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1 – Introduction 

 

Sleep is a natural dynamic brain state that takes part for about one third of the human 

life. Sleep importance is unquestionable, because everybody can experience how sleep 

deprivation affects daily life proportionally to the length of the sleep deprivation time.  

There have been different theories about the function of sleep, all mostly centered on 

the function of recovery for the energies spent during the daily life. Nowadays the idea is 

instead that during sleep many things happen and many neurophysiological brain processes 

take place so that sleep has been understood to be crucial for more than a unique recovery 

function. Moreover it has been demonstrated that during sleep different brain areas can act 

independently, some working with a high energy demand, others in a sort of a resting mode, 

some subserving an active process, like memory consolidation, learning and brain plasticity, 

others entering a synchronized mode that blocks neuronal firing, like the gating process of 

sensory inputs at a thalamic level. So, sleep is becoming a local process and sleep research is 

showing how every sleep phenomenon, from sleep onset to the awakening, is strictly local in 

nature. Moreover the local theory is showing that sleep is not necessarily present 

simultaneously in the entire brain, and that sleep and wakefulness can co-exist in different 

areas, suggesting that vigilance states are not necessarily temporally discrete states (Ferrara 

and De Gennaro, 2011). 

As such, sleep research should go along with this new idea, without studying sleep as a 

whole, but approaching it through the independent, local sleep processes that together can 

lead to a better understanding of the fundamental functions of sleep. 
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1.1 – Sleep Neurophysiology 

 

Sleep is a fundamental brain state reflecting complex changes of the balance between 

central nervous system (CNS) self-regulation processes and the alteration in the relationship 

with the external word. An old concept regarding the sleep function was that sleep is 

produced by a decrease of brain activity induced by exhaustion: the theory was based on the 

belief that the awake state is driven by sensorial inputs and that the brain “falls asleep” when 

the exhaustion causes a decrease of sensory perception.  

Around 1950s Moruzzi and Magoun shown that sensory pathways interruption did not 

affect neither wakefulness, nor sleep, but that, on the contrary, a brain stem reticular 

formation lesion caused a loss of vigilance and an electroencephalographic activity close to 

the one that is recorded seen during sleep. They introduced the importance of reticular 

formation in arousal and vigilance state (Moruzzi and Magoun, 1949). Not too later on, 

Kleitman and his colleagues found out that sleep comprises two phases, one characterized by 

rapid eye movements (REM sleep) and one without eye movements (non-REM sleep) 

(Aserinsky and Kleitman, 1953). That was the beginning of the understanding that sleep is an 

actively induced process organized in discrete stages.  

Sleep undergoes an endogenous circadian rhythm that is influenced by external inputs, 

like the light, which adapt the rhythm to the environment. Those inputs are called zeitgebers 

that is the German word for timer. The principal mammalian endogenous pacemaker of the 

circadian rhythms is the hypothalamic suprachiasmatic nucleus.  This nucleus doesn’t 

generate sleep, but regulates sleep temporal pattern: rats with a hypothalamic suprachiasmatic 

nucleus lesion sleep in both darkness and light and have the same amount of daily sleep hours 

as normal rats (Mistlberger et al, 1983).  

Sleep onset is believed to happen in the hypothalamus. Posterior hypothalamus 

stimulation produces a vigilance state that is mediated by histaminergic neurons that fire 
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toward brainstem to induce the wake state. On the other hand, anterior hypothalamus 

stimulation rapidly induces sleep, through a process that is thought to be mediated by GABA 

cells called non-REM sleep inducers. Probably those GABAergic cells act as the posterior 

hypothalamic histaminergic cells’ inhibitors. 

Physiological sleep has been divided in stages, according to electroencephalogram 

(EEG), electro-oculogram (EOG) and electromyography (EMG). Normal sleep is composed 

by two phases, defined as non-REM and REM sleep, occurring in alternate cycles, each 

lasting approximately 90 minutes, with a total of 4-5 cycles per night. Non-REM sleep is 

divided further into 3 stages: 1 and 2 represent the light sleep, while stage 3 is the deep sleep. 

Each stage is defined by peculiar EEG findings. 

During non-REM sleep as a whole, neuronal activity is low, as well as cell metabolism 

and body temperature; moreover sympathetic activity, pulse rate and blood pressure lower 

down. On the contrary there is an increase in parasympathetic activity as it is shown by 

pupils’ miosis during non-REM sleep.  

Sleep stage 1 of non-REM represents transition from wakefulness to stable sleep. EEG 

posterior dominant rhythm tends to slow and lower in amplitude, vertex sharp transients 

(VST) can appear (see below), muscle activity begins to disappear, and the EOG records the 

typical rolling slow eye movements.  

Non-REM sleep stage 2 is considered the beginning of stable sleep and is 

characterized by a diffuse slowing on the EEG with the superimpose spindles and K-

complexes (see below).  

Stage 3 is dominated by slow, high amplitude delta activity (0,5-2 Hz) on the EEG and 

is considered as the deep sleep, as the subject can hardly be awaked. 

Non-REM sleep is characterized by synchronous activity mainly represented on the 

EEG as delta waves and spindles. Those synchronous rhythmic potentials are generated by 

rhythmic bursts of cortico-thalamic neurons. This activity is due to the activity of GABAergic 
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inhibitory neurons of the thalamic reticular nucleus. Calcium (Ca++) enters the GABAergic 

cells, through voltage-dependend Ca++ channels than open when the cell is hyper-polarized; 

the cells depolarize and generate bursts of action potentials which cause thalamo-cortical 

neurons hyper-polarization, with a new Ca++-mediated action potential that is responsible for 

the post-synaptic potentials recorded on the EEG. After the depolarization, the GABAergic 

cells tend to return in a new hyper-polarized state, that lets the process start again. The 

rhythmic bursts of thalamo-cortical cells blocks sensory inputs transmission through the 

thalamus. 

During REM sleep, the wake state, the spindles, the delta waves and all the processes 

responsible for non-REM sleep activity are blocked through the activity of pontine-

mesencephalic cholinergic neurons: acetylcholine keeps thalamic GABAergic neurons in a 

depolarized state, preventing the non-REM rhythmic process to take place. There is no 

thalamo-cortical synchronization during REM sleep, and the EEG shows low voltage mixed 

acivity. REM sleep is characterized by muscle atonia, which comes from an active inhibition 

of spinal motoneurons driven by a brain-stem circuit.  

Sleep is a brain state characterized by a fluctuating background rhythm and some 

phasic superimposed events that can be recorded by EEG and polysomnography (PSG).  The 

recorded events are called transient discharges and represent the EEG epiphenomenon of a 

deep neurophysiological mechanism subserving brain functions that are unique to sleep, as 

those transients are not seen in a wake recording.  

Vertex sharp transients are the EEG harbinger of sleep: they are large electronegative 

discharges, recorded with the highest amplitude at the apex of the head: they appear on the 

EEG during late drowsiness (stage 1 of non-REM sleep), indicating that the subject is about to 

enter stable sleep (Figure 1).  
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Figure 1: Vertex sharp transients on the EEG (From Testo e Atlante di 
Elettroencefalografia clinica – De Feo – Mecarelli, 2001 Marrapese Editore)  
 

Sleep spindles and K-complexes (Figure 2) are the hallmarks of stable sleep, 

indicating stage 2 of non-REM sleep: the first are bursts of waxing and waning rhythmic 

waves occurring at the head’s vertex with a frequency typically between 12 and 14 Hz and a 

duration typically between 0.5 and 3 seconds; the seconds are large triphasic waves 

characterized by a main surface-negative wave preceded and followed by a minor positive 

wave and typically are linked to a spindle.  

 

Figure 2: Spindle (A) and K-Complex (B) - (From Testo e Atlante di 
Elettroencefalografia clinica – De Feo – Mecarelli, 2001 Marrapese Editore) 
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2 – Aim of the research and general method 

 

The research has been developed in collaboration with the University of California, 

Los Angeles (UCLA), in particular with the research group headed by Professor John Stern at 

the UCLA Seizure Disorder Center.  

 

Sleep transients are the essence of sleep that is a dynamic state, made of abrupt 

changes, and phasic activity superimposed on a general lowering background. Sleep is a 

resting state for the body and maybe for the brain itself, but during this resting mode many 

neurophysiological circuits are highly active, sustaining different functions, some of whom 

happen exclusively during sleep.  

The aim of the research is to shed some light on the early non-REM sleep transients: a 

better understanding of the phasic activity that happen during sleep, can help us gaining more 

information about sleep neurophysiology.  

For this purpose, simultaneous recording of EEG and functional magnetic resonance 

imaging (fMRI) has been used, a technique that links the high temporal resolution of the first 

and the excellent spatial resolution of the latter. fMRI depicts metabolic changes that follow 

neuronal activity, so that can indirectly localize brain activity. Neuronal firing is a high 

energy demand process, requiring oxygen and metabolic substrates: neurons and small 

arteries are liked by the so called neurovascular coupling, a mechanism that allows arteries to 

adapt their caliber along to metabolic needs of a certain brain region in a certain moment 

(Vanzetta and Grinvald, 2008). When a brain area is functionally active, the neurovascular 

coupling allows an increase of oxygenated blood in the same region, and this leads to a 

decrease of the ratio between de-oxygenated haemoglobin and oxygenated haemoglobin. 

These last two molecules have different magnetic properties and the alteration of their 

proportions causes a magnetic signal that can be detected by the MRI scan: this is called the 
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blood oxygen level dependent BOLD signal (Ogawa et al, 1990). As the changes are 

endogenous, no contrast injection is necessary, but the timing of an event must be known. The 

MRI scan depicts the BOLD signal from the entire brain during the entire scanning time: the 

acquired MRI scan needs to be filtered according to a temporal model of occurrence of the 

event one’s intended to study. EEG is essential when dealing with spontaneous, unexpected 

brain activity, because it represents the temporal substrate for timing the events’ occurrence. 

Dedicated softwares have been built to analyze fMRI scans, filtering them according to the 

temporal model.  

EEG/fMRI has been used to assess the anatomic brain correlates of VSTs, sleep 

spindles and K-complexes.  
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3 – Functional Imaging of Sleep Vertex Sharp Transinets 
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4 – Functional MRI of Sleep Spindles and K-complexes 
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5 - Functional MRI Independent Component Analysis of Non-REM Sleep Transients 

 (Paper Submitted) 
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6 – Concluding remarks 

 

Sleep is a dynamic and variable process that continuously fluctuates during his 

progression and developing. For practical reasons, in both clinical and research fields, there 

has always been the need to classify and systematize the entire process by dividing it into 

cycles and stages. The most accepted and used sleep staging rules are nowadays the ones by 

Rechtschaffen and Kales (Rechtschaffen and Kales, 1968), revisited in 2007, dividing sleep in 

wake, non-REM stages 1, 2 and 3, and REM sleep, considering a 30 second epoch of EEG 

recording to assess any stage, as a good compromise between handiness and respect of sleep 

variability. The matter of sleep staging has continued to gain interest, especially for research 

purpose. Hori and colleagues have even decided to divide the period between wake and non-

REM stage 2 in nine stages, considering a 5 seconds epoch of EEG recording to assess any 

stage: this takes account of the high and fast variability is such a relatively brief period of 

sleep, that is the sleep onset (Hori et al, 1994).   

These efforts aiming at sleep staging, and the continuous dissatisfaction about it, is a 

marker of  the concept that now sleep research needs to focus on the brief sleep events, lasting 

few seconds or even less than a second. The transient events are markers of 

neurophysiological processes that are unique to sleep, or indicators of progression into a 

different sleep stage, that might represent a change in the alertness level. Many sleep research 

studies have tried to investigate sleep neurophysiology by approaching it stage by stage, 

considering any sleep stage as a whole; this could be an incomplete approach, that give a 

partial view of the sleep process as, for instance, in a 30 seconds epoch of non-REM sleep 

stage 2 there can be a 5 seconds period of REM sleep: it is considered as a stage 2, according 

to the rules, but important neurophysiological changes have happened during those 30 

seconds!  
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This is the reason why this research has focused on sleep transients. Sleep transients 

are the key to understand sleep neurophysiology as they are events that happen only during 

sleep as EEG epiphenomena of neurophysiological processes that are unique to sleep.  

The fMRI study of VST has highlighted for the first time that those waves are much 

more than a vertex-process: they are correlated to a broader activation, probably subserving a 

role in sensory information processing during the transition between wakefulness and stable 

sleep for maybe modulating awareness of the external world during non-REM sleep by gating 

neocortical sensory function. VSTs have been poorly investigated in the past, and this is the 

first study entirely dedicated to their functional localization and the first EEG/fMRI study 

focusing on them.  

Sleep spindles are better known and have been studied more extensively: spindles’ 

generation includes a critical interaction between GABAergic neurons of the nucleus 

reticularis, which function as pacemakers, and glutamatergic thalamo-cortical projections that 

mediate their synchronized propagation to cortical regions (Steriade et al., 1985, 1987). The 

present fMRI study of sleep spindles highlights their correlation to thalamus and primary 

sensory cortices, as well as deeper regions involved in learning and memory function, such as 

limbic system, and posterior mid-parietal regions. The primary role of the thalamus in 

controlling and generating sleep spindle oscillations gives the idea of a gating role of spindles 

with regard to the flow of sensory information. The results suggest also an important role for 

sleep spindles in memory consolidation and learning, and this is consistent with other works 

in rats and humans showing increases in spindle density and activity during non-REM sleep 

after learning of both declarative tasks and procedural motor skills (Gais et al, 2002).  

The similarities between K-complexes and VSTs and the common linkage of the KC 

to the spindle produce questions about the functional similarities and differences across these 

three transients. The principal functions of K-complexes are proposed to be the processing of 
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external stimuli during sleep and the consolidation of sensory and possibly also emotional 

memory. The present fMRI study support a role for K-complexes in multimodal sensory 

information processing at a wide cortical level. The ICA study performed shows overlapping 

anatomy for VSTs, spindles, and KCs, and thereby the possibility for similarities in function.  

The ICA approach for the sleep transients study has distinguished regions of activity 

that event-related fMRI showed as a single network and this finding highlights the functional 

connectivity that is present during each of the transients. 

The present research project, focusing on the EEG transients of sleep, will move 

forward, including more subjects to get a wide sample that can increase the statistical 

relevance of the results. A future direction will also be to integrate our findings analyzing the 

sleep transients with other functional neuroimaging techniques, both the ones based on 

electrophysiology (high density EEG, Magnetoencephalography) and the ones based on 

hemodynamic principles (Positron Emission Tomography –PET, Single-Photon Emission 

Computed Tomography –SPECT, Near-Infrared Spectroscopy –NIRS). 

The firm belief of the research group is that sleep will show its secrets if approached 

from the point of view of the phasic, abrupt, and transient events that characterize its 

dynamicity.  
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