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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.



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).



1

B e e B T A W Ve o \/W\/V,V/\wr\,ﬂ\/“hu.J~\/»\,\fm AP N
A ~ -

i 3 5 AN
"\’\/\M /\/\/\’\""L/“F\N"\/ "\p/‘/ NS A N/ N e VN VN .f\/\n/v\,r\,r\ﬂ\r_/\\/r-\/\, ~STNAAN

3
N P ASNS N A N NN \1-/"‘\/\/”’ PR '\[ N A\ AP A I A NN

4
AN ST N NI A T RS \ﬂ'\rv/\f\]\/\f"—-—'\f\AJn/ NSO A A AT AN
5
Sn 2 Dx X ; —~ S
// ey B A P WV o VAWV ATy e i Vi P N T e e v g

6

e INAAS AN NS NTNAS AN NS IDANANAN A AN ANAAN

‘ 50uV NN i, '\/‘AN\/\A/ A TSN S AT TR AU Y
____ |sop "\
1 sec 8

/ PN ~
AN NN \.qﬂ“\ﬂ/\fAN/\/“\,f\mW’\W LN AN

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)



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.



3 — Functional Imaging of Sleep Vertex Sharp Transinets
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1. Dritrosdiset i

» Viertex sharp tramsients ane the first EBC change during sleep that is spedific to sleep.

» The anatomic origin of the wertex shap transient and the regions asociatsd with its ooourmence ane nat
kenowm

» Simuloneous EBC and functional MR] identified activity in the primary sensory contices i 25x o abed
with vertex shap transient acourmence.

ABSTRACT

Objective: The wertexsharp transient (VET) is 2n dectrosncephalo graphic (EEC) discharge that i an early

marker of non<KEM skesp. It has been remgnized sinces the beginning of slesp phy siolo gy research, butits

souree and function remain mostly unexplained We imvestigated VET generation using functional MR

(BRI

Methods Smultaneous FEG and MR were necorded from sewven individuaks in drowsiness and kight

sleep VET ocourrences an EEC were modeled with fME using an impulse fimcion comealved with 2

hemod ynamic responze function to identfy cenebral regions comelating to the VEI's. A requl ing sttisti-

@l image was threshaolded at 2> 23

Regults: Twao hundred VETs were ident fied. Significantly inezoed signal was present biluten] by in med-

ial eentral, Lateral precentral, posterior superior e=mpora, and medial ocdpital cortex. Mo regions of

decrezsed signal were present.

Comrhugien: The regions are consisent with dectraphysiol ogic evidenoe from animal madels and fune-

tional imaging of human sleep, but the results ane spedfic o VT The regions prindpally encompass

the primary sensorimator aortical regions for vision, hearing, and touch.

Simifimnce The nesults depict 2 network comprising the presumed VET generatar and its assodated

regions. The 2 sociated regi ons fun ational simdlari ty for primary sensation suggests 2 nale for VETs in sen-

sary experience during slesp.

© 201 1 Internati onal Federation of Clinical Neurop hysialogy. Published by Elsevier nelind Led. All rights
reserved.

i i | IV estigations of sleep have demaondtrated divergent brain
states of rapid eye movement (REM ) and mon- REM sleep a3 well a3

Slespisa Tumeil.amenital lter ation in consciousness that invohes
multiple brain networls and exiss for preswmably many purpodes
[Habsan and Pace-Schatt, 2002) Electraphysiologic and functional

* Comesponding anthyr. AsSe:s UOLA, Doy of Mewrdegy, 710 Wes-
it Plaza, Ste. 150, Los Argses, CA SD09S, Unined Srates. Tel: +1 310 D5 5M5;
fan: +1 310 205 451,

E-mtad dubfres: renmbncs st (JM. San)

& [rogresaion of s ages wit i fidn- REM slesp. With mon- REM sleep
progression, the EEG mandfests several forms of i ntermit tent sctiv-
iy thast remain mastly wespl sined anatomically ad fonctionally
(Kajimura et al, 1959)

Vertex sharp transient s (WSTs) are one important form of inter-
it ent nod REM aleep sctivity. They first oocur in Lote drows ness
a4 - REM sleep develops | Stage 1) and are the firmt EBG pattern
o oeeur that is unique to deep (Stern, 2005). Identifia tion is based

I3EE-J45T RS 00 o 2001 | e shoaral Federarhon of Clinkcal Messnogivysiodoqy. Pabdiched by Eluevier bnsl rd 1ol AR rights nessnaed.
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o their specific EEG featwnes, including a large electronegative dis-
chuarge st the apex of the head with a particulsr wave form thatis
superimpoded wpon dower, more diffse EEG activity. The most
oodfimanly sccepted ifberpretation i that VETS are either 4 direct
Fespeie 1040 extermnal i mmlus or & mechaniim o maintin deep
(indirea response) alter a stimuhis (Colrain and Camplell, 20071
This s similar to the oommon wderst snding of the K-com ples, an-
other none-REM sleep EEG discharge, and i based on the evidenos
that both VST and K-complexes may be elicited by sudden stimu-
lation irrespective of the sensory modality. Each rype of discharge
may actuslly be & long |atency evoked potential and hes similari-
ties o the N300 potential (Sekine et al, 2000; Bastien e al,
22 ). However, differences berween VETS and K-com pleses ha ve
Ieseeny i mvterpereted a5 indicating differing mdes and effeason armussl
(Hes, 1964; Colrain, 2005)

VETs are poorly understood despite their common oO0irmence,
ease of identifiction, and relevance to sleep oncel. Meither their
anatomic sounce mor teeir fundional effect is known As Ogilvie
queried ina 2001 review, “Why is it that these waves (VSTs) have
Ibeen 4o little studisd? As the harbinger of slesp, is it not just po-
sible that they could have something important to tell us about the
process of falling asleep?™ (Ogihie, 2001) Several electrophysio-
logic and functional imaging methods are available for investigat-
g VE TS however, simultaneows recording of EEG and T ionsl
MR] has distinet advantsges (Stem, 2006) In particular, smlts-
o EBG and MR allows precise identification of electrophysio-
logic sctivity in time slong with precive spatisl localization of the
metabeolic comel stes of the sctivity. We pe fformed & $imul taneods.
EEG amd IMEI investiga tion to identily regons associsted with VET
aocimences and o obiain few indght into their fundiona
relevance.

2. Methods

EEGS from i ol taneos EEG and MWVRT studies scross seven par-
ticipating individuals were reviewed bo determine whether VTS
were present (Table 1) The EEG-IMRA] studies were performed
scconding to an IRB-approved protocal investigating the MR cor-
relates of EEG aaivity from individuals with e pilepsy amd conitrol
individuals without neurlogic disorders The study group under-
went uniform EBG and MR methods with recordings acourming
Ieerween the Late morming and mid aftemoon. Mone of the paric-
pants had an underying sleep disorder, but each was maderately
sleep deprived Bacause skeep deprivation increases the likelihood
of recording epileptiform discharges from patients with epdlepsy,
instructions were to reduce deap on the night before the imsging
seqaon 0o hall of what was normal for the participant. Bo medics-
rion was sdminisered to induce sleep during the imaging sessions

EEG was reconded with an MMER-com patible device (TERG, Kap-
pametrics, I, Virginia, US) that reduees imaging associsted noise
to allow visualization of cerebrally generated signals (Schachter

Tabile 1
Summary of pu ki and dara colltrsen.

et al. 2009). Each imaging sesion induded muitiple simul tanesuws
EEG amd MMEI recondings with durations that ranged from 35 to
15 min The total EEG-ME] redanding time for 2 participant typi-
cally was 45-60 min Participants were instructed to relax with
eyed cloded during imaging and allow spontanecus s eep. Noaudi-
oy Stimlis Wil present except kor the scoustic MR foie

The recordings inclwded 32 channels sampled st 2000 He from
standlard scalp electrode locations using cartbon electrodes and
wires and segme nted RF filtering encloiures Analogue noise sub-
traction specific fr eachscal p loca tion was followed by di gt al pro-
cessing 1o yield 2 final gradient and ballistocadiographic noie
redution of 92 dB (McGlone et al, 2009) Anslogue subtraction
wirs achieved by recording two chamsels of data from esch elec-
trode location. Ome channe including the cerebrally generated 3ig-
nal and the other was from te same scalp location butl was
shieided from the skull and induding only the ambient noie Dig-
ital procedding sed & real-time sdaptive software algodithim that
produced & noie template that was updated every 2-3 3 and sub-
tracted from the anslogue-comected EEG signal Ballistocndio-
graphic  artifsct was  digitally reduced for  each  dunmnel
individually using a timing signal based on the heartheat and a
subtracted ballistocardiogra phic tem plate. I aging was pe formed
with a 3T MR system (Trio. Siemens, Erlangen, Germany) BOLD-
senditive fundional imaging was performed using a gradient echo
echo-planar sequence with parameters: TR =2000ms, TE= 30 ms,
slice thickness 4 mm, 34 diceq 33 = 3 3mm in-plane resohtion.
High-resal ution structural images were obtained during the same
imaging session using a 3D spoiled gradient recalled (SPGR) se-
quence with parameters: TR= 2 md TE=3ms, shce thickness
1 mum, V60 slices, 1« 1 mum in-plane resolution

After noise cancellition podt-proesing, EEGS were imndepen-
dently reviewed by two fellowship-trained eled e ncephalogra-
plvers (JMS and ZH) and the oaurmence dme for esch VST was
identified Discharges resembling VTS that were ssociated with
sleep spindles were excluded 35 K-complexes. Image analysis
wad performed wiing FEAT (MR Expert Anslysis Tool) version
5.98 within FSL (IMRIE Software Library) version 4.1.1 [ Oxford,
LK, weww i ibooss_se ukifsl) (Forman et al, 1995, Woolrch et al,
200 ). Mation corme Clion, ndn-brain removal and spatial smooth-
ing (FWHM 5 mm) were performed prior to statistical analysis
Mt i comection prodiuded thiee rotation and thiee o sl st on
parameters that were modeled, unconyvol ved, 35 niamce pa rame-
ters slong with their temporal derivatives (Friston et al., 1996)
VETS were modeled using an impube function convolved with a
double-gamma hemodynamic response function with local suto-
comelation comection using the FEAT FILM model Both the data
and the design were high-pass filtered wsing Gaussian-weighted
lenst squuares strai ghi- line fitting (o= 5008

A second level fed effects analysis was used to combine runs
wilthin individual for esch participant. A thind level mixed effects
analysis was used to combine dity Seross partici pants to obixin
group redults. The mixed effects model reats the participants a3

Fumidpart  Age  Gends Eplepay MBI MaSica BT Scars  Towlwale Smefroral sean Sme (min) T VSTs
1 7 F Lefr TLE LM Leveimceram ] 405 5

z 33 F FgaTIE Bt MTS  Lamowigine leveSracemm 0 oo ]

3 2 F Left TLE LEEMT 4 T 19

4 7 F Lefr TLE LEEMT Leverinceram, plasynin 3 ops &

5 5 F BEga TIE  Rght MTS bveraemm 4 1540 41

& 16 Y] N Marmal e 4 11540 74

7 31 Y N Marmal e 2 1.5H0 47
Corriined 0 EFIE 100

TILE, resrqpasral hober ¢ pilbe iy, MTS, mesial remporal scemsis
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random effects and was estimated using FSL's FLAME madule
(FMIRIEs Local Analysis of Mixed Effects). Z (Gaussanised T) statis-
tic images from the group analyss wene threshol ded weng clisters
determined by Z > 23 and 3 corrected cluster significant threshold
of p =005 (Worsley et al_ 19932 ). The statistic image was co-regis-
tered 1o 4 structurs] MR] that is 4 study-speciflc averxge anat omi-
cal image including esch participant’s high-resalution structural
image.

3. Results

The stwdy group included seven individuals (five with epilepsy
A v coatrols ) vt husd S ponta o $lee poduring ima ging with
the accurrence of at laast one VST (Fig. 1) Acconding to the simul-
taneois EEGS, these individusk were in 3 drowsy or sleep stae
through almost all of the imaging desion, but none resched
aliww-wave non-REM of REM sleep Overall, 57% of the scan time
Tor this growp was light sleep Scans inclwding gre ster wakeful ness.
did mot inclwde VETS and were excluded from the data analysia
Collectively among the seven individuals, 200 VETs were present
Thee VETs occwmed during 20 EEG-IMR] recordings that had a com-
bimed duwration of 216 min (Table 1) None of te VETs @-oocumed
with epileptic sbaormality.

The threshalded statistical images depict several regions of in-
cremed BRI signal corresponding to VST accurnence (Fig 21 The
clusters of local sctivation and their maximum Z value (ranging
3.9-47)are listed in Table 2 The two anatomically lrgest regions
are bath within the parasagittal midline: medial precentral gyrus.
amd medial occipitsl cores, including both cunews and lingusl
gyrid The precentral region is subjacent to the scalp EEG localizs-
o of W5Ts and is contigwows with smaller regions of increased
signal in the medisl post-central gyrus and |ster sl premotor oortex_
Collectively, the meadial and Latersl central region represents bilst-
eral primary sensofimotor arex Maximally increased dgnal also
is present bilsterslly in posterior mpects of the superion temporsl

M. Swvw e al [ Clinicnd Mesroplr by 122 (Z01 ) 1 38— 1356

gyri Additionsl mingr signal increase i present in the medial ne-
gion between the central and occipital regions of increased signal,
including the dngulste snd precuness. Notsbly, no signal is pres-
ent within other regions ssocisted with aroussl, inchuding the
thalamus and superior brainstem, and mo region of significant sig-
nal decrease is present

. DS ssion

Ui 5dmd taveous EEG and (MR, this imvestigation obtained
the first imaging evidence for the anatomical comelstes of VETL
The results indude regions functionally integrated in VET accuwr-
rence and, mist likely, the VST generator. The image analysis is
based solely on statistical sssociation between VAT ooournemnoe
ti e sl e negess i locl lood @y enstion (BOLD signal), whid
presumably indicstes metabolic changes related to local feld
potentisli. As such, MR] signal change may be due to local gener-
ation of the FEG discharge, an effed of the generaior on other cene-
bral tisue, or other sctivity that is correlated with the generator
(Logothetis et al, 2000 ) Therelore, regiond of incrested signal
could reflect ei ther the VST gene rator o regions lunctional ly corne-
latesdl with VST that are not evident with FEEG. The medial central
region of IMRE signal incresss i immedistely subjscent to the re-
gion of maximum VAT voltage; therefore, this anatomic region is
likely to inchide the VST generator. However, the other regions.
are simil arly correlated with VETs, and these results may be impor-
tant when condidering the functionsl relevance of VST The other
regions define a functional network comprising conex subsernying
primary sensory and motor fumction, inchding sensory function
T S0 tic, visual, & md suditory peroeption.

4.1, Comparisan to plysiol ogic invesigario

The anatomic basis of VST generation has not been widely
investigated with electrophysiologic methods Moreover, mst of
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the previous EEG studies of sleep have not discriminated betwesn
VETs and K-complexes. However, theie discharges are easily dis-
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tireguei ghable and may mot have the same Functional rale. Intracere-
bral recordings of monkeys, uling medial and literal parassgittal
electrodes and condidering K-complexes and WSTs as one entity,
identified sctivity with three maodma (Huoghes and Marmowski,
1964) Within coverage that spanned the midline region from the
anterion pole to the peterior pole, the matinal amplitudes werne
in three cingulate gyrus locations: (1) posterior to the (monkey)
principal sulcws of the frontal lobe, (2) anterior to ontral sulows,
and (3) pterior o parieto-occipim] sulcus. This olservation is
the only published result of midline brain recondings of VTS and
K-complexes and chisely resembles the central and oocipital 1ocal-
izations we olserved with MR Dur results differ by depicting a
central, paramedinm region that isin the cortex inmediapely super-
ficial to the cingulste gyrus and mor vwithin the cingul ste gyms.

Source imaging with magnetoence phalograply (MEG) typically
imcludes coverage that exceeds what is possible with intracrandal
electrodes, bur bocalization is based on dipode modeling using mul-
tiple surfsce signals. Source analysis of MEG sleep recondings has
identified a single, inferior parietal focus for VETS (Lu et al,
1952) This is compatible with both our result and the evidence
from monkey experiments il the MEG models a5wm pliomn of ome
generatig source has resulted in one @iculsted source that i a
combination of the two regons that surround iC The two medial
MR regions sandwich this MEG result

4.2 Comparison to ather non-REM imaging

O recordings share some smilarities to previous PET and (MR
imvestigations of drowsiness and non-REM sleep. FDG-PET studies
identified a global but non-unifrm decrease in cerebral metabo-
lism with non-REM sleep (Maguet, 2000). Regional cerelbral blood
Mo Socames i th | " 50 [ Ho O-PET churing progression from wake fiul ness
to light sleep (Stages 1 and 2 non-REM slesp) depict mone specific
chumges with decrexsed perfusion to regions of the frontal and pari-
etal lobes the thalamug, and cerebellum (Kajimuers et al, 19990
Progression into dee per (slow wave non-REM) sleep is scoompa-
nied by further and more widespresd decrexses in perfusion that
specifically spare peri-rolandic regions and the oo pital lobe. Thess
vty Fegione ] wde the major oy of the regions we foumnd tohave in-
crexsed signal with VSTs, which may indicate the relevance of the
medial central and medial occipital regions bo non-REM sleep. No
regions of increased perfusion during light sleep were identified
|"30HO-PET imaging of Stage 1 sleep specifically identified in-
creased perfusion in extrasinste visual aress and decreased perfu-
sion in regions of posterior parietal and premotor conex (Kjaer
et al, 2002 ) This result ako includes the wame anstomic region
a8 our resull and i sdditionslly smilar by indicating increased
activity in the oodpital lobe Hiwever, the mesults from both of
these PET investigations difler in that they inchede only viswal and
somatosensony oorex and mt suditory sensory corex

EEG- MR of non-REM dlesp compared towakefulness hasiden-
tifbed miltiple cerebral regons of Sgmal decrease, induding re-
gions of the neocortex, limbic system, thalamus, coudate, amnd



midbrain (Kaufmann et al, 2006, Lauls of al, 2007 The overall
pattermn i too distributed tolbe comparable to our results. Hiwever,
an analysis of light sleep that modeled wctustion in wakeluness
o Mhwctustion in MMR] BOLD signal identified more restricted and
confluent regions of signal incresxse (Homwitz ef sl 2008 These
are highly similsr to owr results by depicting visusl, suditory, and
sendorimotor regiond An analyss of VET ocoumences wad nol per-
fommed, so the relstondhip bertween VTS and the sgnal ucius-
Hom is mt known

A EEG-DMRT analysis of slee p spindies and K-complexes iden-
tified widespread neocortical and thalamic signal change with
oppotite 5ignal change for spindles and K-ompleses (Lauk et
2007 K-codmiplexes. cormesponded 1o decres sed dgnal in the thals-
mus and mosthy anterior neocortex while deep spindles corre-
sponded to increxsed signal in the same regions. This MR
localization differs substantislly from owr VST result despite simi-
lar scalp localization for these three non-REM dischuarges, and this
suggests differing mles for the three discharges Similar MR re-
sults for spindles were identified by other investigators, who di-
vided spindies based upon whether the spindie EEG localization
was frontal or central (Schabus et ai_, 2007 Onily the central spin-
dles had cormelations in sensorimotor aness, and this matdees the
sendorimotor (MR region we identified for VST This IMR] <imil ar-
ity based on & central EEG loclization may be supportive of the
parscentral signal change a3 the EEG generator.

4.3 Limsirarions

Thee ucse of & random effects analyais confirms the consisency of
the present results among the study’s participants; however, a
question remaing reganding the similarity of the participants o
ithee gereral popala tiomn becaese five of the participants have me sl
temporal lobe e pilepay (MTLE L This potential confound is theoret-
jcal becmme individusk with MTLE have mormal VETS and mon-
REM sleep. Mareover, the continuous EEG used for VST identifics-
tion mafirms that no seirures oocurred during image soquisition
and that no interictal epilepriform discharges oocumed near o
e times of the WETA. Thee aniti-epile ptic medications take n by five
participants are snother potential confound, but the medic tons.
varied among participants with different mechanisms of action
This decreases the likelivood that the results are an ellect of aspe-
cifie medication. The inclusion of two contrl individuals sbo re-
duces this confound, espedally since the controls scmunted for
121 of the 200 VSTs and 80 of the 216 min of imaging. To specifi-
cally sddreds this confounds, MR analyses wene perfomed sepa-
raitely for the e pile pay and contral growps. The image results depict
the same regions of maximum dgnal in the two subgroups & in
the whale group, however, an informative statistial comparison
of ithee groneps @8 ol pos ble because of the small member of partic-
ipants in each group

5. Conclusion

We observed MR cofrel sted to spontaneous VETS jrnd pally
localized to pFimary sendofmoter cortied The results cleary dif-
ferentiate V5T5 from sleep spindles based on MMRI localization
Among the VST locilizations, e parscentral region is likely to
be the discharge’s generator. This region id neocorticsl and super-
ficial torhe cingulste localization previouily repomed Moreover, it
is similar tothe other regions of signal change &5 cortex subserving
a primary sensory of sendorimotor function. The results suggest
that the response to heteromodsl stimulstion during non-REM
slesp that is manifested by the VST is a distributed phe nom emon
in neocortex and is ol & gating of sensory fundction at & central
locatian, Such 38 withinthe thalsmus of Embdc $ystem. The & rib-

14

ML Swrw or gl {Cliscad Mesroplydobgy 122 (2001 1382- 356

uted activity i compatible with VSTs possible ssocistion with
brief multimodsl sendory experenced Hypnagogic hal hueinations
are maximal during the non-REM microstate in which VST firs
occur (Hod et al, 1994) However, the results also support the
understanding of the VST a3 serving & role in modul g swane-
s of thve eacermal workd during mon- REM $lee p by gating ne ooor-
Gl fendary Mmsetion
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» Simul@neoes EBG and functional ME identified activity in the thalamus and temporal kobe for bath
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ABSTRACT

Objertive: Seep spindles and K-complexes are FEC hallmarks of non-KEM sleep. However, the hrain

regions generating thess discharges and the funcional mnnectons of their gmeratmors to other regions

are nat fully lnown. We imestizated the neuroanaomicl] correlates of spindles and K-omplecs uwsing

simaultanesme EEC and fdRL

Methads: EECs memonded during EEC-PMR] studies of 7 ind ividuals were used for fR] analysiz. Higher-

level group analyses wene peformesd, and images were threshalded 2t 7 = 23

Besult: fME] of 1046 spindles and 80 K-mmplexes was analyzed. Spindles cormesponded to incressed sig-

nal in thalami and posterior dngulate, and right precness, putmen, paracentral mrtex, and temparal

lobe. K<mmplexws aomesponded to increased signal in thalami, supetio rtemporal lobes, paraceniral gyri.

and media regions of the ocdpital, pareal] and frontal lobes. Neither oomesponded to regions of

deoezoed signal

Conchudons: R of both spindles and K-complexes depicts signal subjacent ta the verex, which likely

indicates sach discharges” source. The thalumic signal is consistent with thalimic involement in sle=p

homeostasis The imbic region’s signal is consistent with noles in memarny consalidation. Unkike the spin-

di=, the K-comple: cyrmesponds o extensive signa in primary sensary cortics.

Srnificene: dentification of thess active regio ns contributes io the understand ingof slkesp netwarks and

the physialogy of awarmess and memary during skep

@ 3011 Inemational Federation of Clini @l Neurop hysiology. Published by Elsevier Ineland Ltd. All rights
reserved.

1. lintroadisetiod

Slesp is a brain state behaviorally sugpesting brain insctivity,
bwt sctually due to active intersotions of multiple brain networks
related to different functions (Hobson and Pace-Schott, 20021

* Besearch was perfsmmed ar IOLA, Los Anqgees, Califsrnia
* Comrespanding smter. AdSmsr UM, Deuromen of . TI0 West-
el Pliza, e 1250, Los Angedes, CA 90004, United Srares Tel : +1 110835 5745;
L +1 310 M6 3451,
E-mal adfor 5 e rndncla sde (] M. Serm)

Although behaiorn is S milar through the sleep period, sleep stages
with distinct electrophyiological featunes are present that divide
sleap into rapid eye movement | REM) desp and 3 progresion of
desper stages of non-REM (NREM) sleep (Kajimura et al., 19990
Spinelles. and K-omplexes ane whiguitous NEEM sleep EEG (eatures
amd are signs of progresion into stable sleep with the reaching of
atage 2 They are well characte rired by EEG festures, bat the net-
work of generating and associated region is poody unde ratood.
Spindles are spontaneous riythmic burss of wadng and wan-
g weaves orowrTing ot the hesd"s vertes with a frequency typically
Iretween 12 and 14Hz and a duration typically betwesn 05 and

1358 2457 BE00 0 101 1 Insnmurional Federarion of Oinkcall Mesrophyshsiogy. Pabiiched by Eloewisr breland Lal Al rights essned.

o 1000 & flinph 200 | DS 00 E
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1 5. They ooour on a higher voltage, slow EBG background as iso-
lated discharges or linked to 2 K-complex (Stern, 2005 ). The com-
monly sooepted belief, comoborasted by recent research, i that
spindles may have 2 gating mle for external sensory information
during sleep, representing an FEG epiphenomenon of an underdy-
i Ml fiisim Ut iainteins the dlee p state. Despite great inter-
est in spindles among sleep researchers information about
spindles” brain nerworks remains preliminary (Hofle et al, 1997;
Gjedde, 1997 Andener e al, 2001; Schabis et & 2007 Lauk et
al, 2007) As complexes, K-complexss comprise more than one
component. They are characterized by a short sufsce- poitive
wave followed by 2 larger surfyce-negative wave and then a posi-
tive wave They typically are immediately followed by a spindle
(Loomis et sl 1935, Colrain, 2005, Halssz, 2005, Fisher and Cor-
dova, 2006, Chang et 2l 2011 The commaon undarstanding is that
they are 3 non-specific, multimodslity-indwced evoked potentisl
during NREM sleep [Halusz, 2005)

Alver more than T0years of sleep and EEG reseanch, each dis-
charges role and relationship to more widespresd brain sctivity
aned metworks remaing unresohved The purpse of this researnch is
oy iebentify the brain regions that are functionslly related o spin-
dles and K-complexes Simultaneous recording of EEG and finc-
tional MR (IMRI) provides swch indemation by bemporal
identification of electrophysiologic scrivity with subsequent 5pa-
tial localization of cerebral metabalic comelates of the activity
(Sterm, 2006)

2. Methods

EEGS reoorded during EEG-IMRI studies of 7 partici pating i mdi-
viduals wene reviewsad Do deee o e vwhe ther Spindles and K-com-
plexes were present The EEG-IMR] studies wene performed
acioiding 1o an [RE-approved prdotooal |mve st gating the MR cos-
relates of EEG sctivity from individusls with epilepsy and antrol
imdividiusls withowt neurologic disorders. The study group under-
went unifrm EEG and MME] methods and esch participant was
partially sleep-deprived to half of auswal night's deep. Mo partici-
[t el beestwe n Mo g s kendng and imaging, which was
performed between late morning and eary sftemoon The partisl
sleap deprivation was intended to increass the likelihood of ener-
ik MREM stage 2 witho ineressng the sk that participants witl
eplepsy had seizures from more prolonged seep deprivation
Antiepileptic madications were continwed without a change to
the participant’s usual regimen. Mo sleep inducing medication
was sdmindstered.

EEG was recorded with an (MR- compatible deviee (FEEG, Kap-
pametrics, Inc, Virginia, 1US) that reduces MR and ballistocardio-
graphic noise to allow visualization of cerebrally generated signals
[Schachter et al., 2009). Exch imaging session included multple
EEG-MME recrdings with durstions that ranged from 35 o
15 min The total EEG-IMR] recording time for a participant was
45-60 min. Partidpants were instructed bo relax with eyes closed
duwring i maging and allow spontanesus sleep. No suditory stimulus
Was predent except for the scoustic ME noise

The EEG recordings included 312 chamnels sampled st 2000/Hz
from standard scalp electrode locations using carbon electrodes
Al wines aned segmented RF il e ng encloswnes. Anslog noise sub-
traction specific for esch scalp location was followed by di gl pro-
ceming 1o yiekd 2 finsl gradient amd ballisocardiographic moise
reduction of B2 4B (MeGlone et al, 2009) Analeg subtraction
was achieved by reconding two chanmels of data from easch elec-
trode location. Omne chanme] inchuded the censbraily generated sig-
nal and the other was from the same scalp location but was
shielded from the skull and included only the ambient moide Dig-
ital processing used a realtime sdaptive soltware slgorithm that

produoed 2 pote template that was updated every 2-3 5 and sub-
tracted from the analog- corected EEG dignal Ballistocandiographic
artifset was digitally reduced for esch chanmel i mdividuwslly wiing a
timing signal based on the heartbest and a subtracted ballistocar-
diographic template

Imaging was performed with a 3T MR system (Trid Siemens,
Eflangen, Germany). BOLD-sensitive functional imaging was per-
formed using & gradient echi e cho-planar sequence with parame-
ters! TR=2000m4 TE =30 ms, slice thickness dmm, 34 slices,
33 mm = 33 mm in-plane resolution High-resalution structursl
images were obtsined during the same imaging session using 3
3-D spoiled gradient recalled (SPGR) sequence with parameters:
TR=20ms TE=3mi slice thickness Imm, 160 slices,
1 i = 1w e plane Fesn] i ion

Alter neise cancell stion post-procesing, two e lows hip-trained
electroence phalographers (JMS and ZH) independently reviewed
ithe EECS and determined the oooumence time for each spindle,
K-comples, and epileptiform discharge. The exsct duration s eady
spindie a0 was determined. Spindies immediately following K-
oomplexes were not condidered separately; thus, spindles linked
o & K-complex were not included in the spindle analysis group.

Innuge analysis was performed wsing FEAT (MR Expert Analyss
Tool) version 598 within FSL (IMRIE Sofrware Library ) wersion
411 (Oford, UK, www imrlox acuk/f) (Forman et al | 1995;
Woalrich et al, 2001 | Maotion comection, mnon-brain removal and
spatiasl smoothing (FWHM 5 mm) were performed prior 19 Statist-
cal analysis. Motion cormedion produced thres rotation and thres
translation parameters that were modelsd, unconvolved, a5 nui-
sance regresorns song with their temporal dervatives (Friston et
al, 1906 Onsets for both spindles and K-oomplexes were modeled
wesineg an impulse function @avolved with 3 double-gamma hemao-
dynamic responde function with local autocome ltion comection
uding the FEAT AILM model Spindle durations also were included
in the modeling Bath the data and the design were high-pass fil-
tered wsing Gaussan-weighted laxst squares straight-line it ting
(o = 50.05) Analyses were performed uwsing three models that dif-
Tered in their regresons of interest. The models i ncluded: (1] 4pin-
dles, (2] K-mmplexes, and (3) both spindles and K-complexes The
model including both spindles and K-complexes was analyred
with four separate contrasts: (a) spindles, (b) K-complexes, () K-
oomplexes greater than spindles, and (d) spindles grester than K-
oomplexes The mean sctivity of the spindles and K-amplex was
also tested in model 1 and 2, however without partially aooment-
ing for the variance attributed to the other discharge through its
imchesion in the model This combdnation of models provides con-
side ration of esch discharge a8 independent of the other with mul-
tiple approsches.

The results were co-registered using FSU's FLRT module
(FMRIE's Linear Ima ge Registration Tool ). Functional imeges were
first aligned o the participants ooplanar, higher- resolution, T2-
weighted image, and then the resulting image was alignsd to the
participant’s Tl-weighted high-resution structural image After
each of these first level analyses, the high-resolution structural im-
age was aligned to MNI space using the standard MNI- 152 image.
Spimdles and K-compleses were then separstely processed in sec-
omd level, fixed efects analyses that comibined each partici pant’s
multiple scana A thind level mixed effects analysis was wied o
ot e dSh ST Pt pants o obiain group results separately
Tiovr betvth spinlles el K -oomplexes. The miked effects model treats
the partidpants 2 random effects and was estimated wsing F5L'
FLAME maodule (FMRIE'S Local Analysis of Mixed Effeas) 7
(Gaissianized T) statistic images from the group amalyss were
(thoress ool clesel uetineg Chuster s determined by a Z > 2.3 and & cormected
cluster significant threshold of p <0005 (Worsley et al, 1992
Lastly, the statistical images wene co-registered for displsy 1o 4
atrctiral MR that was & study- specilic sverage anatomical image

j.clinph 201 1,06 018
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Fig- 1. Spindle racordsd dusing IEL

including each participants high-resolution structural image
translomed to MM space._

3. Resulis

Seven partidpants (5 female. 2 male, age range 22-35 years)
were included in the study group. Five had epilepsy and rwo were
healthy volunteers without 2 history of neurmlogic iliness or cur-
rent use of neurclogic medications (Table 11 Each participant
had spontansous sleep during the recording sesion, showing at
lext one spindle (Fig. 1) and one K-complex (Fig 2] Nome resched

alow wave of REM sleep Overall 86Y of the scan time for this
group was deep with a range for the indhidusk from S8% 1o
T Scans including greater wakefulnes were exchded from
the data analysis becawse spindles amd K-com phexes were Jlsent
Collectively among the 7 individual, 106 central spindles and 60
K-complexes wers present (Figs. 1 and 2) Frontal spindles were
il present. The spindles had 2 totsl durstion of 9193 The total
of 18 scans had a combined duration of 206 min Inten ctal epilep-
tifem discharges did mt oo-ocour with any spindles of K-com-
plexes Mo behavioral or electrographic seirures occured during
any of the recondings.
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Fig- 3. DR of 1085 spincies fram 7 individm b Theeshad T 5 23, Inonsa sed signalk

e P p—

TR TS e, T, - ot | s,

right sepe rmanginal genes, right seperkor empea] gyees ighp-lmnardnghhpm:m‘hugﬂsn‘dﬂc-ﬂdﬂqmla- pesent Modd did nor irdede

K -comiphenes.

Functionsl stabstical imeges cormes ponding 1o spind] &” oocur-
rences indicated increased BOLD signal in bilateral thalami and
posterior cimgulate cortex, amd right pa racentral cores, [l amen,
precumews, and temporal lobe (Fig 3) Analyss of the K-complexes
identified incresied sigmnal in bilsteral thalami temporal lobes
including hippocampi and amygdalse, paracentrsl gyri posterior
cingul ate cortes, and the precunseus (Fig 4] The masimum Zvalwes
for the vistel clhsters cormesponding to spindles ranged between
2.8 and 33, For the K-complexes, the maximum Z values ranged

between 3.4 and 37, The locations of local adivation clisters
and their madmum Z vahees are listed in Tables 2 and 3 Neither
spindles mor K-oomplexes corresponded to a region of signal de-
crease In the spindle imaging the regions of signal change were
the same in both the model of spindles alomne and the model that
inchuded K-complexes and contrast 3 (K-omplexes 5 regresors
of mo interest) In the K-complex imaging the regions of signal
change were the same in e model of K-complestes shone and in
W Conitrast analyses wsing the maodel of botbspindles and K-com-

j ctin ph. 201 106 012
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Fig- 4 DRI oS0 K-comiphe s Mo 7 individeals Theeshad 7 5 23 eoeaed signal b within bilaseral Shalamss, Gmral and posterior midline coomey, bilaeral poe-ornral
i, Bilanem ] sepesrhar Tempoi | @i, and Bl ireela Mo negiors of Ohones nd signall ane present. Mol Gl ot indede spindks

Tabie 2
Reghns of mavimal, kocal signal change Comespanding o spindle

Raghan Maxmen - MM ceondinames  Cheser index
et (%, ¥, 5} { o] vt

Right tha Lames 135 [Tt YT 17335)

Lt s 3133 -1L, 14,9 1(7335)

g menperal 3.7 45 15,4 I (5]

Focneior cingul e 3.1z Q -38,12 3 (5003
T

Eight hippecampes 294 3q -18.-18 4 2321}

R bl 153 &1 —48.7 545010}
nemparal Ty

[Righa e -C el 159 5 -34,54 [ i)
e

g 150 45 401,24 5 (45010)
Supi rargina
o

Table 3

Reghons of mavimal sl signal change comepanding roK compe s

Zovabut (%2} [l comanit)
[Righ ooy - snaral i 1, -8, & 1 (170,1545)
e
[Righ - el i 3 -3, 53 1 (170,155)
e
Lt pre- cemamll 1 -1, -35, 54 1 (170,155
e
gt tha Lams £ g -5 8 3 (3247
g irculer comew 155 33 -4 1 2 (32471}
Rt Superion i4a 50.-21 2 (32A71)
gl gy

plexes Thete were matrast b ($pindles 55 regresonsof nointens )
and contrast ¢ (K-complexes grester than spindles) Contrast d
(spindles greater than K-complexes) did not produce any regions
of significant signal change_

4. Discussion

The image snalysis is based solely on statisticsl ssocistion be-
tween the discharges occurrence times and changes in local blood
00y e tion (BOLD signal)l which is understood 1o indicate meta-
Ibolic changes related to locsl field potentish (Logothetis et al.
20 L As sibch, MR images depict fegiond encomassing the dis-
charge's geme rator, of her active regions that are eithe r downs trea m
of upstream from the generator, and il3o active regons that ane
Tuenectiomal by integrabed with these othe © e gons. Therelore, regions

of incressed sgmal reflect the respecti ve gener stors of spindles and
K-oompleses and regions functionally correlated with their oocur-
rence [hat are mobevident with EEG.

4.1 Spindles

The parscentral regon of sotivity & subjaeEnt to te spindle
EBG localiration, 0 it most likely indicates » neocortcal sounce
fior this discharge The thalsmic sctivity is too deep to be evident
&t thee scalp, bt it @8 expected bided on infacerebaal electrophys-
ol i recordings of the thalam us indicating spindle genera tion in-
cludes a critical interaction between GABAergic neurons of the
mieclews reticul arig, which function o8 pacemakers, 2nd ghitam ster-
gic thalama-cortical projections that mediate their synchronized
propegation to mticsl regions (Sterisde et i, 1985, 19871 As
duwch, the ipindle generator is not the source of spindles” evident
EEG discharge The newronal ity within the thalamus during
spindles produces an increxse in inhibition for exemal sensory
experience during spindes, and suppors the understanding that
apindled have 3 role in sleep maintenance (EBon e s, 1997; Cote
et al, 2000; Steriade et al, 1990) Overall, the region of greatest
MR signal change is the thalsmus, and this sko i te regon of
meetirinal generation and principal foction for spindles

The temporal lobe MR dgnal i consistent with the under-
atanding that spindles have a role in memory fnd jon NREM & eep
benefits the consolidstion of hippocampus-dependent (declars-
tive) memory, and studies in rats and humans have shown in-
creases in spindle density and activity during NREM sieep
Tollowing memory taks laarmed during the previows awake period
(Magioet, 2000 ; Gais et &l 2002 ). Mareoves, th L o-contical 3pin-
dles are believed to prime cortical networks for the long-ter m stor-
age of memory representation (Diekelmann and Bom, 20100
Memory formation in the brain has been conceptuslized a5 the
proecess fin which neuronal activity reverberates in specific circuits
that were active during the information encoding process to pro-
muote the condolida tion of synaptic changes (Hebb, 1949); 28 such,
the BOLD cofrelates for spindles may represent the proceds of re-
activation and reverberating of neuronal cirouits for the encoding
of the sensory information and condolidation for memaory storage.
The il steral signal is dise to the right temporsl lobe signal sur-
passing the threshold Z > 2.3, and the left temporal lobe signal
it e tineg, thore shodd wiith its Z= 200

The precumseus and posterior cingulate regions of sctivity alio
iy e podd with memory consolidation metwarks, x thede re-
gions have considerable connectivity with the anterior temporal
lobees (Parvizi e al, AW06) The precuneus and posterion dngulate
regions also are the hub of the defsuilt mode network and the spin-

| clinph. 01 1,06 012
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dle awocistion finding may have implications for the wnders tand-
ing of the defsult mode network during sleep (Hagmann et al,
2008)

.2 Comparison fo previows functional imaging studies of spindls

Spindles have been investigated with EEG-IMR] by Laufs and
oollexgues, Schabus and collesgues, and Tyvaert and colleagues
with mostly smilar results (Lauk et al, 2007, Schabus et al,
2007; Tyvaert et al, 2008). All three groups identified increased
dignal in bilateral thalames and no regions of decreased signal,
which B conditent with our fedults, s bath Schabiid et 5l and
Lauk et al identified parscentral incressed signal, which ko is
condistent with our results. Mo other group identified the signal
change we observed in the posterior midline cortex; however, Sch-
Al et &l and Laufs et al both identified increased signal in mone
anterior midline cores In summary, three out of fowr groups ne-
poarted spindies to be associated with increxsed signal within the
thalamus, cingulste, and paracentral gyrus

Bayth the Laufs and Schabos groups alsoidentified increased sig-
nal in bilstersl superor temporal lobes. This contrasts with in-
crexied signal in only the right temporal lobe in our results 2nd
na temporal lobe signal change in the results by Tyvaert et al
The discrepancy may be due methadological differences, including
image analysis and participant characteristics. The unilxteral tem-
poral lobe signal in owr results would have been bilaveral if a
slightly lower threshold was chisen. The participant groups dil-
fered with the Schabis and Lifs groups induding only heslthy
il wivteers, and the Tyvsert group inchiding only part cipants with
epilepsy. Within the Tyvaert ot al. group, 13 of the 15 total had
temporal lobe sbnormality, and all 5 of the epilepsy partici pants
in owr growp haed temporal lobe epilepy. The other divergence in
refults i the identification of incressed signal in bil ster sl putamen
by Tyvaert et al and in the right putamen in our results. Overall,
this suggests the possibility that temporal lobe epilepsy may have
an effed on temporal lobe and putamen activity during spindl es,
wihich would have implications towand the understanding of the
commanly presen memory dysfnction ssocisted with MTLE

Thee thallemic oofnel stion is oonesistent with PET redanrch S
ing a change in regionsl cerelbral bood flow (fCBF) in the thalamus
related to sleep spindies (Holle ot a1, 1997) The PET result is de-
crexsed iCBF, whichis inter preted a5 indicating the i nihibi tory neu-
rotransmission that occurs in the reticular nucleus during sleep
(Gjedde, 1997 However, inhibitory neurotransmission is still the
result of & mewnonal finng, which prodwces 2 me tabalic change that
may affect and the MR BOLD signal (Vanzetta and Grinvald,
2008). Although PET rCEF and fMRE] BOLD are highly cormelated,
the relstionship is non-linear, espedally with decreasss in nCEF
[Ramsey et al, 1996; Mechslli et 5 20011

Whole-head magnetoencephalography examined the cortical
regions involved in maximal spindle activity in healthy subjects
during daytime naps, and identified multiple cortical sources
emmm pasing frontal, parietal and temporal regions (Gumenyuk
el al, AG) However, sversging the skeep spindles” smplitude
from all of these regions identified 3 region of maximal sctivity
in the parscentral region. This was interpreted a4 the neocortical
gener ator, which is consistent to our MM findings.

4.3 K-complexes

Our K -comple s results comprise the regions of MR signal dur-
ing spindles and the regions of MR signal during vertex sharp
trandients (Stermn et al, 2001 ) EBG-MR of vertex sharp trandients
has identified regions of sctivity in the primary & Mofmoler cor-
tices, which may be inter preted a5 indicating a role for wertex sharp
trandients in gating mon-specific. multimodality sensorimotor

Tunction duwring sleep. Therefore, K-complexes may be producing
a more expandive elfed for dleep maintenance that combines the
rale of verex sharp trandents and deep dpindles This i consistent
with K-com plexes. typically oocurring Liter in NEEM sleep than the
ather v discharges. The question of wihe ther 3 K-compilex is truly
a vertex sharptransient that has been linked o  spindle canmot be
Tully addressed with these results becawse (MR temporal resolu-
tion cannot separate the K-complex and spindle that occur in
sucoesson Thene ke, MR cannot compare K-complexes indepen-
dent of the after going spindle tovertex sharp trans ents of 1o spin-
dles that occur separate from K-complexes. However, the same
regions of signal change were present in model of K-complexes
allome 11 in the model that included spindles amd contrasted the
apindles x either svents of no interes of events that ane les than
the K-mymplex. This suggests that the K-complex results are ot
including regions of signal change that are entirely due to spindle
activity, assuming iolated spindies are identical to spindies that
Tollow K-complexes

The functional significance of K-complexes has long been a
snunce of debate, dividing reseanchers according to consideration
of them 25 3 comical responde to an Srousing stimuhs or 3 marker
of a brain state conducive to the production of delta EEG activity
for slow wave skeep (Colrain 2005) Animal studies by Amzica
and Steriade highlighted the link between K-complexes and deita
sleap EEG sctivity with K-complexes re presenting the EEG expres-
sion of the mechanism unde dying the rhythmic slow wave syn-
chronization (Amzica and Steriade, 2002) A role for K-complexes
in sleep-apecific endogenous information procesing for external
o interial stimili has been propeed, based on works wing =odd-
vl ™ el s e e v iy vor | 4deespingg Iumnand (Colrain et
all, 1999 An sdditional role for K-complex slso hus been proposed,
which is in memary consodidation and similar to spindes [Diekel-
mann and Bom, 20100 Overall the principal fund ions of K-com-
plexes are proposed to be the processng of extemal stimuli
during sleep and the consolidation of sensory and possibly also
emotionsl memaory. The regions identified inowr result s are consis-
et with both of these functiond

d_d Comparison o previois functional imaging shudies of K-o mplexes

Lanifs amel ool lesgues. investigated K-complexes & well 25 spin-
dles (Laufset al_, 2007) Their results contrast strongly with owrs as
they identified widespresd decressed signal, encompasing the
thalamus, frontal, central, temporal, and, to & lesser extent, occip-
ital cortices. The difference may be due to the group size difference
(1 participant in their investigation) and analysis methods. Their
results supparnt the cortical down-state concept for K-ompleses,
a celhular level change that cormespands to by perpolarining potes-
sium currents during which newronal discharges are impeded This
i5 oo stent with the K-complex &5 3 response to extermal stimme-
lation; however, our group-based results are ablo consistent with
this understanding of the K-complex (Cash et al, 2009}

4.5 Snuely lisriration and sreethodologioml issies

Tise study group included 5 patients with e pilepy being trexted
with antiepileptic dregs, which raises the question whether sither
ithe disorder or trestment sfTected owr results In particulsr, the pa-
tient participants all had mesisl temporal lobe epilepsy (MTLE)L
wiich indicates limbic system dysfunction in a majority of the
group. This potentisl confund i theoretical because individuals
with MTLE have mormal spdndles, K-complexes, and other EEG Tes-
tures of WEEM sleep, and the continuous EEG confirms that no sei-
Fiired ocarred during image scquisition and that ne interictsl
& i de prtifiorm discharges co-oacurned with spindes or K-compleses
Furthermaone, the participants had different trestment regimens,

| ctinph 201 1 06012
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and mo one medication was present scross the whale group.
Hevertheless, the epilepsy and feal thy groups differed in their con-
tributions of the two discharge types to the dataset The epilepsy
patients scoounted for B3% of the spindles but only 53% of the
K-compleses. This wad condistent with the healthy voluntesrs
resching deeper sleep during imaging To better sddreis whether
the subgroups differed in their MR results, esch was analyeed
separately for spindles and K-complexed Although the epilepsy
anl comtrol groups were not Lirge enough for an informative statis-
tical comparison of them, the spindle and K-complex analyses pro-
duced similar regions of signal change Larger participant goups
would be needed to determine whether the subgroups differ in
temporal lobe and putamen activity during spindles, x5 was db-
derved by @mparing our results o thode reported by the Lnifs et
al_, Sehabies et al, snd Tyvaert et al Additions] part cipants in bath

thee hee althy and epilepsy groups would provide the power todeter-
mine whe ther of temparal kibe sbnorma lity during spindles is reli-

abily present
5. Conclisions

Active brain regions during both spindles and K-complexes in-
clude the bilstersl thalami paracentral regions, and temporal
lobses, but K-complexes have Larger regions of activity that com-
prise primary sensonmolor corices smilar to the regions sctive
during vertex sharp transients (Stern et al, 20111 The thalamic
signal may be partislly dus to the spindle-like component of the
K-comples beckise it is absent dufing verex sharp randients,
Didt & e gresion snalyes aiggets ot lexdt part of the thalsmic 3ig-
il ismot duwe to the after going spindle. Spindles and K-complexes
bath correspond to limbic system and paralimibic activity, which
Suppors. their propoded roles in memory consolidstion. These re-
fults aloo may support a role for spindles 3mnd K-complex in deep
mainfenance beciuse the regions that are sctive during their
aCCimence aré sl integral 1o the procesing of exemal, sentory
stimuli.
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Abstract
Study Objectives

The amatomic re gons engaged during the generation of non-REM sleep transients (vertex
sharp transients, sleep spmdles. and K-complexes) bave recently been explored with fimetional
MEL but the rehtorships between subregions & not known Independent component amlbysis
(ICA) of sleep SMEI was performed to study these relationships.

Design

Smmltanecus EEG and MBI was recorded during spontanesis sleep. The fMRI dataset
underwent an ICA and the independent components were regressed agamst the time cowrses of each
of the three sleep tramsients and then sorted with an R’ statistic and tested for significant consistency
across subjects.

Sefting

Brain mapping center.
Participants

Seven mdividuak.
Intarventions

N/A
Resulis

The vertex sharp transent ICs with highest comeltion were: a) bilateral paracentral cortex,
b} bilateral superior temporal cortex, ¢ posterior cmgulate and precuneus, and d) bilateral medml
and lateral precentral cortex. For the sleep spindles, the ICs with highest comrelation were: a)
bilateral medial and lateral precentral cortex, b)) bilateral medial occipital cortex, c) bilateral anterior
cingulate cortex, and d) bilateral precentral cortex. For the K-conplexes, the ICs with highest
comelation were: a) bilateral paracentral cortex, &) bilateral medial and lateral precentral cortex. c)
bilateral anterior cingulate cortex, and d) bilateral superior tenporal cortex

Conclusions

The ICA mdicates overlapping functional aspects among the transients with the K-conplex
as integrating fimetional aspects of the other two. Functional networks were dentified within each
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transient’s larger region of activity. These networks are consistent with roles for the transients m
miltimodal sensory fimction and memory and provide insight nto how the functions are divided
amatommealby.

Eegywords: sleep, non-REM, vertex sharp tramsient, sleep spindle, K-conplex, fimctional MEL
electroencephalo graphy
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Introduction

Skep & a dynamic brain state that mcludes a vanety of fatures, as characterized by
electroencephalo graphy (EEG) and polysonmo graphy (PSG). Both ofthese techniques identify
changing rhythms and trameient discharges, and these features are important aspects of sleep stage
classification Non-REM sleep includes a slowing of the thythmic activity and the superimposition
of three principal tramsients, the vertex sharp transient (VST), the sleep spindle, and the K-complex
(EC). The generation and fimction of these transients remain poorly understood, although they are
beleved to be important for mamtenance of sleep and memory fimetion ! We have previously
identified regions related to the generation of each of the ransients using event-related SR and
we report bere a different MBI analysis of the fransients that is amed at und erstanding the
elements comprising the MBI result for each ™ *

W5Ts are high anplitude electronegative sharp waves that are maximal at the vertex ofthe
head and first occur m late drowsiness. The first appearance canbe the harbinger of skeep onset but
they can also occur later in non-R.EM sleep * Their fimctional significance remains unknown
Event-related fMRI wsing simmiltareous meordings of EEG and fMET during sleep have dentified
WP correlates to VSTs mbilateral medial central lateral preceniral, posterior superior temporal,
and medial oceipital cortices ? These results are consistent with VSTs as a response to mmaltimodal
sensory stimuli during non-REM sleep.

Sleep spindles and KCs mdicate progression mto stage 2 non-REM sleep (N2) and are a
hallmark ofstable skeep ’ Both also oceur at the vertex, but each differs from the VST in waveform
Spindles are spontaneous 11 to 14 Hz oscillations that have a rising and falling amplitude over
about a half second, and they may occur alone or linked to a KC * They are believed to have rokes in
skep maintenance and in learning and memory consolidation ® 7 Event-related PRI comelates to

spindes are located bilaterally m the thalanms, and midline frontal and superior temporal cortices >
10

The KC & a wave complex conpprising a large electrone gative wave preceded and followed
by a short electropositive sharp wave. The complex comprising these waves typically & followed by
a spindle ' K.Cs maybe spontaneois or evoked by stimmlation, and the most accepted role is that
they represent a brain mechanism for sleep preservation'? #MEI correlates to KCs are beated
bilaterally in the thalanms, superior temporal lobes, and the medial frontal, panietal, occipital
cortices ’
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W5Ts, spmdles and KCs ocowr n simnilar sleep stages and may have overlapping fimetional
roles, and they also share similar anatomic correlates with event-related 8EI The mhtionships
between these VRI-identified regions for each transent remam imexplored. and the regions are not
assumed fo be independently related o the transient’s generation A better understanding of these
reltionships and how the relationships differ between the fransients canbe achieved through an
mdependent component analysis (ICA) of the fMREI data. ICA 15 a model-free signal soumce
separation techmique that allows differentiation of the distinct comporents linearly conprsing a
mmltivariate signal *? Tt is based on identifying the optimal mumber of components that have the
maximal statistical mdependence. The application of ICA to 8MBI allbws the dentification of
amatommc regions that fimetion as networks even if the regions appear somltanecusly with an event-
related approach Furthermore, the regions identified by an event-related approach can be part ofa
larger network, the whole extent of which may be better represented by a model- free approach The
ICA approach is unbiased by any temporal model, such as the event-related SMEI approach that
entifies regions that match the temporal cccumence pattern ofa stimubus or transient. We applied
the ICA approach to the dataset previously analyzed with event-related #FI to dentify mgions
comelated to V5T, spindles, and KCs.

Me thods
Subjecis

Data were obtamed from mdmiduals who underwent smltareous EEG and MBI (EEG-
MET) according to an IRB approved protocol mvestigating anatomical comelates of EEG signak
from patents with epilepsy and healthy control subjects. Consent was cbtamed from all subjects
amd the methods were comsistent with the Helsinki Declaration EEG recordings were identified for
mchsion in the dataset based on the presence of V5 Ts, spmdkes, or KCs during fMRI. Each
participant was partially sleep-deprived to half of a veual night’s sleap to increase the likelihood of
entering skeep stage N2 without increasimg the seizure rsk for participants with epilepsy fom more
probnged sleep deprivation. EEG-fMRT was performed in the late mornmg or early afternoon
Amnfiepileptic medications were continued according to each patient’s usualregimen No drug was
administered to facilitate sleep onsat.

Data Acquisifion
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EEG was recorded with an fMPI-conpatible device (fEEG, Kappametrics, Ine., Virginia,
US) that reduces £F] and ballistocardiographic noke to allow visvalization of cerebrally
generated signals.!* Each imaging session mchided multiple EEG-PMRI recordings with durations
that ranged from 7 to 20 minutes. The total EEG/8MRI recording time diring an imaging session
was 45 to 60 mimutes for each participant Participants were mstructed to relax with eyes closed
diring magng and allow spontanecus sleep. No auditory stimmlus was present except for the

aconstic MEI nose.

The EEG recordings mchuded 22 channels sanpled at 1000 Hz from standard scalp electrode
locations wsing carbon electrodes and wires and segmented BF filtering enclosures. Amalog noise
subtraction specific for each scalp location was followed by digital processing to yield a final
gradient and ballistocardio graphic noise reduction 0f92 dB.** Amalo g subtraction was achieved by
recording two channek of data from each electrode location Ope chanre] included the cerebrally
generated signal and the other was from the same scalp locationbut was electrieally shielded from
the head and included only the ambient noke. Digital processing used a real time adaptive software
algorithm that produced a noise template that was wpdated every 2 — 3 seconds and subtracted flom
the amalog-comected EEG signal Ballistocardiographic artifact was digitally reduced for each
channe] mdividvally wing a timing signal based on the heartbeat and a subtracted
ballistocardio graphic tenplate.

Imaging was performed with a 3T MET system (Trio, Siemens, Erlangen, Germany). BOLD
sensitive fiunctional imaging was performed wsing a gradient echo-plimar magng (EPT) sequence
(TE=2000 ms, TE=30 ms, shee thrkness 4 o 34 sices. 3.3 mm x 3.3 mm m-phne resohtion).
High-resolution structural mma ges were obtaned during the same magng session usinga 3-D
spoiled gradent recalled (SPGE) ssquence (TRE=20 ms, TE=3 ms, slice thickness 1 mm 160 slices,
1mm = 1 mm in-plane resolution).

FPreprocessing

After noise cancellation post-processing, two fellowship-trained electroencephabbgraphers
(IMS and 7H) mdependently reviewed the EEGs and determined the cceumrence times for VSTs,
spindles, KCs, and epileptiform discharges. The duration for each spmdle also was determimed KC
dentification meuded the presence of an affergomg spindle, so all amalyzed KCs were followed by
a spindle. Spindles linked to KCs were not included in the pindle analysis group.
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The muage dataset mchoded all scars accompanyng EEGs that included at least one of the
three transients. Each subject’s scans were tenporally concatenated to produce a single fVEI data
file for ICA_ Pre-processing ofthe fWRI data was performed usmg FEAT (MEI Expert Analyzis
Tool) version 3.98 withm FSL (fMEIB Software Library) version 4.1.6 (Oxford, UK,
ww. fnrib ox ac uk/fsl).'% 17 This included: head movement artifact removal non-brain tissue
elimination, regression wsing § motion parameters and ther dervatives, slice-tinng comection
using Fourer-space time-series phase-shiftmg, spatial smoothing usmg a Gaussian kernel of
FWHM 5mm grand-mean infensity normmblization of the entre 4D dataset by a single multiplicative
factor, and high-pass temporal filtering (Gawssan-weighted least-squares straight line fittmg with
sigma=501.0 5).'* ¥ Preprocessed images were then co-registered and transfbrmed into the MNI
standard space.

ICA analysis

Preprocessed fMEI data were decomposad into spatial networks wsimg GIFT (Growp ICA of
MEI Toolbox, v2.0d available at hitp:/ficath sourceforge net/gift/gift startup php, conpiled wsing
gee 4.1 and MATLAB R2009% for Limux x86-64 O5). ICA preprocessing mehided principal
component data reduction and an estimation procedre to yield the optimal number of mdependent
conponents (ICs) that would capture the dataset varance. The Infomax algorithm was wsed to
perform the ICA and was repeated 15 times m ICASSO (http-/fwrww_cis. lnt fi'projects/ca/icasso) to
establish stability of the ICs.*® GICA3 was used for back reconstruction ™ Final conmponents were
scaled with a Z-score and thresholded at 2.3. Each IC*s time course was then regressed separately
agamst the time courses of the V5Ts, spindles, and KCs. In an addifional set of regressions, motion
parameters were used as temyporal regressors to identify components likely to be due to movement.
The regression results for each fransent were sorted according to the B statistic. Additionally,
growp-Evel mference was performed for each transient by a t-test conducted on all subjects”
regression coefficients. The final results were each transient’s non-artifactual maximally comelated
ICs.

Results
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The study grovp inchaded 7 subjects (3 £male) with meanage 29 y (range 22 — 33 v). Five
had epilepsy and were taking anti-seizure medications and two were healthy whnteers without
newological disorder and not taking newrologic medication (Table 1) The fransents occumed
during 19 EEG-MRI recordings that had a combined duration 0f216 mm. Collectively across the
group, sleep accounted for 87% of the total scanning time. All the participants reached skeep stage
N2 and nore reached N3 or REM sleep. A total of 200 V5Ts, 106 central spindles, and 60 KCs
occumed across the growp. (Figure 1) The spindles had a total duration 0f91.9 seconds. No
epilep tiform discharges co-ocourred with VS Ts, spmdles. or ECs, and none ofthe subjects with
epilepsy had a seizure during imaging

The ICA gererated 70 components, which is consistent with prior results that bave shown
that models meldmg 70+ 10 ICs geperate functional images often comespond to optimally detailed
anatomicaland functional se gmentations ** After sorting the 9 regressions (3 for the sleep tramsients
and 6 for the movement conponents) according to B value, the ICs were displayed witha Z
threshold of 2.3 (Table 2). Each IC sortmg had at least four ICs at the fop of the ranking that were
not high ranked motion component ICs or artifact. (Figure 2) In correlation rank order, the first four
ICs for the VS Ts were:

d) bilateral paracentral cortex, 1(6)=6.3, p = 0.01
b) bilateral superior temporal cortex, t6) =3.5, p=0.01
c) posterior cingulate and precumeus, t(6)=2.7, p=0.04
d) bilateral medial and lateral precentral cortex, #(6) =11, p <0.01
The first fonr ICs for the spmdles were:
a) bilateral medial and kateral precentral cortex (same VSTIC d), t(6)=2.9, p=0.03
b) bilateral medial ocepital cortex, t{6)= 3.7, p=0.01
c) bilateral anferior cingulate cortex, #6)=2.7, p =0.04
d) bilateral precentral cortex (different than VST IC d), t(6) = 2.0, p=0.09
The first fonr ICs for the KCs were:

a) bilateral paracentral cortex (same as VST IC a), t{6)=4.7, p=0.01
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b) bilateral medial and lateral precentral cortex (same as V5T IC d and spmdle IC a), %)=
43 p=001

c) bilateral anterior cingulate cortex (same as spindle IC ¢), t9)=2.6, p=0.04

d) bilateral superior temporal cortex (same as VETIC b), t{9)=4.5 p=0.01

Discussion

MET sigmal putatively indicates bbcalized metabolic activity, and the ICA approach
constrains the results to minnsically Inked bram regions (networks) mstead of constraming to the
time series of anevent As such, the ICA of owr dataset identified the spontanecus, independent
networks present durmg drowsmess and early non-EEM sleep across 7 mdmidwals. These networks
mcluded the independent conponents relted to the variety of functional states and also artifact. To
identify which ICs are most hikely to correspond to each ofthe three skeep transients, we regessed
according to each transient’s time series. This result differs from the result ofan event-relted MART
by producing images that are more representative of mirmsic brain networks durmg NEEM sleep
and less specifically correlated to the ndividual transient. However, this compromise allows for a
new perspective on the amatonty for each transient. The ICA also allows for a decomposition of
each transient’s fMEI regions mto sub-regions that are more associated with each other than to the
whole. As such, ICA prowides insights into the distet elements that may comprise each sleep
transient.

Vertex Sharp Transients

The first four components constitute a similar constellation of tegions to those identified
with an event-related approach ? Both methods identify a region subjacent to the vertex which
presunmbly & involved in the generation of V5Ts. Both methods also dentify a superior tengporal
comelate to VST, Overall, there 15 concordance between the event-related and IC A methods for the
amatomic regions related to VST oceurrences, and this fimther supports the mvolhement of the
cerebral regions that are not represented on the EEG during the VST, As such V5T maybe
considered an epiphenomenon of a more distributed, multifocal fimetional event
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The major differences are the event-related fMRI results” extension to inchide bilateral
medial occipital cortex and the ICA extension to mclode larger bilateral precentral regions. The
absence ofa medml occipital IC does not necessanly mdicate the absence of a sigmificant
assocBtonofactivity in this region with V5Ts. Medial occipital ICs were identified with the ICA
but they did not rank high m the VST regression The may be due to these ICs having temporal
relationshaps with other states diring NEEM sleep other than V5Ts. As such the event-related
approach produces anatomic boundaries that are more specific to the VST, The presence of a medial
prefiontal comelate with the ICA approach and not the event-related approach may be due to the
event-related approach’s msensitivity to ntrisic networks. The medial precentral region also may
be mvelved m the EEG appearance of VS Ts.

These differences between the ICA and event-related approaches provide new msighis when
comparing fMEI to other bram fimction mvestigations of VS Ts. Intracranial EEG mvestigation of
V5Ts and KCs m monkeys, using sirp electrodes m the mterhenmusphernic fissure and across the
superiof brain sirfice, identified three maximal potentials across the nudline, which were anterior,
central, and posteri:ur.ﬂ This mvestigation did not differentiate between V5 Ts and KCs; however, it
1s the only such mvestigation to our knowledge. The ICA results also support this assembly of three
conponents across the midime. The IC encompassing posterior medial cortex (precuneus and
posterior cingulate) is consistent with ['*0]JH;0-PET studies amalyzing the progression from
wake fulness to skeep stages W1 and N2, which identified perirolandic and posterior medial regions
as having the smmllest decrease in metabolism ™ The ICA results expand the event-relited SMRI
results to mehade a larger region of posterior medial cortex and suggest the retention of metabolism
seen in this region with PET may be related to sleep-specific activity. The similar results seen with
the two analytr techniques ako provide support for the mesults” vahdity.

Sleep spindles

The first four spmdle ICs partally replicate the event-related SMEI results. Both methods
dentify activity m bilateral paracentral cortices, but the IC that mehedes this region encompasses a
larger distrbution and extends to include lateral frontal lobes.* 5 Regardless of the extent, the
paracentralre gion dentified with both approaches is most likely generating the cenfral spmdles we
observed with EEG. Both methods also identify activity m the posterior cingulate, but here agam
the IC mchodes a larger distribution. Again regardless of the extent, the replication of the posterior
medial cortex mvelvement supports its correlation to spindles and 1tz hkely role m spmdle fimetion
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The precuneus and posterior cingulate areas have comsiderable connection to the anferior tenporal
Iobes, which is corsistent with the known rolke of spindles in long-term memory fimetion ! 722

The two metheds differ considerably in that the event-related approach includes signal
within the thalanme and the right mferior frontal and superior temporal cortices, which are not
mcluded m the spindle re gression results, and the other two highranked ICs mchode the anterior
cmgulate (IC c) and prefrontal cortex (IC d) that do not demonsirate merease signal with the event-
related approach. AnIC comprsing the bilateral thalamms was identified m the ICA but it & ranked
40th (B = 0.006). This muking & below five ICs that were high-rarked i the motion parameter
regression and below ifs ranking in the VST regression, where it is 24th Overall, the ICA approach
did not identify reliable thalamic activity n the spindle regression, which contradicts conventiomal
understandmg of spmdle generation GABAerge cells within the reticular mclews of the thalanms
have a critical role inspindle generation ® However, the absence of a thalamic IC in the regression
1s understandable from the ICA methodology. The thalanme IC was identified based on thalamic
activity having its own, ndependent signal fluchmtion This fluctuation represents all thalame
activity during the scarming and not just thalamic activity during spindles. Simce thalamic activity
during NEEM sleep extends beyond spmdle generation, a regression ofthe thalamic IC does not
dentify a high comelation mnking. The event-related MEI approach has imherently hizher
sensitivity In the siuation

The ICA approach identified an IC (tanked 7th) inchding bilateral mferior frontal and
superor tenporal cortices, which comesponds to the event-related fMRI dentification of this region
on the right However, this IC & ranked bower (B2 = 0.01). Beyond the low B vahe, the IC follows
anIC (ranked 5th) that appears to represent CSF and anIC (ranked 6th) that is umlateral frontal
Iobe. As such the inferior frontal/superior temporal IC"s reliability as a spindle component is
questionable. but its low mnking may be due to mixed activity during sleep. Therefore, this mgion’s
mvolvement, as identified withevent-related SR has not been dismissed. The mchision of the
basal ganglia, as is present with the event-related approach, 1= ot supported by the ICA
regression '

Although our event-related fMEI analysis did not identify anterior cimgulate or lateral
preceniral signal comresponding to spndle occumrence, the event-related analyses by Schabus et al
and Laufs et al each vielded similar results with inchision of these regions ™ %° As such, the
mvolvement of these regore n spmdle ocewmences is supported. The Schabus et al. analyss
distmguished between fast (central) and slow (midfrontal) spindles and found the anterior cingulate
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activity and lateral precentral activity was present to a greater extent with the fast spmdles. Our data
mcluded only fast spindles, so is comsistent with the Schabus et al results mn this aspect also.

E-Complexes

The waveform simmlarities between KCs and VST and the common Iinkage of the KC to the
spind e produce questions about the fimctional similanities and differences across these three
transients. This bas been explored through electrophysiologe studies and behavioral studies, and
now functional imaging studies are also contributing insights. > Ofthe four highest ranked ICs
from the KC regression three were also among the V5T regression’s highest four and two were
among the spindle regression’s highest four. None of the ICs were unique to the KC. but both the
V5T and the spmdle regressions produced an IC m the top four that was not present in another
transient’s regression These differentiatng ICs were the VST s posterior medial cortex IC and the
spinde’s lateral precentral IC. The KC's inclusion of elements from each of the other ransients is
similar to the event-related VP result m which the regions of signal change for the KC were
essentially a combination ofthose from each of the other two transients * Overall, this supports the
notion that the transients have similarities in generation and fimction

The KC regression’s first IC & the same as the first m the V5T regression, which is the
paracentral cortex IC. The KC regressionranking fllows with another midlne frontal IC, the
medial and hteral precentral IC that & VSTIC d. The two highest ranked ICs both are bocated
within the region plausibly located for generation ofthe EEG transient. A more equally balanced
confribution from each ofthese ICs to the EEG transient may explain the more polyphasic form and
broader distribution for the KC compared to the VST.!*¥" The second IC & the highest ranked IC
for the spmdles, so this IC also may be related to the peneration ofthe spindle activity that follows
the ECs. However, it ako is ranked for the V5Ts, so there &5 reason o exchude this possibility. An
amalysis to control for the spmdle that follows each KC & not available with the methods wsed, so
the amalysis nchudes both the KCs and the spmdles that Sllow withm the same imagmg time block
(2 sec TE) and hemodynamic response time. However, a regression of the KC’s event-related SMRT
resulis to control for the signal changes related to spindles produced the same results as KC event-
related MBI without re gression for spindles.* The applicability of this result to the ICA results is

1mk nown.

The KC regression’s third ranked IC is the anterior cingulate IC that is third ranked in the
spind e regression and not present i the VST regression results, so it & more likely to be related to
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the spindle features and ¥ suggests possible spindle fimetion Amalogowsly, the KC regression’s
fourthranked IC & the superior temporal lobe IC that is the second ranked IC from the VST
regression and mot present in the spmdle regressionresults, so it suggests possible VST fimetion
The independent fimctional elements that correlate to KCs ocowrrences are similar to those of the
V5Ts and spmdles, and this supports the mte prated roles of these transents.

Limitations

The ICA approach has an mherent strength of dentifying networks based on model- free
amalysis, whichraises the potentil for observing regions that are infrinsically inte grated; however
the absence of a temporal model reduces the results” specificity to the tramsients. The results
represent which NEEM sleep ICs have the highest tenpporal correlation to each of the transients. As
sich, the ICs are mot specific to the transients. but mstead also mehide other aspects of NEEM
activity. This may explam the absence of a high ranked thalamic IC in the spindle results.
Nevertheless, the ICA provides a different means to identify regions active during each of the
transients and supplments the understanding ofeach transient’s network of amatomic comelates.

Overall, the R? vahes for the transients were low. The highest valie was 0.05 ad the lbwest
m the top four ranked was 0.01. These values were mmch lower than those from the motion
parameter regressions. The top four ranked among the six motion parameters had valoes between
0.51 and 0.11. The high motion parameter R values provide corsiderable support for their
comespondmg ICs as artifact and. therefore the absence of motion artifact ICs among the results.
The low R” values for the transients may be dve to eachregion’s fimctional role i other aspects of
NEEM sleep. Newertheless, the ICs were the top ranked m the regressions, mostly comsistent with
the event-related VR results, and significantly comsistency across subjects except for spindle IC d,
which demonstrated a trend toward consistency across subjects with p =0.09.

The mixed composition of the subject group, which meluded both mdrvidualks with epilepsy
beng treated with anti-epileptic dmgs and mdwiduals without newrologie disorder and not on
mewologic medications, mtroduces a question about generalizability. Skep architectire has been
found to be mildly abnormal among children with medication refractory epilepsy, mostly due to
fragmentation of sleep related to seizures ** The e of simultaneows EEG confirmed that both
behavioral and electrographe seizwres did not oceur during recordings and mterictal epileptiform
discharges did not co-ocowr with sleep tramsients, and this eliminates the possibility of an effect by
visible epileptic abnormalities. Although the mechanisms for spindle generation and gereralized
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epileptic spike and slow wave gereration may include similar networks, vertex sharp transients,
spind s, and K-conplexes have not been identified as abnormal in temporal lobe epilepsy or even
gereralized epilepsy.® The question of an anti-epileptic drug effect ako is without basis, especially
simce these medications have beenreported to comect and stabilize sleep m individuals with

epilepsy.*®

Conclusion

Among the twelve possible ICs (three transients with four ICs each), only seven unigue ICs
were present. This suggests overlapping anatomy for V5 Ts, spindles, and KCs, and thereby the
possibility for similarities in fimetion Only the KC had no unique ICs, which is consistent with it
mcorporating functional aspects of both the V5T and spindle, as was ako found with event-related
MBI Oxe IC (bilateral medil and lateral precentral cortex) was present m all three transients’
resulis. Ifs bocation supports its role n the EEG locaton for the transients, but one other IC had a
supernor cenfral location The remamng five ICs were not within regions likely to be directly
related to the EEG generation of the transients, so mdicate regions that may be confributing to the
function of the tramsients without a scalp EEG manifestation. These regions (anterior and po sterior
cmgulate, superior temporal lobe, and lateral precentral cortex) may confribute to the understanding
of the transients” roles n sleep.

The ICA approach allowed identification of mirmsic bram networks related to the
ocourrences of V5 Ts, spindles, and KCs. These networks comprise mdependent components that
combine fo resemble each transient’s respective event-relted SMEI comelate, and the smmilarity of
the ICA results to the event-relted results supports the ICA results” vahdity. However, the
constellation of ICs for each tramsient presents a new perspective for each transient ICA has
distmgmished regions ofactivity that event-relted MBI showed as a single network. The ICs
mdicate fimetional elements for each transient Together, these elements are consistent with the
understood roles for V5Ts, spindles, and KCs in sleep mamtenance and memory conso lidation.
Individually, they present new meight mto the finctinnal connectivity that = present during each of
the transents.
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Legends

Table 1- Subjects and Sleep Transients

Table 2- Independent Conponent Results

Figure 1- Exanple of sleep spindle recorded during fMEL

Figure 1- ICA Pesults. Independent components with highest correlations for each ofthe three sleep
tramsients. Images thresholed to Z=23.
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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 VVSTs 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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