template-detected KCs, KCs may now involve five, six, or seven 

channels, accounting for >12% of all of the KCs for subject 4. For subject 5, manual KCs 

only maximally involve three of five possible channels, representing 0.6% of KCs. After 

template detections, >38% of the subject’s KCs involve three, four, or five channels. For 

subject 6 (Fig. 10B), only 2% of manually marked KCs involve six of seven channels. 

After template application, this increases to almost 20%, and the number of KCs 

involving all seven channels is just under 11%. In subject 7, a maximum of only five of 

eight possible channels participate in manual KCs, and 86% of KCs only involve one 

channel. After template detection, KCs involving six, seven, and eight channels 

collectively account for ~7% of KCs. For subject 8, only three of four channels 

maximally participate in the manual KCs, but after including KC-like activity, ~6% of 

KCs include all four channels. 

A 200 ms detection window on manually marked KCs was chosen based on the 

differences in KC peak latencies reported at the scalp for SOs (Massimini et al., 2004). 

However, if this window was artificially small, then we may have underestimated the true 

extent of KC co-occurrence. In order to test for this possibility, we recalculated co-

occurrence after grouping KCs using a 200 ms “crawl” window (Fig. 10). In the analyses 

described above, we start at the first KC peak and search within the following 200 ms 

window for any other manually marked KC peaks in other channels. In the crawl 

analysis, we follow the same procedure, but shift the 200 ms window to follow the 
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second KC peak. The window continues to shift until there are no further detections 

within the 200 ms window. The recalculated co-occurrence histograms showed minimal 

changes using this procedure. Only three of the nine subjects (subjects 2, 3, and 6) 

showed an increase of more than one KC with the participation of all channels. Even in 

these subjects, the effects were minimal, as seen by comparing the red and gray bars in 

Figure 10. In contrast, adding template-detected KCs had a substantial effect on co-

occurrence, as seen by comparing the red and blue bars in Figure 10. 

In summary, including only the manually marked KCs, most KCs (76%, averaged 

across all subjects) occurred in a single location, and rarely (1%) in all locations. 

However, if template-detected KCs were included, only 15% occurred in a single 

location, and 27% occurred in all locations. 

 

After including KC-like activity, KCs are smallest in anterior prefrontal regions 

In Figure 4B, average KC amplitudes, including both manually detected and 

template-detected KCs, are shown for each channel (color coded by subject). For 

comparison, the same amplitude data for manual KCs only are plotted in Figure 4A. The 

addition of the template KCs generally decreases the average KC amplitude at each 

channel, as seen by a reduction in circle size between Figure 4A and Figure 4B, and as 

shown to be significantly different in Figure 9C. 

In order to compare the amplitude of KCs in different areas, a linear mixed-effects 

model of the amplitudes was again performed. The anterior prefrontal channels were 

found to be ~30% smaller than the orbitofrontal reference channels (p = 0.045; Fig. 4B, 

blue circle). Again, this finding is in contrast to what would be predicted by scalp EEG. 
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Adding KC-like activity has minor effects on the pattern of KC occurrence rates 

across cortical locations 

We next examined how the addition of KC-like activity influences the spatial 

distribution of KC occurrence rates across the cortex. Again, in Figure 5B, the average 

KC occurrence rate for each channel is color coded by subject, including both manually 

detected and template-detected KCs, for comparison with the same occurrence rate data 

plotted for manual KCs only in Figure 5A. For each subject, the occurrence rate of KCs in 

each channel is normalized to the channel with the highest KC occurrence rate. 

Similarly, in order to test whether the KC occurrence rate varies across locations 

after including template-detected KCs, a linear mixed-effects model was again applied to 

the inter-KC intervals for each channel. Compared to the orbitofrontal reference, KCs 

still occur significantly more frequently in posterior cingulate (26% more; p < 0.00001) 

and posterior prefrontal (6% more; p = 0.044). They no longer occur more frequently in 

anterior cingulate or ventrolateral temporal cortex, but KCs now occur more frequently at 

the temporo-parieto-occipital junction (15% more; p = 0.048). These groups are 

highlighted in pink in Figure 5B. As was the case with the manual KCs, the anterior 

prefrontal KCs occur 26% less frequently (p < 0.00001) and the central sulcus KCs occur 

48% less frequently (p = 0.0001) than those in the orbitofrontal channels and are 

highlighted in blue in Figure 5B. 
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Adding KC-like activity does not reveal any systematic sequential order across the 

cortex 

We tested whether using only manually marked KCs undersampled KC activity 

and therefore, resulted in the apparent lack of any systematic sequential order of KCs 

across the cortex. This was achieved by repeating the analysis described above after the 

addition of the template KCs, where a multinomial test was used to identify channel pairs 

with significant sequential ordering. Due to the addition of so many more KCs, a total of 

412 pairs of channels (compared with 341 pairs in the manual-only KCs) were tested over 

a representative night for all nine patients. Of these pairs, 33 pairs over four subjects were 

significant in addition to the pairs found using only manual KCs, for a total of 53 

significant pairs (13%). Subjects 1, 4, 8, and 9 did not show any significant pairs before 

or after the addition of KC-like activity. A single significant pair, from ventral to dorsal, 

was found in subject 5 after the addition of KC-like activity. Subject 6 did not add any 

additional pairs. 

Subject 3 was one of the subjects for whom anterior-to-posterior propagation 

could be most clearly tested due to electrode placement in prefrontal and parietal cortices 

(Fig. 7A). Of six prefrontal–parietal pairs examined, there were no significant pairs using 

only manual KCs, and, even after the addition of KC-like activity, there was no evidence 

of significant frontal-to-parietal propagation; rather, there were two significant pairs 

found within frontal cortex. Subject 7 did not have any significant manual pairs; 

however, one pair along the same electrode became significant after the addition of KC-

like activity. Subject 2 already showed a large number of significant pairs (16) in testing 

manual KCs; the addition of KC-like activity added 29 significant pairs (Fig. 7B). This 
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subject shows a strong tendency for significant pairs, in fact 64% of such pairs, to lead to 

temporal cortex. Apart from this pattern, the other pairs show sequences in many 

directions within and between hemispheres. In addition to the 47 significant pairs plotted 

in Figure 7, there are only 6 other significant pairs over three subjects, including both 

manual and KC-like activity, that were significant and have been described above but are 

not plotted. While the addition of KC-like activity makes it more possible to see evidence 

of anterior-to-posterior propagation, frontal-to-parietal propagation still is not seen in the 

eight contact pairs in three subjects where it could be tested. Although propagation within 

the frontal lobe in various directions is seen, the only consistent propagation between 

lobes is from frontal to temporal. 

 

Insular origin of KCs is not supported by intracranial recordings 

In addition to the channel pairs that had a significant order of KC occurrence, we 

examined a specific prediction made in the literature regarding the typical origin of KCs. 

Murphy et al. (2009) interpreted scalp EEG as demonstrating that 46% of isolated SOs 

(i.e. KCs) originate in the insula. Using bipolar SEEG, we demonstrated insular 

generation of KCs in two contacts in two patients. Of 1080 KC events in these subjects, 

only 177 (16%) involved the insula. Thus, at least 84% of KC events originated outside 

the insula. Of the KC events that did include the insula, not all began in the insula. 

Specifically, of the 61 KC events involving the insula and at least one other structure, the 

insula led in 38 KCs (62%). If we extrapolate this proportion to all insula KCs, then the 

proportion of all KCs led by the insula would be ~10% (62% of 16%). While our 
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sampling of two insular contacts from two patients is small, the inference of Murphy et 

al. (2009) does not appear to be supported by direct intracranial recordings. 

 

KCs may show a slight anterior-to-posterior propagation when all individual trials 

are tested 

In order to directly test the hypothesis that there is a significant distance versus 

delay relationship between anterior and posterior cortex during the KC, we examined 

6224 manual plus template-detected KCs that involved 51 pairs located along the 

anterior-to-posterior axis. To isolate anterior-to-posterior propagation from lateral-to-

medial propagation, selected pairs could only have one contact separation in the medial-

to-lateral direction. We found 3702 KC pairs where the peak latency occurred first in the 

anterior channel followed by the posterior channel; in contrast, we found only 2518 KC 

pairs that showed the opposite progression from the posterior to the anterior channel. This 

represents an ~47% increase of KCs in the anterior-to-posterior direction compared with 

the posterior-to-anterior direction. The remaining four pairs exhibited a 0 ms delay. The 

distance between these channel pairs was plotted as a function of the average KC latency 

difference between them (Fig. 11A, black circles and red triangles). Distance between 

channel pairs was also plotted against the individual KC latency differences between 

them (Fig. 11B, black circles and red triangles). A linear mixed-model regression found 

that a significant relationship between anterior-to-posterior distance and delay existed 

across these pairs, considering either the average KC latency difference (Fig. 11A, purple 

line; p = 0.007) or the individual KC latency difference (Fig. 11B, purple line; p < 10
−4

). 
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Figure 2.11: Anterior-to-posterior contact pair distance versus KC latency delay. A, The 

distance between anterior-to-posterior channel pairs was plotted as a function of the 

average KC latency difference between the two channels, for all contact pairs (black 

circles and red triangles). The linear mixed-model regression between anterior-to-

posterior distance and delay for all pairs is plotted as a purple line (p = 0.007), and, after 

excluding the temporal pairs (plotted with red triangles), is plotted as a green line (p = 

0.08). B, The distance between the same anterior-to-posterior channel pairs as in A was 

plotted as a function of each individual KC latency difference (black circles and red 

triangles). A linear mixed-model regression calculated to determine whether a significant 

relationship existed for individual KCs on these pairs was significant at p < 10
−4

 (purple 

line). Excluding the temporal pairs plotted with red triangles, the linear mixed-model 

regression was still significant at p = 0.003 (green line). 
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As we found that a large number of pairs in one subject exhibited a significant 

propagation from prefrontal areas to temporal cortex, we examined the effect of 

eliminating these pairs, which are plotted as red triangles in Figure 11. When these pairs 

are excluded, there are 2394 pairs that progress from anterior to posterior and 2061 pairs 

that progress from posterior to anterior, which only represents a 16% increase in anterior-

to-posterior pairs. The black circles in Figure 11 represent the nontemporal pairs that 

were included in a subsequent linear mixed-model regression, which did not find a 

significant relationship between anterior-to-posterior distance and average KC latency 

differences (Fig. 11A, green line; p = 0.08); however, when KC latency differences were 

considered individually, a significant relationship again occurred (Fig. 11B, green line; p 

= 0.003). 

In all cases, significant distance versus delay relationships explained only a small 

percentage of the variance: 2% when all pairs are considered individually, 13% when the 

average KC latency differences for all pairs are used, or 0.2% when individual pairs, 

excluding temporal pairs, are considered. 

The above analyses considered the relative anterior–posterior location of the two 

contact pairs, in order to test the hypothesis that there is a global anterior-to-posterior 

propagation of KCs. This hypothesis predicts that anterior sites would precede posterior 

sites, and that the time delay would increase with increasing distance. We also tested the 

hypothesis that, regardless of direction, there is an overall relationship of distance versus 

delay, by examining the absolute distances and absolute delays of all pairs. As the 

distribution is no longer normal, a regression could not be calculated. Instead, the 

correlation calculated between the absolute distance and absolute delay of these KC pairs 
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was very small (r = 0.071), although it was significant (p = 2.1e-08). As a direct 

comparison, the correlation was also calculated between the signed distance and absolute 

delay, as modeled above. This correlation was again significant, and greater than that for 

absolute distance and absolute delay, but it was still small (r = 0.12, p < 2.2e-16). 

In summary, there is a highly significant excess of KCs that propagate in the 

anterior-to-posterior direction compared with the posterior-to-anterior direction, and the 

average delays between locations are related to the distance between them, provided that 

the frontal-to-temporal pairs are included. However, although this is true on a statistical 

basis, the variation between sites and individual KCs is very large, so this effect only 

explains a very small part of the observed pattern. 

 

Stage 2 and stage 3 KCs have similar neurophysiological characteristics 

In the above analyses, KCs were defined by their morphology and accompanying 

decrease in high gamma power, and thus were not confined to stage 2 sleep. In order to 

compare NREM stage 2 sleep (N2) and N3 KCs, sleep staging was performed on scalp 

electrodes for the patients from Massachusetts General Hospital and on SEEG for the 

patients from La Timone Hospital, where scalp EEG was unavailable. Unless otherwise 

noted, all analyses presented below were performed on the combined manually detected 

and template-detected KCs. There were 2.8% fewer KCs added using template detection 

during N2 than N3, which was not significantly different when tested over all subjects 

using a paired t test (p = 0.64). 
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Figure 2.12: Comparison of N2 and N3 KCs. A, Waveforms of averaged N2 and N3 KCs 

overlaid for subject 1’s four channels exhibit highly similar KC morphology. B, 

Multichannel KC participation is not consistently greater in N2 or N3. The percentage of 

KCs occurring in each number of channels for N2 (red) and N3 (blue) are plotted for 

subjects 4, 6, and 9. Subjects 6 and 9 show N2 KCs involving more channels, but this is 

not the pattern seen in all subjects, as shown with subject 4. When a χ
2
 test was 

performed for each subject on these distributions, only subjects 6 (p = 0.011) and 9 (p = 

0.000056) exhibited significant differences. 

 

Averaged KC waveforms overlaid for N2 and N3 for the four channels of subject 

1 have indistinguishable morphologies (Fig. 12A). To test whether there is a statistically 
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significant difference between N2 and N3 peak amplitudes, z-scores for N2 and N3 were 

calculated for the KC peak amplitude for each channel with respect to the null values. 

When tested, z-scored amplitudes for N2 and N3 over all channels show no significant 

difference (paired t test, p = 0.9). 

To evaluate whether a difference in the high gamma drop that characterizes the 

down state differs between N2 and N3, the Hilbert analytic amplitude for high gamma 

power was calculated from 25 ms before to 25 ms after the KC peak at 0 ms for all KCs. 

These values were averaged over all KCs in a channel, separately for N2 and N3. A 

paired t test between the averaged N2 and N3 high gamma values over all channels found 

no significant difference (p = 0.34). 

In order to determine whether manually marked N3 KCs more closely resemble a 

slow oscillation than N2 KCs, the pre-KC peak amplitude was detected within a −850 to 

−350 ms window prior to the KC peak at 0 ms and compared with the amplitude of this 

KC peak. Assuming that the up and down states of a slow oscillation have the same 

amplitude but opposite polarities, a slow oscillation would be implied if the pre-KC peak 

were equal to the KC peak. This was a more direct measure of whether the KC was 

preceded by a slow oscillation up state than the previously used pre-KC variance 

measure, which tested overall variability and was not scaled to the expected value of an 

SO. When the means over all KCs over all channels are calculated, the pre-KC peak of 

both manual N2 and N3 KCs is equal to 26% of the KC peak; in comparison, template-

detected N2 KC means are 67%, while template-detected N3 KC means are 83%. If the 

mode is calculated instead, pre-KC amplitude of manually detected N2 KCs are 19% of 

the KC peak, compared with 22% for manually detected N3 KCs; again, this is much 
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smaller than for the template-detected KCs, which are 43% for N2 and 44% for N3. 

Therefore, the manually detected KCs showed similar pre-KC amplitudes regardless of 

sleep stage, which were much smaller than would be expected for a slow oscillation and 

smaller than template-detected KCs. 

To test for a difference in the occurrence rate between N2 and N3, the average 

interstimulus (i.e. KC) interval for each stage for each channel was calculated after 

applying a Box-Cox transform to normalize the data. Of all 55 channels, 32 channels 

(58%) occurred less frequently for N2 than for N3. A one-tailed paired t test found that 

N2 KCs occur less frequently than N3 KCs (p = 0.003). In summary, KCs in stage 2 and 

3 NREM sleep have very similar morphologies, pre-KC amplitudes, KC peak amplitudes, 

and accompanying decreases in high gamma power. N3 KCs occurred more frequently 

than N2 KCs. 

 

KCs in N2 and N3 do not differ in the number of participating channels 

A separate χ
2
 test was performed for each subject, comparing the number of KCs 

occurring in N2 and N3 over each number of channels participating in a KC (i.e., one 

channel up to the maximum number of channels recorded for that subject). For the 

majority of subjects, there was no significant difference between N2 and N3 KCs in 

terms of multichannel participation, as follows: subject 1 (p = 0.055); subject 2 (p = 

0.077); subject 3 (p = 0.068); subject 4 (p = 0.061); subject 5 (p = 0.78); subject 7 (p = 

0.97); and subject 8 (p = 0.38). While some of these values are close to reaching 

significance, there is no clear pattern of one stage involving more or fewer channels than 

the other stage. As an example of this, subject 4 is presented in Figure 12B with the 
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percentage of KCs occurring in each number of channels by stage, with N2 plotted in red 

and N3 in blue. For two subjects, there was a significant difference between the 

distribution of channels participating in N2 and N3 KCs [subject 6 (p = 0.011), subject 9 

(p = 0.000056)]. In both cases, the distribution of N2 KCs is skewed to the right, 

indicating that N2 KCs involve a greater number of channels than N3 KCs for that 

subject. The percentage of KCs occurring in each number of channels by stage for these 

two significant subjects is plotted in Figure 12B. 

These results could indicate that there is a greater co-occurrence of a KC across 

locations during N2 compared with N3. Subject 9, however, only involved two channels, 

and therefore, it is difficult to predict whether this relationship would remain with the 

addition of more channels. The results for the other subjects that did not reach 

significance also exhibited variable patterns, some with slightly more multichannel KCs 

in N2, and others in N3, or neither. Thus, if there is a difference between stages in 

multichannel participation, it is weak. 

 

KCs in N2 and N3 do not differ significantly in their propagation sequences 

As described above, a significantly consistent direction of propagation between 

each pair of bipolar recordings was detected using binomial tests. Since the power of the 

binomial test is critically dependent on the number of observations, we subsampled the 

N2 or N3 data in any given patient so that the number of KC events was equal for the two 

sleep stages. With the much-reduced power, the number of significant pairs was only 39 

for N2, and 27 for N3, without Bonferroni correction, of 180 bipolar pairs (χ
2
 = 2.67, df = 

1, p > 0.10). Due to the small number of remaining events after balancing N2 and N3 in 
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each subject, we are unable to draw any strong conclusions regarding whether the 

patterns of sequences are significantly different in N2 or N3. 

In summary, the similarities and differences between N2 and N3 KCs support the 

hypothesis that physiological and morphological properties define the KC, rather than 

their occurrence during a particular stage. For the majority of subjects, there was no 

difference in multichannel participation between stages, while findings regarding 

propagation patterns were inconclusive. We conclude that the defining physiological and 

morphological characteristics of a KC do not differ between N2 and N3, and therefore, 

that global KC properties may be studied collapsed between stages. 

 

Summary of current results 

Figure 13 depicts a summary of our findings in contrast to current views. Based 

on scalp EEG and MEG, as well as referential intracranial recordings, a monolithic 

interpretation of KCs (or their equivalent isolated SOs) has been put forth wherein KCs 

are generated initially and most strongly in prefrontal cortex (Fig. 13A, orange star), and 

then propagate consistently to parietal cortex (Fig. 13A, blue arrow and fading orange 

background). In contrast, our results demonstrate that KCs are smallest in anterior 

prefrontal areas (Fig. 13B, orange star), that they arise all over the cortex (additional 

stars), and that they may co-occur across many areas, as represented by the uniform 

yellow background. While there is a weak overall tendency for KCs to propagate 

posteriorly, especially from frontal to temporal sites (gray arrow), KCs seldom exhibit a 

consistent pattern of propagation between any two cortical locations (groups of colored 

arrows). Furthermore, the current results show that while some KCs involve widespread 
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cortical locations, others can be very focal. In summary, our results suggest that each KC 

may be unique in its origin, extent, and spread. 

 

 

 

Figure 2.13: Summary of current KC findings compared with previous views. A, 

Previous scalp EEG and intracranial studies of the KC and isolated SOs (i.e., KCs) find 

the KCs with the largest amplitudes in midline prefrontal regions (orange star), as well as 

strong (blue arrow), one-directional (faded orange background) propagation from anterior 

to posterior cortical regions. B, Our current findings indicate that when measured locally, 

KCs are actually smallest in amplitude in anterior prefrontal regions (orange star). KCs 

may co-occur (uniform yellow background) across variably small or large areas of cortex 

(stars and arrows). Propagation may occur from anterior to temporal regions (gray 

arrow), but also occurs in a variety of patterns across the cortex (groups of colored 

arrows). This variability in KC onset, extent, and spread could be used by the cortex 

during replay to consolidate memories encoded with correspondingly variable 

spatiotemporal encoding patterns. 
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Discussion 

Although KCs have been studied for over 80 years, their origin and spread remain 

controversial. Do they occur quasi-synchronously in widespread cortical areas (Mak-

McCully et al., 2014), or arise in midline frontal areas and spread parietally (Massimini et 

al., 2004)? Are KCs a fundamental cortical process, or are some cortical areas unable to 

generate KCs (Wennberg, 2010)? In locations generating KCs, are their amplitudes and 

occurrence rates uniform? These issues remain controversial because previous studies 

used methods that provide ambiguous localization. We examined the spatial and temporal 

relationships of individual KCs recorded simultaneously in multiple cortical locations 

using bipolar SEEG recordings, validated with HGP. Using this unambiguous method, 

we found that KCs can be generated throughout the cortex, including areas previously 

asserted not to generate KCs: the cingulate, ventral temporal, and occipital cortices. 

Contrary to previous accounts, KCs were smallest in anterior prefrontal areas. A given 

KC may occur in only one sampled location, or may co-occur in widespread cortical 

sites. When KCs were absent in other channels, KC-like activity was often found. 

Regardless of whether this KC-like activity was included, most channel pairs did not 

show a regular propagation direction. However, there was a weak statistical tendency 

favoring anterior-to-posterior propagation. We conclude that KCs have multiple degrees 

of freedom that may support the spatiotemporal patterns underlying memory 

consolidation and cortical restoration. 
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Methodology for obtaining unambiguous generator localization 

Previous examinations of KCs in humans used EEG, MEG, EEG with fMRI, 

ECOG, or referential SEEG. In contrast, our study used bipolar SEEG derivations, where 

one contact was immediately above the local cortical surface, and one was in the 

immediately subjacent white matter. We validated KCs by demonstrating an 

accompanying statistically significant drop in HGP. Thus, unlike previous studies, we 

could be certain of local generation at the electrode site. 

Dense microelectrode array recordings demonstrate that the KC is a cortical down 

state, with a cessation of neuronal firing and a broadband decrease in spectral power of 

the local field potential (LFP), due to inward apical dendritic currents in layers 2/3 (Cash 

et al., 2009). The current return is in layer 1, resulting in a surface negativity in ECOG or 

SEEG. Ambiguities arise because each sensor records the summation and cancelation of 

all cortical potentials. Although distant areas contribute to the LFP inversely according to 

the square of their distance (Linden et al., 2011), their total contribution may exceed that 

of local sources when much of the cortex is active (Klee and Rall, 1977). 

All potential measurements are relative to a reference electrode, and the above 

comments assume an inactive reference. However, when generators are distributed, it is 

difficult to confirm that a reference electrode location is inactive. Extracranial references 

cannot be assumed to be inactive because the amplitude of distributed generators declines 

little from cortex to scalp (Cooper et al., 1965). Average references are not neutral unless 

all sides of the volume conductor are equally and densely sampled, a practical 

impossibility due to the neck and face, and to scalp incisions. Thus, even locally recorded 
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potentials with ECOG and SEEG are difficult to interpret as definitively reflecting only 

locally generated activity. 

Bipolar transcortical SEEG derivations are insensitive to distant sources because 

the two contacts act as references for each other. The positive and negative peaks of the 

locally generated KC are determined by the separation between the generating 

transmembrane inward and outward currents, measured to be separated by ~1 mm (Cash 

et al., 2009). The two leads in the bipolar SEEG pair were separated by 2.6–5.6 mm, 

enabling them to capture the entire local field. In contrast, volume-conducted potentials 

from distant generators change little between the leads, and thus are removed by 

recording the difference between the leads. In addition, our KCs were accompanied by a 

suppression of broadband HGP, which has been observed to be highly focal (Lachaux et 

al., 2005), due to asynchronous generators (Linden et al., 2011). Thus, the co-occurrence 

of HGP suppression provides a strong confirmation of local KC generation. 

The ambiguities resulting from the superposition of volume conducted potentials 

from many locations is much more severe for extracranial (scalp) EEG, where all 

locations are distant and the intervening skull and subcranial CSF further spread the 

potential (Ahlfors et al., 2010; Irimia et al., 2012). Inverse solutions use the pattern of 

potentials across sensors to infer possible generators. However, the inverse problem is 

mathematically ill posed unless unproven assumptions are made. Scalp EEG also has a 

reference that is likely to be active. MEG does not use a reference, and is not smeared by 

the skull or CSF, but it also suffers from an irretrievably ambiguous inverse problem due 

to superposition of multiple sources at the sensors (Liu et al., 2002). While PET scanning 

and fMRI provide unambiguous localization, and can be triggered by KCs recorded by 
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simultaneous EEG, they lack the temporal resolution to determine whether the activity 

they locate is due to the KC itself or to other time-locked activity. 

Slow oscillations, and to a limited extent, KCs have also been examined in 

animals. SOs occur synchronously over long distances in anaesthetized (Volgushev et al., 

2006) and naturally sleeping cats (Destexhe et al., 1999), as do KCs (Amzica and 

Steriade, 1998). SOs are also synchronous in anesthetized rats (Isomura et al., 2006). In 

contrast, SOs in ferret slices propagate slowly (Sanchez-Vives and McCormick, 2000). 

Besides the effects of anesthesia and the loss of synaptic connections in slices, the brain 

volume of humans is ~750 larger than rats and ~45 times larger than cats (Haug, 1987), 

making the problem of synchronization or propagation different. 

In summary, the recordings reported here better characterize KC origin and spread 

because they were less prone to the ambiguities inherent in previous methods. However, 

electrodes were placed for localizing seizures in patients with long-standing epilepsy. 

Epilepsy can be caused by many factors, including a widespread genetic alteration in 

excitability that could affect the occurrence, amplitude, or spread of KCs. Conversely, the 

epilepsies of the patients studied here were localized and nongenetic. Rarely, KCs have 

been noted to be altered in partial epilepsy: KC rate increases, and elevated amplitude 

KC-like phenomena precede some seizures in refractory nocturnal frontal lobe epilepsy 

(Si et al., 2010); however, none of the patients analyzed here have this type of epilepsy. 

KC-like phenomena have occasionally been associated with epileptiform spikes in 

temporal lobe epilepsy (Geyer et al., 2006), but would have been identified and 

eliminated from the KCs studied here. Furthermore, we minimized the possible 

confounding effects of epileptiform activity by excluding all contacts in regions 
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implicated in the subject’s epilepsy, and all epochs showing any signs of epileptic 

activity. Nonetheless, we cannot completely exclude the possibility that the patient’s 

epilepsy affected our results. 

Since clinical considerations dictated electrode placement, we were also limited in 

the cortical areas sampled, which differed in number and location between patients. 

Recordings also differed in electrode contact spacing and the geometric relationship of 

the contact to the local anatomy. This variability was addressed with linear mixed-effects 

models, which assume no interaction between patient and electrode location. If a patient’s 

epilepsy type were to differentially influence the size of KCs in different locations, then 

this assumption would be violated. Overall, dense sampling in a larger number of patients 

would further disentangle the multiple influences on KC origin, amplitude, occurrence, 

and spread. 

 

KC generator localization 

Previous studies of KC generation have yielded a variety of localizations. Inverse 

solutions applied to MEG or scalp EEG estimate KC generators to deep locations in the 

parietal lobe (Lu et al., 1992), the sylvian fissure (Iramina and Ueno, 1996), midline 

structures (Murphy et al., 2009; Wennberg and Cheyne, 2013), or deep in the parietal 

lobe or other variable deep locations (Numminen et al., 1996). These results are often 

inconsistent with each other and, overall, with our results. For example, consistent with 

our findings, Wennberg and Cheyne (2013) estimated KC generators to subcallosal or 

cingulate cortices. However, they are only two of many generators, EEG and MEG 

estimates did not agree, and other generators localized in this study were clearly 
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incorrect, as they acknowledge. Murphy et al. (2009) estimated the scalp EEG isolated 

SO down state (i.e., KC) generators mainly to the anterior cingulate, with secondary 

inferior frontal gyrus, precuneus, and insular generators, and no significant generation in 

many other locations, which we demonstrate to generate KCs. The most parsimonious 

solution for most inverse methods when applied to widespread generators is to estimate a 

relatively strong but focal deep source. 

Tones that evoke KCs also evoke increased BOLD in the superior temporal plane 

and inferior frontal gyrus; pars opercularis (Czisch et al., 2009; Dang-Vu et al., 2011). 

However, these increases are likely to represent BOLD activity related to the tone, rather 

than the KC, which is a down state. During SOs, PET scanning also shows a superior 

temporal increase, with a subcallosal decrease (Dang-Vu et al., 2005). While the PET 

scan findings are during SOs, their location corresponds with some of the areas where we 

demonstrated KC generation. 

Wennberg (2010) investigated KC localization using average reference ECOG 

and SEEG values in humans, and recorded the KCs with the largest amplitude in dorsal 

frontal areas, which he interpreted as being the site of the largest KC generators. We 

demonstrate how average reference SEEG may detect KCs in locations where they are 

not generated. In these sites, KCs are not seen in bipolar SEEG, and they do not 

correspond to a local drop in HGP. Thus, the presence or absence of KCs in referential 

SEEG must be interpreted with caution. In contrast, we found that KCs in anterior 

prefrontal regions are small and infrequent, while KCs occur more frequently in posterior 

prefrontal cortex and posterior cingulate. We also demonstrate that KCs are generated in 

the cingulate, ventral temporal, and occipital cortices, where Wennberg (2010) concluded 
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that KCs are not generated based on his failure to record them. Our data regarding ventral 

temporal sites are not definitive because they were located in regions implicated in 

epileptogenesis. The emphasis of Wennberg (2010) on dorsolateral prefrontal generators 

may also have partially arisen from his averaging of SEEG KCs at their frontal scalp 

EEG peak, while we identified KCs individually at each cortical site. 

Nir et al. (2011) demonstrated that unit firing is correlated with SOs recorded in 

the medial superior frontal gyrus, precuneus, anterior and posterior cingulate, entorhinal 

cortex, and parahippocampal gyrus, thus demonstrating local generation. Although not 

specifically reported, their data suggest that these locations also generate KCs. Using 

linear microelectrode arrays, (Cash et al., 2009) reported local transmembrane currents 

during KCs in prefrontal, lateral orbital, middle and superior temporal, and supramarginal 

gyri. Using the same method, Csercsa et al. (2010) demonstrated local generation of SO 

in the postcentral and prefrontal cortices. These studies are consistent with our finding of 

locally generated KCs in prefrontal, medioventral temporal, cingulate, orbital, and 

supramarginal cortices, and demonstrate or imply generation in the superior temporal and 

postcentral gyri, and the precuneus, where we failed to record. Overall, our findings, 

combined with those of earlier studies, demonstrate very widespread KC generation. 

This conclusion is inconsistent with the studies described above, which have been 

interpreted as indicating that large areas of cortex do not generate KCs. Using the more 

definitive methods described here, every location that was adequately sampled generated 

KCs, implying that KCs may represent a fundamental operating mode of human cortex. 

This conclusion raises the question of why KCs show significantly different amplitudes 

in different cortical locations. A complete answer cannot be given until the precise circuit 
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and channel mechanisms of KC generation are better understood. However, different 

cortical areas vary considerably in their levels of particular ligand- and voltage-gated 

channels, and associated proteins (Zilles et al., 2002; Hawrylycz et al., 2012), in 

particular, GABAB and potassium channels, which may be involved in KC generation 

(Cunningham et al., 2006; Kohl and Paulsen, 2010) . 

 

KC propagation 

Prior to this study, there had not been a rigorous examination of how KCs may 

propagate across the human cortex. In an influential study, Massimini et al. (2004) 

proposed that scalp EEG SOs in more posterior scalp sites peaked progressively later, 

with a delay of ~200 ms, or a mean propagation speed of 2.5 m/s. This view was 

extended by Murphy et al. (2009) in their analysis of isolated spontaneous SOs (i.e., 

KCs). Wennberg (2010), however, noted that KCs appeared to occur synchronously; 

when tested explicity (Mak-McCully et al., 2014), the observed delays in the peaks of 

averaged KCs between anterior and posterior sites in EEG, ECOG, or SEEG were ~10 

times faster than had been previously predicted for isolated SOs (Massimini et al., 2004; 

Murphy et al., 2009). Since averaging could obscure propagation patterns, we 

systematically tested here for such patterns in single KCs. Again, we found scant 

evidence for regular propagation patterns. When KCs occurred on different bipolar 

contacts within 200 ms of each other, they were tested to determine whether their order of 

occurrence was significantly different from chance. This occurred in only 6% of 

manually detected KCs, or 13% when template-detected KCs are also included. Several 

cases of significant propagation were observed within the frontal lobe, including along 
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the cingulate, where propagation could be in any direction. Such complex patterns of 

propagation across the cortex have previously been noted by Hangya et al. (2011). 

Frontal-to-parietal propagation, however, occurred in none of the eight pairs of bipolar 

contacts where it could be tested. A preponderance of insular origins of isolated SOs (i.e., 

KCs; Murphy et al. (2009)) was also not supported by our data in the two patients in 

whom it could be tested. The most common pattern of propagation was from lateral 

prefrontal to lateral temporal, which is reminiscent of the regular SO propagation from 

medial frontoparietal to medial temporal lobe locations found by Nir et al. (2011), who 

also failed to find regular propagation within the medial frontoparietal sites. SO 

propagation from anterior to temporal regions for both medial and lateral cortex was also 

found by Botella-Soler et al. (2012). 

Notwithstanding these negative results, we found a highly significant excess of 

KCs that propagate in the anterior-to-posterior direction compared with the reverse, and 

that average delays between locations are related to their spatial separation. Although this 

is true on a statistical basis, the variation between sites and individual KCs is large, so 

this effect explains only 2% of the observed pattern. 

 

KCs are not confined to stage 2 

Sleep stages defined using scalp EEG do not necessarily indicate a uniform and 

synchronous participation by different brain areas. For example, sleep onset measured 

locally in the thalamus has been noted to occur before sleep onset is detected in scalp 

EEG (Gucer et al., 1978; Caderas et al., 1982) or locally in the cortex (Magnin et al., 

2010). We have also observed that isolated KCs may occur in parietal areas, while 
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rhythmic slow oscillations occur in frontal areas. Thus, we rigorously detected locally 

generated KCs using LFPs and HGP, and then characterized them regardless of sleep 

stage. Post hoc analyses showed that pre-KC amplitude, KC peak amplitude, and high 

gamma characteristics did not differ between stages 2 and 3. However, KCs did occur 

more frequently in N3 than N2. Critically, the extent of KC cortical involvement does not 

appear to change between stages. 

 

Functional implications of KC heterogeneity 

In summary, this is the first study to not only characterize the local generation of 

KCs in human cortex, but to examine their variable amplitude and occurrence rate, co-

occurrence across the cortex, and propagation (Fig. 13). Although systematic propagation 

of KCs between cortical sites can be observed, these are rare, and, in most cases, the 

patterns of propagation vary randomly from KC to KC. Similarly, although there is a 

slight overall tendency for more anterior sites to lead more posterior ones, this tendency 

only explains a minute proportion of the variance, again leading to the conclusion that 

successive KCs are highly heterogeneous. We show in this article that KCs differ greatly 

not only in their propagation patterns, but also in which areas are engaged, even though 

all areas seem to generate some KC activity. It has previously been shown that KCs can 

be universal and quasi-synchronous across widespread cortical sites (Mak-McCully et al., 

2014). Here, we confirm this finding and show that KCs can also be highly focal or 

intermediate. This conclusion was robust to different methods of clustering KCs across 

channels, and was strengthened when using template-selected as well as manually 

selected KCs. 
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KC heterogeneity may arise from different cortico-cortical or cortico-thalamic 

mechanisms underlying the KC. Recent work has re-examined the role of the thalamus in 

the production of SOs, which have long been thought to be an exclusively cortico-cortico 

mechanism, and found the thalamus to be important for SO frequency (David et al., 

2013) and synchrony (Lemieux et al., 2014). Additionally, disruption of spindling in the 

thalamus has been posited as a mechanism of quasi-synchronous KC generation (Mak-

McCully et al., 2014). Variable involvement of thalamic versus cortical mechanisms may 

help to account for variability in the location and spread of KCs. 

KC heterogeneity may also reflect differential engagement of different cortical 

areas during the preceding waking period (Huber et al., 2004). This modulation of KC 

distribution may reflect restorative or consolidation processes during sleep. The later 

function is supported by the correlation of increasing SOs with behavioral consolidation 

(Marshall et al., 2006). In rodents, KCs are associated with the replay of firing patterns in 

the hippocampus and neocortex (Ji and Wilson, 2007). The previous conception of KCs 

as monolithic in origin, extent, and spread would offer little scope for KCs to support the 

consolidation of distinct memories. In contrast, our demonstration that individual KCs are 

highly variable in location and propagation could provide a substrate for memory 

consolidation processes to engage different cortical networks, or the same networks in 

different sequences. 
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Chapter 3: 

Thalamocortical interactions during slow activity and related spindles in human NREM 

sleep 

 

Abstract  

Sleep spindles and slow oscillations organize thalamic and cortical activity during 

non-REM sleep. Here, we used bipolar SEEG simultaneously recorded in the human 

cortex and thalamus (mainly pulvinar) to examine how slow activity and spindles interact 

during NREM sleep.  First, we confirmed and quantified in humans the basic principles 

of thalamo-cortical interaction during sleep which had previously been proposed. We 

show that the thalamo-cortical interaction is modular, with specific locations in the cortex 

associated with specific thalamic locations, superimposed on a general relation extending 

across the cortex. The onset of individual spindles is earlier in the thalamus, and within 

thalamocortical modules, gamma activity indexing neuronal firing during individual 

spindle waves is earlier in the thalamus by 10-15ms. Conversely, downstates in the slow 

oscillation are earlier in the cortex. Downstate modulation of spindle occurrence is weak 

overall in cortex and strongly determinant in thalamus.  These results are consistent with 

a model of NREM sleep wherein the cortical slow oscillation can trigger thalamic 

downstates; thalamic hyperpolarization then evokes spindles, which are projected back to 

the cortex during its subsequent upstate. Effectively, reciprocal thalamocortical circuitry 

and intrinsic thalamic membrane currents are used by cortex to impose faster oscillations 

on its intrinsic slow oscillations. Presumably, this provides important functionality to 
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memory assimilation and consolidation, which are emerging as the crucial purpose of 

NREM sleep. 

 

Introduction  

The discovery of slow oscillations (SOs), K-complexes (KCs), and spindles has 

led to the examination of their underlying neural mechanisms, their interrelationship with 

one another, and their functional roles.  For many years, it was thought that the cortex 

generates slow activity (SOs and KCs), while the thalamus generates spindles.  However, 

it appears that both the cortex and thalamus have a role in the full expression of slow 

activity (David et al., 2013; Lemieux et al., 2014) or spindles (Bonjean et al., 2011).   

The SO is composed of a series of ‘upstates’ with firing at waking levels, 

alternating with hyperpolarized ‘downstates’ (Steriade et al., 1993a).  In human micro- 

and macroelectrode recordings, this corresponds to increases and decreases in broadband 

spectral power (Csercsa et al., 2010).  Early intracellular recordings under anesthesia in 

cats found that SOs group spindles, with spindles occurring during the high firing periods 

of the SO in both the cortex and thalamus (Contreras and Steriade, 1995).  However, the 

exact timing of spindles as they relate to SO upstates or downstates has not been 

consistent between studies.  Scalp EEG recordings found that spindle activity increases 

strongly following the downstate, as well as less strongly during the upstate (Molle et al., 

2002).  Medial depth recordings in humans found spindle activity to increase before and 

after the downstate, as well as after the upstate peak (Andrillon et al., 2011).  The 

applicability of these findings to understanding when spindles start and stop in relation to 
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slow oscillations, particularly to the downstate, in both the human cortex and thalamus is 

examined here.   

Understanding the precise temporal relationship of the slow oscillations and 

spindles to one another, and between the thalamus and cortex, allows us to disentangle 

their neural mechanisms.  It has previously been documented that two types of spindles 

are measured in scalp EEG: ‘fast spindles’ (composed of ~14Hz oscillations) which occur 

in centroparietal electrodes and slow (~12Hz) which occur in centrofrontal electrodes 

(Luthi, 2013).  This distribution has been confirmed in human intracranial recordings 

(Andrillon et al., 2011; Peter-Derex et al., 2012) as well as in mice (Kim et al., 2015).  

The majority of thalamic bipolar contacts explored here were located in the pulvinar, the 

most posterior thalamic nucleus, which projects densely to occipital, temporal, and 

parietal areas (Shipp, 2003).  It is unknown, but predicted from its anatomical 

connections, that the pulvinar would generate fast spindles.  However, this also raises the 

question not only of how slow oscillations and spindles interact between the cortex and 

thalamus, but how different parts of cortex may be differentially related to different parts 

of thalamus, in giving rise to these sleep events. 

A fundamental question in understanding how the slow oscillations and spindles 

interact between the cortex and thalamus is whether the cortex or the thalamus may lead 

the other in generating these events.  Central scalp EEG channels and anterior thalamic 

nucleus channels recorded in humans exhibit significant coherence in both the slow and 

spindle frequency ranges (Tsai et al., 2010).  The work of Steriade would predict 

synchrony of the slow oscillation between the cortex and thalamus (Contreras and 

Steriade, 1995), while recordings in the pulvinar of macaques would indicate that only 
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particular parts of the cortex synchronously produce slow oscillations with the pulvinar 

(Thieffry et al., 1977).  In both cases, these recordings were obtained under anaesthesia.  

Given that slow oscillations are thought to originate in the cortex and that spindles are 

thought to originate in the thalamus, it could be predicted that the cortex initiates the slow 

oscillation while the thalamus initiates the spindle.  We recently demonstrated in a 

computational model that depolarization to a focal cortical area could lead to silencing of 

the thalamus via disruption of spindling (i.e. producing a thalamic downstate), which then 

lead to a cortical downstate (Mak-McCully et al., 2014).  Recovery from the 

hyperpolarization produced by the thalamic downstate could lead to the initiation of a 

thalamic spindle which is then projected to the cortex.   

While the grouping of slow oscillations and spindles has been of interest since 

their discovery, their temporal relationship has also become pertinent for understanding 

memory replay.  During memory replay, sharp waves and ripples produced by the 

hippocampus are thought to underlie the transfer of hippocampal-dependent memories 

from the hippocampus to the cortex.  Sharp waves and ripples are temporally coordinated 

with cortical spindles and down-to upstate transitions in rats (Siapas and Wilson, 1998; 

Battaglia et al., 2004; Molle et al., 2006; Johnson et al., 2010). In humans, hippocampal 

ripples may be related to local spindles (Staresina et al., 2015).  Understanding how 

spindles and slow oscillations are produced and interact between the cortex and the 

thalamus could therefore help decode how memory replay occurs in humans. 

Here, we used rare simultaneous bipolar SEEG recordings in the cortex and 

thalamus of patients undergoing evaluation for epilepsy to examine how slow oscillation 

downstates interact with spindles within and between the cortex and the thalamus.  We 
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conclude that cortical downstates lead thalamic downstates and thalamic spindles lead 

cortical spindles, with the thalamus driving individual spindle waves; that some pairs of 

thalamic and cortical areas are more highly related to each other than are other pairs; that 

the pulvinar produces very high frequency spindles; that spindles occur on a different part 

of the downstate in the cortex than in the thalamus; and that the association of downstates 

and spindles is stronger in the thalamus than in the cortex. 

  

Results 

Downstates are more common than spindles, downstates occur more often in the 

cortex than thalamus, and spindles occur more often in the thalamus. 

A total of 30 channels (22 cortical, 8 thalamic) were analyzed over three patients.  

Both cortical and thalamic channels exhibited clear slow activity and spindling in raw 

traces (Figure 3.1).  The cortico-thalamic pair in Figure 3.1 demonstrates a unique 

temporal coupling for spindles, which is explored further in Figure 3.11.  Slow 

oscillations (SOs) in the cortex and thalamus were detected during NREM stages 2 and 3 

using a modified version of a previously-described detection method detailed in Riedner 

et al. (2007)  (see Methods).  Over all 22 cortical channels, 99,143 SO upstates and 

95,358 SO downstates were detected.  Over all 8 thalamic channels, 22,378 SO upstates 

and 22,709 SO downstates were detected.  The analyses outlined below are confined to 

SO downstates (DS).  The cortex exhibited an average rate of 16.3 ± 0.2 DS per minute, 

while the thalamus averaged 11.4 ± 0.7 DS per minute. 

Spindles were identified using a detection method that maximized spindle 

detection in both the cortex and thalamus (see Methods for details).  Over all 22 cortical 
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channels, 28,883 spindles were detected.  Over all 8 thalamic channels, 13,909 spindles 

were detected.  The cortex exhibited an average rate of 5 ± 0.3 spindles per minute, while 

the thalamus averaged 7.1 ± 0.6 spindles per minute.  A two-way analysis of variance 

was performed to test the influence of the type of sleep event (downstate or spindle) and 

location (cortical or thalamic) on the sleep event rate.  We found a significant main effect 

of the sleep event type (p<0.0001), a significant main effect of location (p<0.0023), and a 

significant interaction effect (p<0.0001).  In summary, downstates occur 3.26 times as 

often as spindles in the cortex, and 1.61 times as often in the thalamus. Cortical 

downstate rate is ~43% higher than thalamic, whereas thalamic spindle rate is ~44% 

higher than cortical.  

 

 

Figure 3.1: Signal traces from Subject 3 in the medial/lateral pulvinar and the annectant 

gyrus.  The thalamic and cortical traces band passed from 10-18Hz reveal that spindles 

occur regularly and appear to occur synchronously in the two channels (top two traces). 

Raw traces exhibit spindles interspersed with slow activity (bottom two traces).  
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Thalamic spindles have the highest intra-spindle frequency while frontal spindles 

have the lowest frequency 

Previous reports of spindles measured using scalp EEG, ECOG, and SEEG 

indicated that fast spindles occur in parietal cortex and slow spindles occur in frontal 

cortex.  The frequency of spindles in the human thalamus, however, remains unknown.  

We predicted that because pulvinar sites are predominately connected anatomically to 

more parietal cortical sites, fast spindles would dominate in the pulvinar.   

Firstly, our findings in frontal and parietal cortex are in line with previous results: 

frontal channels tended to produce spindles of slower frequency while parietal channels 

generated spindles with higher frequencies (Figure 3.2 and Table 3.1A).  We further 

delineated a rolandic group and found that, on average, frontal channels have the slowest 

spindles (12.96 ± 0.14Hz), followed by slightly higher frequency spindles in the rolandic 

area  (13.67 ± 0.16Hz), and with the fastest spindles produced in parietal cortex (13.89 ± 

0.19Hz) (Table 3.1B).  
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Figure 3.2: Average spindle frequencies in the cortex and thalamus.  Time frequency 

plots from 5 to 30Hz are locked to the start of spindles within channel.  The length of the 

epoch was used for baseline correction and the significance level was set to p<0.01, 

uncorrected.   A selection of cortical channels and all thalamic channels for each subject 

are plotted.  The cortical locations for each subject are color-coded on the reconstructed 

cortical surface; cortical channels whose spindles are plotted in the figure are indicated 

with a number/letter combination.  A white “X” indicates the frequency at which the 

maximum average spindle power occurs per channel.  A dashed horizontal line is plotted 

at 14Hz: the spindle frequency of frontal channels tends to fall below this line while the 

spindle frequency of parietal channels and most thalamic channels tends to fall at or 

above this line.  Exact numbers are listed in Table 3.1.  
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Table 3.1: The frequency of spindles in individual cortical and thalamic channels and 

averaged over cortical and thalamic locations 

 

A. Individual Channels

Subject

Channel 

Name Channel Location

Location 

Group

Spindle 

Frequency 

(Hz)

Label in 

Figure 3.2

Subject 1 K8-9 Middle Frontal Gyrus Frontal 13.16

K10-11 Middle Frontal Gyrus Frontal 12.65 1a

K12-13 Middle Frontal Gyrus Frontal 13.16

E11-12 Post Central Rolandic 13.16 1b

R8-9 Post Central Rolandic 14.18 1c

G3-4 Posterior Cingulate Parietal 14.69 1d

G'11-12 Angular Gyrus Parietal 13.16

H1-2 Medial Pulvinar Thalamic 13.67 H1-2

H2-3 Medial Pulvinar Thalamic 14.69 H2-3

H3-4 Medial Pulvinar Thalamic 14.69 H3-4

Subject 2 F'8-9 Middle Frontal Gyrus Frontal 13.16 2a

O'2-3 Gyrus Rectus Frontal 12.65

O'8-9 Orbital Gyrus Frontal 12.65

O'10-11 Inferior Frontal Gyrus, Pars Orbitalis Frontal 12.14

K'10-11 Inferior Frontal Gyrus Frontal 13.67

K'12-13 Inferior Frontal Gyrus Frontal 13.16

P'6-7 Frontal Operculum Frontal 13.16

S'1-2 Supplementary Motor Area Rolandic 13.67

S'3-4 Supplementary Motor Area Rolandic 13.67 2b

S'5-6 Supplementary Motor Area/F1 Rolandic 13.67

N'2-3 Posterior Insula Parietal 13.67 2c

R'1-2 Precuneus Parietal 14.18

R'8-9 Superior Parietal Lobule Parietal 14.18 2d

H'1-2 Central Lateral Thalamic 13.67 H'1-2

H'2-3 Central Lateral/ Medial Pulvinar Thalamic 15.20 H'2-3

H'3-4 Medial Pulvinar/ Lateral Posterior Thalamic 15.20 H'3-4

Subject 3 GC13-14 Posterior Part of Supramarginal Gyrus Parietal 13.67 3a

PP8-9 Annectant Gyrus Parietal 13.67 3b

H2-3 Medial Pulvinar/ Lateral Pulvinar Thalamic 14.18 H2-3

H3-4 Lateral Pulvinar/ Nucleus Reticularis Thalamic 14.18 H3-4

B. Averages Over Location Groups

Location 

Group Average Spindle Frequency ± SEM (Hz)

Frontal 12.96 ± 0.14

Rolandic 13.67 ± 0.16

Parietal 13.89 ± 0.19

Thalamic 14.44 ± 0.22
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Secondly, rather than producing spindles comparable in frequency to parietal 

spindles, the thalamic channels produced, on average, the highest frequency spindles 

(14.44 ± 0.22Hz; Table 3.2B) of all channels.  The thalamic bipolar pairs H2-3 and H3-4 

in all three subjects produced the highest frequency spindles of all the cortical locations 

sampled within the subject (Figure 3.2 and Table 3.1A).  In Subject 1, both these sites are 

located in the medial pulvinar and produce spindles at 14.69Hz; surprisingly, H1-2 is also 

located in the medial pulvinar but exhibits spindles at 13.67Hz.  This supports the 

proposal that the medial pulvinar may not be uniform.  In Subject 2, H2-3 (located in the 

central lateral/medial pulvinar) and H3-4 (located in the medial/lateral pulvinar) both 

produce spindles of a very high frequency: 15.2Hz.  In comparison, H1-2 samples the 

central lateral nucleus and produces much lower spindles at 13.67Hz.  In Subject 3, H2-3 

and H3-4 are located in the medial or lateral pulvinar, with the H4 contact just lateral in 

the nucleus reticularis.  Both of these thalamic bipolar sites produce spindles at 14.18Hz, 

which was higher than both posteriorly-located cortical channels for this subject. 

In addition to all cortical and thalamic channels exhibiting robust spindling, many 

cortical and thalamic channels display spindle harmonics.  This is to say that in these 

channels, there is a significant band of power at the channel’s spindle frequency (for 

example, at ~14Hz) and a second significant band of power at double this frequency (for 

example, at ~28Hz) (Figure 3.2). 
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Figure 3.3: Comparison of downstate and spindle timing within select cortical and 

thalamic channels for Subject 1.  The first row (Chan1) is the thalamic channel and each 

subsequent row is a cortical channel.  Each row is labeled with the channel location, 

channel name, and the number of downstates analyzed for that channel. The averaged 

downstate local field potential (LFP) per channel is superimposed on each subplot.  A, 

The times at which the start of spindles occur are plotted in 50ms bins ± 2 seconds 

around the downstate peak at time 0.  The channel’s enrichment factor is listed below 

each histogram.  The enrichment factor measures how the rate of spindles increases when 

spindles occur within ±500ms of downstates, compared with the channel’s normal 

spindle rate (see Methods).  B, The times of the end of spindles are plotted in 50ms bins 

±2 seconds around the downstate peak at time 0.  C, The time frequency from 5 to 100Hz 

averaged around the peak of the downstates at time 0. Baseline correction is applied over 

the epoch length and significant power values are plotted at p<0.01, uncorrected.  
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Spindles occur during the downstate in the thalamus but during the downstate to 

upstate transition in the cortex 

 Having examined the frequency properties of the thalamic spindles in comparison 

to cortically-generated spindles, we next sought to study the relationship between 

downstates and spindles in both the thalamus and cortex.  Slow oscillations have long 

been thought to “group” spindles; however, different studies have conflicting results 

regarding when the spindle occurs in relation to the SO: is it during the upstate of the SO, 

or during the transition from the downstate to the upstate?  Furthermore, are spindles 

differentially grouped in the thalamus compared to the cortex? 

In order to address these questions, we examined the SO and spindle timing 

relationship in two ways: 1) by detecting the SO downstate (DS) and spindle events 

independently and examining when the spindles start and stop in relation to the DS; and 

2) by time-locking to the DS peak and examining spectrally when the spindles occur.  We 

found that spindles started during the downstate in the thalamus: in the histogram of 

spindle start times in relation to the downstate peak at time 0, spindles started just before, 

during, and just after downstate peaks (Chan1, column A in Figures 3.3, 3.4, and 3.5).  

Furthermore, the spectral plot averaged on the downstate peak at time 0 shows significant 

spindle increases beginning during the downstate peak and lasting through the transition 

to the upstate, as well as part of the following upstate (Chan1, column C in Figures 3.3, 

3.4, and 3.5).  This finding is also shown in the column B histograms plotting the time 

when spindles end in relation to the downstate peak: spindles appear to start terminating 

during the transition from downstates to upstates, as well as during the following upstate. 

As seen in Figure 3.2, there are also clear spindle harmonics in the thalamic spectral plots 
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for Subject 1 (Figure 3.3 Chan1) and Subject 2 (Figure 3.4 Chan 1).   The time frequency 

plots in Figures 3.3, 3.4 and 3.5 examine 5 to 100Hz; in addition to resolving the spindle 

harmonic at 30Hz seen in Figure 3.2, a 45Hz, and even 60Hz harmonic are also observed.  

These harmonics in the beta and low gamma ranges may be timing the beta and gamma 

coherence between locations  that has been hypothesized to facilitate long-range cortico-

cortical information transfer, and sometimes observed in primates (Gregoriou et al., 

2009). 

In contrast, spindles occurred during the transition from the downstate to the 

rebound upstate in cortical channels.  The averaged downstate local field potential (LFP) 

that is overlaid on the histograms and spectral plots per channel shows a rebound upstate 

after the downstate for all cortical channels (all rows below Chan1 in Figures 3.3, 3.4, 

and 3.5).  This rebound upstate in the LFP trace is confirmed by a corresponding increase 

in gamma seen in the spectral plots for each cortical channel.   

Previous studies have disagreed about whether the cortical spindle increase occurs 

during the transition from the downstate to the upstate or is nested in the upstate.  Our 

results indicate that the spindles begin during the transition from the downstate to the 

upstate, as seen in the histograms in column A: the tallest spindle start bins cluster around 

the transition, rather than within the following upstate (all cortical channels in Figures 

3.3, 3.4, and 3.5).  The spectral plots in column C show the same results: spindle power 

begins during the transition from the downstate to the upstate.  The column C spectral 

plots further show that the spindle lasts through the rebound upstate.  We find, however, 

that spindles have stopped prior to the most negative part of the downstate (column B for 

all cortical channels in Figures 3.3, 3.4, and 3.5).   Some of the cortical channels plotted 
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show spindle harmonics similar to those seen in the thalamus of Subjects 1 and 2 and in 

both the thalamus and the cortex in Figure 3.2 (these cortical channels are seen in column 

C: Chan4 in Figure 3.3; Chan4 to Chan6 in Figure 3.4; and Chan3 in Figure 3.5).  

 

Figure 3.4: Comparison of downstate and spindle timing within select cortical and 

thalamic channels for Subject 2.  The first row (Chan1) is the thalamic channel and each 

subsequent row is a cortical channel.  For details see the legend of Figure 3.3. 
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Spindles are more strongly modulated by the downstate in the thalamus than in the 

cortex 

In order to quantify how much more likely spindles were to occur in relation to 

downstates, as compared with the channel’s normal spindle rate, the enrichment factor 

(see Methods) was calculated for each of the channels in Figures 3.3 to 3.5 and listed 

below each channel in column A of each of these figures.  In all three subjects, the 

enrichment factor was highest for the thalamic channel plotted.  Over all channels, the 

average enrichment factor for the thalamic channels at 5.6 ± 0.75 was greater than the 

average enrichment factor for the cortical channels at 3.2 ± 0.19.  If the cortical channels 

were broken down further, the frontal channels averaged 2.7 ± 0.26, the parietal channels 

averaged 3.5 ± 0.38 and the rolandic channels averaged 3.5 ± 0.26.  These results indicate 

that spindles are more tightly coupled to downstates in the thalamus than in the cortex. 

We additionally examined monopolar thalamic channels compared with spindles 

and found relationships similar to the bipolar thalamic channels.   
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Figure 3.5: Comparison of downstate and spindle timing within select cortical and 

thalamic channels for Subject 3.  The first row (Chan1) is the thalamic channel and the 

two subsequent rows are the subject’s two cortical channels.  For details see the legend of 

Figure 3.3 

 

Thalamo-cortical, cortico-cortical, and thalamo-thalamic downstate coupling is 

highly variable 

 An open question in understanding the mechanisms underlying slow oscillations 

and spindles is the degree to which they can operate as local or global events.  Recent 

evidence suggests that the sleep graphoelements may operate on a continuum between 

local and global events.  To examine this question on a pair-by-pair basis, we calculated 

the co-occurrence of both downstates and spindles within a ± 500ms window.  For slow 

oscillations occurring at ~1Hz, this time limit was chosen to limit the possibility of false 

detections (i.e., detecting a slow oscillation from another cycle in the paired channel).     
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 Over all three subjects, downstates co-occurred in any given thalamocortical pair 

less than 26% of the time.  In Subject 1, the average was 20%, in Subject 2, the average 

was 15.5%, and in Subject 3, the average was 11.1%.   In contrast, cortico-cortico pairs 

had a much higher degree of co-occurrence for downstates.  Cortico-cortico bipolar pairs 

located on the same electrode could co-occur as high as 65%.  Excluding these pairs, 

Subject 1’s cortico-cortico pairs ranged in co-occurrence from 26.3% to 54.5% (average: 

37.7%), while Subject 2 ranged from 21.5% to 38.5% (average: 27.1%).  Subject 1 

perhaps had higher rates of co-occurrence due to the relatively larger number of frontal 

electrodes in close proximity to one another compared to Subject 2.  Subject 3 only had 

one cortico-cortico pair, with both channels located in parietal cortex, and with a co-

occurrence rate of 22.5%.  In Subjects 1 and 2, we could also examine the co-occurrence 

rate within the thalamus between thalamic electrode pairs that did not share a contact 

(H1-2 and H3-4 or H’1-2 and H’3-4, respectively).  Surprisingly, the rate of co-

occurrence within the thalamus for downstates was quite low: 13.4% for Subject 1 and 

14.8% for Subject 2.  These results appear to indicate that downstates co-occur more 

often between cortical areas than between thalamic areas, or between the thalamus and a 

given cortical area. 

 

Thalamo-cortical, cortico-cortical, and thalamo-thalamic spindle coupling is highly 

variable 

Overall, the rate of spindles is lower than the rate of downstates; therefore, chance 

levels of co-occurrence between channel pairs would be expected to be lower for spindles 

than for downstates.  For Subjects 1 and 3, spindles seem to co-occur more between the 
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thalamus and cortex than between pairs of cortical channels.  Again, excluding bipolar 

channel pairs occurring on the same electrode, the average spindle co-occurrence rate 

between cortical pairs was 11.1% for Subject 1 and 17.6% for the one cortico-cortico pair 

in Subject 3.  In contrast, the rate of spindle co-occurrence in thalamocortical pairs 

ranged from 9.2% to 29.5% (average: 16%) in Subject 1 and 7.6% to 49.3% (average: 

22.8%) in Subject 3.  The thalamocortical pair in Subject 3 with a 49.3% co-occurrence 

rate is the pair plotted in Figure 3.1, which is examined further in Figure 3.11, and is 

suspected to be anatomically connected.   

  The spindle co-occurrence rates for Subject 2 differ from the other two subjects, 

most likely due to the number of parietal channels recorded in this subject.  Both the 

range in co-occurrence rates and the average co-occurrence rates are similar in 

thalamocortical and cortico-cortico pairs.  For thalamocortical pairs, the co-occurrence 

was as low as 5.7% and as high as 35.8%, with an average of 14.8%.  In comparison, for 

cortico-cortico pairs, again excluding bipolar channel pairs occurring on the same 

electrode, the co-occurrence rate ranged from 4.6% to 33%, with an average of 14.2% 

Previous studies have found a high density of spindles in these rolandic/parietal areas 

(Peter-Derex et al., 2012), which would increase the rate of cortico-cortico spindle co-

occurrence compared to the thalamocortical spindle rate of co-occurrence for this subject.   

 Again, for the two thalamic pairs for Subjects 1 and 2 where it was possible to test 

for co-occurrence, the co-occurrence rate for spindles was fairly high for Subject 1 

(26.3%) and moderate for Subject 2 (14.8%).  The lower rate in Subject 2 is perhaps due 

to the thalamic bipolar pairs sampling different thalamic nuclei.  Overall, compared to 
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downstate co-occurrence rates between the thalamus and cortex, spindles seem to have a 

higher rate of thalamo-cortical co-occurrence.  

 

Cortical downstates lead thalamic 

 In addition to measuring how often pairs of channels co-occur during downstates 

or spindles, we studied if there was a significant sequential order between a co-occurring 

corticothalamic pair during a downstate or spindle.  As discussed above, the slow 

oscillation has previously been thought to originate in the cortex while the spindle is 

thought to originate in the thalamus.  The prediction would then follow that the cortex 

leads the thalamus during downstates, but the thalamus leads the cortex during spindles.   

The temporal order, however, of these detected events between the human cortex and 

thalamus has never previously been examined.  As with the co-occurrence calculations, 

binomial tests were performed on the number of spindles or downstates occurring in one 

temporal order versus the reverse temporal order for each corticothalamic channel pair 

over ±500ms.  Pairs were considered significant after Bonferroni correction at p<0.05 

across all subjects’ corticothalamic pairs (thus requiring p<0.00078 on the individual 

comparisons to be considered significant).   

From the binomial results, we find that in most thalamocortical pairs, the cortex 

significantly leads the thalamus during downstates (Figure 3.6 and Table 3.2A1), but 

there are rare exceptions (Table 3.2A2).  On a subject-by-subject basis, we show 

examples of thalamocortical pairs during downstates, examining both significant and 

non-significant pairs (Figures 3.7, 3.8, and 3.9). 
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Figure 3.6: Significant binomial thalamocortical pairs for one thalamic channel per 

subject.  Arrows point from where the the downstate peak or spindle starts to where the 

downstate peak or spindle ends.  Orange arrows indicate downstates and purple arrows 

indicate spindles.  For all thalamocortical pairs plotted here, downstate peaks start in the 

cortex and end in the thalamus.  Conversely, spindles start in the thalamus and end in the 

cortex.  All significant thalamocortical pairs from the binomial tests are listed with p-

values in Table 3.2.  Select significant and non-significant thalamocortical pairs are 

plotted separately for each subject in Figures 3.7, 3.8, and 3.9. 
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Table 3.2: Significant binomial tests over all subjects for downstate peaks and spindle 

starts between all thalamocortical pairs.  Bonferroni correction at p<0.05 was applied 

over all thalamocortical pairs over all subjects, separately for downstates and spindles.  

This resulted in a significance threshold of p<0.00078.   

 

 

A. Downstates B. Spindles

A1. Cortex Leads Thalamus B1. Thalamus Leads Cortex

Subject

Leading 

channel

Following 

channel p-value Subject

Leading 

channel

Following 

channel p-value

Subject 1 K8-9 H1-2 p<0.000001 Subject 1 H1-2 K8-9 p<0.000001

K10-1 H1-2 p<0.000001 H1-2 K10-1 p<0.000001

K12-3 H1-2 p<0.000001 H2-3  K8-9 p<0.000001

E11-2 H1-2 p<0.000001 H2-3 K10-1 p<0.000001

G3-4 H1-2 p<0.000001 H2-3 E11-2 p<0.000001

G11-2 H1-2 p<0.000001 H2-3 G11-2 p<0.000001

K8-9 H2-3 p<0.000001 H3-4 K8-9 p<0.000001

R8-9 H2-3 p<0.000001 H3-4 K10-1 p<0.000001

 K8-9 H3-4 p<0.000001 H3-4 E11-2 p<0.000001

K10-1 H3-4 p<0.000001 H3-4 G11-2 0.00002

K12-3 H3-4 p<0.000001

E11-2 H3-4 p<0.000001

G3-4 H3-4 0.000008

G11-2 H3-4 p<0.000001

Subject 2 F8-9 H1-2 p<0.000001 Subject 2 H1-2 F8-9 p<0.000001

O2-3 H1-2 0.00001 H1-2 O8-9 p<0.000001

O8-9 H1-2 0.000182 H1-2 O10-1 p<0.000001

O10-1 H1-2 0.000028 H1-2 S1-2 0.000066

F8-9 H2-3 p<0.000001 H1-2 S3-4 0.000083

S1-2 H2-3 p<0.000001 H2-3 F8-9 p<0.000001

N2-3 H2-3 p<0.000001 H2-3 O10-1 0.000057

R1-2 H2-3 0.000048 H2-3 S1-2 p<0.000001

F8-9 H3-4 0.000003 H2-3 S3-4 p<0.000001

S1-2 H3-4 0.000001 H2-3 S5-6 p<0.000001

N2-3 H3-4 0.000044 H2-3 R8-9 0.000242

Subject 3 GC13-4 H2-3 p<0.000001 H3-4 F8-9 p<0.000001

PP8-9 H2-3 p<0.000001 H3-4 O8-9 0.000117

PP8-9 H3-4 p<0.000001 H3-4 O10-1 0.000002

Subject 3 H2-3 GC13-4 p<0.000001

H2-3 PP8-9 p<0.000001

H3-4 PP8-9 p<0.000001

A2. Thalamus Leads Cortex B2. Cortex Leads Thalamus

Subject

Leading 

channel

Following 

channel p-value Subject

Leading 

channel

Following 

channel p-value

Subject 1 H2-3 K12-3 0.00001 None

Subject 2 H1-2 P6-7 p<0.000001

H1-2 S5-6 p<0.000001

H1-2 N2-3 0.0005
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In Figure 3.7, both frontal (1) and parietal (2 & 4) cortical channels significantly 

lead the downstate peak in the thalamus.  For the post central channel R8-9 (3), the 

binomial test did not reach significance for downstates; while there is a fairly even 

distribution of R8-9 downstate peaks preceding and following the medial pulvinar 

downstate peaks, there is also a peak around 0, indicating that there are a percentage of 

downstates that occur nearly simultaneously in this thalamocortical pair.  There are a total 

of seven cortical channels and three thalamic channels sampled in Subject 1, resulting in 

21 different corticothalamic pairs.  Of these 21 pair combinations, 15 are statistically 

significant for downstates in a binomial test: 14 lead from cortex to thalamus and one 

leads from thalamus to cortex (Table 3.2A1 & A2).  

Similarly, in Subject 2, the downstate peak occurs significantly more often in both 

frontal and parietal channels prior to the downstate peak in the central lateral/medial 

pulvinar (Figure 3.8, 1 & 4).  In binomial pairs that do not reach significance for 

downstate peaks, the timing of cortical and thalamic peaks appears almost random (2), or 

has a tendency for the cortical channel to slightly lead (3 & 4) the central lateral/medial 

pulvinar.  For Subject 2, there are 13 cortical channels and three thalamic channels, for a 

total of 39 corticothalamic pair combinations.  Fourteen total corticothalamic pairs are 

significant in a binomial test for downstates: 11 lead from cortex to thalamus and three 

lead from thalamus to cortex (Table 3.2A1 & A2). 

Subject 3 only has two cortical channels, but they both significantly lead the 

medial/lateral pulvinar for downstate peaks (Figure 3.9).  Additionally, the second 

thalamic channel, which is not pictured in Figure 3.9, only has a significant binomial 

relationship with channel PP8-9 which it follows for downstates (Table 3.2A1).   
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Figure 3.7: Cortical downstates and spindles in temporal relationship to the medial 

pulvinar in Subject 1.  Top, Each histogram is locked at time 0 to the most negative peak 

of the 2,816 downstates measured in the medial pulvinar channel, H3-4.  The number of 

downstate peaks occurring within ±2 seconds of the H3-4 downstate peaks is plotted in 

50ms bins for each of the four cortical channels.  Under each channel’s name is the 

percentage of co-occurrence, calculated over the ±500ms between the cortical channel 

and H3-4 (±500ms indicated by the blue and red lines under each histogram, see Methods 

for details of the co-occurrence calculation).  A binomial test for sequential channel order 

was also calculated over a ±500ms window.  The percentage of cortical downstate events 

occurring before (indicated by a blue line) and after (indicated by a red line) the thalamic 

downstates at time 0 are plotted below each histogram.  As there are some events that 

occurred simultaneously with a 0ms delay in the two channels, the pre and post 

percentages do not always add up to 100%.    Binomial tests that are significant after 

Bonferroni correction at p<0.05 are marked by an asterisk (*).  Binomial tests that did not 

exceed the significance threshold are indicated by n.s.  For three of the four cortical 

channels, the downstate peak occurred significantly more often in the cortex before the 

medial pulvinar.  Bottom, Each histogram is locked at time 0 to the start of the 1,800 

spindles measured in the medial pulvinar channel, H3-4.  All calculations were performed 

as described as above, but for cortical spindle starts.  In cortical channels one and two, 

the start of the spindle occurred significantly more often in the medial pulvinar before the 

two cortical channels.   
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Figure 3.8: Cortical downstates and spindles in temporal relationship to the central 

lateral/medial pulvinar in Subject 2.  For details see the legend of Figure 3.7.  Top, Two 

out of the five cortical channels showed a significant number of cortical downstates that 

occurred prior to the central lateral/medial pulvinar.  Bottom, Four out of the five cortical 

channels had spindles that significantly started after the spindles in the central 

lateral/medial pulvinar. 

 

It should be noted here that while the start of the spindle as identified in the LFP 

is associated with the start of the spindle measured spectrally, the downstate peak in the 

thalamus is not aligned to the expected gamma changes observed during the cortical 

downstate.  In the cortex, the surface negative peak is a downstate.  From the MRI, it is 

possible to tell which side of the bipolar contact is the surface, and therefore, which 

polarity of the bipolar signal corresponds to an upstate or a downstate.  Due to limitations 
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from the quality or resolution of the MRI, it is necessary to confirm an anatomical 

localization with the polarity of the downstate.  In bipolar SEEG recordings, this 

confirmation is achieved measuring broadband spectral changes, and in particular, 

gamma.   

In the cortex, gamma changes reflect upstates and downstates in phase with LFP 

changes: upstates are characterized by significant increases in gamma, while downstates 

are characterized by significant decreases in gamma.  In the thalamus, however, defining 

polarity is truly arbitrary.  Unlike the cortex, the gamma changes we record in the 

thalamus do not appear in line with the peaks.  From the thalamic time frequency plots in 

column C of Figures 3.3, 3.4, and 3.5, it is apparent that increases or decreases in gamma 

occur at the transition between peaks, rather than aligning to the downstate peak in the 

LFP.  This issue is further examined in the discussion section.  

 

Thalamic spindles lead cortical 

The same binomial tests were used to compare the onsets of spindles in the cortex 

and thalamus. In all cases where there were onset distributions significantly different than 

chance, the thalamus led the cortex (Figure 3.6 and Table 3.2B1).  On a subject-by-

subject basis, we show examples of thalamocortical pairs during spindles, examining 

both significant and non-significant pairs (Figures 3.7, 3.8, and 3.9). 

In Figure 3.7, a frontal (1) and parietal (2) channel, which both lead the downstate 

peak in the thalamus, both significantly follow the start of the spindle in the thalamus of 

Subject 1.  The remaining parietal channels (3 & 4) do not show a significant sequential 

order.  While only a minority of the spindles in each cortical channel co-occur with the 
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medial pulvinar (18.5% for R8-9 and 25.3% for G3-4), when they do co-occur, the 

cortical spindle start times are clustered around the medial pulvinar spindle start time at 

0ms.  Of the 21 corticothalamic pairs tested binomially, 10 are statistically significant for 

spindles, and in all cases, the thalamus leads the cortex (Table 3.2B1).  

 

 

 

Figure 3.9: Cortical downstates and spindles in temporal relationship to the 

medial/lateral pulvinar in Subject 3.  For details see the legend of Figure 3.7.  Top, 

Downstate peaks in both cortical channels significantly lead the downstate peaks in the 

medial/lateral pulvinar.  Bottom, The medial/lateral pulvinar significantly leads both 

cortical channels in spindles.   
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Again in Subject 2, the thalamus significantly leads cortical channels across the 

cortex for spindle initiation (Figure 3.8).  As in Subject 1, in the cortical channel where 

the thalamus does not significantly lead the spindles (4), it appears that when the spindles 

do co-occur (23.5%) in the two channels, the cortical spindle start is clustered around the 

central lateral/medial pulvinar spindle start at time 0.  Fourteen of the 39 corticothalamic 

pairs significantly show that spindles start in the thalamic channel prior to the cortical 

channel.  As in Subject 1, there are no significant pairs in which the cortex leads the 

thalamus (Table 3.2B1). 

Subject 3 only has two cortical channels, but they both significantly follow the 

medial/lateral pulvinar for spindle starts (Figure 3.9).  Additionally, the second thalamic 

channel, which is not pictured in Figure 3.9, only has a significant binomial relationship 

with channel PP8-9, which it leads for spindles (Table 3.2B1).  The corticothalamic pairs 

in Figure 3.9 also show the greatest difference in pre and post spindles. Medial/lateral 

pulvinar spindles not only lead the cortical channels a significant number of times, they 

lead them around 70% of the time.  Furthermore, this medial/lateral pulvinar channel and 

PP8-9 in the annectant gyrus exhibit an extremely high rate of co-occurrence at almost 

50%.  This indicates that these two channels exhibit a special relationship and are perhaps 

anatomically connected. 

In summary, our  results indicate that the cortex leads the thalamus for downstates 

and the thalamus leads for spindles. However, three additional points should be 

considered: 1) As mentioned above, there are significant binomial results occurring in the 

opposite direction, at least for downstates (i.e. a thalamic channel leading a cortical 

channel in the peak of the downstate; see Table 3.2A); 2) In the case of significant pairs, 



206 
 

 
  

at most 70% occur in one temporal order while 30% occur in the opposite temporal order; 

and 3) Out of the 64 total cortico-thalamic pairs over all three subjects, 32 do not show a 

significant temporal relationship for downstates and 37 do not show a significant 

temporal relationship for spindles.   In summary, the dominant temporal patterns between 

the thalamus and cortex during downstates and spindles that we observe are not the 

exclusive temporal relationships which occur between these sites during these sleep 

graphoelements.  

 

The medial pulvinar may differentially influence different cortical areas 

 The pulvinar is the largest thalamic nucleus in primates and in recent years there 

has been growing interest in further subdividing the pulvinar.  Even within the medial 

pulvinar, we find evidence of a double dissociation between two channels in the medial 

pulvinar (see Figure 3.12 for locations in the medial pulvinar) and two cortical channels 

in Subject 1 (Figure 3.10).  That is to say that we find the medial pulvinar channel H1-2 

to be more related to the cortical channel K10-11, located in the middle frontal gyrus, 

than to R8-9, which is located in post central cortex.  Conversely, the medial pulvinar 

channel H2-3 is not very related to K10-11 while it is more related to R8-9.   

 In Figure 3.10, we examine the cortical downstates or spindles that arise in these 

two channels locked to both H1-2 and H2-3.  In order to quantify the degree to which a 

thalamocortical pair was related during these different sleep events, three different types 

of enrichment factors (see Methods) were calculated: how the rate of cortical downstates 

was enriched when locked to thalamic downstates; how the rate of cortical spindles was 
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enriched when locked to thalamic spindles; and, similar to above, how the rate of cortical 

spindles was enriched when locked to thalamic downstates. 

In the downstate versus downstate comparison, downstates appear to peak in K10-

11 just before the downstates in H1-2, with a sharp drop off after 0ms (Figure 3.10, top 

red arrow).  When examining R8-9 locked to H1-2, however, the downstates appear to 

occur more randomly in time.  The opposite is apparent as well: when R8-9 is locked to 

H2-3, it exhibits a temporal pattern similar to H1-2/ K10-11, where R8-9 downstates 

peak before the H2-3 downstates at time 0 (top blue arrow).  K10-11 locked to H2-3 

conversely exhibits a more random pattern, completing the double dissociation.  As 

expected, the downstate versus downstate enrichment factor was greatest for H1-2/K10-

11 and H2-3/R8-9 (2.9 for both), compared to 1.5 for H1-2/R8-9 and 2.2 for H2-3/K10-

11. 

In the spindle versus spindle comparison, the double dissociation is even more 

apparent.  The H1-2/K10-11 pair shows tightly locked spindles with an enrichment factor 

of 8.9, as does the H2-3/R8-9 pair, with a spindle enrichment factor of 10.2.  The H1-

2/R8-9 pairing exhibits a lower degree of association with an enrichment factor of 7.  The 

H2-3/K10-11 pair in comparison has the lowest spindle enrichment factor of 3.2.  One 

could argue, however, that H2-3 and K10-11 are still highly related, but have a low 

enrichment factor because the K10-11 spindles are skewed to the right.  In fact, H2-3 

spindles do significantly lead K10-11 spindles (see Table 3.2B1); however, H1-2/K10-11 

and H2-3/R8-9 show that when their spindles occur together, they occur rather 

synchronously.  
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Figure 3.10: Different parts of medial pulvinar are related to different parts of cortex in 

Subject 1 during downstates and spindles.  Events arising in the cortical channel K10-11 

(left column) or R8-9 (right column) are locked to events in the medial pulvinar channel 

H1-2 (labeled in red) or H2-3 (labeled in blue).  The three event combinations are: 

downstate versus downstate (top), spindle versus spindle (middle), and downstate versus 

spindle (bottom).  The enrichment factor (see Methods) denotes how the rate of 

downstates or spindles in the cortical channel is increased relative to its normal rate when 

locked to the downstate or spindle events in the medial pulvinar channel.  Orange 

(downstates) or purple (spindles) bars under each histogram denote the ±500ms over 

which the enrichment factor was calculated. Red arrows and red enrichment factor 

numbers indicate the related H1-2/K10-11 pair.  Blue arrows and blue enrichment factor 

numbers indicate the related H2-3/R8-9 pair.   
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Finally, the downstate versus spindle comparison also shows a double 

dissociation for the two medial pulvinar locations.  The H1-2/K10-11 pair shows that 

K10-11 spindles occur during and just after the H1-2 downstate peak, with an enrichment 

factor of 5.3.  Similarly, in the H2-3/R8-9 pair, the R8-9 spindles occur during the H2-3 

downstate peak, with an enrichment factor of 4.  Conversely, the opposite pairings show 

fairly flat histograms with low enrichment factors (2 for H2-3/K10-11 and 1.7 for H1-

2/R8-9).  We therefore conclude that the H1-2/K10-11 pair is relatively strongly related, 

as is the H2-3/R8-0 pair.   

 

The thalamus drives the cortex during individual spindle waves in a highly related 

cortico-thalamic pair 

 In addition to the double dissociation between thalamic and cortical sites within a 

subject seen above in Figure 3.10, we also have examples of thalamocortical pairs 

exhibiting a high degree of association.  Most notably, this is a pair from Subject 3 

pictured in Figures 3.1 and 3.9: H2-3 located in the medial/lateral pulvinar and PP8-9 

located in the annectant gyrus.  We were unable to find any reference documenting a 

direct anatomical connection between these sites, but they are in the general locations 

where such a connection would not be unexpected.  They exhibit an extremely high 

degree of co-occurrence during spindles: we detected 1,082 spindles in H2-3 and 1,353 

spindles in PP8-9, with 804 of these spindles starting within ±500ms of one another.  

This computes to a spindle co-occurrence rate of ~50%, which is higher than any other 

thalamocortical pair or cortico-cortico pair, even including cortico-cortico pairs located 

on the same electrode. 



210 
 

 
  

   

Figure 3.11: The thalamus drives individual cortical spindle waves.  A, The LFP average 

over all 15,205 spindle troughs in the thalamic channel H2-3 (top) and its corresponding 

average gamma (bottom).  B, The LFP average over all 15,737 spindle troughs in the 

cortical channel PP8-9 (top) and its corresponding average gamma (bottom).  C, The 

average LFP and gamma for the thalamic channel H2-3 and the cortical channel PP8-9, 

averaged on the thalamic LFP spindle troughs.  The gamma peaks in the bottom row were 

detected after applying spline interpolation; the thalamic gamma peak leads the cortical 

gamma peak by 14.7ms.  
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Given the results above that the thalamus appears to initiate the start of the 

cortical spindle, we sought in this highly related thalamocortical pair to determine if the 

thalamus might be driving each individual spindle wave.  As the temporal order of 

neuronal firing, rather than the LFP, would indicate whether the thalamus was driving the 

cortex, we analyzed changes in gamma—as a proxy for neuronal firing and synaptic 

activity--related to individual spindle waves.  When locked to individual spindle troughs 

in the thalamic channel H2-3, its average LFP trough is associated with a decrease in 

gamma (Figure 3.11A, red arrow).  The shape of the gamma resembles a sawtooth wave, 

rather than a sinusoidal wave, which could reflect the cyclic activation and de-activation 

of Ih during spindles.   In contrast to H2-3, when locked to individual spindle troughs in 

the cortical channel PP8-9, the cortical gamma peaks approximately 5.3ms prior to its 

LFP spindle trough (Figure 3.11B, blue arrow).  What happens then if we lock to the 

thalamic spindle troughs and examine the temporal relationship in gamma peaks between 

the thalamus and the cortex in this channel pair? 

When locked to the spindle troughs in H2-3, the LFP of PP8-9 strongly resembles 

the spindle LFP when locked to its own peaks (Figure 3.11C, right column), but is 

smaller in amplitude.  This is unsurprising given the high rate of spindle co-occurrence 

between these two channels.  In both channels, the resulting gamma also oscillates in a 

spindle-like fashion.  In this case, however, the thalamic gamma peak leads the cortical 

gamma peak by 14.7ms when both are locked to the thalamic LFP spindle troughs 

(Figure 3.11C, bottom row).  This is a reasonable estimate of conduction velocity 

between the thalamus and cortex in humans, based on auditory evoked potentials (Kraus 
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and Nicol, 2009).  These results indicate that in addition to initiating the spindle, the 

thalamus also drives individual spindle waves in a highly related thalamocortical pair.  

 

Discussion  

During the course of a night’s sleep, the human brain produces thousands of slow 

oscillations, K-complexes, and spindles.  Yet, we still lack a complete understanding of 

how the brain gives rise to these events, how different parts of the brain may interact 

during these events, and what functional roles they serve.  Here, using rare simultaneous 

bipolar SEEG recordings in the human thalamus and cortex, we extensively examine in 

humans the local generation of these detected events as they relate between the thalamus 

and cortex.  Our results reproduce in humans findings previously shown in animals, and 

present novel findings related to how the thalamus and cortex interact during slow 

activity and spindles.  As previously shown, we find that slow spindles occur in frontal 

regions while fast spindles occur in parietal regions.  Our results add that the pulvinar 

produces spindles at a frequency higher than any cortical areas sampled.  As previously 

found in animals, we show that the phase where rebound firing (as measured by gamma 

increases in our recordings) occurs in relationship to the downstate is earlier in the 

thalamus than in the cortex.  Previous results in both animal and human studies were 

inconsistent, but our results of locally measured sleep events in humans indicates that 

spindles begin during thalamic downstates, whereas they occur during the transition from 

the downstate to the upstate in the cortex.    As previously predicted, we find strong 

evidence that the thalamus initiates the spindle oscillations.  We are the first to show in 
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humans that the thalamus can drive each cortical spindle wave and just how tightly 

coupled the thalamic spindle is to the thalamic downstate. 

 

Cortical and thalamic spindling 

Previous intracranial recordings in humans have reported that faster spindles are 

produced in more posterior cortex while slower spindles are produced in more anterior 

cortex (Andrillon et al., 2011; Peter-Derex et al., 2012). Our results are in line with these 

findings; however, they show more of a continuum throughout the cortex, rather than a 

dichotomy between slow and fast spindles.  To our knowledge, only one other previous 

study has examined the frequency of spindles, detected as discrete events, in the human 

thalamus, and in this case, only indirectly.   In the supplement of Sarasso et al. (2014), 

spindles are detected as discrete events in the hippocampus, but from a period of time 

prior to sleep onset through the first episode of NREM sleep.  When locked to these 

spindle events, the time frequency calculated in the anterior thalamic nucleus shows that 

spindles with a frequency that appears to be around 14.5 Hz occurs around the time of 

hippocampal spindles.  Here we identified discrete spindle events in eight bipolar 

channels located in the thalamus and found that spindles produced by the pulvinar are 

higher in frequency than any of the cortical channels sampled. 

In addition to fast frequency spindles in the pulvinar, we found evidence of 

spindle harmonics (see time frequency plots in Figures 3.2 to 3.5) in both the thalamus 

and in parietal channels, which could be studied using modeling.  Previous work in mice 

had demonstrated that slow and fast spindles have differential thalamic involvement 

(Kim et al., 2015).  The thalamus has also been proposed to be composed of core and 
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matrix cells that project differently to the cortex: core cells project in a focal manner to 

middle cortical layers while matrix cells project more diffusely to superficial cortical 

layers (Jones, 1998).  Subsequently, in addition, or in conjunction with there being slow 

and fast spindles, there may also be core and matrix spindles (Dehghani et al., 2010; 

Dehghani et al., 2011; Bonjean et al., 2012). Given that our rates of co-occurrence 

between cortical channel pairs is low and the pattern of high gamma power that we see in 

relation to spindle troughs is similar to what is seen in middle cortical layers (Milan 

Halgren, personal communication), our results are consistent with the spindles we are 

measuring being core spindles.  As we find both slow and fast spindles, our results 

consequently support the interpretation that fast/slow spindles and core/matrix spindles 

are different spindle distinctions.  

 

Thalamic recordings pose challenges to previous detection methods 

 In examining raw signal traces, recordings in the thalamus were fundamentally 

different than those in the cortex.  Most noticeably, the thalamic recordings were much 

lower in amplitude and had small gamma fluctuations.  They were also largely dominated 

by clear spindles and spindles occurring in tandem with slow oscillatory activity.  As a 

result, thresholds used in previous detection methods for slow oscillations and spindles 

did not adequately sample the discrete events seen in the raw thalamic data.  In order to 

address this issue, we took the bottom 40% of slow oscillations as downstates compared 

to the 20% used in (Andrillon et al., 2011; Nir et al., 2011).  The current method for 

spindle detection, also outlined in these papers, called for a mean +3SD threshold of the 

smoothed Hilbert envelope of the data band passed in the spindle range.  Due to the high 
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density of low amplitude spindles in the thalamus, this method misses a large number of 

spindles.  Here we use a mean +1.5SD threshold. Using either the original threshold or 

the lower threshold (which are the values reflected in the confusion matrices in Table 

3.4), our method optimizes spindle detection on a per channel basis, and outperforms the 

previous method.   

 

Slow oscillations group spindles 

Previous studies in animals and in humans using scalp EEG or intracranial 

recordings have examined the relative timing of spindles in relationship to slow 

oscillations.  Interpretation of the spindle-downstate temporal relationship is dependent 

on several factors, which differed in each of these studies.  The first factor is how the 

spindles and downstates are measured: as discrete events or spectrally.  As spindles last 

on the order of several hundred milliseconds to a couple of seconds, the second factor is 

the time point taken of the spindle: the start, middle, or end of the event, or even the time 

point at which the spindle power is maximal.  The third factor is how the events are 

recorded: in animals under anesthesia or in humans using scalp or intracranial recordings.   

The results of Contreras and Steriade (1995) were obtained in cats under 

anesthesia, but recorded surface EEG, local field potentials, and intracellularly in the 

cortex and thalamus.  While the presented results are often just a time series of recorded 

data, they offer examples of spindles in the LFP occurring during periods of high 

intracellular firing (upstates).  Recording scalp EEG in humans, Molle et al. (2002) found 

that spindle activity, measured as the root mean square of the signal band passed in the 

spindle range, increased during the slow oscillation positive phase (inferred upstate); 
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however, this spindle increase was substantially larger during the transition from the 

downstate peak.  In this study, they also identified discrete spindle events and found 

when they averaged on the middle of the spindle that this corresponded to an upstate that 

was following a downstate.  The spindle therefore appears in their results to be grouped 

by the upstate, but more specifically to an upstate which is rebounding from a downstate.   

In a second study, this group demonstrates again in scalp EEG that slow and fast 

spindles are differentially grouped by the slow oscillation (Molle et al., 2011).  While 

they conclude that fast spindles occur on the upstate, it actually appears in their data that 

spindles start during the transition from the downstate to the upstate (Figure 1 in Molle et 

al. (2011)).  They show, in contrast, that slow spindles occur on the transition to the 

downstate peak, stopping before the downstate peak.  Our results are an amalgamation of 

the two findings: while we do not see a difference in the slow oscillation relationship 

between channels that produce slower spindles versus those that produce faster spindles, 

we do find that spindles overall begin at the transition from the downstate to the upstate 

(continuing as seen in the time frequency plots during the upstate) and terminate before 

the peak of the subsequent downstate.  We have no specific insight into why they found 

that spindles with different frequencies occur on different SO phases.  While there might 

be differing spindle-SO modulation within channel, we did not test for this; however, our 

intracranial recordings are the more reliable measure of spindle-SO relationships at the 

local cortical domains.      

With scalp EEG, many generators are superimposed, but Andrillon et al. (2011) 

analyzed the relationship of spindles to slow oscillations using medial intracranial 

recordings in humans.  Like Molle et al. (2002), Andrillon et al. (2011) examines the 
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timing of the middle of the spindle with respect to the slow oscillation upstates and 

downstates.  They find that the spindle increases after the upstate peak, as well as the 

peaks before and after the downstate.  We find comparable results when we examine the 

middle of the spindles to downstates and upstates (not shown).  However, if one wishes 

to address how the slow oscillation might initiate or terminate the spindle, it is more 

relevant to examine where the spindle starts and ends, rather than its middle, which is 

what we have done here.  We find that in the cortex, the spindle starts during the 

transition between the downstate and upstate, while the spindle starts during the 

downstate in the thalamus. 

 

Thalamic gamma as it relates to the thalamic downstates 

In cortical bipolar SEEG recordings, upstates and downstates can be confirmed 

using broadband spectral changes, and this in turn can be used to relate the polarity to 

that well-established from microelectrode recordings where surface negative is associated 

with downstates (Mukovski et al., 2007; Cash et al., 2009; Csercsa et al., 2010). In 

particular, we examine high gamma power from 55 to 100Hz.   All bipolar cortical 

channels in this study exhibited robust increases in gamma power during upstate peaks in 

the LFP and robust decreases in gamma power during downstate peaks in the LFP (see 

cortical channels in Figures 3.3 to 3.5).  On the other hand, thalamic channels did not 

exhibit this relationship.  We therefore defined thalamic downstates as having a slight 

gamma decrease prior to a downstate peak and a gamma increase prior to an upstate peak.   

When centered on the thalamic downstate peak, increases in gamma occurred at the 
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transition from the downstate peak back up to baseline and occurred in conjunction with a 

strong presence of spindles (see thalamic channels in Figures 3.3 to 3.5).   

These findings in the thalamus are in line with the known properties of 

thalamocortical cells in animal recordings.  Hyperopolarization in the thalamus activates 

the aptly named hyperpolarization-activated cation current, Ih.  Ih depolarizes the 

membrane potential, activating the low-threshold Ca
2+

 current, IT.  The activation of IT 

leads to the low-threshold Ca
2+

 spike, which depolarizes the membrane potential and 

gives rise to burst firing (i.e. a burst of action potentials riding on the low-thereshold Ca
2+

 

spike).  This cycle of hyperpolarization, low-threshold Ca
2+

 spike, and burst firing, 

repeats and underlies the generation of spindles in thalamus.  Recordings in anaesthesized 

cats (Contreras and Steriade, 1995) and anaesthesized mice (Crunelli et al., 2012) show 

that rebound burst firing in the thalamus occurs during the transition from 

hyperpolarization.  The initial hyperpolarization in the thalamus, is therefore, crucial for 

cyclic spindle activity.   

There is evidence that burst firing occurs in the human thalamus during sleep 

(Tsoukatos et al., 1997) and we interpret our recordings as indicating that the thalamus is 

pushed into a regime by hyperpolarization where spindling is almost inevitable.  

Hyperpolarization of the thalamus therefore leads to reliable spindling which is then 

transmitted to the cortex.  In contrast to the thalamus, however, the cortex has a much 

lower spindle-downstate enrichment factor  presumably because cortical cells are much 

less controlled by their voltage gated channels, even when they are hyperpolarized. We 

therefore demonstrate that thalamic spindling is under the tight control of downstate 

activity (discussed further below).   



219 
 

 
  

We have concluded that the cortex generally leads the thalamus in downstates 

based on the timing of downstate peaks in the cortex and thalamus.  The timing, as just 

described, of gamma changes during the downstate LFP greatly differs between thalamic 

and cortical channels.  As gamma is a proxy for neuronal activity (firing and synaptic 

activity), it is perhaps more accurate to examine the sequence of gamma events in the 

cortex and thalamus as they relate to the progression of slow activity, as opposed to the 

downstate LFP peak.     

 

Spindles are under the control of slow oscillations in the thalamus 

Despite slow oscillations being considered a cortical process and spindles being 

considered a thalamic process, our current results indicate that in the thalamus, spindles 

are under the tight control of the slow oscillation downstate.   Although they examined 

the timing of the spindle center in relation to upstates, Andrillon et al. (2011) previously 

demonstrated that different cortical locations have varying levels of association between 

the spindle and the slow oscillation.  In particular, they found the supplementary motor 

area had the highest association.  Similarly, we find that parietal and rolandic areas have 

a high association of spindles and downstates, as measured by the enrichment factor (see 

Methods and Figures 3.3 to 3.5).  The thalamus, however, exhibits an even higher degree 

of association. 

In the Sarasso et al. (2014) study discussed above, both the average spectral and 

LFP characteristics of the anterior thalamic nucleus were examined, averaged on the 

times of hippocampal spindles occurring both before and after sleep onset.  As outlined 

above, the hippocampal spindles were associated with an increase in thalamic spindle 
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power.  This also coincided with a slow oscillation half wave in the averaged thalamic 

LFP.  As the spectral plots did not include frequencies above the spindle range, the high 

gamma power changes in the thalamus in relation to this half wave are unknown, but 

these findings corroborate our current findings that the thalamic spindle is highly 

associated with the slow oscillation. 

Other studies recording in the human thalamus, however, did not detect discrete 

spindle and slow oscillation events.  Tsai et al. (2010) demonstrated significant coherence 

between scalp EEG and the anterior thalamic nucleus in both the slow and spindle band 

frequency ranges; however, the relationship between slow activity and spindle activity in 

the anterior thalamic nucleus itself was not examined.  Fitzgerald et al. (2013) examined 

phase-amplitude coupling and amplitude-amplitude coupling within the centromedian 

nucleus of the thalamus; however, they only examined down to 2Hz and therefore we 

cannot extrapolate if they found a tightly coupled slow oscillation and spindle 

relationship as we have found here.    

 

Cortico-pulvinar relationships 

The pulvinar has become an important subject of investigation for attention, 

particularly with regards to vision (Saalmann et al., 2012).  The pulvinar has been 

documented to be highly connected to occipital, temporal, and parietal areas, as well as 

frontal areas (Romanski et al., 1997; Shipp, 2003; Arcaro et al., 2015) and the insula 

(Mufson and Mesulam, 1984; Rosenberg et al., 2009).  While we could not find any 

studies anatomically describing the connection, we suspect that the region of the pulvinar 

sampled in Subject 3 is anatomically connected to the annectant gyrus given the high 
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(50%) spindle co-occurrence rate between the two locations and the pulvinar gamma 

peak that appeared to drive the annectant gyrus gamma peak in individual spindle waves 

(Figure 3.11).    

As suggested by Arcaro et al. (2015), we also find that pulvinar-cortico 

connections may be variable even within the medial pulvinar.  Thieffry et al. (1977) also 

documents that different parts of the pulvinar are associated with different parts of the 

cortex during sleep.  We see this in particular with Subject 1, where H1-2, which is 

located in the medial pulvinar, exhibits lower frequency spindles compared with H2-3 

and H3-4, which are also located in the medial pulvinar (Figure 3.2 and Table 3.1).  

Overall, we find that the cortex tends to lead the thalamus in downstate peaks; however, 

H1-2 significantly leads three cortical channels in downstate peaks (Table 3.2).  H1-2 

also has a close relationship to K10-11 during downstates and spindles (Figure 3.10).  We 

therefore conclude that different parts of the thalamus are more or less strongly related to 

different parts of the cortex, even within in the medial pulvinar, during these sleep events.  

 

Functional Role 

Understanding the relative timing of slow oscillation and spindle events within 

the thalamus versus the cortex, and who leads who during these events, is important for 

understanding mechanisms, which ultimately underlies understanding the functional roles 

of slow oscillations and spindles.   The sleep grapholelements are thought to be important 

for restoration, memory consolidation, and memory replay.  The sleep homeostasis 

hypothesis (Tononi and Cirelli, 2006) posits that the slow oscillation is responsible for 

synaptic downscaling during sleep, which allows synaptic potentiation that increases over 
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the course of the day to reach a baseline level in preparation for the following waking 

period.  This period of ‘rebooting’ may also be critical for memory processing. 

Studies in humans strongly suggest that memory consolidation occurs during 

sleep because it improves task performance relative to a comparable waking period.  In 

particular, manipulating the amount of graphoelements produced during sleep can 

enhance performance.  For example, inducing slow oscillations via transcranial 

stimulation (Marshall et al., 2006) or increasing spindle density with zolpidem (Mednick 

et al., 2013) improves declarative memory.  Furthermore, this effect may occur very 

locally (Huber et al., 2004). 

Hippocampal-dependent declarative memories are thought to be replayed during 

sleep in order to move the memory to the cortex for long term storage (Rasch and Born, 

2013).  Hippocampal ripples produced in CA1 and sharp waves generated in CA3 are 

thought to underlie this replay process.  In rats, KCs have been shown to group these 

replay periods (Ji and Wilson, 2007) and KCs, downstates & high voltage spikes have 

also been correlated with replay (Johnson et al., 2010).  Ripples have also been correlated 

with cortical slow activity and spindles (Sirota et al., 2003), and sharp waves are thought 

to be grouped by the cortical SO (Battaglia et al., 2004).  Additionally, as shown here, as 

well as in other studies discussed above, the SO appears to group spindles.   

There also appears to be more precise temporal ordering: the troughs of 

hippocampal spindles have been shown to group hippocampal ripples (Staresina et al., 

2015), although their recorded spindles may not have been locally generated in the 

hippocampus due to their reference choice.  Hippocampal ripples have also been shown 

to be grouped by parietal spindles (Clemens et al., 2011); however, the parietal spindles 
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were measured in scalp EEG and the hippocampal ripples were recorded via foramen 

ovale electrodes.   Overall, however, a clear picture does not exist of how sharp waves 

and ripples, spindles and downstates relate temporally in their grouping between the 

hippocampus, thalamus and cortex, as well as whether one area is a trigger for another.  

Here, we confirm and fill in crucial gaps of how the downstate and spindles interact as 

part of this larger picture.  By demonstrating that cortical downstates lead thalamic 

downstates, while thalamic spindles lead cortical spindles, as well as the degree to which 

slow oscillations entrain thalamic spindles, and how the thalamus can drive individual 

spindle waves in the cortex, our results inform our current understanding of how 

memories are transferred from the hippocampus to the cortex during NREM sleep.  

 

Methods 

Stereoencephalography (SEEG) was recorded from 3 patients (2 women, 1 man, 

age: 40.7±4.7) with pharmaco-resistant epilepsy at Neurological Hospital, Lyon, France 

or La Timone Hospital, Marseille, France (Table 3.3).  Fully informed consent was 

obtained at both hospitals prior to surgery.  SEEG recording electrodes were implanted 

according to the stereotactic technique of Talairach and Bancaud to define the 

epileptogenic area for possible resection.  The thalamus was a target of implantation due 

to its potential role in epileptic discharges.  An electrode sampling thalamic areas also 

had contacts sampling temporal neocortical sites, therefore not increasing patient risk by 

requiring a separate electrode track.   

At the Neurological Hospital, each electrode had either 10 or 15 contacts.  Each 

contact was 2mm long, with a diameter of 0.8mm and an inter-contact spacing of 1.5mm.  
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Electrodes were perpendicular to the midsagittal plane.  The recordings were sampled at 

256Hz and band pass filtered from 0.33 to 128Hz.   

The 3D location of electrode contacts was determined directly from stereotactic 

teleradiographs without parallax performed within the stereotactic frame of Talairach and 

Tournoux (1998). These locations were superimposed onto the preimplantation 3T 

structural MRI (3D MPRAGE T1 sequence) after alignment with the skull.  The locations 

of cortical and thalamic contacts were determined by reference to the atlases of Duvernoy 

(1999) and Morel et al. (1997). 

 

Table 3.3: Patient demographics and clinical information 

Subject Gender Age Clinical 

Diagnosis 

Pathological 

Diagnosis 

Imaging Focus 

Sub1 M 35 Right 

temporal 

lobe 

epilepsy 

No 

pathology 

obtained 

Normal Temporo-

Parieto-

Occipital 

Junction 

Sub2 F 37 Temporal 

lobe 

epilepsy 

No 

pathology 

obtained 

Normal Hippocampus 

Sub3 F 50 Right 

temporal 

occipital 

epilepsy 

No 

pathology 

obtained 

Normal Right 

fusiform 

gyrus 

 

At La Timone Hospital each electrode had either 10 or 15 contacts.  Each contact 

was 2mm long, with a diameter of 0.8mm and an inter-contact spacing of 1.5mm.  The 

recordings were sampled at 1024Hz and band pass filtered from 0.16 to 340Hz.   

Electrodes were localized by fusing the CT with electrodes implanted and the MRI. 
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All analyses were performed on bipolar channels derived from subtracting the 

lateral lead from the medial lead of two adjacent contacts along an SEEG electrode.  

Bipolar channels included for analysis met both physiological and anatomical criteria as 

described in Mak-McCully et al. (2015).  Only channels exhibiting both slow oscillations 

and spindles were included for analysis.  Included channels were not part of the 

epileptogenic focus and did not show frequent epileptiform activity (spikes or 

pathological slowing).  Additionally, times in which brief epileptiform activity occurred 

were excluded from training data sets and post hoc from any slow oscillation or spindle 

detections.   A total of 22 cortical and eight thalamic bipolar channels were analyzed 

(Figure 3.12).  Sleep staging was performed using the bipolar contacts by a qualified rater 

(MR) and the following analyses were confined to NREM stages 2 and 3.   
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Figure 3.12: Location of cortical and thalamic channels.  A, Location of cortical 

channels color-coded by subject.  B, Location of thalamic channels per subject.  

Individual contacts are numbered and thalamic nuclei are overlaid on each subject’s MRI. 
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Downstate detection 

Slow oscillations (SOs) in cortical and thalamic bipolar channels were detected 

using a method modified from Riedner et al. (2007) in order to accurately and maximally 

identify SOs in the thalamus.  A zero-phase fourth order Butterworth bandpass filter from 

0.1 to 4Hz was applied to each channel over N2 and N3 periods of sleep that were free of 

epileptic activity.  Consecutive zero crossings occurring within 0.25 to 3 seconds were 

then selected.  The amplitude of the peak between these zero crossings was calculated 

and only the top and bottom 40% of peaks were retained as SOs.  Downstates and 

upstates in the cortex were defined based on changes in high gamma power, with 

downstates associated with a decrease in high gamma power around the downstate peak 

and upstates associated with an increase in high gamma power at the time of the upstate 

peak.    

The overall level of gamma was very small in the thalamic channels.  When slow 

oscillations—in either direction--were averaged over a channel, there was no discernible 

gamma change centered on the peak.  However, there was a slight decrease in gamma 

prior to what we defined as the thalamic downstate peak and an increase in gamma prior 

to what we defined as the thalamic upstate peak.  Only cortical and thalamic downstates 

were used for further analysis.   

In addition, post-SO detection artifact rejection was applied to each channel.  The 

difference in consecutive points was calculated to detect any sharp artifacts in the signal 

and a threshold was set for each channel individually based on visual inspection. 

Additionally, the raw data were epoched ± 3seconds around the downstate peaks for each 

channel.  The mean and standard deviation were calculated on the absolute value of this 
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raw epoched data.  Thresholds for rejection were evaluated visually for each channel.  

For all but two channels, a threshold of 7SD was applied.  For Subject 1, a rejection 

threshold was set to 10SD for channel K8-9 and a rejection threshold was set to 9SD for 

channel K10-11.  Within channel, if an artifact occurred within an epoch, then that SO 

was rejected.   

  

Previous spindle detection method 

Spindles in cortical and thalamic bipolar channels were detected using the method 

described in Nir et al. (2011).  The N2 and N3 data for each channel were bandpass 

filtered using a zero-phase fourth order Butterworth filter from 10-16Hz.  The mean of 

the Hilbert envelope smoothed with a gaussian kernel (300ms window; 40ms sigma) was 

calculated on this band passed signal for each channel.  The spindle detection threshold 

was set at mean +3SD, with the start and stop set at mean +1SD.  We did not 

subsequently eliminate channels, as described in Nir et al. (2011) and Andrillon et al. 

(2011), if they showed broadband (presumably 7-18Hz from Andrillon et al. (2011) 

Figure 1) power increases during detected spindle events, rather than in just the spindle 

range.  We also lowered the length required for a spindle from 0.5 seconds to 0.3 

seconds, while maintaining the upper bound of 2 seconds.   

We found, however, that a large number of spindles in the thalamus were not 

detected using this method.  To account for thalamic channels being much smaller in 

amplitude than cortical channels and being largely dominated by spindle activity, we 

modified the above detection parameters: the spindle detection threshold was lowered to 

mean +1.5 SD, while maintaining the mean +1 SD for the start and stop for the thalamic 
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channels.  Undetected thalamic spindles still remained clearly discernible in the raw data.  

Therefore, the spindle detection method described below was developed in order to 

robustly detect spindles using the same method in both cortical and thalamic channels.   

 

Current spindle detection method 

To begin, individual spindles were exhaustively marked on each channel for 10 

minutes of N2 sleep and 10 minutes of N3 sleep per subject (marked by R.M.M., Figure 

3.13A).  Spindles over the whole dataset for each subject were then detected in two steps.  

In the first step, potential spindles are selected; these are the candidate epochs. In the 

second step, a decision as to whether these candidate epochs are spindles or not was 

performed using a logistic regression. 

 

Current spindle detection method: candidate epochs 

To define the candidate epochs, a 10-16Hz bandpass was applied to the data and 

the absolute value of the band passed signal was taken.  The resulting signal was 

convolved with an average Tukey window of 400ms. This envelope (the edge envelope) 

was used to define the onset and offset of the candidate epochs (Figure 3.13D). A second 

convolution between the edge envelope and a 600ms average Tukey window was 

applied. This envelope (the amplitude envelope) was used to locate the candidate epochs 

(Figure 3.13B). 
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Figure 3.13: Selection of candidate epochs by current spindle detection method.  A, 

Spindles are manually marked (red lines) on 10 minutes of N2 and 10 minutes of N3 raw 

data, per channel.  B, The amplitude of peaks in the amplitude envelope (see Methods) 

corresponding to manually marked spindles are calculated (manual amplitude, black 

circles).  C, A per channel threshold (purple line) is applied to the amplitude envelope 

based on the lowest manual amplitude for that channel. Peaks, marked by red asterisks, 

which exceed that threshold are kept as candidate epochs.  D, The closest peak in the 

edge envelope (see Methods) to the selected peak in the amplitude envelope is detected as 

the edge amplitude (blue vertical lines).  The bounds of the onset and offset of the spindle 

(pink traces) are calculated at 45% or greater of this edge amplitude.  E, The final 

candidate epochs highlighted in red include epochs where spindles had (red lines) and 

had not (black arrow) been manually marked.    
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All peaks in this amplitude envelope where spindles had been manually marked 

were found (Figure 3.13B).  These were considered the manual amplitudes.  For each 

channel, the smallest of these manual amplitudes was used as the candidate epoch 

threshold for that channel.  Candidate epochs were therefore located at each peak in the 

amplitude envelope greater than this smallest manual amplitude for that channel (Figure 

3.13C).   For each of these peaks in the amplitude envelope, the amplitude of the closest 

peak in the edge envelope was found and considered the edge amplitude. The onset and 

offset for the candidate epoch was defined as periods where the edge envelope was 

greater than or equal to 0.45*the edge amplitude (Figure 3.13D).  All candidate epochs 

shorter than 300ms were discarded.  Final candidate epochs included epochs where 

spindles had and had not been manually marked (Figure 3.13E). 

 

Current spindle detection method: logistic regression 

For each candidate epoch, a set of metrics was computed. The spindle amplitude 

(Amp) was the maximum amplitude of the amplitude envelope within the epoch. Dur is 

the duration of the spindle equal to onset – offset. The spindle_power was the maximum 

amplitude of the FFT of the signal between 10-16Hz. The nonspindle_power was the 

maximum amplitude of the FFT of the signal between 5-8 Hz. The F_ratio was the ratio: 

Spindle_power/Nonspindle_power. The spindle_freq was the frequency where the FFT in 

the 10-16Hz range is maximal. The sband_amp was the max of the edge envelope 

between onset and offset. Similar to the edge envelope, we computed the low band 

envelope between 4-8Hz and the high band envelope from 18-25Hz. Lband_amp is the 

maximum of the low band envelope between onset and offset. Hband_amp is the 
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maximum of the high band power between onset and offset. Stage was the sleep stage. 

Npeaks was the number of peaks of the spindle. Peakrate is the ratio: npeaks/dur. 

Peak_intv_mean and peak_intv_std are the peak interval mean and standard deviation. Pr 

is a binary variable indicating whether peakrate is within spindle range or not. 

Using these metrics and the marked periods of data, a logistic regression was used 

to determine which candidate epochs were spindles. Spindle events (1) were all candidate 

epochs marked as spindles. Non-spindle events (0) were all candidate epochs within the 

marked periods of time not marked as spindles (Figure 3.13E).  Because of the observed 

discrepancies between channels, a model was developed for each channel. 

To quantify the correlation between each of our metrics that could cause 

multicollinearity issues in the stepwise selection, the generalized Variance Inflation 

Factors (VIF) (Kutner et al., 2004) for each predictor in the complete model were 

computed. As in (Kutner et al., 2004) if the VIF for the predictor with the maximum VIF 

was greater than 10, this predictor was removed. The step was repeated until no selected 

predictor had a VIF greater than 10. 

Once all variables that are not too highly correlated were selected, a bidirectional 

stepwise selection was applied to select a model (Hocking, 1976) with all the variables 

that best explain the spindle events. A bootstrap analysis was then performed to ensure 

that the model selection was stable (Austin and Tu, 2004).   

The logistic regression was trained on the marked data and we calculated the 

probability of each candidate epoch over the whole dataset being a spindle.  To determine 

the probability threshold above which a candidate epoch was considered a spindle, the 

number of False Positives (FP), False Negatives (FN), True Positives (TP) and True 
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Negatives (TN) were computed, for multiple thresholds between 0% and 100% using a 

leave one out cross validation method.  The final threshold was the probability that 

minimized the difference between the False Positive Rate (FPR) and the False Negative 

Rate (FNR), where FPR = FP/(FP+FN) and FNR = FN/(TP+FN).   

Analyses were performed using the glm procedure, the vif procedure of the “car” 

package, the stepAIC of the “MASS” package and the boot.stepAIC procedure of the 

“bootStepAIC” package of the R software (REF9). 

Periods in which epileptic activity occurred were not used for marking spindles.  

Spindles that occurred during epileptic times or outside of N2/N3 were eliminated post 

hoc. In addition, post hoc artifact rejection as described for SOs above was applied to 

spindles, except that the data were epoched from -2 to 4 seconds around the start of the 

spindle before calculating the artifact rejection standard deviation threshold and 

subsequently rejecting epochs.  

 

Evaluation of spindle detection method 

To determine how well the spindle method described above and the spindle 

method described in Nir et al. (2011) performed, we compared the spindles detected by 

each method to the manually-detected spindles in the 10 minutes of N2 and 10 minutes of 

N3 in each channel (Table 3.4).  In applying the Nir et al. (2011) method to our data, we 

set the threshold for cortical channels to mean +3SD and the threshold for thalamic 

channels to mean +1.5SD.  We also lowered the spindle duration to 0.3 seconds to match 

the duration requirements set in our current detection method.  For testing of our method, 

these numbers were calculated using cross-validation.  For each method, the number of 
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true positives (manually marked as a spindle, predicted as a spindle), false positives (not 

manually marked as a spindle, but predicted as a spindle), and false negatives (manually 

marked as a spindle, but not predicted as a spindle) were calculated for each channel and 

averaged over cortical channels and thalamic channels for each subject.   

We found that in this dataset our spindle detection method outperformed the 

traditional detection method outlined in Nir et al. (2011), with a greater number of true 

positives and substantially fewer false negatives (Table 3.4).  Our spindle detection 

method also had a lower number of false positives for the thalamic channels in all 

subjects, but a higher false positive rate in the cortex, compared with the previous 

method.  Our hit rate was higher in all cases.  Due to the higher number of false positives 

in our cortical detections, the false alarm rate was also higher for all subjects in the 

cortical channels.  The d’ measure indicates how well each detection method 

discriminated between spindles and non-spindles.  The d’ value was higher in both the 

cortex and thalamus for all subjects with our current method compared to the previous 

method. C measures the bias towards false positives or false negatives.  In all cases, 

except for in the cortex for subject 3, the bias was in the same direction for both detection 

methods.  Again, except for in the cortex for subject 3, C was smaller for the current 

detection method compared to the previous method.  In sum, these measures indicate that 

our current detection method performed better for our dataset. 
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Table 3.4: Discrimination table of the two spindle detection methods.  For each subject, 

the calculations were performed over 10 minutes of N2 and 10 minutes of N3 that had 

been manually marked for spindles.  Cortical and thalamic channels are considered 

separately for each subject.  “Previous” refers to the method outlined in Nir et al. (2011), 

with the modifications outlined above.  “Current” refers to our current spindle detection 

method.  The Hit Rate was calculated by dividing the number of True Positives by the 

sum of the True Positives and False Negatives.  The False Alarm Rate was calculated by 

dividing the number of False Positives by the sum of False Positives and True Negatives.  

True negatives in the current method were candidate epochs that were not selected as 

spindles and were not manually marked.  In order to approximate the number of true 

negatives in the previous method, the sum of the False Negatives, False Positives, and 

True Positives for the previous method was subtracted from the sum of the True 

Negatives, False Negatives, False Positives, and True Positives separately for the cortex 

and thalamus for each subject.  The d’, which measures discriminability, and C, which 

measures bias, were calculated using a d’ calculator 

(http://memory.psych.mun.ca/models/dprime/). 

 

 

Subject 1

True 

Negative

False 

Negative

False 

Positive

True 

Positive Hit Rate

False 

Alarm 

Rate d' C

Cortex

Previous 1673 391 357 283 0.419881 0.175862 0.729 0.567

Current 1718 112 375 499 0.816694 0.179169 1.821 0.008

Thalamus

Previous 303 166 151 451 0.730956 0.332599 1.048 -0.091

Current 398 94 89 490 0.839041 0.182752 1.895 -0.043

Subject 2

True 

Negative

False 

Negative

False 

Positive

True 

Positive Hit Rate

False 

Alarm 

Rate d' C

Cortex

Previous 3747 534 653 634 0.542808 0.148409 1.151 0.468

Current 3803 198 739 828 0.807018 0.162704 1.85 0.058

Thalamus

Previous 454 100 176 468 0.823944 0.279365 1.515 -0.173

Current 561 75 90 472 0.862888 0.138249 2.182 -0.003

Subject 3

True 

Negative

False 

Negative

False 

Positive

True 

Positive Hit Rate

False 

Alarm 

Rate d' C

Cortex

Previous 213 182 21 156 0.461538 0.089744 1.246 0.72

Current 215 58 77 222 0.792857 0.263699 1.448 -0.092

Thalamus

Previous 633 65 172 123 0.654255 0.213665 1.191 0.198

Current 705 27 137 124 0.821192 0.162708 1.903 0.032

http://memory.psych.mun.ca/models/dprime/
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Additional analyses 

 The spindle time frequency plots in Figure 3.2 were calculated by epoching from -

0.5 to 2 seconds around the spindle start at 0ms.  Baseline correction was applied from     

-164.9ms to 1665.9ms.  Individual channel spindle frequency was calculated as the 

frequency where the greatest amount of spindle power occurred in the average over all 

spindles within that channel. The downstate time frequency plots in Figures 3.3 to 3.5 

were calculated by epoching from -2.3 to 2.3 seconds around the downstate peak and 

baseline corrected from -1965.7 to 1964.8ms. 

  Histograms were calculated locking to either downstate peaks or spindle starts 

and examining the timing of downstate peaks, spindle starts, or spindle ends within or 

across channels.  Events were plotted in 50ms bins.   

 To calculate the rate of co-occurrence between channel pairs, the number of 

spindle starts or downstate peaks occurring within a ±500ms window between the two 

channels was computed.  The rate of co-occurrence was then calculated as the number of 

these overlapping events (either spindle starts or downstate peaks) divided by the sum of 

the total number of events detected in one channel and the total number of events 

detected in the second channel, minus the number of overlapping events between the two 

channels.  

 The binomial tests used the same ±500ms window to group spindle starts or 

downstate peaks between channels.  The binomial test was applied to determine if one 

temporal order of events between two channels occurred significantly more often than the 

opposite temporal order.  Events which occurred simultaneously (i.e. with a 0ms delay) 

between two channels were taken into account in the binomial test.  Bonferroni correction 
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was applied at p<0.05 over all thalamocortical pairs, separately for spindles and 

downstates, which resulted in a significance level of p<0.00078. 

The enrichment factor was calculated to quantify how much more likely an event 

was to occur in temporal relation with another event.  For example, how much more 

likely spindles were to occur in relation to downstates (DS) compared with the overall 

spindle rate for a channel.  The enrichment factor for each channel was the peak spindle-

DS rate divided by the overall spindle rate.  The peak spindle-DS rate was calculated per 

channel by taking the number of spindles in the tallest 50ms bin within ± 500ms of the 

DS peak (see Figures 3.3 through 3.5).  This peak spindle-DS rate per minute was 

computed as follows: (20*60*number of spindles in tallest bin)/number of downstates for 

that channel.  The overall spindle rate was calculated by dividing the total number of 

spindles per channel by the total number of minutes of N2/N3 sleep over which spindles 

were detected.  (The enrichment factor was also calculated for downstates in one channel 

compared to downstates in another channel, spindles in one channel compared to spindles 

in another channel, and spindles in one channel compared to downstates in another 

channel, as outlined in Figure 3.10.  The calculations were derived in the same way, 

except that the number of events in the tallest bin would be from one channel and the 

number of events would be from the other channel).  

In order to determine the relationship of gamma to individual spindle peaks in 

Figure 3.11, gamma was calculated by taking the absolute value of the Hilbert calculated 

on the data filtered from 55 to 100Hz using a zero-phase fourth order Butterworth filter.  

A spline interpolation was applied to the gamma in Figure 3.11C before calculating the 

time between the gamma peaks in the thalamic and cortical channels.  
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