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Summary

Numerous studies with healthy participants indicate that sleep contributes to the
consolidation of memory traces by enhancing neuronal plasticity. This sleep-related
reconsolidation mechanism is required for the memory representations to become more
resistant to interference and being forgotten. However, remarkably little is known of the effect
of sleep disorder on different memory processes. For this, here we present four studies to
investigate the effect of sleep disorder on different memory processes and consolidation in
children and adults. Moreover, our fifth study examined the effect of short-term positive
airway pressure treatment in adult patients with obstructive sleep apnea (OSA). In Study I,
we investigated the effect of disrupted sleep on declarative and non-declarative forms of
learning in children with sleep-disordered breathing (SDB). In Study Il, we examined the
consolidation of these memory processes in children with SDB. In case of online learning, our
results showed that children with SDB exhibited generally weaker declarative memory
performance while the online non-declarative learning was preserved. Regarding the offline
changes, we found intact consolidation in case of declarative memory as well as sequence-
specific and general skill aspects of non-declarative memory in SDB. In Study III, we
investigated the more attention-demanding working memory performance and less attention-
demanding non-declarative learning in adult OSA patients. In Study IV, we tested the
consolidation of general skill and sequence-specific aspects of non-declarative memory. In the
case of online learning, we observed that OSA patients showed general skill learning and
sequence-specific learning similar to that of controls. In contrast, the working memory
performance was impaired in the OSA group. A case of the consolidation on non-declarative
learning we revealed differences in offline changes of general skill learning between OSA
patients and controls. The control group showed offline improvement from evening to
morning, thus they became faster in the morning after the offline period, while the OSA group
did not. In contrast, we failed to find differences in the offline changes of sequence-specific
knowledge between the groups. Finally, in Study V, we examined the effectiveness of
positive airway pressure treatment after two and half month. We revealed significant
improvement in the respiratory functions during sleep which led to improvement in sleep
pattern and reduced sleepiness. In the case of cognitive functions we observed significant
improvement in complex working memory, short- and long-term verbal memory and short-
term visual memory. In contrast, the OSA patients demonstrated significant impairment in

long-term visual memory. In the case of anxiety, we found significant improvement in state



anxiety level and trend in trait anxiety which was correlated with hypoxic events during sleep.
Furthermore, we found a positive correlation between slow wave sleep and executive
functions. The respiratory functions and hypoxic events during sleep associated negatively
with executive functions and explicit memory.

Our results can give us a deeper insight into the effect of sleep on the developing brain
and memory functions and how changes the relationship between sleep and memory from
childhood to adulthood. Moreover, these results can help us develop more sophisticated
diagnostic tools, neuropsychological profile, and more effective rehabilitation programs.
Furthermore, our results complement sleep-dependent memory consolidation models well and
draw attention the fact that sleep might have less influence on the structures related to implicit

processes.



Osszefoglalas

Egyre tobb bizonyiték tdmasztja ald, hogy az alvds szerepet jatszik az emlékezeti
konszolidacidban azaltal, hogy ideje alatt olyan neuralis valtozasok kdvetkeznek be az érintett
agyi strukturakban, melyek hozzajarulnak az emléknyomok megszilardulasdhoz és hosszu
tava rogziiléséhez. Keveset tudunk azonban arr6l, hogy az alvdszavarok milyen hatdssal
vannak a kiilonbozé emlékezeti komponensek miikddésére. Ezért disszertaciomban négy
olyan vizsgalatot mutatok be, amelyek az alvaszavarok hatasat vizsgaljak eltéré emlékezeti
rendszerek mukodésére felnott- €s gyermekkorban. Az 6tddik vizsgéalat célja pedig az
alvaszavarok okozta kognitiv funkcioromlés reverzibilitdsdnak feltérképezése rovidtava légsin
terapias kezelést kdvetden.

Az elsé vizsgalatban az alvaszavar hatdsat vizsgaltuk a deklarativ és nem-deklarativ
emlékezeti rendszerek miikodésére alvasfiiggd 1€gzészavarban szenvedd gyerekek korében. A
masodik vizsgalatban pedig ennek a két tipusi emlékezeti miikkodésnek az alvéas alatti
konszolidacidjat szintén alvasfliggd légzészavarban szenvedd gyerekeknél. Eredményeink
alapjan az alvéaszavaros gyerekek alacsonyabb teljesitményt mutattak a deklarativ emlékezeti
miikodésben az egészséges kontroll csoporthoz képest, azonban a nem-deklarativ emlékezeti
mikodés megtartott. Az alvas alatti konszolidacid tekintetében intakt teljesitményt talaltunk
az alvasfiggd 1égzészavaros gyereknél, mind a deklarativ, mind a nem-deklarativ emlékezet
mukodésében, illetve ez utobbi emlékezeti komponens két aspektusa, az altalanos
készségtanulas €és a szekvencia-specifikus tanulds esetében. A harmadik vizsgalatban a
munkamemoria ¢és a nem-deklarativ emlékezeti miikodést vizsgaltuk felndtt obstruktiv alvasi
apnoés betegek korében egészséges kontroll csoporthoz viszonyitva. Eredményeink alapjan
nem taldltunk kiilonbséget az apnoés és a kontroll csoport kozott sem az 4ltaldnos
készségtanulas, sem a szekvencia specifikus tanulasban, viszont a munkamemoria teszteken
az apnoés csoport lényegesen alulteljesitett a kontroll csoporthoz képest. A negyedik
szintén obstruktiv alvéasi apnoe szindrémas betegeknél. Eredményeink azt mutattak, hogy a
szekvencia-specifikus tanulas alvas alatti konszolidaciéjaban nincs kiilonbség az apnoés és a
kontroll csoport kozott, azonban disszociaciot talaltunk az altalanos készségtanulasban a
csoportok kozott. A kontroll csoport estében javulds jelent meg estérdl reggelre, amig az
apnoés csoportndl nem. Végiil, az 6todik vizsgalatban az obstruktiv alvasi apnoe kezelésére
alkalmazott légsin terapias kezelés hatékonysagat vizsgaltuk rovidtavon. Eredményeink

alapjan két és fél honapos hasznalatot kovetden jelentds javulads jelent meg az alvas alatti



1égzésben, amely az alvdsmintazat normalizalodésat eredményezte. Ennek kovetkeztében
csokkent a napkdzbeni aluszékonysag. A kognitiv funkciok tekintetében, javulast talaltunk a
komplex munkamemoria, a rovid- €s hosszu tavu verbalis és a rovidtava vizualis emlékezeti
miukodésben. Azonban, a kezelés ellenére a hossza tava vizualis emlékezet romlast mutatott.
A kezelés hatasara javulas jelent meg az allapot szorongés szintjében, illetve tendencia szintii
javulas mutatkozott a vonasszorongas szintjében. Mindemellett, Gsszefliggést talaltunk a
mélyalvas €s a végrehajtd funkciok kozott, valamint az alvas alatti hipoxias epizédok mutatoi,
illetve a végrehajto funkciok és az explicit emlékezet kozott.

Eredményeink hozzajarulhatnak ahhoz, hogy jobban megértsiik az alvas szerepét az agy
fejlédésében, illetve az emlékezeti reprezentaciok hosszu tavu rogziilésében. Mindamellett
mélyebben megérthetjiik, hogyan valtozik az életkorral az alvéds és emlékezeti folyamatok
kozotti kapcsolat. Kutatasaink lehetdséget adnak arra, hogy 4ltaluk szofisztikaltabb
diagnosztikus  eszkozoket hozzunk 1étre, illetve ennek révén egy pontosabb
neuropszicholdgiai statuszt allitsunk fel, melyek egy hatékonyabb rehabilitacids program
kidolgozasanak elsd 1épése lehet. Mindemellett eredményeink felhivjak a figyelmet arra, hogy
az alvéas kevesebb szerepet jatszhat az implicit folyamatokhoz kapcsolddd agyi struktirak

mukddésében.



1. Introduction

Currently, there are numerous theories about the function of sleep and why it is so
essential for life. Firstly sleep is critical for the restoration of the body by reserving energy
and regulating the energy expenditure. Sleep deprivation causes increased energy
consumption whereas during sleep the basal metabolism is decreased by 15-20% (Lesku,
Martinez-Gonzalez & Rattenborg, 2009; Susmakova, 2004). Secondly, sleep is essential for
the restoration of the brain, principally the prefrontal and frontal lobe structures. The
prefrontal cortex is the area of the brain that has the peak activity during the awake state.
Therefore principally this area needs sleep in order to recover. The prefrontal cortex displays
reduced activity during sleep and it appears functionally disconnected from other regions in
the brain since in the awake state they would normally interact (Hobson, Stickgold & Pace-
Schott, 1998; Maquet, 2000; Muzur, Pace-Schott & Hobson, 2002). Thirdly sleep plays a
pivotal role in the development of the body as the release of growth hormone accounting for
linear bone formation during early development, growth and maintenance of tissues through
ontogeny, occurs predominantly in Non-Rapid Eye Movement (NREM) sleep in the first half
of the sleep state (Hobson, 2009). Sleep is crucial in the brain development by during Rapid
Eye Movement (REM) sleep as several brain areas reactivate to build up new synaptic
relationships which are the basis of learning and the development of the brain. In addition, the
myelination of nerve fibers also occurs during sleep (Hobson, 2009). Sleep plays a crucial
role in the regulation of body temperature (Szymusiak, 2009) and immune functions
(Mullington, 2009). Finally, there is a growing body of evidence that sleep is essential in
learning and memory consolidation (Hobson, 2009; Sanes, Reh & Harris, 2006). This later

function is the focus of my thesis.

1.1. Sleep-dependent memory consolidation

During awake state, a large amount of information is encoded in the brain, but we do
not need to store any irrelevant information. The two-stage model of memory consolidation
proposes that there are two separate memory stores (Diekelman & Born 2010; Diekelman,
Wihelm & Born, 2009). One of them allows fast learning, but stores the information
temporarily, the other one account for slow rate learning and stores the information in a long
term. The new information is encoded simultaneously in both stores. The next step of
consolidation when the newly gathered information is repeatedly reactivated and processed in

the fast and slow learning stores. Consequently, the new memories are gradually redistributed



becoming strong and stable representations in the long-term memory store. Both stores are
used to encode information however, the reactivation and redistribution of new memories
occur during sleep when no encoding takes place (Axmacher, Draguhn, Elger& Fell, 2009;
Diekelman & Born, 2010).

During the awake state, the memory traces are encoded in the temporary (fast learning)
and long term (slow learning) stores, represented by the hippocampus and neocortex,
retrospectively. During subsequent slow wave sleep (SWS) the previously encoded
information are repeatedly reactivated in both stores. This process is called system
consolidation. This is where new memory representations in the network already pre-existing
long-term memories is reorganized and integrated into the network. This system consolidation
provides the background of synaptic consolidation during the ensuing REM sleep when the
temporary and long-term stores disconnect from each other. This allows for locally
encapsulated processes of synaptic consolidation when the new memory traces (are)
strengthen and stabilize in a larger neuronal network containing the pre-existing memory
representations (Born, Rasch & Gais, 2006; Diekelman & Born, 2010; Maquet, 2001,
McClelland, McNaughton & O’ Reilly, 1995; Stickgold, Hobson, Fosse & Fosse, 2001).

The functional background of memory consolidation is based on the reciprocal dialogue
between the hippocampus and the neocortex. In the awake state, during the initial encoding,
the information flows from the neocortex to the hippocampus. In subsequent sleep, the
direction of information flow is reversed and transferred from the hippocampus to the
neocortex (Buzsaki, 1996, 1998, 2002; Gais & Born, 2004; Marshall & Born, 2007; Stickgold
et al., 2001). This sleep-related reconsolidation mechanism is required for the memory

representations to become more resistant to interference and being forgotten.

1.2. The role of sleep in different memory systems

Human memory is not a single entity, it has been subject to several different
classification schemes. One of the most popular categorization is based on the distinction
between declarative and non-declarative memory (Squire, 1992, 1993, 2004). Declarative
memory is considered as the consciously accessible - attentional demanding - memories of
fact-based information (“knowing what”). Current neuronal model of declarative memory
formation emphasizes the role of the medial temporal lobe, particularly the hippocampus and
the frontal lobe structures. In contrast, non-declarative memory is regarded as the
unconsciously accessible and less attentional demanding memories such as the learning of

actions, habits and skills as well as implicit learning (“knowing how’). Most models and



empirical studies highlight that the underlying mechanism of implicit learning depends on
diverse neuronal anatomies. For instance, implicit motor learning relates more to motor cortex
and cerebellum, while the implicit sequence of learning is linked to the basal ganglia
(Daselaar, Rombouts, Veltman, Raaijmakers & Jonker, 2003; Kincses et al., 2008;
Rieckmann, Fischer & Béckman, 2010). The role of the hippocampus, frontal and parietal
areas remains inconclusive (Albouy et al., 2008, Gheysen, Van Opsal, Roggeman, Van
Vaelwelde & Fias, 2010).

The beneficial effect of sleep in the hippocampus-dependent declarative memory is well
demonstrated. A considerable number of studies demonstrated greater improvement on
declarative memory task (word-pair list) after a period of sleep than after an equivalent time
of wakefulness both in children (Backhaus, Hoeckesfeld, Hohagen & Junghanns, 2008;
Prehn-Kristensen et al., 2010; Wilhelm, Metzkow-M¢szaros, Knapp & Born, 2008) and adults
(Gais, Molle, Helms & Born, 2002; Gais, Lucas & Born, 2004; Ellenbogen, Payne &
Stickgold, 2006/a; Ellenbogen Hulbert, Stickgold, Dinges, & Thomson-Schill, 2006/b;
Racsmény, Conway & Demeter, 2010). Moreover,

The role of sleep in non-declarative/ implicit learning has not comprehensively
described. In adults, ample body of studies found greater improvement in implicit sequence
learning task after overnight sleep than after an equivalent time of being awake (Fischer,
Hallschmid, Elsner & Born, 2002; Fischer, Nitschke, Melcher, Erdman & Born, 2005;
Walker, Brakfield, Morgan, Hobson & Stickgold, 2002). In contrast, other studies failed to
find sleep-related improvement in sequence learning (Nemeth et al., 2010; Rickard, Cai, Rieth
& Ard, 2008; Rieth, Cai, McDevitt & Mednick, 2010; Urbain et al., 2013; Wilson, Baran,
Pace-Schott, Ivry & Spencer, 2012). These controversial results might be explained by the
variation in task complexity (e. g. sequence length and structure: motor learning or sequence-
specific learning), type of the task (perceptual learning or motor learning), and the duration of
the offline period (Csabi & Nemeth, 2014). In children, previous studies failed to find that
sleep has a beneficial effect a facilitating on the non-declarative memory consolidation
(Backhaus et al., 2008; Prehn-Kristensen et al., 2009; Wilhelm et al., 2008).

According to the two-step model or sequential theory, memory benefits optimally from
the sequence of SWS and REM sleep (Ellenbogen et al., 2006/a; Smith, 2001). However,
declarative memory benefits more from SWS-associated system consolidation. Sleep studies
found a strong association between the improvement on declarative memory task and SWS in
healthy participants (Gais & Born, 2004; Marshall, Mélle, Haschmid & Born, 2004; Marshall,



Helgadottir, Molle, & Born, 2006; Marshall & Born, 2007; Takasima et al., 2006).
Furthermore, REM sleep deprivation did not affect the performance on declarative memory
task (Conway & Smith, 1994; Plihal & Born, 1997). The possible explanation of the
relationship between declarative memory and SWS is the integrative nature of this type of
memory. This means it binds features from different memories in different memory systems
or the vigorous hippocampal-cortical, thalamocortical and cortico-cortical oscillatory activity
during NREM supplies the declarative consolidation mechanism (Diekelman & Born, 2010;
Ficca & Salzauro, 2004; Steriade, 2001; Steriade, Timofeev & Grenier, 2001). In contrast,
non-declarative memory benefits more from REM sleep-associated synaptic consolidation
marked by those studies which revealed an association between non-declarative performance
and REM sleep (Cohen, Pascual-Leone, Press & Robertson, 2005; Smith, Nixon & Nader,
2004; Wagner & Born, 2008). The beneficial effect of REM sleep on non-declarative /
implicit learning might be caused by the REM phase providing optimal milieu for the
reactivation and long term storage of non-declarative material by several brain structures
reactive during REM (e. g. anterior cingulate, caudal orbital and medial prefrontal cortices)
(Braun et al., 1997; Muzur et al., 2002). In contrast, some studies emphasize the role of
NREM 2 in the consolidation of non-declarative memory (Walker et al., 2002; Fogel &
Smith, 2006). These studies observed greater impairment on non-declarative tasks after
NREM 2 deprivation than REM restriction (Smith & MacNeill, 1994; Fogel & Smith, 2006).
These results might be explained by the task complexity, namely, the relatively simple task
involved in NREM 2, whereas REM sleep is required to process more complex task (Smith et
al. 1994; Walker et al., 2002). However, there is increased the intensity of sleep spindles
during NREM regardless of the learning material type (declarative or non-declarative).
Thereby, it’s an ideal indicator of both the information flow to the thalamus, neocortex and
the consolidation processes (Clemens, Fabd & Halasz, 2005; Genzel, Dresler, Wehrle,

Grozinger & Steiger, 2009; Morin et al., 2009; Schmidt et al., 2006; Walker, 2009).

1.3. Effect of sleep deprivation on cognitive functions and memory in the healthy population

In light of the foregoing, optimal quality and quantity of sleep is essential for the
optimal memory performance; however, studies that investigated the effect of sleep
deprivation on different types of memory systems showed a mixture of results. Ample body of
evidence indicates that sleep deprivation has an adverse effect on declarative memory
performance such as recall for stories and words (Diekelman, Landolt, Lahl, Born & Wagner,
2008; Plihal & Born, 1997) and verbal learning (Drummond et al., 2000; Drummond, Meloy,



Yanagi, Orff & Brown, 2005; Yoo, Hu, Gujar, Jolesz & Walker, 2007). Tantawy, El Tallawy,
Farghaly and Hussein (2013) demonstrated lower declarative memory performance (word-
pair) after early-night SWS deprivation and after late-night REM sleep deprivation as well.
They revealed that the left temporal lobe showed greater activity during memory retrieval
after normal sleep, whereas the frontal, parietal and right temporal lobes were more active
after sleep deprivation.

Only a few studies examined the effect of sleep deprivation on non-declarative / implicit
memory consolidation. Some of these studies observed impaired implicit learning after sleep
deprivation (e.g. Finger Tapping Task, Rotor Pursuit Task, Purdue Pegboard) (Buysse, Monk,
Carrier, Berley, 2005; Heuer & Klein, 2003; Smith & MacNeill, 1994, Smith, 2001). Others
found that implicit memory consolidation remains unaffected after sleep deprivation (Genzel
et al., 2009). The lack of research and controversial results on this implicit learning field lead
the focus of my thesis on the relationship between sleep and non-declarative memory
consolidation.

Sleep deprivation studies have also show a negative effect on memory functions as well
as in other cognitive domains such as working memory (Bartel, Offermeier, Smith & Becker,
2004; Choo, Lee, Venkatraman, Sheu & Chee, 2005; Plicher et al., 2007; Turner, Drummond,
Salamat & Brown 2007), executive functions; including inhibition (Anderson & Platten,
2011; Chuah, Venkatraman, Dinges & Chee, 2006; Harrison & Horne, 1998), decisionmaking
(Maddox et al., 2009; Venkatraman, Chuah, Huettel & Chee, 2007), logical reasoning
(Drummond, Brown, Salamat & Gillin, 2004), error detection (Nilsson et al., 2005; Tsai,
Young, Hsieh & Lee, 2005), mental flexibility and switching (Stenuit&Kerkhofs, 2008; Van
Dongen, Maislin, Mullington&Dinges, 2003). The vigilance and attention impairment
suggested by several studies might give an explanation to the deterioration of other cognitive
domains following sleep deprivation (Blatter et al., 2006; Drummond, Gillin & Brown, 2001,
Van Dongen et al., 2003).

Neuroimaging studies on sleep deprivation have shown that changes in cerebral
activation are associated with changes in cognitive performance. These studies demonstrated
that brain regions activity during cognitive tasks after sleep deprivation differ from having
normal sleep (Bell-McGinty et al., 2004; Chee et al., 2006; Drummond et al., 1999; Thomas
et al., 2000; Tomasi et al., 2009; Wu, Buchsbaum & Bunney, 2001). A decrease in cerebral

activity has been observed primarily in the thalamus, temporal, prefrontal and parietal cortices



after sleep deprivation (Chee et al., 2006; Drummond et al., 2000; Drummond et al., 2001,
Thomas et al., 2005; Tomasi et al., 2009; Wu et al., 2001).

Several explanations have been proposed to explain the impact of sleep deprivation on
cognitive functions. For instance, the vigilance hypothesis proposes that interaction between
the need for sleep and circadian factors causes fluctuating levels of arousal, which destabilize
the neuronal and cognitive performance (Doran, Van Dongen & Dinges, 2001). Another
explanation suggests that sleep restriction impacts on the efficiency of prefrontal cortex and
produces changes in cerebral activity which leads to changes in cognitive functioning (Beebe
& Gozal, 2002; Harrison & Horne, 2000). Furthermore, the compensatory adaptation
hypothesis proposes that sleep deprivation results in a global rather than a localized brain
alteration, particularly in the parietal lobes and thalamus. This hypothesis can explain those
studies which found that the executive functioning after sleep loss is preserved. Finally, fMRI
(functional magnetic resonance imaging) studies of sleep deprivation also confirmed the
functional changes of several brain regions besides the frontal lobe after sleep loss (Chee &
Choo, 2004; Tucker et al., 2010).

2. Sleep-Disordered Breathing (SDB) in children
2.1. Definition, classification, prevalence and risk factors of SDB

Sleep-disordered breathing is a spectrum of disorders which ranges from partial upper
airway obstruction such as primary snhoring to complete upper airway obstruction such as
obstructive sleep apnea (OSA) (American Academy of Sleep Medicine, 2001; Sinha &
Guilleminault, 2010). Primary or habitual snoring occurs when the soft palate or pharyngeal
tissues vibrate without oxygen desaturation, hypoventilation, and episodes of apnea or
arousals from sleep (Garetz, 2007; Melendres, Lutz, Rubin & Marcus, 2003). SDB also
includes OSA, which is characterized by prolonged partial upper airway obstruction
(hypopneas) or complete upper airway obstruction (apnoea) during sleep, oxygen desaturation
and hypercapnia (American Academy of Sleep Medicine, 2001; Kuhle, Urschitz, Eitner &
Poets, 2009).

Polysomnography (PSG) is the gold standard for diagnosis of SDB in children. The
standard parameters that can be obtained from polysomnography include: sleep architecture,
respiration, cardiac rhythm, muscle activity, gas exchange and snoring (Li & Lee, 2009). The
most important index that defines the severity of OSA is the Apnea-Hypopnea Index (AHI)
which is computed from the number of apneas and hypopneas per hour of total sleep time

(American Academy of Sleep Medicine, 2001). The International Classification of Sleep



Disorders 2nd Edition (ICSD-2) defines apnea as an absence of airflow with continued chest
wall and abdominal wall movement for the duration longer than two breaths (American
Academy of Sleep Medicine, 2001). The definition of hypopnea as a reduction in airflow by
at least 30% from baseline with or without oxygen desaturation by more than 3% and/or
arousals (Johnson & Roth, 2006; Marcus, 2001). The severity of OSA was classified on the
basis of AHI. Children incidence of AHI greater than 1 per hour of sleep were classified as
having mild OSA, those with AHI from 1 to 5 classified as moderate OSA and those with
AHI greater than 5 per hour of sleep classified as severe OSA (Amin et al., 2003, Katz et al.,
2002; Verhulst et al., 2007).

Prevalence of OSA in children has been reported to be between 1% and 3%, and 10% or
more in children that are habitual snorers (Castronovo et al., 2003, Gottlieb et al., 2004,
Mitchell, 2008; Sinha & Guilleminault, 2010). The main factors predisposing to SDB can be
broadly divided into two regions: the first are anatomical causes that reduce upper airway
lumen size such as adenotonsillar hypertrophy, craniofacial factors (e. g. small or
retroposition mandible, large or retroposition tongue) (Sinha & Guilleminault, 2010; Tan,
Gozal & Kheriandish-Gozal, 2013). The second are also anatomical factors that promote
increased upper airway collapsibility which include altered neurological upper airway
reflexes, hypotonia and upper airway inflammation (Arens et al., 2011; Katz & D’ Ambrosio,
2008; Guimaraes et al., 2008). Obesity also contributes to the development SDB, because
fatty infiltrates deposited in the pharyngeal structures result in a reduced upper airway volume
(Kohler & Van den Heuvel, 2008; Tan et al., 2013). Few studies revealed that OSA is more
common in African-American children, due to either structural differences or socioeconomic
factors (Rosen et al., 2003; Saxena, Ambler, Cole & Majeed, 2004).

2.2. Pathophysiology, clinical symptoms of SDB

In adults OSA, is commonly associated with obesity. Obese children are also at risk for
SDB however, most children with OSA are not obese. The vast majority of cases of OSA in
children are associated with adenotonsillar hypertrophy (Gozal & Burnside, 2004; Marcus et
al.,, 1996; Marcus et al.,, 2001). The pathophysiology of SDB includes a decreased in
ventilatory drive and loss of upper airway muscle tone during sleep. This relaxed condition
increases the collapsibility of upper airways and the resistance of airflow which is already
narrowed by the aforementioned anatomical abnormalities. The occlusion of pharyngeal
airways leads to partial or complete airway obstruction and increased respiratory effort or

decreased in the central respiratory drive which disturbs normal ventilation and normal sleep



pattern (Kohler et al., 2008; Marcus, 2001; Tan et al., 2013). Some studies have found that
apnea-related arousals are less commonly in children and instead subcortical arousals are
more frequently present as demonstrated by movements, resulting in better-preserved sleep
architecture (Goh &Galster, 2000; Mograss, Ducharme & Brouillette, 1994).

The most important clinical symptoms in pre-school and school-aged children
indicating SDB can be divided into nighttime and daytime symptoms. The main nighttime
symptoms are snoring, witnessed apneas, frequent arousals, dry mouth, nocturnal sweating,
nasal congestion, drooling and enuresis. The most important daytime symptoms are
confusional arousal, hyperactivity, inattention, morning headache and difficulty waking up (Li
& Lee, 2009; O’ Brien et al., 2011; Sinha & Guilleminault, 2010). Cortical arousals occur less
frequently in children with SDB in contrast to adults therefore, they have a less fragmented
sleep. Consequently, daytime sleepiness is an uncommon symptom in pediatric OSA
(Halbower & Mahone, 2006; Tan et al., 2013).

2.3. Cognitive and behavioral consequences

SDB-associated cognitive performance impairment is consistently apparent in tasks
involving attention and executive functions (Archbold, Giordani, Ruzicka & Chervin, 2004).
Several studies found reduced selective and sustained attention on Continuous Performance
Task (CPT) (Archbold et al., 2004; Avior et al., 2004; Blunden, Lushington, Kennedy, Martin
& Dawson, 2000; Huang et al., 2004). Similarly, it was also found on the visual subtest of the
Developmental Neuropsychological Assessment (NEPSY) compared with the control subjects
(O’ Brian et al., 2004a; O’Brian et al., 2004b).

Most of the studies emphasized executive dysfunctions in SDB including the working
memory and mental flexibility (Archbold et al., 2004), inhibition and planning (Karpinsky,
Scullin & Montgomery-Downs, 2008). Executive functions are a heterogeneous set of skills
(e. g. behavioral inhibition, set-shifting, self-regulation) that are believed to be important in
high level and goal-directed adaptive functioning (Beebe, Groesz, Wells, Nichols & McGee,
2003). Halbower et al. (2006) used MRSI (Magnetic Resonance Spectroscopy Imaging) to
observe the metabolic alterations of the brain. This revealed that children with OSA exhibited
impaired executive functioning and abnormal metabolites were present in the hippocampus
and the right frontal cortex indicating possible brain injury. Frontal lobe functions develop
throughout childhood (Beebe & Gozal, 2002), thus, the damage to this region before the
maturation of the prefrontal cortex could affect executive functions, cognitive potential, and

behavior. The behavior regulation problems (e.g. aggressive behaviors, impulsiveness,



irritability, and hyperactivity) exhibited by children with SDB might suggest frontal lobe
dysfunction (Archbold, 2006). Several studies found an association between SDB and
Attention Deficit and Hyperactivity Disorder (ADHD) (Barnes et al., 2009; Barnes, Gozal &
Molfese, 2012; Beebe, 2013). Moreover, Golan, Shahar, Ravid & Pillar (2004) found that
19% - 50% of children with ADHD were diagnosed with OSA following PSG compared to
healthy control subjects. Besides the explanation of frontal cortex-guided executive
dysfunction, Weinberg and Harper (1993) suggest the hyperarousal theory as a possible
underlying mechanism for ADHD. According to this theory, children with ADHD are in fact
sleepy and use the excessive motor activity as a method to stay awake.

Studies testing memory function in children with SDB are scarce and they yield mixed
results. Some of the studies found impaired verbal and visual memory performance measured
by Wilde Range Assessment of Memory and Learning (WRAML) tasks battery (Rhodes et
al., 1995; Blunden et al., 2000). A recent study by Kheirandish-Gozal et al. (2010) suggested
that a reduced verbal memory performance may be caused by an impaired ability to use
adequate learning strategies; this can lead to difficulties in learning new information, or
impaired encoding or altered retrieval in children with OSA. In contrast, other studies failed
to find differences between verbal memory performance between children with SDB and
healthy controls subjects (O’ Brien et al., 2004a; O’ Brien et al., 2004b; Owens, Spirito,
Marcotte, McGuinn & Berkelhammer, 2000). An explanation behind these controversial
results might be because some aspects of memory such as memory acquisition and repetition
are negatively affected by sleep deprivation and / or hypoxia (Kaemingk et al., 2003).
Furthermore, we cannot exclude the theory that impaired executive function may have an
adverse effect on the task of other neurocognitive domains (Gottlieb et al., 2004). It is still
controversial how the cognitive impairment could be related to disease severity. A number of
studies indicate, that cognitive dysfunction is more pronounced in severe SDB than in mild
level of SDB or primary snoring (Blunden et al., 2000; Lewin et al., 2002; Smejde, Broman &
Hetta, 2001). In contrast, other studies fail to find relationships between cognitive functions
and disease severity (Owens et al., 2000).

Several studies report that cognitive and behavioral consequences of SDB lead to lower
IQ (Intelligence Quotient) scores (obtained for the Wechsler Intelligence Scale for Children)
(Beebe et al. 2004; Blunden et al., 2000, Gottlieb et al., 2004; Halbower et al., 2006) and
reduced academic performance (Carvalho et al., 2005; Chervin et al., 2003; Curcio, Ferrara &

De Gennaro, 2006; Perez-Chada et al., 2007). The underlying mechanism causing the lower
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level of 1Q and academic performance in SDB has not been fully delineated. Some authors
suggest that impaired executive functions are crucial for good school performance (Blunden
et al., 2000; Lewin, England & Rosen, 1999). Other studies propose that adequate sleep may
be important for the consolidation of memory which could have positive impact in academic
success (Carkasdon, Acebo & Jenni, 2004, Stickgold, 2005). Moreover not all children with
OSA exhibit intellectual or behavioral deficits, this raises the possibility that individual
genetic susceptibility and environmentally dictated changes in the susceptibility to disease
may play a significant role in the phenotypic presentation of any given child (Kheirandish &
Gozal, 2006). In addition, it remains unclear whether sleep-disordered breathing has a direct
effect on learning or the impaired academic achievement is a phenomenon secondary to
behavioral disturbances (e. g. ADHD).

The mechanism explaining neurocognitive deficits and behavioral disturbances in
children with SDB is unclear. Several studies suggest that one primary mechanism causing
cognitive dysfunctions in SDB is intermittent hypoxia leading to structural and neurochemical
changes in the brain, particularly in the hippocampus and prefrontal cortex, which are
especially involved in attention and executive functions (Gozal et al., 2002; Row, Liu,
Kheirandish & Gozal, 2003; Shan et al., 2007; Xu et al., 2004). In addition, there is evidence
which suggest that repeated episodic arousals from sleep have negative influences on
cognitive functions. According to sleep studies, REM and NREM sleep integrity is necessary
to the long-term storage of memory traces, thus the disruption of this sleep stages may
interrupt or reduced the efficiency of processes underlying memory consolidation (Diekelman
& Born, 2010). Moreover, sleep fragmentation alters the restorative features of sleep, disturbs
normal sleep architecture and causes sleepiness (Beebe & Gozal, 2002; Fallone, Owens &
Deane, 2002). These findings support those studies on sleep deprivation which demonstrated
that sleep is of particular importance for restorative prefrontal cortex-guided functions
(Cajohen, Knoblauch, Krauchi, Renz & Wirz-Justice, 2001; Finelli, Borbely & Achermann,
2001). The findings of the studies can be explained by the idea that the prefrontal cortex is the
hardest-working cortical region of the brain in the awake state, therefore, this area primarily
needs sleep to recover. The prefrontal cortex displays reduced activity during sleep and
appears functionally disconnected from other regions with which it normally interacts with in
waking (Hobson et al., 1998; Maquet, 2000). In contrast, some studies found impairments in
spatial memory functioning and academic achievement in where there is absence of

significant sleep fragmentation or deprivation (Gozal, Daniel & Dohanich, 2001; Payne,
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Goldbart, Gozal & Schurr, 2004; Schlaud et al., 2004; Urschitz et al., 2003; Urschitz et al.,
2004; Urschitz et al., 2005). To clarify these contradictions, some studies suggest that hypoxia
and fragmented sleep affects different cognitive functions. Both mechanisms may cause
alteration in the metabolism and neurochemistry of the brain; however hypoxia may result in
selective impairments in executive processes while sleep fragmentation may preferentially
have an affect attention (Blunden et al., 2000; Bedard, Montplasir, Richter, Rouleau & Malo,
1991; Kaemingk et al., 2003; Naegele et al., 1995). We cannot exclude the negative effect of
sleepiness on cognitive functioning, but sleepiness is relatively uncommon in children with
SDB and the effects of sleepiness are often displayed behaviorally (e. g. hyperactivity,
impulsivity, aggression) rather than verbally (e. g. complaining of being tired) (Chervin et al.,
1997; Fallone et al., 2002; Owens, 2009). Thus, sleepiness is an important sign of SDB

particularly in adults, but its effect is reversible with sleep recovery.

3. Obstructive Sleep Apnea Syndrome (OSAS/OSA) in adults
3.1. Definition, diagnosis and classification of OSA

According to the International Classification of Sleep Disorders - 2nd Editions (ICSD-
2), OSA belongs to the sleep-related breathing disorders characterized by repetitive episodes
of complete or partial upper airway obstruction during sleep resulting in hypoxia and
fragmented sleep (American Academy of Sleep Medicine, 2001). The ICSD-2 has defined
two major categories of SDB: central sleep apnea syndrome (CSAS) and obstructive sleep
apnea syndrome (OSA). The difference between the major categories is the
pathophysiological mechanism that causes the respiratory disturbance. CSAS involves the
dysfunction of ventilatory control in the central nervous system while in OSA the upper
airway obstruction causes the abnormal respiration during sleep (American Academy of Sleep
Medicine, 2001).

The severity of OSA was classified on the severity of sleepiness and AHI index (see
Chapter 2.1.). It is classified as mild, moderate and severe. Mild OSA is defined as abnormal
sleepiness or involuntary sleep episodes during activity requiring little attention (e.g. watching
TV, reading) and AHI 5-15 events/hour. Moderate OSA is characterized by abnormal
sleepiness or involuntary sleep episodes during activity requiring some attention (e. g.
meeting, concerts) and AHI 15-30 events/hour. In the case of severe OSA the AHI exceeds 30
events per hour and abnormal sleepiness or involuntary sleep episodes appear during activity
requiring active attention (e. g. during a conversation, driving) (American Academy of Sleep
Medicine; 2001; Banno & Kryger, 2007).
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3.2. Prevalence and risk factors of OSA

The prevalence of OSA is approximately 3-7% in adult men and 2-5% in adult women
(Pataka & Riha, 2009; Punjabi, 2008). In contrast to children, the majority of adult patients
with OSA are obese. In obesity, the excess fat tissue around the neck contributes to the
narrowing of the airways. This increases extraluminar pressure on the pharyngeal structures
and increases the risk of upper airway obstruction (Crummy, Piper & Naughton, 2008;
Schwartz et al., 2008; Young, Peppard & Gottlieb, 2006/a). Craniofacial abnormalities also
predispose adults to OSA (e.g. retrognathia, tonsillar hypertrophy, enlarged tongue or soft
palate) (Pataka & Riha, 2009). The incidence of OSA increases with age due to the increased
deposition of fat in the parapharyngeal region, the elongation of the soft palate and age-related
changes in structures surrounding the pharynx (Eikermann et al., 2007; Young et al., 2002/b).
There is also evidence that OSA is more frequent in African-Americans than in Caucasians
presumably due to the structural differences in the soft tissues and bony structures of the
upper airways (Malhotra & White, 2002; O’ Connor et al., 2003). OSA occurs more
commonly in males due to the differences in craniofacial morphology and functional anatomy
of the upper airways and different ventilatory responses to arousals from sleep (Jordan &
McEvoy, 2003; Pillar et al., 2000). Moreover, the upper body fat deposition is more prevalent
in males (Jordan & McEvoy, 2003). The hormonal status may affect the respiratory function
in both genders, thus hormonal influence plays an important role in the development of
abnormal breathing during sleep (Ye, Pien & Weaver, 2009). Some social habits have also
been identified as risk factors for OSA including smoking, alcohol and sedative consumption
(Franklin et al., 2004; Peppard, Austin & Brown, 2007).

3.3. Pathophysiology, clinical symptoms and comorbidities of OSA

The main factors predisposing to OSA in adulthood are obesity and craniofacial
abnormalities which increase the risk of the upper airway obstruction (Malhotra, Pillar, Fogel,
Beauregard & White, 2000; Malhotra & White, 2002). The key pathophysiological
mechanism in OSA is a compensatory negative pressure reflex that is triggered by the
abnormal anatomy and increases the activity of pharyngeal dilators. After the onset of sleep
the loss of negative pressure reflex and decreased pharyngeal dilator tone leads to upper
airway collapse. The repetitive episodes of upper airway obstruction during sleep bring about
hypoxia and hypercapnia and lead to increased respiratory effort and repeated arousals from
sleep disturbing the ventilation and normal sleep pattern (Banno & Kryger, 2007; Bradley &
Floras, 2009; Fleisher & Krieger, 2007). The clinical presentation of OSA in adulthood also
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can be divided into symptoms in awake and sleep state similarly to childhood SDB. The main
symptoms during sleep are observed apneas, snoring, frequent awakening, gasping, choking
and sweating. The most important symptoms when awake are: excessive daytime sleepiness,
fatigue, morning headache, dry mouth and gastroesophageal reflux (Banno & Kryger, 2007;
Bradley & Floras, 2009).

Without effective treatment, OSA can lead to systemic hypertension, pulmonary
hypertension, cardiovascular (e.g. arrhythmia, myocardial infarction and congestive heart
failure) and cerebrovascular complications such as stroke (Fletcher, McNicholas &
Bonsigore, 2007; Peppard et al., 2000; Yamakawa et al., 2002; Zafarlofti, Quadri &
Borodovsky, 2010). Some studies suggest that OSA may cause insulin resistance and type 2
diabetes mellitus. It is not entirely clear whether OSA or obesity results in metabolic disease,
as insulin resistance is strongly associated with obesity which is common in OSA (Brooks et
al., 1994; Ip et al., 2002; Strohl et al., 1994; VVgontzas, Bixler & Chrousos, 2005).

3.4. Cognitive and affective consequences of OSA

Similarly to children with SDB, most of the studies emphasized that there are vigilance
and attentional deficit in patients with OSA measured by Continuous Performance Task
(Aloia, Arnedt, Davis, Riggs & Byrd, 2004; Kotterba et al., 1998; Mazza et al., 2005; Redline
et al., 1997; Verstraeten, Cluydts, Pevernagie & Hoffman, 2004). Event-related potential
(ERP) studies demonstrated prolonged P300 latency on deviant stimuli in OSA patients, this
means that their attentional resources are delayed and persistently longer than those of control
subjects (Gosselin et al., 2006/a; Gosselin et al., 2006/b). Gosselin et al. (2006/b) suggest that
this dysfunction is linked to frontal lobe deficit. Some studies proposed that vigilance and
attentional deficit play a pivotal role in all aspects of cognitive deficits noted in OSA (Mazza
et al., 2005; Verstraeten, et al., 2004). The executive dysfunction is well-described in patients
with OSA. It is measured by different tasks such as Wisconsin Card Sorting, Tower of
Toronto, Stroop Color Test (Lee, Strauss, Adams & Redline, 1999; Naegele et al., 1995),
Trailmaking Task (Bedard et al., 1991; Cheshire et al., 1992), verbal fluency task (Kim et al.,
1997) and Go-No-Go Task (Sagaspe et al., 2007).

Most of the studies found impaired memory functions in patients with OSA including
working memory (Cosentino et al., 2008; Naegele et al., 2006) as well as short- and long-term
and verbal and visual memory (Pierobon et al., 2008; Salorio et al., 2002). Functional MRI

studies found that retrieval processes produced greater right prefrontal cortical activation
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(Nyberg et al., 1996; Tulving, Kapur, Craik, Moscovitch&Houle, 1994) which seems to be
affected by OSA.

Few studies have examined implicit sequence learning in patients with OSA and these
results are controversial. Some of them revealed intact performance on Finger Tapping
(Archbold et al., 2009; Wild et al., 2007) and Rotor Pursuit Task or Mirror Tracing Task
(Rouleau, Decary, Chicoine & Montplaisir, 2002). By contrast, Lojander et al. (1999)
observed poorer performance on the same tasks in patients with apnea. A small number of
studies examined the overnight consolidation of the acquired implicit knowledge. These
studies observed that OSA patients and those in the control group displayed almost identical
performance during the initial learning in the evening, however the control group exhibited
significantly more overnight improvement on implicit motor learning task (Finger Tapping,
Mirror Tracing) (Djonlagic, Saboisky, Carusona, Stickgold & Malhotra, 2012; Kloepfer et al.,
2009). The association between the severity of OSA and cognitive impairment is still
controversial. Several studies noted a distinct trend toward increasing cognitive impairment
with increasing AHI (Apnea-Hypopnea Index) (Aiola et al., 2004, Engleman et al., 2000;
Kamba et al., 2001; Sateia, 2003) while others failed to find correlation between the severity
of OSA and cognitive dysfunction (Naegale et al., 2006; Redline et al., 1997; Solorio, White,
Picirillo, Duntley & Uhles, 2002).

OSA patients commonly showed psychiatric syndromes such as depression, anxiety,
somatization, obsession-compulsion and hostility (Aikens, Caruana-Montaldo, Vanable,
Tadimeti & Mendelson, 1999; Aloia et al., 2005, Borak et al., 1996; Yue et al., 2003).
Naismith, Winter, Gotsopoulos, Hickie & Cistulli (2004) and Sforza, De Saint Hilaire,
Pelissolo, Rochat & Ibanez (2002) suggest that the severity of depression and anxiety appear
to be reflected more on the degree of daytime sleepiness rather than on the degree of
nocturnal hypoxia. Female with OSA had higher anxiety and depression scores independent
of other factors than male (Cassel, 1993; Phillips et al., 1996).

3.5. The effect of hypoxia and fragmented sleep

The causal mechanism of cognitive impairments remains open to debate. Several
researchers have argued that nocturnal hypoxia causes the cognitive decline in OSA patients
by disturbing alteration of the brain (Adams, Strauss, Schluchter & Redline, 2001; Bedard,
Montplaisir, Malo, Richer & Rouleau, 1993; Kheirandish, Gozal, Pequignot, Pequinot &
Row, 2005/a; Kheirandish, Row, Li, Brittian & Gozal, 2005/b; Kim, Dinges & Young, 2007;
Van Dongen, Baynard, Maislin & Dinges, 2004). In contrast, other studies emphasized that
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the cognitive dysfunction in OSA associated with disturbed sleep leads to excessive daytime
sleepiness which can contribute to decreased performance on neuropsychological tests in
itself (Cohen-Zion et al., 2004; Thomas et al., 2005; Thomas et al., 2007; Verstraeten, 2007).
Moreover, fragmented sleep precludes the effective consolidation of relevant information
during sleep (Buzsaki, 1996; Kavanau, 1998; Maquet, 2001; Stickgold, 1998). Recent studies
indicate that hypoxia and disrupted sleep are differentially related to the cognitive decline
associated with OSA (Adams et al., 2001; Bedard et al., 1993; Naegele et al., 1995).
According to these studies, excessive daytime sleepiness is mainly related to reduced attention
and memory functions (Bedard et al., 1991), while hypoxia contributes to the the deficit in
different aspects of executive functioning (Block, Berry & Webb, 1986; Cheshire et al., 1992;
Findley et al., 1986). Beebe and Gozal (2002) propose that the effect of OSA on prefrontal
dysfunction is mediated by a disruption in the restorative feature of sleep and by a structural
or chemical aberration. The prefrontal cortex is the hardest working cortical brain region in
awake state which requires sleep to recover, because the recalibration of this area occurs
during sleep as it is showed by its reduced activity and disconnection from other brain regions
(Hobson et al., 1998; Harrison & Horne, 2000; Finelli et al., 2001; Gozal, 2008; Maquet,
2000). Beebe and Gozal (2002) propose that sleep disruption and intermittent hypoxia reduce
the efficiency of sleep-related restorative processes and this leads to disruption of the
functional homeostasis of the central nervous system and alters neuronal and glial viability in
certain regions. Subsequent dysfunction of prefrontal regions manifested in executive
dysfunctions alters the functional recruitment of more primary cognitive abilities resulting in
maladaptive daytime behaviors.

There is a growing body of evidence which demonstrates the structural brain damages
in OSA patients. MRI studies observed regional gray matter loss in multiple brain sites
including the hippocampus, cerebellum, frontal and parietal cortex and anterior cingulate.
These areas are involved in the motor regulation of the upper airways and cognitive
processing (Macey et al., 2002; Morell et al., 2003). Torelli et al. (2011) revealed that the
volume of cortical gray matter, right hippocampus, right and left caudate were smaller in OSA
patients compared to those without OSA. Some studies suggest that the degree of brain
damage correlates with the severity of OSA (Kamba, Suto, Ohta, Inoue & Matsuda, 1997;
Kamba et al., 2001).
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3.6. Treatment of OSA

One of the most effective treatments for OSA is nasal continuous positive airway
pressure (CPAP) or bilevel positive airway pressure (BiPAP) therapy during sleep (Lin,
Chuang, Liao, Chen & Li, 2003; Olsen, Smith & Oei, 2008; other modes of treatment see in e.
g. Malhotra & White, 2002; Fleisher & Krieger, 2007). The Positive Airway Pressure (PAP)
machines treat sleep apnea by the emission of a prescribed pressure of air. This emission of
air operates as a pneumatic splint and maintains the airways open. Patients who use PAP
machines are required to wear a mask attached to a hose during sleep (Haynes, 2005;
Sullivan, Issa & Berthon-Jones, 1981).

Most of the studies emphasized the immediate and long-term beneficial effect of
(CPAP/BI) PAP therapy on sleep quality via recovery processes of sleep and ventilation
during sleep. These studies reported that treatment with short-term CPAP therapy results in
reduced sleep latency and percentage of light sleep (NREM 1 and NREM 2), less number of
arousals, less apnoeic and hypopnea events during sleep. Furthermore, they revealed SWS and
REM sleep rebound (increase in the percentage of SWS and REM sleep) and improved
oxygen saturation during sleep (Heinzer et al., 2001; McArdle & Douglas, 2001; Morisson et
al., 2001; Parrino et al., 2005; Verma et al., 2001). The normalization of sleep architecture
and respiratory parameters during sleep leads to reduced sleepiness during in awake state
(McDaid et al., 2009; Montserrat et al., 2001; Patel, White, Malhotra, Stanchina & Ayas,
2003).

The studies on treatment relating to the improvement of cognitive functioning in sleep
apnea patients show inconsistent results. Some studies did not reveal post-training
improvement in cognitive functions after short- (1 or 2 week or 1 month) CPAP treatment
(Barbe et al., 2001; Bardwell, Ancoli-Israel, Berry & Dimsdale, 2001; Lim et al., 2007,
Monasterio et al., 2001). In contrast, other studies found post-treatment improvement, but
often this improvement was only partial, even after long-term CPAP therapy. These studies
observed significant improvement in attention, visuospatial learning and motor performance
after a 15-day-long CPAP treatment (Ferini-Strambi et al., 2003), in mental flexibility,
information processing and visual abilities after a month (Engleman et al., 1997; Engleman et
al., 1999), in verbal fluency and vigilance after two months of CPAP treatment (Barnes et al.,
2002).

Few studies examined the potential reversibility of cognitive impairment after long-term

CPAP therapy. These studies demonstrated significant improvement after three months in
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attention (Munoz, Mayolaras, Barbé, Pericas & Agusti, 2000), concentration, verbal-, visual-
and spatial memory (Borak et al., 1996; Lojander et al., 1999), but did not find any further
improvement after one year.

Some studies attempt to identify a dose-response relationship between CPAP use and
clinical outcomes measures. These studies have suggested that improvement in adherence to
CPAP treatment may also be related to improvement in clinical outcomes, thereby supporting
a dose-response relationship. These findings highlight the importance of the regular CPAP
utilization both in the case of short- and long-term therapy (Campos-Rodrigez et al., 2005;
Weaver, 2003; Zimmerman, Arnedt, Stanchina, Millman & Aloia, 2006).

Studies designed to assess the effect of short- and long-term CPAP therapy on mood in
OSA patients which focused particularly on depression showed mixed results. Most of the
studies identified improvement in depression after short- or long-term CPAP treatment
(Canessa et al., 2010; Derderian, Bridenbaugh & Rajagopal, 1988; Jokic et al., 1998).
However others did not reveal changes on affective impairment either after short- or long
term CPAP treatment (Barbé et al., 2001; Bardwell et al., 2002; Munoz et al., 2000). In
addition, Borak et al. (1996) demonstrated that CPAP treatment results in a significant early
improvement in cognitive functions, but not in emotional status.

Taken together, studies which exam the effect of short- and long-term CPAP treatment
on mood and cognitive functions found controversial results. The majority of these studies
revealed partial reversibility in cognitive functioning and affective disorders after short- and
long-term CPAP therapy. The effectiveness of CPAP and BiPAP treatment depends on the
severity of OSA, the duration of treatment and the regular CPAP/BIPAP utilization. Further
investigations are necessary to clarify whether the cognitive and affective dysfunction that

might be caused by hypoxia and/or sleep deprivation is irreversible in the long-term.

Aim of the studies

Based on the aforementioned literature, the effect of sleep disorder on memory
functions are under-researched and controversial both in children and adults. Thus, the lack of
empirical studies and the controversial results motivated our experiments. Here we present
four studies investigating the effect of sleep disorder on different memory processes in
childhood and adulthood. In Study I, we examined the effect of sleep disorder on different
memory systems (namely declarative and non-declarative memory) by comparing children
with sleep-disordered breathing and healthy control participants. In Study 11, we investigated

the effect of sleep disorder on the consolidation of different memory systems in children with
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SDB compared to healthy control subjects. In Study 111, we compared implicit sequence
learning and working memory performance in adult patients with OSA and healthy control
participants to examine the effect of sleep disorder on less and more attention demanding
memory processes. In Study 1V, we compared the consolidation of implicit sequence learning
in adult OSA patients and healthy control subjects to investigate the influence of sleep
disorder on the offline consolidation of implicit sequence learning. In the last study (Study
V), we evaluated the beneficial effect short-term continuous positive airway pressure (PAP)
treatment on respiratory events during sleep, cognitive functions and anxiety in adult OSA

patients.

Study 1.
Methods
Participants

Twenty children participated in Experiment I. Clinical characteristics of SDB patients
and healthy subjects are listed in Table 1. The SDB was diagnosed by a board-certified sleep
physician. The SDB group consisted of ten children with SDB (average age: 8.8 years, SD:
1.68; average education: 2.1 years, SD: 1.66: 5 females/ 5Smales), 4 of them with OSA and 6
of them with primary snoring. According to the literature (Kennedy et al., 2004,
Montgomery-Downs et al., 2005), the main difference between the groups is the Snoring
Index (t(9) = 2.87, p < 0.01; 0.1 vs. 11.00).

The control group consisted of 10 healthy participants matched by age and education
(average age: 9.3 years, SD: 2.45; average education: 3.3 years, SD: 2.54; 7 females/ 3
males). They did not suffer from any developmental, psychiatric or neurological disorders and
were free of any sleeping disorders. All participants underwent an overnight polygraphy,
which was performed with the Somnomedics Somnoscreen plus device (Somnomedics,
Randersacker, Germany) at the Sleep Disorders Laboratory of Heim Pal Children’s Hospital,
Budapest, Hungary. Informed written parental consent and verbal assent of the children were

provided and participants did not receive financial compensation for their participation.
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Control (n=10) SDB (n=10) t(df) p-value

Age yrs 9.3 (SD: 2.45) 8.8 (SD: 1.68) -0.531(18) 0.602
Sex female/male n 317 5/5
Education yrs 3.3(SD: 2.54) 2.1 (SD:1.66) -1.25(18) 0,22
BMI kg/m? 16.64 (SD: 3.14) 15.77 (SD: 3.03) -0.629 (18) 0.53
AHI events/hour 0.14 (SD: 0.22) 1.96 (SD: 2.81)  2.037 (9.11)  0.07**
Snore Index 0.1 (SD: 0.06) 11.00 (SD: 2.87(9) 0.01**
events/hour 11.97)
TST min. 464.11 (SD: 25.15) 473.1 (SD: 0.988(10.7)  0.34

11.09)
Letter fluency 8.4 (SD: 4.59) 5.6 (SD: 3.56) -1.52(18) 0.14
Semantic fluency 14.2 (SD: 4.93) 13.5 (SD: 4.67) -0.32(18) 0.74

Table 1: Data are presented mean and standard deviation or %, unless otherwise stated. BMI:
body mass index kg/m? AHI: Apnoe-Hypopnoe Index: apnetic and hypopnetic events per hour of
sleep; Snore Index: snoring events per hour; TST: total sleep time (p<0.05**).

Tasks

Sequential learning task - Alternating Serial Reaction Time (ASRT)

We used a modified version of the original ASRT task in order to assess non-declarative
/implicit learning performance. In the original version of this task, four open circles were
displayed in the middle of the computer screen and subjects had to press the corresponding
button when the circles were filled in with black (Howard & Howard, 1997). In our version, a
dog’s head appeared in one of the four empty circles on the screen and the participants had to
press the corresponding button (Nemeth et al., 2010). The computer was equipped with a
special keyboard which had four marked keys (Y, C, B and M on a Hungarian keyboard),
each corresponding to the circles. Before beginning the task, detailed instructions were read to
the participants. We emphasized that the aim was to try to respond as quickly and as correctly
as possible.

The ASRT consisted of 25 blocks, with 85 key presses in each block. The first five
stimuli were random for practice purposes, then the eight-element alternating sequence (e.qg.,
2rlr4r3r) was repeated ten times. Following Nemeth et al. (2010), stimuli were presented 120-
ms following the previous response. As one block took about 1.5 minutes, the session took
approximately 25-30 minutes. Between blocks, the participants received feedback about their
overall reaction time and accuracy on the screen, then were given a rest of between 10 and 20
sec before starting a new block.

A different ASRT sequence was selected for each participant based on a permutation
rule so that each of the six unique permutations of the 4 repeating events occurred.

Consequently, six different sequences were used across participants.
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As there is a fixed sequence in the ASRT alternating with random stimuli (for instance
2rlr4r3r, where numbers represent the four places on the screen, and r represents an event
randomly selected from the four possible places), some triplets or runs of three stimuli occur
more frequently than others. For example, in the above illustration, triplets 2 1,1 4,4 3, and
3_2 would occur often because the third element could be derived from the sequence or could
also be a random element. In contrast, 1_2 or 4_1 would occur infrequently because in this
case the third element could only be random. Following previous studies (Nemeth et al., 2010;
Howard & Howard, 1997; Song et al., 2007), we refer to the former as high-frequency triplets
and the latter as low-frequency triplets. Of the 64 possible triplets, the 16 high-frequency
triplets occurred 62.5% of the time and the 48 low-frequency triplets occurred 37.5% of the
time. Note that the final event of high-frequency triplets is therefore more predictable from
the initial event compared to the low-frequency triplets (also known as non-adjacent second-
order dependency (Remillard, 2008).

Previous studies have shown that as people practice the ASRT task, they come to
respond more quickly to the high- than low-frequency triplets, revealing sequence-specific
learning (Howard & Howard, 1997; Howard et al., 2004; Janacsek, Fiser, & Nemeth, 2012;
Nemeth et al., 2010; Song et al., 2007). In addition, general skill learning is revealed in the
ASRT task by the overall speed with which people respond, irrespective of the triplet types.
Thus, we are able to measure both sequence-specific and general skill learning in the ASRT
task.

Story recall - “The War of the Ghosts” Test

Declarative memory performance was measured by ‘“The War of the Ghosts™ test
(Bartlett, 1932). This is a story recall test, which is widely used to measure episodic memory
performance (Andreano & Cahill, 2006; Andreano & Cahill, 2008; Hardt, Einarsson & Nader,
2010; Schwabe & Wolf, 2009). In this test, children are required to listen to a short story and
then recall it immediately. The story consisted of 36 sentences; based on the standardized
scoring, each sentence is allocated 1 point for the verbatim recalled sentences and 0.5 points

for partly correct responses (gist recall) (Bartlett, 1932; Gauld & Stephenson, 1967).

Procedure
We administered the “The War of the Ghosts” and ASRT task in one session between
19:00 and 21:00 both in SDB and control groups. The order of the tasks was counterbalanced.
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Statistical analysis

To facilitate data processing, the blocks of ASRT were organized into epochs of five
blocks. The first epoch contained blocks 1-5, the second epoch contained blocks 6-10, etc. We
calculated mean accuracy and reaction time (RT) medians for correct responses only; separate
for high- and low-frequency triplets and for each subject and each epoch. Note that for each
response (n), we defined whether it was a high- or a low-frequency triplet by considering
whether it was more or less predictable from the event n-2. For the analyzes reported below,
as in previous research (Howard & Howard, 1997; Nemeth et al., 2010; Song et al., 2007),
two kinds of low frequency triplets were eliminated: repetitions (e.g., 222, 333) and trills
(e.g., 212, 343). Repetitions and trills were low-frequency for all participants and people often
showed pre-existing response tendencies to them (Howard & Howard, 1997; Howard et al.,
2004). By eliminating them, we attempt to ensure that any high- versus low-frequency

differences are due to learning and not to pre-existing tendencies.

Results
Accuracy analysis in the ASRT task

A mixed design ANOVA was conducted on the 5 epochs of the data shown in Figure
la, 1b with TRIPLET (2: high vs. low) and EPOCH (1-5) as within-subjects factors and
GROUP (SDB vs. control) as a between-subjects factor.

There was significant sequence-specific learning (indicated by the significant main
effect of TRIPLET: F(1,18) = 33.50, 7,” = .65, p < .001) such that accuracy was greater on
high than on low-frequency triplets. SDB and control groups showed no differences in
sequence-specific learning (TRIPLET x GROUP interaction: F(1,18) = .02, 5, = .002, p =
.87). There was a trend in general skill learning (shown main effect of EPOCH: F(4,72) =
3.07, n,> = .15, p = .07) for accuracy to decrease across epochs. SDB and control groups
performed at the same level (EPOCH x GROUP interaction: F(4,72) = .45, 5,°=.02, p = .58).
The TRIPLET x EPOCH and TRIPLET x EPOCH x GROUP interactions were not
significant (F(4,72) = 1.43, n,>= .07, p = .23; F(4,72) = 1.73, 1,°= .08, p = .15; respectively),
indicating that the pattern of learning was similar in the groups. The main effect of GROUP
was not significant (main effect of GROUP: F(1,18) = .66, 7,° = .04, p = .42), reflecting that
all groups responded with similar accuracy rates (SDB group: 83%, control group: 87%).
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Reaction time analysis in ASRT task

Similarly to the accuracy analysis, a mixed design ANOVA was conducted on the 5
epochs of the data shown in Figure 1c, 1d with (TRIPLET: high vs. low) and (EPOCH: 1-5)
as within-subjects factors, and GROUP (SDB vs. control) as a between-subjects factor.

Our data revealed significant sequence-specific learning (indicated by the significant
main effect of TRIPLET: F(1,18) = 38.57, 7,°=.68, p < .001), such that RT was faster on high
than on low-frequency triplets. SDB and control groups showed no differences in sequence-
specific learning (TRIPLET x GROUP interaction: F(1,18) = .01, »,>=.001, p = .92). There
was also significant general skill learning (shown by the significant main effect of EPOCH:
F(4,72) = 20.06, 7,°= .32, p < .001), such that RT decreased across epochs, irrespectively of
the triplet type. SDB and control groups performed at the same level (EPOCH x GROUP
interaction: F(4,72) = .31, n,°> = .02, p = .66). The TRIPLET x EPOCH and TRIPLET x
EPOCH x GROUP interactions were not significant (F(4,72) = 2.07, n,° = .10, p = .14;
F(4,72) = .16, n,° = .009, p = .87; respectively), indicating that the pattern of learning was
similar in the groups. In the general reaction time, the SDB group did not differ significantly
from the control group (main effect of GROUP: F(1,18) = 1.09, ,>= .06, p = .31).
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Figure 1. Results of accuracy for high and low triplets in SDB (a) and control groups (b): Both groups showed
significant sequence-specific learning, such that accuracy was greater on high than on low frequency triplets.
There was a trend in general skill learning for accuracy to decrease across epochs in both groups. There were no
differences between the groups: the pattern of learning was similar in the SDB and control groups. The results of
reaction time for high and low frequency triplets in SDB (c) and control groups (d) are also plotted: Both groups

demonstrated significant sequence-specific and general skill learning, such that RT was faster on high than low
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frequency triplets and the RT decreased across epochs. There were no significant differences between the
groups: the pattern of learning was similar in the SDB and control groups. Error bars indicate standard error of
mean (SEM).

“The War of the Ghosts” Test

In the case of the “War of the Ghosts” task, we used one sample t-tests to determine
whether participants could recall significantly more sentences than zero, separately for the
SDB and the control group. Then, the performances of the two groups were compared using
an independent samples t-test.

The analysis revealed that both groups could recall sentences from the story,
demonstrating a significantly better performance than zero (t(9) = 11.00, p < .001 for the SDB
group and t(9) = 12.51, p <.001 for the control group). Nevertheless, the declarative memory
performance of the SDB group was significantly lower (7.7 (SD: 2.21) vs.14.7 (SD: 3.71)
compared to the control group (t(18) =-5.12, p <.001, Cohen’s d = 2.36; Figure 2).

The" War of Ghosts" Test
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Figure 2. Declarative memory performance in SDB and control groups: The declarative memory performance of
the SDB group was significantly lower compared to the control group. The dependent variable was the number

of correctly recalled sentences. Error bars indicate SEM.

Study I1I.
Methods
Participants
Thirty-two children participated in the experiment. Breathing events during sleep, Body
Mass Index (BMI) and working memory (WM) measures of the SDB patients and healthy
participants are listed in Table 2. All participants underwent an overnight polygraphy, which
was performed with the Somnomedics Somnoscreen plus device (Randersacker, Germany) at

the Sleep Disorders Laboratory of Heim Pal Children’s Hospital, Budapest, Hungary.
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Patients who met the International Classification of Sleep Disorders criteria’s (American
Academy of Sleep Medicine, 2001) for SDB were included in the study. SDB was diagnosed
by a board-certified sleep physician. The SDB group consisted of sixteen children with SDB
(average age: 8.56 years [min: 6 to max: 11 years], SD: 2.31; 6 females/10 males) six of them
with OSA and ten of them with primary snoring. The Apnea/Hypopnea (AHI) index of the
OSA patients (M = 17.32, SD = 30.54, range 2-79) was significantly higher (all p’s < 0.01)
than that of the snoring patients (M = 0.11, SD = 0.19, range 0-1) as well as the controls (M =
0.11, SD = 0.20, range 0-1). Similarly, the snore index of the snoring patients (M = 55.10, SD
= 54.95, range 6-155) was significantly higher (all p’s < 0.03) than that of the OSA patients
(M =16.67, SD = 28.52, range 0-73) as well as the controls (M = 0.13, SD = 0.34, range 0—
1). According to the literature, the neurobehavioral deficits is associated with snoring in
children are similar to those found in children with OSA (Gozal and O’Brien, 2004; O’Brien
et al., 2004). Therefore, we compared the performance of the SDB group to that of controls
and did not intend to examine the OSA and snoring subgroups separately. All SDB patients
were untreated prior to and during the experimental night in the sleep laboratory. The control
group consisted of sixteen healthy participants (average age: 8.75 years, SD: 1.44 [min: 6 to
max: 15 years]; 8 females/8 males). The control and the patient groups were matched by age
(t(30) = 0.28, p = 0.78) and gender (,° = 0.51, p = 0.48) and parental education (mother
education: t(12.54) < 0.001, p > 0.99; father education t(23) = 0.61, p = 0.55). They did not
suffer from any developmental, psychiatric or neurological disorders, and were free of any
sleeping disorders. Informed written parental consent and verbal assent of the children were
provided, and participants did not receive any financial compensation for their participation.
Ethics approval was obtained by the Ethics Committee at Heim Pal Children’s Hospital,

Budapest.

Control (n=16) SDB (n=16) t(df) p-value
Snore Index events/hour 0.13 (0.34) 40.69 (49.52) -3.28 (15.001) 0.005**
AHI event/hour 0.11 (0.20) 6.56 (19.62) -1.31 (15.003) 0.21
Max. Desaturation (%) 92.31 (4.13) 90.56 (7.75) 0.80 (30) 0.43
Desaturation Index (%) 0.56 (0.89) 11.25 (26.76) -1.60 (15.003) 0.13
BMI kg/m? 15.19 (1.22) 19.25 (5.17) -3.06 (16.67) 0.01*
Counting Span 2.88 (0.72) 2.48 (0.55) 1.74 (30) 0.09"
Listening Span 2.40 (0.75) 2.16 (1.09) 0.72 (30) 0.48
Digit Span 4.81 (0.65) 4.50 (0.89) 1.13 (30) 0.27

Table 2: Snore Index: snoring events per hour; AHI: Apnea-Hypopnea Index: apnetic and hypopnetic events
per hour of sleep; Max. Desaturation: the ratio of oxyhemoglobin to the total concentration of hemoglobin
present in the blood; Desaturation Index: number of time/hour of sleep that the blood’s oxygen level drops by
3% or more for the baseline; BMI: Body Mass Index kg/m2. Listening Span Task: a working memory (WM)
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task in which the participants are required to listen to increasingly longer sequences of sentences and to recall the
final word of all the sentences in each sequence in serial order (Daneman & Blennerhassett, 1984). Counting
Span Task: a WM task in which participants are required to count a growing number of colored dots on the
computer screen and remember the number of the dots of each sequence (Case et al., 1982; * p < 0.05, ** p <
0.01, + p <0.10).

Tasks
Sequential learning task - Alternating Serial Reaction Time (ASRT) Task

We used the same ASRT task as in the Study I. In Session 1 (Learning Phase) consisted
of 25 blocks with 85 key presses in each block. In Session 2 (Testing Phase) consisted of 5

blocks; the number of key presses and the RSI were the same as in Session 1.

Story recall - “The War of the Ghosts” Test

We used the same story recall test as in Study I. In Session 1 (Learning Phase) children
are asked to listen and repeat the story after immediately and after a determinate interval. In
Session 2 children had to remember the story what listened in Session 1. Based on the
standardized scoring, each sentence is allocated 1 point for the verbatim recalled sentences
and 0.5 points for partly correct responses (the gist of the sentences) (Bartlett 1932).

Procedure

There were two sessions in the experiment. The declarative and non-declarative
performance was assessed at 7-9 PM prior to sleep (Learning Phase/Session 1) and 7-9 AM
after sleep (Testing Phase/Session 2), thus the average interval between the Learning and
Testing Phase was 12 h. The order of the administration of declarative and non-declarative
tasks was counterbalanced in order to minimize the interference between declarative and non-

declarative tasks (see Brown and Robertson, 2007).

Statistical Analysis

To facilitate data processing, the blocks of ASRT were organized into epochs of five
blocks. The first epoch contained blocks 1-5, the second epoch contained blocks 6-10, etc. We
calculated mean accuracy and reaction time (RT) medians for correct responses only; separate

for high and low-frequency triplets and for each subject and each epoch.
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Results
Accuracy analysis in the ASRT task
Online learning during Session 1 (Learning Phase)

A mixed design ANOVA was conducted on the 5 epochs of the data shown in Figure 3
with TRIPLET (2: high vs. low) and EPOCH (1-5) as within-subjects factors and GROUP
(SDB vs. control) as a between-subjects factor.

There was significant sequence-specific learning (indicated by the significant main
effect of TRIPLET: F(1, 30) = 61.26, n,”= 0.67, p < 0.001), such that accuracy was greater on
high- than on low-frequency triplets. SDB and control groups showed no differences in
sequence-specific learning (TRIPLET x GROUP interaction: F(1, 30) = 0.29, n,>=0.01, p =
0.59).

The main effect of EPOCH did not reach significance (F(4, 120) = 2.58, n,>=0.07, p =
0.06), although accuracy decreased across epochs on a trend level. SDB and control groups
performed at the same level (EPOCH x GROUP interaction: F(4, 120) = 1.29, n,>= 0.04, p =
0.28).

The TRIPLET x EPOCH interaction was significant (F(4, 120) = 3.37, n,°= 0.10, p =
0.01), but there were no significant differences between the groups (indicating by the
TRIPLET x EPOCH x GROUP interaction: F(4, 120) = 0.41, np2 = 0.01, p = 0.79;
respectively), demonstrating that the pattern of learning was similar in the groups. The main
effect of GROUP did not reach significance (F(1, 30) = 3.91, n,> = 0.11, p = 0.06), although
the SDB group had lower accuracy on a trend level (SDB group: 88.6% vs, control group:
91.8%)
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Figure 3. Results of sequence-specific and general skill learning in SDB (a) and control group (b) in Session 1

(Epoch 1-5) and Session 2 (Epoch 6) on accuracy measures. Both groups showed significant sequence-specific
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and general skill learning. There were no differences in learning and in offline changes between the groups; the

pattern of learning was similar in the SDB and control groups. Error bars indicate SEM.

Offline consolidation of sequence-specific and general skill learning

To investigate the offline changes of sequence-specific and general skill learning we
compared the accuracy from the last epoch of Session 1 (Epoch 5) and the epoch of Session 2
(Epoch 6) in both groups. These variables were submitted to a mixed design ANOVA with
TRIPLET (2: high- vs. low-frequency) and EPOCH (2: last epoch of Session 1 and epoch of
Session 2) as within-subject factors, and GROUP (SDB vs. control) as a between-subject
factor. The data is shown in Figure 3.

There was significant sequence-specific learning (indicating by the main effect of
TRIPLET) (F(1, 30) = 95.40, rypz = 0.76, p < 0.001), such that accuracy was greater on high-
than on low-frequency triplets. It was similar in the SDB and control groups (indicated by the
non-significant TRIPLET x GROUP interaction: F(1, 30) = 0.04, npz =0.002, p = 0.82).

There was general skill learning (indicating by the main effect of EPOCH) (F(1, 30) =
13.40, np2 = 0.30, p = 0.01), thus accuracy increased from evening to morning. SDB and
control groups performed at the same level (EPOCH x GROUP interaction: F(1, 30) = 3.26,
7,°=0.09, p = 0.08).

The TRIPLET x EPOCH and TRIPLET x EPOCH x GROUP interactions were not
significant (F(1, 30) = 0.20, 5, = 0.01, p = 0.65; F(1, 30) = 0.28, 7,° = 0.01, p = 0.59;
respectively), indicating that the pattern of learning was similar in the groups. The main effect
of GROUP was not significant (F(1, 30) = 1.31, 7> = 0.04, p = 0.26), reflecting that all

groups responded with similar accuracy rates (SDB group: 88.8%, control group: 91.2%).

Reaction time analysis in the ASRT task
Online learning during Session 1 (Learning Phase)

To investigate learning during Session 1, a mixed design ANOVA was conducted on the
first 5 epochs of the data shown in Figure 4, with TRIPLET (2: high- vs. low-frequency) and
EPOCH (5: 1-5) as within-subject factors, and GROUP (SDB vs. control) as a between-
subject factor.

Our data revealed significant sequence-specific learning (indicated by the significant
main effect of TRIPLET: F(1, 30) = 64.33, 7,° = 0.68, p < 0.001), such that RTs were faster

on high- than on low-frequency triplets. SDB and control groups showed no differences in
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sequence-specific learning (TRIPLET x GROUP interaction: F(1, 30) = 0.59, npz =0.04,p=
0.44).

There was also significant general skill learning (shown by the significant main effect of
EPOCH: F(4, 120) = 54.80, npz = 0.64, p < 0.001), such that RTs deceased across epochs.
SDB and control groups performed at the same level (EPOCH x GROUP interaction: F(4,
120) = 0.95, 72,°=0.03, p = 0.38).

The TRIPLET x EPOCH interaction was significant (F(4, 120) = 5.26, npz =014,p=
0.003), suggesting that sequence-specific knowledge increased during practice. The TRIPLET
x EPOCH x GROUP interaction was not significant F(4, 120) = 0.49, npz =0.013, p = 0.67),
indicating that the pattern of learning was similar in the groups. In overall RT both group
performed at the same level (main effect of GROUP: F(1, 30) = 1.37, 7,°= 0.04, p = 0.25).
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Figure 4. Results of sequence-specific and general skill learning in SDB (a) and control (b) group in Session 1
(Epoch 1-5) and Session 2 (Epoch 6) on reaction time measures. Both groups showed significant sequence-
specific and general skill learning. There were no differences in learning and in offline changes between the

groups; the pattern of learning was similar in the SDB and control groups. Error bars indicate SEM.

Offline consolidation of sequence-specific and general skill learning

To investigate the offline changes of sequence-specific and general skill learning we
compared the RTs from the last epoch of Session 1 (Epoch 5) and the epoch of Session 2
(Epoch 6) in both groups. These variables were submitted to a mixed design ANOVA with
TRIPLET (2: high- vs. low-frequency) and EPOCH (2: last epoch of Session 1 and epoch of
Session 2) as within-subject factors, and GROUP (SDB vs. control) as a between-subject

factor. The data is shown on Figure 4.
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There was significant sequence-specific learning (indicating by the main effect of
TRIPLET) (F(1, 30) = 125.76, rypz =0.80, p <0.001), thus RTs were faster on high- than low-
frequency triplets when analyzing the two epochs together. The groups did not differ in
overall sequence-specific learning (indicated by the non-significant TRIPLET x GROUP
interaction: F(1, 30) = 0.42, 72,°=0.01, p = 0.51).

There was significant general skill learning during the offline period (demonstrated by
the main effect of EPOCH: F(1, 30) = 20.71, npz = 0.40, p < 0.001), such that RTs were faster
in the morning compared to the evening. The SDB and control groups showed similar level of
offline general skill learning (EPOCH x GROUP interaction: F(1, 30) = 0.24, npz =001, p=
0.62).

The TRIPLET x EPOCH and the TRIPLET x EPOCH x GROUP interactions were not
significant (F(1, 30) = 0.84, ;,° = 0.02, p = 0.36; F(1, 30) = 2.18, 7,2 = 0.06, p = 0.15,
respectively), indicating that the SDB and the control group demonstrated no differences in
the pattern of offline changes. There were no significant differences in the overall RTs
between the SDB and control groups (main effect of GROUP: F(1, 30) = 2.54, npz =0.07,p=
0.12).

Story recall test

We conducted a mixed design ANOVA with SESSION (1-2) as a within-subject factor
and GROUP (SDB vs. control) as a between-subject factor to assess offline changes in
declarative memory performance. The main effect of GROUP was significant (F(1, 29) =
6.155, npz = 0.175, p = 0.019), indicating weaker story recall performance in the SDB
compared to the controls (6.267 vs. 10.406, respectively). This weaker performance of the
SDB group compared to the control group was evident both in Session 1 (6.87 vs. 10.38; p =
0.03) and in Session 2 (5.67 vs. 10.44; p = 0.01) (Figure 5). The main effect of SESSION
failed to reach significance (F(1, 29) = 2.05, npz = 0.06, p = 0.16), suggesting no change in
the performance during the offline period. Similarly, the SESSION x GROUP interaction was
not significant either (F(1, 29) = 2.53, npz = 0.08, p = 0.12), suggesting no differences in

offline changes between the SDB and control groups.
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Figure 5. Declarative memory performance in the evening and in the morning in the SDB and control groups.
The dependent variable was the number of correctly recalled sentences. The overall declarative memory
performance of the SDB group was significantly lower compared to the control group, but there were no offline

changes in the memory performance in either group. Error bars indicate SEM.

Study 1.

Methods
Participants

Twenty untreated participants were included in the OSA group (average age: 52.70, SD:
9.60; average education: 11.95, SD: 2.62, 3 female/17 male). OSA was diagnosed by a board-
certified sleep-physician based on a full night of clinical polysomnography. The mean Apnea-
Hypopnea Index (AHI) was 50.76 event/hour, SD: 22.20 (Range: 21.10-117.30). The
pathological level of AHI defined as 15 or more per hour (Banno & Kryger, 2007). The mean
of Respiratory Disturbance Index (RDI) in total sleep time was 60.97 event/hour, SD: 16.76
(Range: 33.10-86.80). RDI was calculated as the number of respiratory events (respiratory
effort-related arousal (RERA) + apneas + hypopneas) per hour of sleep. The Pathological
level of RDI defined as 10 or more per hour (Peker, Hedner, Kraiczi & Loth 2000). The mean
of the daytime sleepiness measured by the Epworth Sleepiness Scale was 10.00, SD: 4.44
(Range: 2-18). Aside from OSA, participants did not suffer from any developmental,
psychiatric or neurological disorder as established in a full neurological exam by a board
certified neurologist.

The control group consisted of twenty healthy subjects and were matched by age,
education, and sex (average age: 52.40, SD: 15.04, average education: 12.65, SD: 3.56, 5

female/15 male). The control participants did not suffer from any developmental, psychiatric
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or neurological disorders and did not have sleeping disorders. All subjects provided signed

inform consent agreements and received no financial compensation for their participation.

Tasks
Sequential learning task - Alternating Serial Reaction Time (ASRT) Task

We used the same ASRT task in the Experiment I. and Experiment Il. The task
consisted of one practice block with random stimuli and 20 blocks with the alternating pattern
described above. To explore how much explicit knowledge participants acquired about the
task, we administered a short questionnaire (the same as Nemeth et al., 2010; Song et al.,
2007) after the task. This questionnaire included increasingly specific questions such as
“Have you noticed anything special regarding the task? Have you noticed some regularity in
the sequence of stimuli?” The experimenter rated subjects’ answers on a 5-item scale, where 1
was “Nothing noticed” and 5 was “Total awareness”. None of the subjects in either the apnea

or control group reported noticing the sequence in the task.

Working memory task — Listening Span Task

The working memory performance was measured by the Listening Span Task
(Daneman and Blennerhassett, 1984; Janacsek, Tanczos, Mészaros & Nemeth, 2009). In this
test, subjects are required to listen to increasingly longer sequences of sentences and to recall
the final word of all the sentences in each sequence in serial order. A subject's working
memory capacity is defined as the longest sequence length at which they are able to recall the

final words.

Procedure
We administered the Listening Span Task and ASRT task in one session between 6 and
9 PM both in OSA and control groups. The order of the tasks was counterbalanced.

Statistical Analysis

To facilitate data processing, the blocks of ASRT were organized into epochs of five
blocks. The first epoch contains blocks 1-5, the second epoch contains blocks 6-10, etc
(Nemeth et al., 2010; Song et al., 2007). Subjects’ accuracy remained very high throughout

the test (average over 96% for both groups), and so we focus on RT for the analyses reported.
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We calculated medians for correct responses only, separately for high- and low-frequency

triplets and for each participant.

Results
Reaction time analysis in the ASRT task

A mixed design ANOVA was conducted on the 4 epochs of the data shown in Figure 6
with (TRIPLET: high vs. low) and (EPOCH: 1-4) as within-subjects factors, and GROUP
(OSA vs. control) as between-subjects factors.

There was significant sequence-specific learning (indicated by the significant main
effect of TRIPLET: F(1,38) = 11.18, rypz = 0.23, p = 0.002) such that RT was faster on high
than low frequency triplets. OSA and control groups showed no differences in sequence-
specific learning (TRIPLET x GROUP interaction: F(1,38) = 1.21, npz =0.03, p =0.28).

There was also general skill learning (shown by the significant main effect of EPOCH:
F(3,114) = 31.07, np2 = 0.45, p < 0.001), such that RT decreased across epochs. OSA and
control groups performed at the same level (EPOCH x GROUP interaction: F(3,114) = 0.05,
7> =0.001, p = 0.98).

The TRIPLET x EPOCH and TRIPLET x EPOCH x GROUP interactions were not
significant (F(3,114) = 1.60, an = 0.04, p = 0.19; F(3,114) = 0.78, npz = 0.02, p = 0.50;
respectively), indicating that the pattern of learning was similar in the groups. In the general
reaction time the OSA group did not differ significantly from the control group, we found
only a weak trend (main effect of GROUP: F(1,38) = 2.97, np2 =0.07, p = 0.093). Because of
this slight difference in general reaction time, we reanalyzed the data using z-scores and found
the same results as in the original analysis with no differences between the groups regarding
sequence-specific and general skill learning (TRIPLET x GROUP interaction: F(1,38) = 0.09,
p = 0.77; EPOCH x GROUP interaction: F(3,114) = 0.20, p = 0.89; TRIPLET x EPOCH x
GROUP interaction: F(3,114) = 0.92, p = 0.92).
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Implicit learning in control and apnea groups
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Figure 6. Implicit sequence learning in control and sleep apnea group. Both groups showed general skill
learning as well as sequence-specific learning. There were no group differences. Error bars indicate standard

error of mean.

Listening Span Task

The performance in the Listening span task was analyzed by independent samples t-test.
The working memory span of the OSA group was significantly lower (2.55 vs. 3.31)
compared to the control group (t(38) = -4.05, p < 0.001; Figure 7).
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Figure 7. Working memory performance in control and sleep apnea group. The working memory span of the
sleep apnea group was significantly lower compared to the control group. Error bars indicate standard error of

mean.
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Study IV.
Methods
Participants

Seventeen newly diagnosed, untreated patients with OSA participated in the experiment
(average age: 52.41 years, SD: 9.67; average education: 12.65 years, SD: 2.18; 2 females/15
males). OSA was diagnosed by a board-certified sleep-physician based on a full night of
clinical polysomnography. The mean Apnea-Hypopnea Index (AHI) was 53.05 events/hour
(SD: 23.26 (Range: 21.1-117.3). Pathological level of AHI was defined as 15 or more per
hour (Banno & Kryger, 2007). The mean total sleep time (TST) was 330.52 min (SD: 48.65).
Aside from OSA, participants did not suffer from any developmental, psychiatric or
neurological disorders as established in a full neurological exam by a board-certified
neurologist.

The control group consisted of seventeen healthy participants and was matched by age
(average age: 54.24 years, SD: 7.29) and by working memory performance. Working memory
capacity was assessed by two widely-used neuropsychological tests: the Backward Digit Span
Task (BDST) (Conway et al., 2005; Richardson, 2007) and Listening Span Task (LST)
(Janacsek et al., 2009). There were no significant differences between the two groups in these
tasks (BDST: t(32) = 1.116, p = 0.27, LST: t(32) = 0.170, p = 0.87). These criteria were
included to eliminate the effect of working memory, as previous studies in healthy
participants revealed a relationship between working memory and implicit sequence learning
(Bo et al.,, 2011; Frensch & Miner, 1994). However there is also evidence that the two
systems are independent of each other (Kaufman et al., 2010; Unsworth & Engle, 2005) (for
review sees Janacsek & Nemeth, 2013). Control participants did not suffer from any
developmental, psychiatric or neurological disorders and did not have sleeping disorders. All
participants provided signed informed consent and received no financial compensation for

their participation.

Task
Sequential learning task - Alternating Serial Reaction Time (ASRT) Task

We used the same ASRT task as in Experiment 1., Experiment Il. and Experiment IlI.
During Session 1 (Learning Phase), the ASRT task consisted of 25 blocks, while Session 2
(Testing Phase) consisted of only 5 blocks of the same type as in Session 1. The repeating

sequence was identical between Session 1 and Session 2 for each participant. To explore how
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much explicit knowledge subjects acquired about the task, we administrated a short
questionnaire as in the previous experiments. None of the participants reported noticing the

repeating of the stimulus locations.

Procedure

There were two sessions in the experiment: a Learning Phase (Session 1) and a Testing
Phase (Session 2) for both the OSA and the healthy control group. The sequence learning
performance was assessed between 7 and 8 PM prior to sleep (Learning Phase) and between 7
and 8 AM after sleep (Testing Phase), thus the average interval between the Learning and
Testing Phase was 12 hours. Between the two sessions AHI was measured in a full night of
polysomnography in SomnoCenter’s sleep lab (Szeged, Hungary). During the data collection,

subjects’ caffeine and nicotine intake were restricted.

Statistical Analysis

To facilitate data processing, stimulus blocks were organized into larger clusters (called:
epochs); where the first epoch contained blocks 1-5, the second epoch blocks 6-10, etc.
(Nemeth et al., 2010; Song et al., 2007). Consequently, Session 1 consisted of 5 epochs,
whereas Session 2 consisted 1 epoch. The accuracy of responses remained very high
throughout the test (average over 97% for all groups), resulting ceiling effect. Therefore, we
analyzed the median reaction time (RT) for correct responses only, calculated separately for
high- and low-frequency triplets and for each epoch.

Results

Online learning during Session 1 (Learning Phase)

To investigate learning during Session 1, a mixed design ANOVA was conducted on the
first 5 epochs of the data shown in Figure 8A, with TRIPLET (2: high- vs. low-frequency)
and EPOCH (5: 1-5) as within-subject factors, and GROUP (OSA vs. control) as a between-
subject factor. All significant results are reported together with the an effect size and
Greenhouse Geisser € correction factors where applicable. Post hoc analyzes were conducted
by Fisher’s LSD pairwise comparisons.

There was significant sequence-specific learning (indicated by the significant main
effect of TRIPLET: F(1,32) = 15.58, npz =0.32, p <.001), such that RTs were faster on high-
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than on low-frequency triplets. OSA and control groups showed no differences in sequence-
specific learning (TRIPLET x GROUP interaction: F(1,32) = 1.61, npz =0.04, p=0.21).

There was also significant general skill learning (shown by the significant main effect of
EPOCH: F(4,128) = 28.62, npz = 0.47, p < 0.001), such that RTs decreased across epochs.
OSA and control groups performed at the same level (EPOCH x GROUP interaction:
F(4,128) = 2.21,1,° = 0.06, p = 0.12).

The TRIPLET x EPOCH and TRIPLET x EPOCH x GROUP interactions were not
significant (F(4,128) = 0.94, npz = 0.03 p = 0.42; F(4,128) = 0.48, npz = 0.01, p = 0.69;
respectively), indicating that the pattern of learning was similar in the groups. In the overall
RT, the OSA group differed significantly from the control group, with slower RTs for the
OSA group (main effect of GROUP: F(1,32) = 4.95, npz = 0.13, p = 0.03). To ensure that this
difference in overall RTs did not influence learning measures, we also ran an ANOVA on
normalized data (for each participant, the median RTs for high- and low-frequency triplets in

each epoch were divided by the overall RT of the first epoch) and found the same results.

Consolidation of sequence-specific and general skill learning

To investigate the offline changes of sequence-specific and general skill learning we
compared the RTs from the last epoch of Session 1 (Epoch 5) and the epoch of Session 2
(Epoch 6) in both groups. These variables were submitted to a mixed design ANOVA with
TRIPLET (2: high- vs. low-frequency) and EPOCH (2: last epoch of Session 1 and epoch of
Session 2) as within-subject factors, and GROUP (OSA vs. control) as a between-subject
factor.

The main effect of TRIPLET was significant (F(1,32) = 32.34, npz = 0.5, p<0.001),
thus RTs were faster on high- than low-frequency triplets. It was similar in the OSA and
control groups (indicated by the non-significant TRIPLET x GROUP interaction: F(1,32) =
1.07, n,° = 0.03, p = 0.31).

The main effect of EPOCH did not reach significance (F(1,32) = 2.34, an = 0.07,
p=0.13) but the EPOCH x GROUP interaction was significant (F(1,32) = 9.32, n,°=0.22, p =
0.005), suggesting that the OSA and control groups showed significant differences in the
offline changes of general skills. The LSD post hoc test revealed that the OSA group showed

no offline general skill improvement (p = 0.29) while the control group showed better
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performance (faster RTs) at the beginning of Session 2 compared to the end of Session 1 (p =
0.003).

The sequence-specific knowledge did not change significantly during the offline period
(TRIPLET x EPOCH interaction: F(1,32) = 2.75, npz = 0.08, p = 0.11). The OSA and control
groups performed on a similar level (TRIPLET x EPOCH x GROUP interaction: F(1,32) =
0.29, npz = 0.009, p = 0.59). The offline changes of sequence-specific and general skill
knowledge are shown on Figure 8B-C, respectively.

There were significant differences in the general RTs between the OSA and control
groups, with slower RTs for the OSA group (main effect of GROUP: F(1,32) = 6.27, npz =
0.16, p = 0.02). ANOVA on normalized data revealed the same results, confirming that the
significant difference in offline changes of general skills between the OSA and the control
group was not due to general RT differences (EPOCH x GROUP interaction: F(1,32) = 11.17,
np” = 0.25, p = 0.002).

To further confirm the ANOVA results we also analyzed individual differences of
sequence-specific and general skill consolidation. In the case of offline sequence-specific
changes, we counted the number of participants who exhibited higher sequence-specific
learning in Epoch 6 than in Epoch 5 (thus, sequence-specific knowledge in Epoch 6 minus
Epoch 5 was above zero, irrespectively of significance testing). A similar number of OSA and
control participants (7/17 and 6/17, respectively) showed higher than zero difference in
sequence-specific knowledge between Epoch 6 and Epoch 5. Consequently, the number of
participants showing the opposite pattern (lower than zero difference between Epoch 6 and
Epoch 5) was also similar in the two groups (10/17 and 11/17, respectively). Thus, there was
no group difference in sequence-specific consolidation based on this analysis (chi-square(1) =
0.125, p = 0.724) which supports the ANOVA result. In contrast, in the case of general skill
consolidation, more controls (14 out of 17) than OSA patients (8 out of 17) showed higher
than zero difference in general RTs between Epoch 6 and Epoch 5, thus, they were generally
faster in Epoch 6 compared to Epoch 5. This group difference in general skill consolidation
was significant (chi-square (1) = 4.636, p = 0.031) similarly to the ANOVA result.
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A) Sequence-specific and general skill learning in the OSA and control
group in Session 1 and Session 2
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Figure 8. Results of sequence learning and consolidation in the OSA and control group. A) Results of
sequence-specific and general skill learning in OSA and control group in Session 1 and Session 2: Although the
OSA group was generally slower in Session 1, both groups showed significant sequence-specific and general
skill learning. There were no differences in learning between the groups; the pattern of learning was similar in
the OSA and control groups. B) Results of offline changes in sequence-specific learning in OSA and control
group: The differences between the low and high-frequency triplets indicate sequence-specific learning. There
was a decrease in sequence-specific knowledge, such that the learning index of the first epochs of Session 2 was
significantly smaller compared to the last epochs of Session 1. There were no significant differences between the
OSA and control groups. C) The results of offline changes in general skill learning: the differences in overall
reaction time between the last epoch of Session 1 and the first epoch of Session 2 regardless of triplet type show
general skill learning. There was a trend of improvement in general skill learning. The OSA group showed no
offline general skill learning while the control group showed better performance (smaller RTs) at the beginning

of Session 2 compared to the end of Session 1. Error bars indicate SEM.

Study V.

Methods
Participants

Twenty-four newly diagnosed and untreated patients with OSA participated in
Experiment V. (average age: 53.21 years, SD: 12.11; average education: 12.17 years, SD:
2.20; 1 females/15 males). OSA was diagnosed by a board-certified sleep-physician based on
a full night of clinical polysomnography. The mean apnea-hypopnea index (AHI) was 54.07
event/hour (SD: 23.26). Aside from OSA, participants did not suffer from any developmental,
psychiatric or neurological disorders as established in a full neurological examination by a
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board-certified neurologist. According to the apnoe-hypopnoe index, 16 of them were severe,
5 of them were moderate and 3 of them were with mild OSA. Sixteen of them have received
BIPAP and 8 have received CPAP devices. All participants provided signed informed consent

and received no financial compensation for their participation.

Tasks
Short-term verbal memory

Digit Span Task — the participants are presented with a series of digits and had to
immediately repeat them back. The task started with three-element sequence and gradually
increased in length up to nine-element sequence. We measured the number of the correct
sequences and the longest sequence that the participants remembered. The length of the
longest sequence a subject can remember is that subject's short-term memory span
(Gathercole, Willis, Baddeley & Emslie, 1994; Szendi, Kiss, Racsmany, P1éh & Janka, 2005).

Non - Word Repetition Task — the participants are required to listen and recall to
increasingly longer unmeaning words which are phonologically identical with the
participant’s native language. The task started with three words and gradually increased in
length up to nine words. We measured the number of the correct words and the longest words
that the participants remembered (Gathercole et al., 1994; Racsmany, Lukacs, Németh &
Pléh, 2005).

Complex working memory

Listening Span Task — participants are required to listen to increasingly longer
sequences of sentences and to recall the final word of all the sentences in each sequence in
serial order. A subject’s working memory capacity is defined as the longest sequence length at
which they are able to recall the final words (Daneman & Blennerhassett, 1984; Janacsek et
al., 2009).

Backward Digit Span Task - the participants are presented with a series of digits and
had to immediately repeat in reverse order. The task started with three-element sequence and
gradually increased in length up to nine-element sequence. We measured the number of the
correct sequences and the longest sequence that the participants remembered. The length of
the longest sequence a subject can remember is that subject's short-term memory span
(Gathercole et al., 1994; Szendi et al., 2005).
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Short-term visual memory

Corsi Block-Tapping Task — the participants had to remember the right order of the
blocks that get marked and then showed the same order. The task started with three numbers
of blocks and gradually increased in length up to nine blocks. We measured the number of the
correct sequences and the longest sequence remembered. The short-term visual memory span
is the longest sequence that the participants can repeat back in correct order immediately after
the presentation on 50% of all trial (Richardson, 2007; Szendi et al., 2005).

Executive functions

Letter and Semantic Fluency — the participants had to list as many words as possible
with a beginning with the specified letter (letter fluency) or from specified category (semantic
fluency) in 60 seconds (Tanczos, Janacsek & Németh, 2014/a; Tanczos et al., 2014/b). In our
study, in the case of letter fluency we used “k” and “t” letters before treatment and “m” and
“s” letters after treatment. A case of semantic fluency we used “animals” category before
treatment and “food products” category after treatment. We measured the number of correct

words, the perseverations and errors both in letter and semantic fluency tasks.

Short and long-term verbal and visual memory

Rivermead Behavioral Memory Task - is designed to predict everyday memory
problems consisted of 11 subtests. We used story recall, remembering first-, and last name
and pictures about objects immediate and delayed conditions (Koénya, Czigler, Racsmany,
Také & Tariska, 2000; Wilson, Cockburn & Baddeley, 1985).

Anxiety

State-Trait Anxiety Inventory — self-report questionnaire consist of 40 questions
measuring state (anxiety level at the moment) and trait (anxiety level as a personal
characteristic) anxiety. The participants had to decide how the sentences characterized them
on a 4 point Likert-scale. The two subscales can be obtained in a total of 80 points (Sipos &
Sipos, 1970; Spielberger, Gorsuch & Lushene, 1970).

Sleepiness
Epworth Sleepiness Scale — self-administered questionnaire where the participants had to rate

the chances that they would doze off or fall asleep in eight different situations commonly
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encountered in daily life. A total of 24 point can be achieved on the test. The pathological

level of sleepiness defined as 10 point or more (John, 1991).

Procedure

There was 3 Session in the experiment: diagnostic night (Session 1); titration night
(Session 2) and after 2 and half month of CPAP/BIPAP treatment (Session 3). In the first two
Sessions we used polysomnography to measure sleep stages and respiratory functions during
sleep. In Session 3, we used polygraphy to analyze the abnormal breathing during sleep.
There were two neuropsychological assessments: in Session 1 and Session 3. The data
collection was assessed between 7 PM and 8 PM in both cases. After the two and half month

therapy, the average usage of PAP devices was 370 hour.

Statistical Analysis
We used independent sample t-test to evaluate the effect of two and half month PAP
treatment and Pearson-correlation to assess the relationship between the cognitive functions,

anxiety, sleep parameters and respiratory functions during sleep.

Results
Comparison between Session 1 and Session 2
Sleep structure and respiratory functions during sleep

In the titration night when the participants have already used the PAP devices we
observed significant decreases in wakefulness during sleep (total wakefulness (TWK): t(14) =
3.640, p = 0.003) and reduction of NREM 1 (t(14) = 3.659, p = 0.003) compared to diagnostic
night. Furthermore, we found significant increases in the amount of slow wave sleep (SWS)
(t(14) = -5.660, p < 0.001) and REM sleep (t(14) = -5.660, p < 0.001), which led to increased
total sleep time (TST) (t(14) = -3.192, p = 0.007). These changes in sleep parameters resulted
increased sleep efficiency index (t(14) = -3.478, p = 0.004).

We observed significant improvement of respiratory functions during sleep indicating
by the decreased respiratory disturbance index (RDI: (t(15) = 7.220, p < 0.001) and apnoe-
hypopnoe index (AHI: (t(22) = 6.687, p < 0.001). In addition, the apnetic patients
demonstrated improved saturation (indicating by the minimum SaO2: t(22) = -7.911, p <
0.001, mean Sa02: t(22) = -2.353, p = 0.028 and oxygen desaturation index (ODI): t(22) =
15.311, p < 0.001) in the titration night compared to diagnostic night.
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Comparison between Session 1 and Session 3
Respiratory functions during sleep

After two and half month PAP treatment we used poligraphy, thus we observed the
respiratory events during sleep. Based on poligraphy measurement, we found significant
improvement in AHI index (t(22) = 5.172, p < 0.001) and saturation (indicated by the
minimum Sa02: t(22) = -6.698, p < 0.001, mean SaO2: (t(22) = -3.869, p < 0.001, ODI: t(22)
= 10.173, p < 0.001) after two and half month CPAP/BIPAP therapy. Furthermore, we
revealed significant improvement in level of subjective sleepiness measured by Epworth
Sleepiness Scale (ESS) (t(19) = 4.250, p < 0.001) (see in Figure 9).

Subjective sleepiness and respiratory functions
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Figure 9. Results of sleepiness and respiratory functions before and after 2 and half month treatment: The
OSA groups showed significant improvement in subjective sleepiness (ESS), apnetic/hypopnetic events (AHI/
index) and saturation indicated by the minimum saturation (minSaO and mean saturation (mean SaO,). Error
bars indicate SEM.

Cognitive functions and anxiety

After two and half month PAP treatment we found significant improvement in complex
working memory measured by Backward Digit Span Task (t(23) = -3.158, p = 0.004) and
Listening Span Task (t(23) = -2.068, p = 0.050). Furthermore, patients showed significant
improvement in short- and long term verbal memory performance assesses by the immediate
(t(23) = -4.309, p < 0.001) and delayed story recall (t(23) = 3.715, p = 0.001) in Rivermead
Behavioral Memory Task (RBMT). In addition, we found a trend of improvement in

immediate recognition performance of object pictures measured by RBMT (t(23) = -1.813, p
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= 0.083). In contrast to these results, we revealed significant impairment in delayed condition
of remembering of first and last name (t(23) = 3.715, p = 0.003). (Figure 10).
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Figure 10. Results of cognitive functions before and after 2 and half month treatment: The OSA group
demonstrated significant improvement in Backward Digit Span Task, Listening Span Task and immediate and
delayed story recall in the Rivermead Behavioral Memory Task. We found a trend of improvement in immediate
recognition performance of objects pictures in Rivermead Behavioral Memory Task. Contrary, we revealed
significant impairment in delayed condition of remembering of the first and last name. There were no significant

differences between the Sessions in Letter- and Semantic fluency tasks. Error bars indicate SEM.

In case of State-Trait Anxiety Inventory, we perceived significant improvement in state
anxiety (t(21) = 2.044, p = 0.054) and trend of decreases in trait anxiety level (t(21) = 1.897, p
= 0.072) (see in Figure 11). The mean duration of AHI index was correlated negatively with
anxiety both in the diagnostic night (state anxiety: r(19) = -0.573, p = 0.007, trait anxiety:
r(19) = -0.573, p = 0.007) and after two and half month of CPAP/BIPAP treatment (state
anxiety: r(20) = -0.576, p = 0.005, trait anxiety: r(20) = -0.576, p = 0.005).



44

State-Trait Anxiety Inventory W Session 1
0O Session 3

50 4

40 -

Means

T
STAUstate STAT/trait
State-Trait Anxiety Invetory

Figure 11. Results of state and trait anxiety before and after 2 and half month treatment: The OSA group
showed significant improvement in state anxiety and trend of improvement in trait anxiety level. Error bars
indicate SEM.

Correlation between sleep parameters and cognitive functions

We found significant moderate positive correlation between Letter Fluency Task and
slow wave sleep (r(13 )= 0.535, p = 0.040), the duration of NREM 4 sleep (r(13) = 0.672, p =
0,006) and the amount of delta waves in NREM 4 sleep (r(13) = 0.7, p = 0.004). In addition,
Semantic Fluency Task was moderately correlated with the duration with NREM 4 sleep
(r(13) = 0.525, p = 0.045), sleep spindles in NREM 3 (r(13) = 0.723, p = 0.001) and sleep
spindles in NREM 4 (r(13) = 0.674, p = 0.006). These results indicated that increased slow
waves activity resulted better performance in fluency task related to frontal lobe.

We observed that sleep spindles in NREM 3 and NREM 4 was moderately correlated
with verbal working memory performance measured by Digit Span Task (S3 spindles: r(13) =
0.535, p = 0.040, S4 spindles: (r(13) = 0.587, p = 0.022), complex working memory measured
by Backward Digit Span Task (S3 spindles: (r(13) = 0.605, p = 0. 017, S4 spindles: (r(13) =
0.629, p = 0.012) and Listening Span Task (S3 spindles: r(13) = 0.703, p = 0.003, S4
spindles: (r(13) = 0.746, p 0.001).

Correlation between respiratory events, sleepiness and cognitive functions

We revealed moderate negative correlation between Letter Fluency Task and
Respiratory Disturbance Index (RDI) (r(12) = -0.694, p = 0.004) and number of apnetic and
hyponetic events (AHI events) (r(21) = -0.494, p = 0.017). Semantic Fluency Task also
demonstrated high, negative correlation with RDI (r(13) = -0.723, p = 0.002) and AHI events
(r(21) = -0.453, p = 0.030). Furthermore, the immediate (r(13) = -0.556, p = 0.031) and
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delayed story recall (r(13) = -0.595, p = 0.019) in RBMT showed moderate negative
correlation with RDI. Moreover, sleepiness measured by Epworth Sleepiness Scale showed
moderate negative correlation with immediate story recall performance (r(18) = -0.540, p =
0.014) and executive functions measured by letter fluency task (r(18) = -0.465, p = 0.039).

Discussion

In Study I and Study 11, we investigated the effect of sleep disruption on declarative
and two aspects of non-declarative memory functions and the consolidation of these different
memory processes in children with SDB compared to healthy control subjects. In the learning
phase, our results showed that children with SDB exhibited generally weaker declarative
memory performance while the non-declarative performance was preserved. Regarding the
offline changes, we found intact consolidation in the case of declarative memory as well as
sequence-specific and general skill aspects of non-declarative memory in SDB.

Our results on declarative memory performance in the learning phase are in line with
previous studies that found weaker declarative memory performance in the SDB group
(Blunden et al., 2000; Gottlieb et al., 2004; Kaemingk et al., 2003; Kennedy et al., 2004). The
mechanism causing these memory deficits has not been fully explored. Results from previous
studies supposed that sleep fragmentation and intermittent hypoxia could have negative
influence on the developing brain resulting structural changes in the neural circuits,
particularly in the hippocampus and frontal lobe (Barlett et al., 2004; Halbower & Mahone,
2006; Halbower et al., 2006; Macey et al., 2002; Owens, 2009). In the case of the offline
changes of declarative memory, there was a general group difference in the overall
performance, but both groups showed intact overnight consolidation. This result contradicts
the findings of Kheriandish-Gozal et al. (2010) who observed decreased consolidation of
declarative memory in children with obstructive sleep apnea. The difference between the two
studies might be explained by the type of materials to be remembered (verbal vs. non-verbal)
or other task characteristics (e.g. number of repetitions). Another possible explanation might
be that the SDB group in our study demonstrated floor effect with no room to forget or
improve in the offline period. Furthermore, we cannot exclude the explanation that the lower
performance was caused by fatigue and lower arousal because declarative memory depends
on attentional resources to a higher extent than non-declarative learning.

In the case of non-declarative learning, only a few studies have examined the implicit

sequence learning in children with SDB. Our results are in line with previous work that
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revealed similar performance in learning function between children with obstructive sleep
apnea and healthy controls (Halbower et al., 2006; Hamasaki Uema et al., 2007). Moreover,
these findings are similar to those of previous studies, which found no sleep-related
improvement in non-declarative memory processes in healthy children (Backhaus et al., 2008;
Prehn-Kristensen et al., 2009; Wilhelm et al., 2008). Based on these and our results, we can
suggest that permanent sleep disturbances have less influence on sequence-specific learning in
childhood. In addition, our results consistent with sleep deprivation studies in adults, which
demonstrated intact non-declarative learning (Serial Reaction Time; SRT) (Genzel et al.,
2009; Van Der Werf et al., 2011; Wilson et al., 2012). To our knowledge, the consolidation
on non-declarative memory has not been tested in children with SDB yet. There are few
studies investigating non-declarative memory consolidation in the adult with OSA. For
example, Kloepfer et al. (2009) found reduced overnight improvement on average RT
performance in OSA patients using a very different task compared to ours (motor adaptation
vs. sequence learning, respectively). Djonlagic et al. (2012) also examined adult OSA
population and revealed that OSA and control groups showed almost identical performance in
the initial training in the evening on a sequence learning task, but the control group exhibited
significantly more overnight improvement. The authors suggest that this weaker offline
performance was caused by sleep fragmentation in OSA. These differences between adults
and children highlight the importance of developmental factors in the consolidation of non-
declarative memory. Sleep disorder breathing might affect the underlying neural network
differently in childhood compared to adulthood.

In Study 11l and Study IV, we examined the effect of sleep disturbances on non-
declarative/implicit sequence learning and working memory processes and the consolidation
of non-declarative/implicit sequence learning in patients with obstructive sleep apnea
compared to healthy controls. In the case of the learning phase, we observed that OSA
patients showed general skill learning and sequence-specific learning similar to that of
controls. In contrast, the working memory performance was impaired in the OSA group. In
the case of the consolidation of non-declarative learning we revealed differences in offline
changes of general skill between OSA patients and controls. The control group showed offline
improvement from evening to morning, thus they became faster in the morning after the
offline period, while the OSA group did not. In contrast, we failed to find differences in the
offline changes of sequence-specific knowledge between the groups. Thus, we found

dissociation in these two aspects of non-declarative memory consolidation.
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Our results on working memory performance are similar to those of earlier studies
showing impaired working memory in the OSA group (Archbold et al., 2009; Cosentino et al.,
2008; Naegele et al., 2006). The cause of this low working memory performance can be
linked to the dysfunction of the frontal lobe (Cosentino et al., 2008). For instance, Thomas et
al. (2005) found an absence of dorsolateral prefrontal activation during working memory task
in patients with OSA.

In the case of non-declarative learning, we revealed intact learning curves which are in
line with previous studies investigating non-declarative learning in OSA patients (Archbold et
al., 2009; Wilde et al., 2007). Our findings are similar to those of previous sleep-deprivation
studies, which found intact non-declarative performance in spite of sleep disruption (Van der
Werf et al., 2011). In another type of non-declarative memory, Rouleau et al. (2002) found
preserved learning measured by a sensorimotor adaptation task in OSA patients, although a
subgroup of them demonstrated deficits in initial learning performance. This subgroup also
had difficulties on other neuropsychological tests (e. g. executive functions). Naegele et al.
(1995) using the same task also found significant but weaker learning in OSA than in the
control group. The authors suggest that patients with OSA have difficulties creating new
sensorimotor coordination. Moreover, our results are consistent with studies claiming no
relationship between working memory and sequence-learning (Kaufman et al., 2010;
McGeorge et al., 1997; Unsworth & Engle, 2005).

In the overnight consolidation of non-declarative memory, we found weaker
performance on general skill learning in OSA patients compared to the controls who
demonstrated offline general skill improvement after the 12-hour delay period. Kloepfer et al.
(2009) found similar results: in the encoding, prior to sleep OSA patients showed similar non-
declarative sensorimotor adaptation as the healthy control participants, but they revealed
reduced overnight improvement on average RT performance. A recent sequence learning
study by Djonlagic et al. (2012) also demonstrated that OSA patients and controls displayed
almost identical performance during the initial learning in the evening, but the control group
exhibited significantly more overnight improvement. The authors concluded that this weaker
offline performance was caused by sleep fragmentation in OSA. In the case of the offline
changes of sequence-specific learning, we found similar performance between the OSA and
control groups. This result is in line with previous studies that failed to find sleep-related
changes in the consolidation of sequence-specific learning in healthy participants (Nemeth et

al., 2010; Song et al., 2007). It suggests that sleep might have less influence on this specific
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aspect of non-declarative learning. This conclusion is also supported by two recent reports.
Song & Cohen (2014) propose that practice and sleep form different aspects of skill. Their
results suggest transition learning (as in the ASRT) be an implicit component of skills that
lacks sleep-dependence. In the other recent consolidation study, Meier and Cock (2014) found
neither deterioration nor further improvement in sequence-specific learning over the offline
period, however, they found offline improvement in general skill learning.

In Study V. we investigated the beneficial effect of two and half month of continuous
positive airway pressure treatment on respiratory events during sleep, cognitive functions and
anxiety in adult OSA patients. After treatment, we revealed significant improvement in the
respiratory functions during sleep which led to improvement in sleep structure and reduced
sleepiness. In the case of cognitive functions we observed significant improvement in
complex working memory, short- and long-term verbal memory and short-term visual
memory. In contrast, the OSA patients demonstrated significant impairment in long-term
visual memory. A case of anxiety, we found significant improvement in state anxiety level
and trend in trait anxiety which was correlated with AHI, thus the therapy has positive effect
on anxiety. We found moderate positive correlation between slow wave sleep and executive
functions and spindle activity in NREM 3 and NREM 4 also showed moderate positive
correlations with complex working memory performance. In the case of respiratory functions
during sleep, executive functions were correlated negatively with RDI, AHI and sleepiness.
Furthermore, immediate and delayed story recall was moderately associated with RDI and
immediate story recall also showed moderate correlation with RDI.

Our results on respiratory functions during sleep and sleep characteristics are in line
with previous studies which observed improvement in abnormal breathing during sleep which
led to increased slow wave sleep and REM sleep and decreased light sleep stages (Heinzer et
al., 2001; Verma et al., 2001; Morisson et al., 2001).

Our findings of working memory performance are similar to the findings of Felver-Gant
et al. (2007), however they found no improvement on verbal episodic memory. In contrast,
Thomas et al. (2005) did not observed improvement in working memory performance after 2
months of PAP treatment suggesting that OSA cause irreversible damages on dorsolateral
prefrontal activity that the underlying mechanism of working memory.

Similar to our results, previous studies revealed improvement in verbal episodic
memory after short- and long-term PAP treatment in OSA patients. Nevertheless, these

studies failed to found impairment in long-term visual memory performance (Bedard et al.,
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1993; Borak et al., 1996). The possible explanation might be that these studies examined mild
OSA patients after 3-month treatment. In our study, we measured moderate to severe OSA
patients after 2 and half month therapy. In contrast to our results, Barnes et al. (2002) and
Engleman et al. (1997) observed improvement in executive functions while we did not. The
differences between the results might be explained by the type of the task (fluency task vs.
neuropsychological assessment battery). Another possible explanation might be that previous
studies examined mild OSA patients.

In the case of anxiety, our results are in line with previous studies which observed
improvement in anxiety level after 1 month (Jokic et al., 1998) and 3 month PAP treatment
(Engelman, Cheshire, Deary & Douglas, 1993). In contrast, Borak et al. (1996) and Munoz et
al. (2000) found no improvement in anxiety neither 3 nor 9 months of PAP treatment.
Moreover, in our study we revealed an association between hypoxic events and anxiety while

Borak et al. (1996) observed correlation between fragmented sleep and anxiety.

It is still debated that fragmented sleep (Adams et al., 2001; Bedard et al., 1993; Redline
& Strohl, 1998) or hypoxic events (Heinzer et al., 2001; Parrino et al., 2005; Thomas et al.,
2005; Verma et al., 2001) or both (Engleman & Joffe, 1999; Ferini-Stambi et al., 2003; Jones
& Harrison, 2001; Morisson et al., 2001) cause the cognitive decrement in obstructive sleep
apnea. In our study, we found that both sleep disruption and intermittent hypoxia can lead to
cognitive deficits. We revealed that executive function associated with increased slow wave
sleep activity and decreased hypoxic events. In addition, hypoxic events showed association
with short- and long-term episodic memory and anxiety level. Finally, sleepiness was

correlated with executive functions and short-term verbal memory performance.
General conclusion

The following conclusion can be drawn based on the studies presented in this thesis:

1. We found dissociation between declarative and non-declarative memory functions
in children with sleep-disordered breathing; the online declarative memory was
decreased while the non-declarative form of learning was preserved in spite of
intermittent hypoxia and sleep disruption.

2. We found intact consolidation in the case of declarative memory as well as
sequence-specific and general skill aspects of non-declarative memory in children
with SDB.
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We can suggest that permanent sleep disturbances have less influence on implicit
sequence-specific learning in childhood.

We revealed similar pattern of impairment in adult OSA patients as children with
SDB; the working memory was impaired while the online implicit sequence
learning was preserved in spite of hypoxia and sleep deprivation.

Our results are consistent with studies claiming no relationship between working
memory and sequence learning.

More attention-demanding processes mediated by cortical structures (e.g. prefrontal
and mediotemporal lobe) are influenced by hypoxia and disrupted sleep structure
while on the less attention demanding non-declarative processes mediated by
subcortical structures (e.g. caudate nucleus, putamen) remain intact.

Regarding the consolidation of the two aspects of non-declarative memory in OSA
patients we observed differences between the offline changes of general skill
compared to controls; the control group showed offline improvement from evening
to morning, thus they became faster in the morning after the offline period while the
OSA group did not.

We failed to find differences between the OSA and control group not only in online
sequence-specific learning but also in the consolidation of sequence-specific
knowledge. It suggests that sleep might have less influence on this specific aspect of
non-declarative learning.

Long-term sleep disturbances present in adult OSA patients play a differential role
in the consolidation of the two aspects of non-declarative learning.

Short-term positive airway pressure therapy can improve the respiratory functions
during sleep leading to improvement sleep patterns and reduced sleepiness.
Short-term PAP treatment restored anxiety level the cognitive functions such as
working memory, short- and long term verbal memory. However, despite the
treatment the long term visual memory functions remain impaired.

Based on our results both intermittent hypoxia and fragmented sleep might can
cause the cognitive decrement in obstructive sleep apnea.

Our findings suggest that cognitive dysfunction is at least partial reversible in OSA
patients after short-term PAP therapy.
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Our findings underscore the importance of examining the effect of sleep disturbances on
cognitive functions not only in children but also in adults. These studies can give us a deeper
insight into the effect of sleep on the developing brain and memory functions and how the
relationship between sleep and memory changes from childhood to adulthood. Our results can
help us develop more sophisticated diagnostic tools, neuropsychological profile and more
effective rehabilitation programs. Furthermore, our results complement sleep-dependent
memory consolidation models well and draw attention the fact that sleep might have less

influence on the structures related to non-declarative memory processes.
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A large amount of studies have investigated the association between sleep and memory systems. However, remark-
ably little is known of the effect of sleep disorders on declarative and nondeclarative memory for children. In the
present study we examined the effects of sleep disorders on different aspects of memory functions by testing chil-
dren with sleep-disordered breathing (SDB), which is characterized by disrupted sleep patterns. We used “The
War of the Ghosts” test to measure declarative memory and the Alternating Serial Reaction Time (ASRT) task.
This enabled us to measure two aspects of nondeclarative memory—general skill learning and sequence-specific
learning—separately. Ten children with SDB and 10 healthy controls participated in this study. Our data showed
dissociation between declarative and nondeclarative memory in children with SDB. They showed impaired declar-
ative memory, while the sequence-specific and general skill learning was similar to that of healthy controls, in spite
of sleep disruption. Our findings suggest that sleep-disordered breathing affects declarative and nondeclarative
memory differently in children. Moreover, these findings imply that the disrupted sleep pattern influences the more
attention-demanding and cortical structure-guided explicit processes, while the less attention-demanding implicit
processes mediated by subcortical structures are preserved.
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Human learning and memory depend on mul-
tiple cognitive systems associated with distinct
brain structures. Traditionally, declarative and
nondeclarative memory systems are distinguished.
Declarative memory is accessible to conscious rec-
ollection, including facts and episodes (for exam-
ple, remembering events explicitly). It is defined
by voluntary mechanisms that rely more on atten-
tional resources and is thought to be mediated
by frontal and medial temporal lobe structures.
Nondeclarative memory relies more on auto-
matic, nonconscious/implicit processes including

habituation, conditioning, and motor and percep-
tual skills (for example, playing the piano). It is
primarily linked to frontostriatal networks (Cohen,
Pascual-Leone, Press, & Robertson, 2005; Dennis
& Cabeza, 2011; Doyon et al., 2009; Squire & Zola,
1996), while the hippocampus and medial tempo-
ral lobe structures can also be involved (Albouy
et al., 2008; Schendan, Searl, Melrose, & Stern,
2003). These systems interact in cooperative and
sometimes competitive ways to optimize memory
and information processing performance (Poldrack
et al., 2001; Poldrack & Packard, 2003). Previous
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studies in healthy children revealed that these two
types of memory systems are differentially affected
by sleep (Prehn-Kristensen et al., 2009; Wilhelm,
Dickelmann, & Born, 2008). However, only one
study investigated the effect of sleep disorders on
declarative and nondeclarative memory systems at
the same time in adults (Nemeth, Csabi, Janacsek,
Varszegi, & Mari, 2012). In this study, patients
with sleep disorders showed a lower working mem-
ory capacity, whereas the pattern of implicit learn-
ing was similar to that of healthy control subjects
(Nemeth et al., 2012). As far as we know, no pre-
vious studies have examined this aspect among
sleep-disordered children. Thus, we tried to fill this
gap by exploring memory systems in children with
sleep-disordered breathing (SDB).

There is a growing body of evidence that sleep
contributes to the consolidation of memory by
the enhancement of neural plasticity, which leads
to the memory representation being more resis-
tant to interference and forgetting (Diekelmann
& Born, 2010; Diekelmann, Wilhelm, & Born,
2009; Stickgold & Walker, 2007). This view was
confirmed in adults (Gais & Born, 2004; Walker,
Brakefield, Morgan, Hobson, & Stickgold, 2002)
but it is still unclear whether sleep contributes
similarly to learning during development. Previous
studies revealed that declarative memory consolida-
tion benefits from sleep in children, but they did not
find sleep-related improvement of nondeclarative
memories (Backhaus, Hoeckesfeld, Hohagen, &
Junghanns, 2008; Prehn-Kristensen et al., 2009;
Wilhelm et al., 2008). Moreover, Fischer, Wilhelm,
and Born (2007) showed a decreased performance
in nondeclarative learning after sleep, suggesting
that sleep plays a differential role for the processes
of nondeclarative learning during childhood devel-
opment compared with adulthood. These results
indicate that sleep-dependent nondeclarative mem-
ory consolidation depends on age (Fischer et al.,
2007; Wilhelm et al., 2008). Contrarily, few studies
found similar performance in sequence learning
between children with obstructive sleep apnea
(OSA) and healthy control participants (Halbower
et al.,, 2006; Hamasaki Uema et al., 2007).
Furthermore, a recent study by Wilhelm, Metzkow-
Mészaros, Knapp, and Born (2012) revealed that
sleep induces the most robust gain in motor
skills at an intermediate pre-sleep performance
level. In low-performing children, sleep-dependent
improvements in skill may be demonstrated only
after enhancing the pre-sleep performance level by
extended training (Wilhelm et al., 2012). To sum-
marize these studies, we can conclude that sleep
has significant effect on memory consolidation.
However, less is known about how the permanent

sleep disruption influences the declarative and
nondeclarative memory functions in general.
Therefore the aim of our study was to investigate
the functional status of children with sleep disorder.

Sleep-disordered breathing (SDB) is an ideal
population to investigate the different effects of
sleep disorder on declarative and nondeclarative
memory processes. SDB is characterized by a
broad spectrum of pathology, ranging from partial
upper airway obstruction, such as primary snor-
ing, to complete upper airway obstruction, such
as obstructive sleep apnea (OSA). The etiology of
SDB in children is multifactorial. Several medi-
cal conditions contribute to the development of
SDB, including obesity, any anatomical abnormali-
ties that narrow the upper airway (e.g., large tongue,
hypertrophy of the adenoids or tonsils), and neu-
romuscular disorders (e.g., cerebral palsy, myotonic
dystrophy; Arens et al., 2001; Guimaraes et al.,
2008; Katz & D’Ambrosio, 2008; Sullivan, Li, &
Guilleminault, 2008). Furthermore, local or sys-
temic inflammation and syndromes with midface
hypoplasia also predispose to SDB (e.g., Crouzon
syndrome, Treacher Collins syndrome; Donelly,
Shott, LaRose, Chini, & Amin, 2004; Goldbart &
Tal, 2008). The pathophysiology of SDB includes
a decrease of the ventilatory drive and the upper
airway muscle tone during sleep. This relaxed con-
dition increases the collapsibility of upper airways
and the resistance of air flow that is already nar-
rowed by the above-mentioned causes. The collapse
of pharyngeal airways leads to partial (hypopnea)
or total airway obstruction (apnea), which dis-
rupts the normal ventilation and sleep pattern
during sleep (Coleman, 2003; Li & Lee, 2009;
Mitchell, 2008; Sinha & Guilleminault, 2010). SDB
is associated with a reduction in cognitive per-
formance, such as attention, especially sustained
attention rather than short-term attention, which
may contribute to memory deficits (Beebe, 20006).
Furthermore, SDB can cause a decrement in mem-
ory performance (Kheirandish-Gozal, de Jong,
Spruyt, Chamuleau, & Gozal, 2010) and deteriora-
tion of executive functions (Beebe & Gozal, 2002).
For example, the former study by Kheirandish-
Gozal et al. (2010) investigated the acquisition and
recall of declarative memory using a pictorial task
in children with obstructive sleep apnea and healthy
controls. They revealed that children with OSA
showed decreased acquisition and recall perfor-
mance compared to the control group. The authors
suggested that this reduced performance may be
caused by impaired ability to use adequate learning
strategies, which leads to difficulties to learn new
information or children with OSA suffering from
impaired encoding or altered retrieval.



These decrements lead to decreased learning abil-
ities, a deficit in general intelligence, and lower
school performance (Beebe et al., 2004; Blunden,
Lushington, Kennedy, Martin, & Dawson, 2000;
Gottlieb et al.,, 2004; Kennedy et al.,, 2004;
O’Brien, Mervis, Holbrook, Bruner, Klaus, et al.,
2004; Salorio, White, Piccirillo, Duntley, & Uhles,
2002). Previous studies have found neurobehavioral
deficits associated with snoring in children that are
similar to those found in children with OSA (Gozal
& O’Brien, 2004; O’Brien, Mervis, Holbrook,
Bruner, Smith, et al., 2004). However, the mecha-
nism causing these neuropsychological deficits has
not been fully delineated. The long-term sleep frag-
mentation and oxygen deprivation might cause the
dysfunction of memory and executive processes by
disturbing the neuronal myelination and normal
blood gas, which impacts the development of the
brain, particularly in the hippocampus and frontal
lobe structures (Bartlett et al., 2004; Halbower
et al., 2006; Macey et al., 2002; Morrell et al., 2003).
For example, Macey et al. (2002) revealed decreased
gray matter in the hippocampus and frontal lobe
in adult patients with OSA. The problem with
behavioral regulation exhibited by children with
SDB might also imply frontal lobe dysfunction.
Frontal lobe function develops throughout child-
hood and is important for executive functions and
attention-demanding tasks. In general, the dam-
age to this region before the maturation of the
prefrontal cortex could affect cognitive potential
(Archbold, 2006; Beebe & Gozal, 2002; O’Brien
et al., 2011).

The dissociation between declarative and non-
declarative processes caused by long-term sleep dis-
ruption is clearly demonstrated in adults (Nemeth
et al., 2012). The current study focuses on the
developmental aspect of the effect of perma-
nent sleep disturbances on different memory func-
tions. We hypothesize that the frontal-lobe-related
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executive functions and the attention-demanding
declarative memory are affected by SDB, while the
less attention-demanding nondeclarative learning
functions remain intact.

METHOD
Participants

Twenty children participated in the experi-
ment (Table 1). All participants underwent an
overnight polygraphy, which was performed
with the Somnomedics Somnoscreen plus device
(Somnomedics, Randersacker, Germany) at the
Sleep Disorders Laboratory of Heim Pal Children’s
Hospital, Budapest, Hungary. The SDB was diag-
nosed by a board-certified sleep physician. The
SDB group consisted of 10 children with SDB
(average age: 8.8 years, SD = 1.68; average educa-
tion, i.e., average number of school years: 2.1 years,
SD = 1.66: 5 females/5 males), 4 of them with OSA
and 6 of them with primary snoring. According
to the literature (Blunden et al., 2000; Kennedy
et al., 2004; Montgomery-Downs, O’Brien, Cheryl,
Holbrook, & Gozal, 2004), the main difference
between the groups is the Snoring Index, #9) =
2.87, p < .01 (0.1 vs. 11.00).

The control group consisted of 10 healthy par-
ticipants matched by age and education (average
age: 9.3 years, SD = 2.45; average education:
3.3 years, SD = 2.54; 7 females/3 males). They did
not suffer from any developmental, psychiatric, or
neurological disorders and were free of any sleeping
disorders. Informed written parental consent and
verbal assent of the children were provided, and
participants did not receive financial compensa-
tion for their participation. Ethics approval was
obtained by the Ethics Committee at Heim Pal
Children’s Hospital, Budapest.

TABLE 1
Sleep parameters, demographic data and executive functioning measures of the groups

Control (n=10) SDB (n=10) t(df) P
Age (years) 9.3(2.45) 8.8 (1.68) —0.531 (18) .602
Sex female/male (1) 3/7 5/5
Education (years) 3.3(2.54) 2.1 (1.66) —1.25(18) 22
BMI (kg/m?) 16.64 (3.14) 15.77 (3.03) —0.629 (18) .53
AHI (events/hour) 0.14 (0.22) 1.96 (2.81) 2.037 (9.11) 07*%*
Snore Index (events/hour) 0.1 (0.06) 11.00 (11.97) 2.87(9) 01**
TST (min) 464.11 (25.15) 473.1 (11.09) 0.988 (10.7) 34
Letter fluency 8.4 (4.59) 5.6 (3.56) —1.52(18) .14
Semantic fluency 14.2 (4.93) 13.5(4.67) —0.32 (18) 74

Notes. Data are presented as mean, with standard deviations in parentheses, or %, unless otherwise stated. SDB = sleep-disordered
breathing; BMI = body mass index, kg m~2; AHI = Apnea—Hypopnea Index: apneic and hypopneic events per hour of sleep; Snore

Index = snoring events per hour; TST = total sleep time.
*p < .05.
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Tasks

Alternating Serial Reaction Time (ASRT)
task

We used a modified version of the original ASRT
task in order to assess nondeclarative/implicit
learning performance. In the original version of
this task, four open circles were displayed in the
middle of the computer screen, and subjects had
to press the corresponding button when the cir-
cles were filled in with black (Howard & Howard,
1997). In our version, a dog’s head appeared in one
of the four empty circles on the screen, and the
participants had to press the corresponding button
(Nemeth et al., 2010). The computer was equipped
with a special keyboard, which had four marked
keys (Y, C, B, and M on a Hungarian keyboard),
each corresponding to the circles. Before begin-
ning the task, detailed instructions were read to
the participants. We emphasized that the aim was
to try to respond as quickly and as correctly as
possible.

The ASRT consisted of 25 blocks, with 85 key
presses in each block. The first five stimuli were ran-
dom for practice purposes, then the eight-element
alternating sequence (e.g., 2r1rdr3r, where numbers
represent the four places on the screen, and r rep-
resents an event randomly selected from the four
possible places) was repeated 10 times. Following
Nemeth et al. (2010), stimuli were presented 120 ms
following the previous response. As one block
took about 1.5 min, the session took approxi-
mately 25-30 min. Between blocks, the participants
received feedback about their overall reaction time
and accuracy on the screen, then were given a
rest of between 10 and 20 s before starting a new
block.

A different ASRT sequence was selected for each
participant based on a permutation rule so that
each of the six unique permutations of the four
repeating events occurred. Consequently, six differ-
ent sequences were used across participants.

As there is a fixed sequence in the ASRT alter-
nating with random stimuli (for instance, 2r1r4r3r),
some triplets or runs of three stimuli occur more
frequently than others. For example, in the above
illustration, triplets 2_1, 1_4, 4_3, and 3_2 would
occur often because the third element (bold num-
bers) could be derived from the sequence or could
also be a random element. In contrast, 1_2 or 4_1
would occur infrequently because in this case the
third element could only be random. Following pre-
vious studies (Howard & Howard, 1997; Nemeth
et al., 2010; Song, Howard, & Howard, 2007), we
refer to the former as high-frequency triplets and

the latter as low-frequency triplets. Of the 64 possi-
ble triplets, the 16 high-frequency triplets occurred
62.5% of the time, and the 48 low-frequency
triplets occurred 37.5% of the time. Note that the
final event of high-frequency triplets is therefore
more predictable from the initial event than the
low-frequency triplets (also known as nonadjacent
second-order dependency; Remillard, 2008).

Previous studies have shown that as people prac-
tice the ASRT task, they come to respond more
quickly to the high- than low-frequency triplets,
revealing sequence-specific learning (Howard et al.,
2004; Howard & Howard, 1997; Janacsek, Fiser,
& Nemeth, 2012; Nemeth et al., 2010; Song et al.,
2007). In addition, general skill learning is revealed
in the ASRT task by the overall speed with which
people respond, irrespective of the triplet types.
Thus, we are able to measure both sequence-specific
and general skill learning in the ASRT task.

“The War of the Ghosts” test

Declarative memory performance was measured
by “The War of the Ghosts” test (Bartlett, 1932;
Bergman & Roediger, 1999; Marsh, 2007). This is
a story recall test, which is widely used to measure
episodic memory performance (Andreano & Cahill,
2006, 2008; Bergman & Roediger, 1999; Hardt,
Einarsson, & Nader, 2010; Schwabe & Wolf, 2009).
In this test, children are required to listen to a short
story and then recall it immediately. The story con-
sisted of 36 sentences; based on the standardized
scoring, each sentence is allocated 1 point for the
verbatim recalled sentences and 0.5 points for partly
correct responses (gist recall; Bartlett, 1932; Gauld
& Stephenson, 1967).

Procedure

We administered the “The War of the Ghosts”
and ASRT task in one session between 19:00 and
21:00 both in SDB and in control groups. The order
of the tasks was counterbalanced.

Statistical analysis

To facilitate data processing, the blocks of ASRT
were organized into epochs of five blocks. The
first epoch contained Blocks 1-5, the second epoch
contained Blocks 6-10, and so on. We calculated
mean accuracy and reaction time (RT) medians
for correct responses only, separate for high- and
low-frequency triplets and for each subject and each
epoch. Note that for each response (n), we defined



whether it was a high- or a low-frequency triplet by
considering whether it was more or less predictable
from the event n — 2. For the analyses reported
below, as in previous research (Howard & Howard,
1997; Nemeth et al., 2010; Song et al., 2007), two
kinds of low-frequency triplets were eliminated:
repetitions (e.g., 222, 333) and trills (e.g., 212, 343).
Repetitions and trills were low frequency for all
participants, and people often showed pre-existing
response tendencies to them (Howard et al., 2004;
Howard & Howard, 1997). By eliminating them
we attempt to ensure that any high- versus low-
frequency differences are due to learning and not
to preexisting tendencies.

RESULTS
Accuracy analysis in the ASRT task
A mixed-design analysis of variance (ANOVA) was

conducted on the five epochs of the data shown in
Figures 1a and 1b with triplet (2: high vs. low) and
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epoch (1-5) as within-subjects factors and group
(SDB vs. control) as a between-subjects factor.

There was significant sequence-specific learning
[indicated by the significant main effect of triplet:
F(1, 18) = 33.50, np> = .65, p < .001] such
that accuracy was greater on high- than on
low-frequency triplets. SDB and control groups
showed no differences in sequence-specific learning
[Triplet x Group interaction: F(1, 18) = 0.02, 1> =
.002, p = .87].

There was a trend in general skill learning [shown
main effect of epoch: F(4, 72) = 3.07, n,* = .15,
p = .07] for accuracy to decrease across epochs.
SDB and control groups performed at the same
level [Epoch x Group interaction: F(4, 72) = 0.45,
np° = .02, p = .58].

The Triplet x Epoch and Triplet x Epoch x
Group interactions were not significant [F(4, 72) =
1.43,mp2 = .07, p = .23; F(4,72) = 1.73, 1> = .08,
p = .15; respectively], indicating that the pattern of
learning was similar in the groups. The main effect
of group was not significant [main effect of group:
F(1, 18) = 0.66, n,> = .04, p = .42], reflecting that

(b) Accuracy for high and low triplets
in control group
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Figure 1. Results of accuracy for high and low triplets in (a) sleep-disordered breathing (SDB) and (b) control groups: Both groups
showed significant sequence-specific learning, such that accuracy was greater on high- than on low-frequency triplets. There was a trend
in general skill learning for accuracy to decrease across epochs in both groups. There were no differences between the groups: The pattern
of learning was similar in the SDB and control groups. The results of reaction time (RT) for high- and low-frequency triplets in (c) SDB
and (d) control groups are also plotted: Both groups demonstrated significant sequence-specific and general skill learning, such that RT
was faster on high- than on low-frequency triplets, and the RT decreased across epochs. There were no significant differences between
the groups: The pattern of learning was similar in the SDB and control groups. Error bars indicate standard error of mean (SEM).
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all groups responded with similar accuracy rates
(SDB group: 83%, control group: 87%).

Reaction time analysis in ASRT task

Similarly to the accuracy analysis, a mixed-design
ANOVA was conducted on the five epochs of the
data shown in Figures 1c and 1d with (triplet: high
vs. low) and (epoch: 1-5) as within-subjects factors,
and group (SDB vs. control) as a between-subjects
factor.

Our data revealed significant sequence-specific
learning [indicated by the significant main effect of
triplet: F(1, 18) = 38.57, n,? = .68, p < .001], such
that RT was faster on high- than on low-frequency
triplets. SDB and control groups showed no dif-
ferences in sequence-specific learning [Triplet x
Group interaction: F(1, 18) = 0.01, np2 = .001,
p=.92].

There was also significant general skill learn-
ing [shown by the significant main effect of epoch:
F(4,72) = 20.06, n,? = .32, p < .001], such that RT
decreased across epochs, irrespectively of the triplet
type. SDB and control groups performed at the
same level [Epoch x Group interaction: F(4, 72) =
0.31,mp> = .02, p = .66).

The Triplet x Epoch and Triplet x Epoch x
Group interactions were not significant [F(4, 72) =
2.07,mp% = .10, p = .14; F(4,72) = 0.16, 1> = .009,
p = .87; respectively], indicating that the pattern of
learning was similar in the groups. In the general
reaction time, the SDB group did not differ signifi-
cantly from the control group [main effect of group:
F(1,18) = 1.09, n,? = .06, p = .31].

“The War of the Ghosts” test

In the case of the “War of the Ghosts” task, we
used one-sample ¢ tests to determine whether par-
ticipants could recall significantly more sentences
than zero, separately for the SDB and the control
group. Then, the performances of the two groups
were compared using an independent-samples
1 test.

The analysis revealed that both groups could
recall sentences from the story, demonstrating a
significantly better performance than zero [SDB
group: #(9) = 11.00, p < .001; control group: #9) =
12.51, p < .001]. Nevertheless, the declarative mem-
ory performance of the SDB group was significantly
lower (7.7, SD = 2.21, vs. 14.7, SD = 3.71) than
that of the control group, #(18) = -5.12, p < .001,
Cohen’s d = 2.36 (Figure 2).

The "War of the Ghosts" Test
36
32 - M Control
28 OSsDB
24 A
20
16
12

Scores

Control SDB
Groups

Figure 2. Declarative memory performance in sleep-disordered
breathing (SDB) and control groups: The declarative memory
performance of the SDB group was significantly lower than that
of the control group. The dependent variable was the number of
correctly recalled sentences. Error bars indicate standard error
of mean (SEM).

DISCUSSION

Our goal was to investigate the effect of long-
term sleep disturbances on declarative and
nondeclarative memory functions in children with
SDB. To examine nondeclarative memory we used
the ASRT task, which allowed us to differentiate
between general skill and sequence-specific learn-
ing. We found that children with SDB showed
general skill learning and implicit learning of
probabilistic sequences similar to that of healthy
controls. In contrast, the SDB group demonstrated
weaker declarative memory performance, mea-
sured by “The War of the Ghosts” test. Thus
we found dissociation between declarative and
nondeclarative memory functions.

Our results on declarative memory performance
are similar to those of earlier studies showing
weaker declarative memory performance in the
SDB group (Blunden et al., 2000; Gottlieb et al.,
2004; Kaemingk et al., 2003; Kennedy et al., 2004).
Kennedy et al. (2004) found a direct relationship
between the numbers of apneic/hypopneic events,
oxygen desaturation, and the severity of neurocog-
nitive deficits, with the greatest effect being on
memory scores. The cause of this low memory per-
formance can be linked to dysfunction of the frontal
lobe (Cosentino et al., 2008; Thomas, Rosen, Stern,
Weiss, & Kwong, 2005), as previous studies showed
that the frontal lobe is the most vulnerable to sleep
loss (Archbold, Giordani, Ruzicka, & Chervin,
2004; Jones & Harrison, 2001; Muzur, Pace-Schott,
& Hobson, 2002).

We found similar performance between the SDB
and the control group in general skill and sequence-
specific learning, both in accuracy and in reaction
time. Only a few studies have examined sequence



learning in childhood SDB, but our results are in
line with previous work that found similar perfor-
mance in learning function between children with
OSA and healthy control participants (Halbower
et al., 2006; Hamasaki Uema et al., 2007). To our
knowledge, nondeclarative probabilistic sequence
learning has never been tested in this patient pop-
ulation. We believed that the ASRT task allows
the highest degree of specificity among available
sequence learning tasks to study subcortical learn-
ing functions selectively, with the least cortical
influence (Fletcher et al., 2005).

Our results are consistent with sleep depriva-
tion studies in adults, which demonstrated weaker
declarative knowledge, while the nondeclarative
learning (serial reaction time; SRT) remained intact
(Genzel, Dresler, Wehrle, Grozinger, & Steiger,
2009; Van Der Werf, Altena, Vis, Koene, & Van
Someren, 2011; Wilson, Baran, Pace-Schott, Ivry,
& Spencer, 2012). In our previous work, we also
found impaired working memory, while the pat-
tern of nondeclarative learning remained intact in
patients with OSA (Nemeth et al., 2012). Moreover,
these findings are similar to those of previous stud-
ies, which failed to find sleep-related improvement
in nondeclarative memory processes in healthy chil-
dren (Backhaus et al., 2008; Prehn-Kristensen et al.,
2009; Wilhelm et al., 2008). Based on our results, we
can suggest that permanent sleep disturbances have
less influence on sequence-specific learning as well,
not only in adulthood but also in childhood. In the
declarative versus nondeclarative comparison, how-
ever, we cannot exclude the explanation that the
lower performance on the declarative task was
caused by fatigue and lower arousal because this
type of memory depends on attentional resources
to a higher extent than nondeclarative learning.
Future studies need to clarify this issue.

Taken together, this study found dissociation
between declarative and nondeclarative memory
processes in children with SDB. The declarative
memory was decreased, while the nondeclarative
form of learning was preserved, in spite of perma-
nent sleep disruption in SDB. These findings sug-
gest that the more attention-demanding processes
mediated by cortical structures (e.g., prefrontal
and mediotemporal lobe) are influenced by dis-
rupted sleep architecture, while the less attention-
demanding nondeclarative processes mediated by
subcortical structures (e.g., caudate nucleus, puta-
men) remain intact.
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Healthy sleep is essential in children’s cognitive, behavioral, and emotional development.
However, remarkably little is known about the influence of sleep disorders on different
memory processes in childhood. Such data could give us a deeper insight into the
effect of sleep on the developing brain and memory functions and how the relationship
between sleep and memory changes from childhood to adulthood. In the present
study we examined the effect of sleep disorder on declarative and non-declarative
memory consolidation by testing children with sleep-disordered breathing (SDB) which
is characterized by disrupted sleep structure. We used a story recall task to measure
declarative memory and Alternating Serial Reaction time (ASRT) task to assess non-
declarative memory. This task enables us to measure two aspects of non-declarative
memory, namely general motor skill learning and sequence-specific learning. There
were two sessions: a learning phase and a testing phase, separated by a 12 h offline
period with sleep. Our data showed that children with SDB exhibited a generally lower
declarative memory performance both in the learning and testing phase; however, both
the SDB and control groups exhibited retention of the previously recalled items after the
offline period. Here we showed intact non-declarative consolidation in SDB group in both
sequence-specific and general motor skill. These findings suggest that sleep disorders
in childhood have a differential effect on different memory processes (online vs. offling)
and give us insight into how sleep disturbances affects developing brain.

Keywords: sleep deprivation, memory consolidation, declarative memory, skill learning, sequence learning, sleep-
disordered breathing (SDB), implicit learning

INTRODUCTION

Healthy sleep is critical for children’s cognitive, behavioral, and emotional development.
Unfortunately, sleep disturbances are common in childhood, including both primary (e.g.,
insomnia and sleep apnea) and secondary sleep disorders (other illnesses e.g., depression or
bad/altered sleep hygiene results the sleep disorders; Anuntaseree et al., 2001; Rosen et al., 2003;
Bixler et al., 2009). The prevalence of sleep disorders in childhood estimates vary from 0.7 to 13%
(Brunetti et al., 2001; Bixler et al., 2009). Therefore clinical research and practice need to focus
more on sleep disturbances in children. The current study focuses on the effect of childhood
sleep-disordered breathing (SDB) on declarative and non-declarative memory consolidation.
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Memory consolidation can be defined as a set of processes
whereby the newly acquired and initially labile memory traces
become more stable with the passage of time (Stickgold and
Walker, 2007; Spencer, 2013; Urbain et al., 2013). Growing body
of evidence indicates that sleep plays a crucial role in these
consolidation mechanisms and leads to memory representation
being more resistant to interference and forgetting (Dorfberger
et al, 2007; Diekelmann et al., 2009; Rudoy et al., 2009;
Diekelmann and Born, 2010; Diekelmann, 2014; Mednick et al.,
2011; Born and Wilhelm, 2012; Schonauer et al., 2014, 2015).

The effect of sleep on declarative (e.g., remembering events
or facts) and non-declarative/procedural memory (e.g., learning
languages, learning to musical instruments and movement-
based sports) domains is well explored in healthy adults
(Fischer et al., 2002; Walker et al., 2002; Gais and Born,
2004; Gais et al., 2006; Song et al, 2007; Rickard et al.,
2008; Nemeth et al, 2010), but only a few studies focused
on children. These studies with typically developing children
found that post-training sleep facilitates the consolidation of
declarative memory processes (Gais et al., 2006; Backhaus
et al., 2008; Wilhelm et al, 2008; Prehn-Kristensen et al.,
2009) but the effect of sleep on non-declarative memory
consolidation is still controversial. Some studies failed to
find a facilitating effect of sleep on non-declarative memory
consolidation (Wilhelm et al., 2008; Prehn-Kristensen et al.,
2009), however some recent studies revealed that sleep impacts
on non-declarative/procedural memory in children (Fischer
et al., 2007; Wilhelm et al., 2012, 2013; Urbain et al., 2013).
In contrast to these results, Fischer et al. (2007) demonstrated
offline decrement after sleep in non-declarative memory in
children compared to adults who showed offline improvement
after sleep. In a recent study Borragan et al. (2015) clarified
the picture by showing that sleep has a beneficial effect on
the consolidation of motor skills but it has no influence on
sequential skills. These results indicate that sleep-dependent non-
declarative memory consolidation can depend on age (Fischer
et al., 2007; Wilhelm et al., 2008) and the nature of the task
(Wilhelm et al., 2008, 2012; Borragan et al., 2015). Less is known
about how permanent sleep-disorder influences sleep-dependent
consolidation of declarative and non-declarative memories in
children.

In our study we examined children with SDB which is an
ideal population to investigate the effects of sleep disorder
on the consolidation of different memory systems. SDB is a
spectrum disorder characterized by prolonged and intermittent
partial (such as snoring) or complete upper airway obstruction
(such as Obstructive sleep apnea, OSA) that disturbs normal
ventilation and sleep pattern during sleep. Especially slow
wave sleep and REM sleep are affected in SDB (Coleman,
2003; Li and Lee, 2009; Sinha and Guilleminault, 2010).
OSA is the worst grade on this spectrum characterized
by repetitive episodes of complete or partial upper airway
obstruction during sleep resulting hypoxia and fragmented
sleep (Banno and Kryger, 2007). The main cases of SDB
in children is with adenotonsillar hypertrophy, but it also
occurs with obesity, upper airway narrowing due to craniofacial
or neuromuscular abnormalities or muscular coordination

(Arens et al., 2001; Guimaraes et al., 2008; Katz and D’ Ambrosio,
2008).

The neurocognitive consequences of SDB in children have
not yet been fully evaluated. There is emerging evidence
that cognitive deficits are most consistently apparent on
tasks involving sustained attention and executive functions
(Beebe and Gozal, 2002; Archbold et al., 2004; O’Brien
et al., 2004b; Beebe, 2006). In addition, SDB is associated
with deterioration of memory; for example, Gottlieb et al.
(2004) revealed that children with SDB had significantly
poorer performance on verbal (Narrative Memory) and visual
memory tasks (Memory for Faces) compared to healthy
participants. Kheirandish-Gozal et al. (2010) investigated
the learning before sleep (acquisition) and delayed free
recall performance after an overnight sleep (retention) in
children with OSA compared with children without sleep
disorder. They used pictorial-based memory task where the
subjects required to learn and remember animal pictures.
They found that both immediate (before sleep) and delayed
recall performances (after sleep) were worse among OSA
children compared to the control subjects. The authors
suggested that this reduced performance may be caused
by impaired ability to use adequate learning strategies
which either leads to difficulties to learn new information
or children with OSA suffer from impaired encoding or
altered retrieval. In our recent study (Csabi et al, 2013),
we investigated declarative and non-declarative memory
performance in one learning session (without consolidation)
and showed weaker declarative but intact non-declarative
memory performance in children with SDB compared to
the controls. These results suggest that the more attention-
demanding declarative learning are more vulnerable to
permanent sleep disorder than less attention demanding
non-declarative learning.

The mechanisms causing these neuropsychological deficits
have not been fully delineated. Previous studies suggest that
the developing central nervous system in children may be
relatively more vulnerable to the fragmented sleep and hypoxia,
particularly the hippocampus and frontal lobe structures (Macey
et al., 2002; Morrell et al., 2003; Bartlett et al., 2004; Halbower
et al,, 2006; Owens, 2009). Children with SDB can exhibit
daytime behavioral regulation problems (such as inattention,
hyperactivity, aggressiveness, social withdrawal) which might
also imply frontal lobe dysfunction (Chervin and Archbold, 2001;
Beebe and Gozal, 2002; Archbold et al., 2004; Archbold, 2006).

Previous studies examined memory encoding and
consolidation before and after sleep in patients with sleep
apnea in adults, and showed that declarative and some aspects of
non-declarative memory performance is affected in patients with
OSA (Kloepfer et al., 2009; Djonlagic et al., 2012; Csabi et al,,
2014). Similarly to Borragan et al. (2015) we found dissociation
in the effect of sleep (and/or sleep disorder) on offline changes
of general motor skills and sequence-specific learning: adult
OSA patients showed impaired consolidation of general motor
but not on sequence-specific learning (Csabi et al., 2014). To
our knowledge, the current study is the first to assess the effects
of sleep disorder on declarative and non-declarative memory
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functions before and after a nighttime sleep in children. Based
on previous studies, we hypothesized that SDB in childhood
has an adverse effect on the consolidation of declarative
memory while it has less influence on non-declarative memory
consolidation. Within the later one we expect differences in
the consolidation of motor and sequence-specific aspects of the
offline changes.

MATERIALS AND METHODS

Participants

Thirty two children participated in the experiment. Breathing
events during sleep, Body Mass Index (BMI) and working
memory (WM) measures of the SDB patients and healthy
participants are listed in Table 1. All participants underwent
an overnight polygraphy, which was performed with the
Somnomedics Somnoscreen plus device (Randersacker,
Germany) at the Sleep Disorders Laboratory of Heim Pal
Children’s Hospital, Budapest, Hungary. Patients who met
the International Classification of Sleep Disorders criteria’s
(American Academy of Sleep Medicine, 2001) for SDB were
included in the study. SDB was diagnosed by a board-certified
sleep physician. The SDB group consisted of sixteen children
with SDB (average age: 8.56 years [min: 6 to max: 11 years],
SD: 2.31; 6 females/10 males) six of them with OSA and ten
of them with primary snoring. The Apnea/Hypopnea (AHI)
index of the OSA patients (M = 17.32, SD = 30.54, range
2-79) was significantly higher (all p’s < 0.01) than that of the
snoring patients (M = 0.11, SD = 0.19, range 0-1) as well as
the controls (M = 0.11, SD = 0.20, range 0-1). Similarly, the
snore index of the snoring patients (M = 55.10, SD = 54.95,
range 6-155) was significantly higher (all p’s < 0.03) than

TABLE 1 | Means (standard deviations) of participants’ data are presented
in the table.

Control SDB t (df) p-value

(n=16) (n=16)
Snore index events/hour  0.13 (0.34) 40.69 (49.52) —3.28 (15.001) 0.005**
AHI event/hour 0.11(0.20) 6.56(19.62) —1.31(15.003) 0.21
Max. desaturation (%) 92.31 (4.13) 90.56 (7.75) 0.80 (30) 0.43
Desaturation index (%) 0.56 (0.89) 11.25(26.76) —1.60(15.003) 0.13
BMI kg/m? 15,19 (1.22) 19.25(5.17) —3.06(16.67)  0.01*
Counting span 2.88(0.72) 2.48(0.55) 1.74 (30) 0.09+
Listening span 2.40(0.75) 2.16(1.09) 0.72 (30) 0.48
Digit span 4.81(0.65) 4.50(0.89) 1.13 (30) 0.27

Snore Index: snoring events per hour; AHI: Apnea-Hypopnea Index: apnetic and
hypopnetic events per hour of sleep; Max. desaturation: ratio of oxihemoglobin
to the total concentration of hemoglobin present in the blood; Desaturation Index:
number of time/hour of sleep that the blood’s oxygen level drops by 3% or more for
baseline; BMI: body mass index kg/m?. Listening Span Task: a working memory
(WM) task in which the participants are required to listen to increasingly longer
sequences of sentences and to recall the final word of all the sentences in each
sequence in serial order (Daneman and Blennerhassett, 1984). Counting Span
Task: a WM task in which participants are required to count a growing number
of colored dots on the computer screen and remember the number of the dots of
each sequence (Case et al., 1982; *p < 0.05, **p < 0.01, *p < 0.10).

that of the OSA patients (M = 16.67, SD = 28.52, range 0-73)
as well as the controls (M = 0.13, SD = 0.34, range 0-1).
According to the literature, the neurobehavioral deficits is
associated with snoring in children are similar to those found
in children with OSA (Gozal and O’Brien, 2004; O’Brien et al.,
2004a). Therefore we compared the performance of the SDB
group to that of controls and did not intend to examine the
OSA and snoring subgroups separately. All SDB patients were
untreated prior to and during the experimental night in the sleep
laboratory.

The control group consisted of sixteen healthy participants
(average age: 8.75 years, SD: 1.44 [min: 6 to max: 15 years];
8 females/8 males). The control and the patient groups were
matched on age (f39) = 0.28, p = 0.78) and gender (X(zl) =
0.51, p = 0.48) and parental education (mother education:
t(12.54) < 0.001, p > 0.99; father education 3y = 0.61, p = 0.55).
They did not suffer from any developmental, psychiatric or
neurological disorders, and were free of any sleeping disorders.
Informed written parental consent and verbal assent of the
children were provided, and participants did not receive any
financial compensation for their participation. Ethics approval
was obtained by the Ethics Committee at Heim Pal Children’s
Hospital, Budapest.

TASKS

Tasks
Story Recall-“The War of the Ghosts” Test

Declarative memory performance was measured by “The War of
the Ghosts” test (Bartlett, 1932; Bergman and Roediger, 1999).
This is a story recall test, which is widely used to measure
declarative memory for episodes (Bartlett, 1932; Bergman and
Roediger, 1999; Andreano and Cabhill, 2006, 2008; Schwabe and
Wolf, 2009; Hardt et al., 2010). In this test children are asked to
listen and repeat the story after various intervals (immediately or
after a determinate interval). The story consisted of 36 sentences;
based on the standardized scoring, each sentence is allocated
1 point for the verbatim recalled sentences and 0.5 points for
partly correct responses (gist of the sentences; Bartlett, 1932;
Gauld and Stephenson, 1967; Csabi et al., 2013).

Alternating Serial Reaction time (ASRT) Task

We used a modified version of the original ASRT task in order to
assess non-declarative/procedural learning performance. In the
original version of this task, four open circles were displayed
in the middle of the computer screen and subjects had to
press the corresponding button when the circles were filled
in with black (Howard and Howard, 1997). In our version, a
dog’s head appeared in one of the four empty circles on the
screen and participants had to press the corresponding button
(Nemeth et al., 2010). The computer was equipped with a
special keyboard with four marked keys (Y, C, B and M on a
QWERTZ keyboard; thus, compared to the English keyboard
layout, the location of the buttons Z and Y were switched),
each corresponding to one of the horizontally aligned circles.
Before beginning the task, detailed instructions were read to the
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participants. We emphasized that the aim was to try to respond
as quickly and as correctly as possible. Session 1 (Learning
Phase) consisted of 25 blocks, with 85 key presses in each
block—the first five stimuli were random for practice purposes,
then an eight-element alternating sequence (e.g., 2r1r4r3r, where
numbers represent the four places on the screen, and r represents
an event randomly selected from the four possible places)
repeated ten times. This sequence structure is often described
as non-adjacent second-order dependency (Remillard, 2008).
Similarly to earlier studies (Nemeth et al., 2010), stimuli were
presented 120 ms after the previous response (response-to-
stimulus interval, RSI). Each block required about 1.5 min
and the entire session took approximately 30-40 min. Between
blocks, participants received feedback about their overall RT and
accuracy on the screen and then rested 10-20 s before starting
a new block. Session 2 (Testing Phase) consisted of 5 blocks;
the number of key presses and the RSI were the same as in
Session 1 and this Testing Phase took approximately 5-10 min
to complete.

A different ASRT sequence was selected for each
participant based on a permutation rule so that each of
the six unique permutations of the four repeating events
occurred. Consequently, six different sequences were used across
participants.

As there is a fixed sequence in the ASRT task alternating with
random stimuli (for instance 2r1r4r3r), some triplets or runs of
three stimuli occur more frequently than others. For example,
in the above illustration, triplets 2_1, 1_4, 4_3, and 3_2 would
occur often because the third element could be derived from
the sequence or could also be a random element. In contrast,
1_2 or 4_1 would occur less frequently because in this case the
third element could only be random. Following previous studies
(Howard and Howard, 1997; Song et al., 2007; Nemeth et al.,
2010), we refer to the former as high-frequency triplets and the
latter as low-frequency triplets. Out of the 64 possible triplets,
the 16 high-frequency triplets occurred 62.5% of the time and
the 48 low-frequency triplets occurred 37.5% of the time. Note
that the final event of high-frequency triplets is therefore more
predictable from the initial event compared to the low-frequency
triplets.

Previous studies have shown that as people practice the ASRT
task, they come to respond more quickly to the high- than low-
frequency triplets, revealing sequence-specific learning (Howard
and Howard, 1997; Howard et al., 2004; Song et al., 2007; Nemeth
etal., 2010; Janacsek et al., 2012). In addition, general motor skill
learning is revealed in the ASRT task by the overall speed-up
due to practice, irrespective of the triplet types. Thus, using the
ASRT task enables to measure both sequence-specific and general
motor skill learning.

Procedure

There were two sessions in the experiment. The declarative and
non-declarative performance was assessed at 7-9 PM prior to
sleep (Learning Phase/Session 1) and 7-9 AM after sleep (Testing
Phase/Session 2), thus the average interval between the Learning
and Testing Phase was 12 h. The order of the administration
of declarative and non-declarative tasks was counterbalanced in

order to minimize the interference between declarative and non-
declarative tasks (see Brown and Robertson, 2007).

Statistical Analysis

To facilitate data processing, the blocks of ASRT were organized
into epochs of five blocks. The first epoch contained blocks 1-5,
the second epoch contained blocks 6-10, etc. We calculated mean
accuracy and median RT for correct responses only; separate for
high- and low-frequency triplets and for each subject and each
epoch. Note that for each response (n), we defined whether it
was a high- or a low-frequency triplet by considering whether it
was more or less predictable from the event n-2. For the analyses
reported below, as in previous research (Howard and Howard,
1997; Song et al., 2007; Nemeth et al., 2010), two kinds of low
frequency triplets were eliminated: repetitions (e.g., 222, 333) and
trills (e.g., 212, 343). Repetitions and trills were low frequency for
all participants and people often showed pre-existing response
tendencies to them (Howard and Howard, 1997; Howard et al.,
2004). By eliminating them we attempted to ensure that any high-
vs. low-frequency differences are due to learning and not to pre-
existing tendencies.

RESULTS

Story Recall Test

We conducted a mixed design ANOVA with SESSION (1-2)
as a within-subject factor and GROUP (SDB vs. control) as a
between-subject factor to assess offline changes in declarative
memory performance. The main effect of GROUP was significant
(F(1,29) = 6.155, 71; = 0.175, p = 0.019), indicating weaker story
recall performance in the SDB compared to the controls (6.267
vs. 10.406, respectively). This weaker performance of the SDB
group compared to the control group was evident both in
Session 1 (6.87 vs. 10.38; p = 0.03) and in Session 2 (5.67 vs. 10.44;
p =0.01; Figure 1).

Story Recall Test W Evening OMorning

14
12 -
10 -

Scores

o N B O
1

SDB Control

FIGURE 1 | Declarative memory performance in the evening and in the
morning in the SDB and control groups. The dependent variable was the
number of correctly recalled sentences. The overall declarative memory
performance of the SDB group was significantly lower compared to the
control group, but there were no offline changes in the memory performance
in either group. Error bars indicate SEM.
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The main effect of SESSION failed to reach significance
(Fap9) = 2.05, r]f, = 0.06, p = 0.16), suggesting no change
in the performance during the offline period. Similarly, the
SESSION x GROUP interaction was not significant either
(F(1,29) = 2.53, nf) = 0.08, p = 0.12), suggesting no differences in
offline changes between the SDB and control groups.

Accuracy Analysis in the ASRT Task

Online Learning During Session 1 (Learning Phase)

A mixed design ANOVA was conducted on the 5 epochs of the
data shown in Figure 2 with TRIPLET (2: high vs. low) and
EPOCH (1-5) as within-subjects factors and GROUP (SDB vs.
control) as a between-subjects factor.

There was significant sequence-specific learning (indicated by
the significant main effect of TRIPLET: F(; 30, = 61.26, 77[2) =0.67,
p < 0.001), such that accuracy was greater on high- than
on low-frequency triplets. SDB and control groups showed no
differences in sequence-specific learning (TRIPLET x GROUP
interaction: F(j 39) = 0.29, nﬁ =0.01, p = 0.59).

The main effect of EPOCH did not reach significance
(Fa1200 = 2.58, nf, = 0.07, p = 0.06), although accuracy
decreased across epochs on a trend level. SDB and control groups
performed at the same level (EPOCH x GROUP interaction:
Fa,120) = 1.29, nf, =0.04, p = 0.28).

The TRIPLET x EPOCH interaction was significant
(F4,120) = 3.37, 77}2) =0.10, p = 0.01), but there were no significant
differences between the groups (indicating by the TRIPLET x
EPOCH x GROUP interaction F,120) = 041, 75 = 0.01, p =
0.79; respectively), demonstrating that the pattern of learning
was similar in the groups. The main effect of GROUP did not
reach significance (F(1,30) = 3.91, nﬁ = 0.11, p = 0.06), although
the SDB group had lower accuracy on a trend level (SDB group:
88.6%, control group: 91.8%).

Offline Changes of Sequence-Specific and General
Motor Skill Learning

To investigate the offline changes of sequence-specific and
general motor skill learning we compared the accuracy
from the last epoch of Session 1 (Epoch 5) and the
epoch of Session 2 (Epoch 6) in both groups. These
variables were submitted to a mixed design ANOVA
with TRIPLET (2: high- vs. low-frequency) and EPOCH
(2: last epoch of Session 1 and epoch of Session 2) as
within-subject factors, and GROUP (SDB vs. control)
as a Dbetween-subject factor. The data is shown in
Figure 2.

There was significant sequence-specific learning (indicating
by the main effect of TRIPLET; F(1,30) = 95.40, nf, = 0.76,
p < 0.001), such that accuracy was greater on high- than on
low-frequency triplets. It was similar in the SDB and control
groups (indicated by the non-significant TRIPLET x GROUP
interaction: F(j 30) = 0.04, n§ =0.002, p = 0.82).

There was a significant offline changes of general motor
skills (indicating by the main effect of EPOCH; F( 309y = 13.40,
nIZ) = 0.30, p = 0.01), thus accuracy increased from evening
to morning. SDB and control groups performed at the same

level (EPOCH x GROUP interaction: F(j39) = 3.26, nf) = 0.09,
p=008).

The TRIPLET x EPOCH and TRIPLET x EPOCH x
GROUP interactions were not significant (F( 30 = 0.20,
1y = 0.01, p = 0.65 F(1,30) = 0.28, 15 = 0.01, p = 0.59; respectively),
indicating that the pattern of sequence-specific learning was
similar in the groups. The main effect of GROUP was not
significant (F(; 30) = 1.31, 7112) = 0.04, p = 0.26), reflecting that all
groups responded with similar accuracy rates (SDB group: 88.8%,
control group: 91.2%).

Reaction Time Analysis in the ASRT Task

Online Learning During Session 1 (Learning Phase)
To investigate learning during Session 1, a mixed design
ANOVA was conducted on the first 5 epochs of the
data shown in Figure 3, with TRIPLET (2: high- vs.
low-frequency) and EPOCH (5: 1-5) as within-subject
factors, and GROUP (SDB vs. control) as a between-subject
factor.

Our data revealed significant sequence-specific learning
(indicated by the significant main effect of TRIPLET:
Faz0) = 6433, np = 0.68, p < 0.001), such that RTs were
faster on high- than on low-frequency triplets. SDB and control
groups showed no differences in sequence-specific learning
(TRIPLET x GROUP interaction: F(i30) = 0.59, 1y = 0.04,
p=0.44).

There was also significant general motor skill learning (shown
by the significant main effect of EPOCH: F4120) = 54.80,
nf, = 0.64, p < 0.001), such that RTs deceased across
epochs. SDB and control groups performed at the same level
(EPOCH x GROUP interaction: F(4120) = 0.95, 7y = 0.03,
p=0.38).

The TRIPLET x EPOCH interaction was significant
(F4,120) = 5.26, ’75 = 0.14, p = 0.003), suggesting that sequence-
specific knowledge increased during practice. The TRIPLET x
EPOCH x GROUP interaction was not significant F4 120y = 0.49,
17}2, =0.013, p = 0.67), indicating that the pattern of learning was
similar in the groups. In overall RT both group performed at
the same level (main effect of GROUP: F(j 39y = 1.37, né =0.04,
p=0.25).

Offline Changes of Sequence-Specific and General
Motor Skill Learning

To investigate the offline changes of sequence-specific and
general motor skill learning we compared the RTs from the last
epoch of Session 1 (Epoch 5) and the epoch of Session 2 (Epoch 6)
in both groups. These variables were submitted to a mixed design
ANOVA with TRIPLET (2: high- vs. low-frequency) and EPOCH
(2: last epoch of Session 1 and epoch of Session 2) as within-
subject factors, and GROUP (SDB vs. control) as a between-
subject factor. The data is shown on Figure 3.

There was significant sequence-specific learning (indicating
by the main effect of TRIPLET; F(; 30 = 125.76, né = 0.80,
p < 0.001), thus RTs were faster on high- than low-frequency
triplets when analysing the two epochs together. The groups did
not differ in overall sequence-specific learning (indicated by the
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A Accuracy in the ASRT task in the SDB
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FIGURE 2 | Results of sequence-specific and general skill learning in the SDB (A) and control group (B) in Session 1 (Epoch 1-5) and Session 2
(Epoch 6) on accuracy measures. Both groups showed significant sequence-specific and general skill learning. There were no differences in learning and in offline
changes between the groups; the pattern of learning was similar in the SDB and control groups. Error bars indicate SEM.
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non-significant TRIPLET x GROUP interaction: F(j 39y = 0.42,
nﬁ =0.01,p=0.51).

There was significant general motor skill learning during the
offline period (demonstrated by the main effect of EPOCH:
Fu0) = 20.71, 77; = 0.40, p < 0.001), such that RTs were
faster in the morning compared to the evening. The SDB and
control groups showed similar level of offline general motor skill
learning (EPOCH x GROUP interaction: F(; 30y = 0.24, r;é =0.01,
p=0.62).

The TRIPLET x EPOCH and the TRIPLET x EPOCH x
GROUP interactions were not significant (Fq30 = 0.84,
nﬁ =0.02, p=0.36; F(1,30) = 2.18, nﬁ =0.06, p = 0.15, respectively),
indicating that the SDB and the control group demonstrated
no differences in the pattern of offline changes. There were no
significant differences in the overall RTs between the SDB and

control groups (main effect of GROUP: F(j 39) = 2.54, 71; =0.07,
p=0.12).

DISCUSSION

Our goal was to investigate the consolidation of declarative
and non-declarative memory in children with SDB. We believe
our study to be the first to investigate the offline changes of
these two types of memory processes in children with sleep
disorder. We found no group difference in the consolidation of
declarative memory; the SDB group, however, showed generally
weaker memory performance in both sessions. We used the
ASRT task to measure non-declarative learning processes. This
sequence learning task allowed us to differentiate between
two components of learning: general motor skill learning and
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FIGURE 3 | Results of sequence-specific and general skill learning in the SDB (A) and control (B) group in Session 1 (Epoch 1-5) and Session 2
(Epoch 6) on reaction time measures. Both groups showed significant sequence-specific and general skill learning. There were no differences in learning and in
offline changes between the groups; the pattern of learning was similar in the SDB and control groups. Error bars indicate SEM.
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sequence-specific learning. We found that these two types of
non-declarative learning and consolidation are intact in children
with SDB.

Our results on online declarative memory performance are
in line with previous studies that found weaker declarative
performance in the SDB group in general (Blunden et al., 2000;
Kaemingk et al., 2003; Gottlieb et al,, 2004; Kennedy et al,
2004; Csabi et al., 2013). Gottlieb et al. (2004) found lower
performance on verbal and visual memory tasks in children
with SDB compared to healthy controls. The mechanism causing
these neuropsychological deficits has not been fully explored.
Results from previous studies suggest that sleep fragmentation
and intermittent hypoxia could have negative influence on the
development of the central nervous system resulting structural
changes in brain circuits, particularly in the hippocampus and
frontal lobe (Macey et al., 2002; Bartlett et al., 2004; Halbower
etal., 2006; Owens, 2009). For example Bartlett et al. (2004) found
that in the left hippocampal area, N-acetyl-containing/creatine-
containing compounds was significantly increased in adult OSA
patients using proton magnetic resonance spectroscopic imaging.
In childhood OSA Halbower et al. (2006) showed also significant
differences in the mean metabolite ratio N-acetyl in the left
hippocampus and right frontal cortex compared to controls
leading the conclusion that childhood OSA is associated with
neuronal injury in the hippocampus and frontal cortex. It is
important to note that we assessed only the breathing indices
during sleep. Further investigations using polysomnography
need to clarify the relationship between declarative memory
functions and sleep stages or sleep deprivation in children
with SDB.

In the case of the overnight consolidation of declarative
memory, we failed to find differences between the SDB
and control group. Although there was a general group
difference in the overall performance, both groups showed
intact consolidation. This result contradicts with the finding of
Kheirandish-Gozal et al. (2010) who demonstrated decreased
consolidation of declarative memory in children with OSA. The
difference between the two studies might be explained by the
type of materials to be remembered (verbal vs. nonverbal) and
other task characteristics (e.g., number of repetitions). Another
possible explanation might be that the SDB group in our study
demonstrated a floor effect with no room to forget in the
offline period. For example, compared to the healthy controls,
sleep disturbances in the SDB group can lead to a greater
fatigue effect, which can be more pronounced by the evening
where the first session took place, and could lead to weaker
memory performance in the SDB group. This explanation can be
tested by controlling for circadian effects and comparing AM-
PM vs. PM-AM designs. Future studies need to unravel how
task characteristics and/or circadian factors affect sleep-related
declarative memory consolidation in children.

In the case of non-declarative learning, we found similar
performance between the SDB and control group in general
motor skill and sequence-specific learning in the Learning Phase,
both in accuracy and in RT. Our results are in line with
our previous study in which the SDB group showed impaired
declarative memory performance while the non-declarative

learning remained intact compared to the healthy controls
(Csabi et al., 2013). Nemeth et al. (2012) using the ASRT task
also found intact non-declarative sequence learning in elderly
adults with OSA. These results indicate that the relationship
between online non-declarative memory formation and sleep
is similar in children and adults with SDB. The performance
difference between declarative and non-declarative tasks in
session one can be explained by that the disrupted sleep
pattern influences the more attention-demanding and cortical
structure-guided explicit processes (story recall), while the less
attention-demanding implicit processes (ASRT task) mediated
by subcortical structures are preserved (Csabi et al., 2013).

In the overnight consolidation of non-declarative memory
we found no differences in the offline changes of either general
motor skill or sequence-specific learning between the two groups.
We found offline improvement on general motor skill, while
the sequence-specific learning remained on the same level and
did not improved. To our knowledge, consolidation of non-
declarative memory has not been tested in children with SDB
yet. These results are in line with studies investigating the
effect of sleep deprivation on non-declarative sequence learning
in adults without sleep disorder (Genzel et al., 2009; Van
Der Werf et al, 2011). There are a few studies investigating
non-declarative memory consolidation in adults with OSA.
For example, Kloepfer et al. (2009) found reduced overnight
improvement on average RT performance in OSA patients using
a very different task compared to ours (motor adaptation vs.
sequence learning, respectively). Djonlagic et al. (2012) also
examined adult OSA population and revealed that OSA and
control groups showed almost identical performance in the
initial training in the evening on a sequence learning task,
but the control group exhibited significantly more overnight
improvement. The authors suggest that this weaker offline
performance was caused by sleep fragmentation in OSA. In our
previous study with adult OSA patients, we revealed differences
in the offline changes of general motor skill learning between
the OSA and control group. The control group showed offline
improvement on general motor skill learning from evening to
morning, while the OSA group did not. In contrast, we did
not find differences between the groups in offline changes in
sequence-specific learning (Csabi et al,, 2014). These results
partly differ from our current findings and highlight the
importance of developmental factors in the consolidation of non-
declarative memory: sleep disordered breathing might affect the
underlying neural network differently in childhood compared to
adulthood.

It worth mentioning that our study have two important
potential limitations. Firstly, the declarative and non-declarative
tasks could be interfere to each other. For example Brown and
Robertson (2007) found that declarative tasks can actually boost
non-declarative learning. It is possible that our manipulation
namely counterbalancing these two types of task is not enough to
eliminate the interference. Secondly, it is possible that the actual
story recall task is not sensitive enough to demonstrate sleep
effect. Further studies need to clarify these issues by examining
the declarative and non-declarative tasks separately in different
experiments and using other type of declarative tasks as well.
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In conclusion, our study found dissociation between the
declarative and non-declarative processes in children with SDB.
Similarly with Csabi et al. (2013) we found weaker declarative
memory than non-declarative performance in the first Session
(Learning Phase). Regarding the consolidation, we found intact
consolidation in the case of declarative memory as well as
sequence-specific and general motor skill aspects of non-
declarative memory in SDB. These findings imply that actual
and/or long-term disturbance of sleep has a differential effect
on different memory processes (online vs. offline). Our findings
underscore the importance of examining the effect of sleep
disturbances on motor and cognitive functions in childhood.
These studies can give us a deeper insight into the effect of sleep
on the developing brain and memory functions and how the
relationship between sleep and memory changes from childhood
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INTRODUCTION

Implicit sequence learning occurs when information is
acquired from an environment of complex stimuli without
conscious access to either what was learned or to the fact
that learning occurred (Howard et al., 2004). Implicit se-
quence learning underlies not only motor but cognitive and
social skills as well (Lieberman, 2000; Nemeth et al., 2011;
Romano Bergstrom et al., 2011); it is therefore an important
aspect of life from infancy to old age. Implicit sequence
learning is essential for learning languages, for learning to
operate computer applications and musical instruments
(Howard et al., 2004). Most models and empirical studies of
sequence learning highlight the role of the basal ganglia
(Daselaar et al., 2003; Hikosaka et al., 1999; Kincses et al.,
2008; Rieckmann et al., 2010; Sefcsik et al., 2009), while the
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SUMMARY

Obstructive sleep apnea (OSA) belongs to the sleep-related breathing
disorders and is associated with cognitive impairments in learning and
memory functions. The impairments in attention-demanding cognitive
functions such as working memory and executive functions are well
established in OSA; however, it remains unknown if less attention-
demanding implicit sequence learning is affected. In the present study,
we examined implicit sequence learning in OSA to probe the functional
integrity of this fundamental learning mechanism. We used listening span
to measure complex working memory capacity and the alternating serial
reaction time (ASRT) task, which enables us to measure general skill
learning and sequence-specific learning separately. Twenty OSA
patients and 20 healthy controls participated in this study. Our data
show dissociation between working memory and implicit sequence
learning in OSA. Surprisingly, OSA patients showed preserved general
skill and sequence-specific learning in spite of the possible hypoxia and
sleep restriction. In contrast, working memory performance measured by
listening span task was impaired in the OSA group. This finding suggests
selective susceptibility of more attention-demanding cognitive functions
in this patient population, while implicit learning remains intact. Our
findings draw attention the fact that disordered sleep may have less
impact on the integrity of structures connected to implicit sequence
learning.

role of the hippocampus, frontal and parietal areas remains
inconclusive (Albouy et al., 2008; Gheysen et al., 2010;
Pascual-Leone et al., 1996; Schendan et al., 2003). The role
of sleep on the ability to implicitly learn novel material has not
been characterized comprehensively so far. Obstructive
sleep apnea (OSA) is an ideal field to investigate the
interaction between sleep and implicit learning because
OSA is characterized by repeated episodes of upper airway
obstruction during sleep, resulting in hypoxia which leads to
repetitive arousals from sleep, thus disturbing the normal
sleep pattern (Banno and Kryger, 2007). In OSA only a few
studies have examined cognitive functions related to sub-
cortical structures. Therefore, in the present study, we
examined implicit sequence learning in OSA to probe the
functional integrity of this type of fundamental learning
mechanism.

© 2011 European Sleep Research Society



Some studies have examined implicit learning in patients
with OSA (Naegele et al., 2006); however, only a few studies
have used sequence leaming [e.g. finger-tapping, serial
reaction time (RT) task] to measure implicit motor learning.
Lojander et al. (1999)have demonstrated poor performance
on the finger-tapping task in apnea patients. By contrast,
other studies (Archbold et al., 2009; Wilde et al., 2007) found
intact performance on this task, but impaired word recall and
working memory performance.

In our study we used the alternating serial reaction time
(ASRT) task to investigate implicit sequence learning in OSA.
This task enables us to separate general skill learning and
sequence-specific learning. In the ASRT task, recurring
elements alternated with random elements in an eight-
element sequence, so that the location of every second
stimulus in the stream is determined randomly (e.g.
1R2R3R4R, where the numbers represent the recurring
elements, and R represents random stimuli). This sequence
structure has been termed ‘probabilistic second-order depen-
dency’ (Remillard, 2008). The repeating sequence in the
ASRT task is more complex and better hidden than in the
classical SRT tasks or finger-tapping tasks, so that the task
relies more on implicit mechanisms of learning (Song et al.,
2007). To our knowledge, this type of complex implicit
sequence learning has not yet been studied in OSA. We also
examined the working memory performance of OSA patients
to investigate whether the less attention-demanding implicit
sequence learning and the more attention-demanding work-
ing memory show differences. Prior reports in healthy
participants found no relationship between the two systems
(Feldman et al., 1995; Kaufman et al., 2010; Mcgeorge et al.,
1997; Unsworth and Engle, 2005; for opposite findings see
Bo et al., 2011; Frensch and Miner, 1994). The frontal lobe-
related attentional processes are influenced mainly by
disrupted sleep architecture (Hobson, 2009; Muzur et al.,
2002). Therefore, we can predict that the working memory is
more affected compared to less attention-demanding implicit
sequence learning in OSA.

MATERIALS AND METHODS
Participants

Twenty untreated participants were included in the OSA
group [average age: 52.70, standard deviation (SD) 9.60;
average education: 11.95, SD: 2.62, three female/17 male].
OSA was diagnosed by a board-certified sleep physician
based on a full night of clinical polysomnography. The mean
apnea-hypopnea index (AHI) was 50.76 event per hour SD:
22.20 (range: 21.10-117.30). The pathological level of AHI
was defined as 15 or more per hour (Banno and Kryger,
2007). The mean of respiratory disturbance index (RDI) in
total sleep time was 60.97 event per hour SD: 16.76 (range:
33.10-86.80). RDI was calculated as the number of respira-
tory events [respiratory effort-related arousal (RERA) +
apneas + hypopneas] per hour of sleep. Pathological level
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of RDI defined as 10 or more per hour (Peker et al., 2000).
The mean of the daytime sleepiness measured by the
Epworth Sleepiness Scale was 10.00, SD: 4.44 (range: 2—
18). Aside from OSA, participants did not suffer from any
developmental, psychiatric or neurological disorder, as
established in a full neurological examination by a board-
certified neurologist.

The control group consisted of 20 healthy subjects and
were matched by age, education and sex (average age:
52.40, SD: 15.04, average education: 12.65, SD: 3.56, five
female/15 male). The control participants did not suffer from
any developmental, psychiatric or neurological disorders and
did not have sleeping disorders. All subjects provided signed
inform consent agreements and received no financial com-
pensation for their participation. Ethics approval was
obtained by Psychology Ethics Committee at University of
Szeged, Institute of Psychology.

Tasks
ASRT task

We used the ASRT task in which a stimulus (a dog’s head)
appeared in one of the four empty circles on the screen and
the participants had to press the corresponding button
(Nemeth et al., 2010). The computer was equipped with a
special keyboard with four marked keys (Y, C, B.and M on a
Hungarian keyboard), each corresponding to the circles.
Before beginning the task, detailed instructions were read to
participants. We emphasized that the aim was to try to
respond as quickly and as correctly as possible.

The ASRT consisted of 20 blocks, with 85 key presses in
each block — the first five stimuli were random for practice
purposes, then the eight-element alternating sequence (e.g.
2r1r4r3r) was repeated 10 times. Following Nemeth et al.
(2010) stimuli were presented 120 ms following the previous
response. As one block took approximately 1.5 min, the
session took approximately 25-30 min. Between blocks, the
participants received feedback about their overall RT and
accuracy on the screen, and then they had a rest of between
10 and 20 s before starting a new block.

A different ASRT sequence was selected for each partic-
ipant based on a permutation rule, such that each of the six
unique permutations of the four repeating events occurred.
Consequently, six different sequences were used across
participants.

As there is a fixed sequence in the ASRT alternating with
random stimuli (for instance, 2r1r4r3r, where numbers rep-
resent the four places on the screen, and r represents an
event selected randomly from the four possible places), some
triplets or runs of three stimuli occur more frequently than
others. For example, in the above illustration 2_1, 1_4, 4_3
and 3_2 would occur often, because the third element (bold
numbers) could be derived from the sequence, or could also
be a random element. In contrast, 1_2 or 4_1 would occur
infrequently, because in this case the third element could
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only be random. Following previous studies (Nemeth et al.,
2010; Song et al., 2007), we refer to the former as high-
frequency triplets and the latter as low-frequency triplets. Of
the 64 possible triplets, each 16 high-frequency triplets occur
on approximately 4% of the trials, about five times more often
than the low-frequency triplets. Note that the final event of
high-frequency triplets is therefore more predictable from the
initial event compared to the low-frequency triplets (also
known as non-adjacent second-order dependency; see
Remillard, 2008) (Fig. 1).

Previous studies have shown that as people practice the
ASRT task, they come to respond more quickly to the high-
than low-frequency triplets revealing sequence-specific learn-
ing (Howard et al., 2004; Song et al., 2007). In addition,
general skill learning is revealed in the ASRT task in the
overall speed with which people respond, irrespective of the
triplet types. Thus, we are able to measure both sequence-
specific and general skill learning in the ASRT task.

To explore how much explicit knowledge participants
acquired about the task, we administered a short question-
naire (the same as Song et al., 2007) after the task. This
questionnaire included increasingly specific questions such
as: ‘Have you noticed anything special regarding the task?
Have you noticed some regularity in the sequence of
stimuli?’. The experimenter rated subjects’ answers on a
five-item scale, where 1 was ‘nothing noticed’ and 5 was ‘total
awareness’. None of the subjects in either the apnea or
control groups reported noticing the sequence in the task.

Listening span task

The working memory performance was measured by the
listening span task (Daneman and Blennerhassett, 1984). In
this test, subjects are required to listen to increasingly longer
sequences of sentences and to recall the final word of all the

ASRT SEQUENCE

AcrEcEHOrRAr
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Figure 1. In the alternating serial reaction time (ASRT) task, there
are more frequent (high-frequency) and less frequent (low frequency)
triplets. In other words, if we know what were the last two elements of
the sequence (in this case 2-3-?), there is a 67.5% probability of a

certain element as continuation, and only 12.5% probability of all of
the other elements.

sentences in each sequence in serial order. A subject’s
working memory capacity is defined as the longest sequence
length at which they are able to recall the final words.

Procedure

We administered the listening span task and ASRT task in
one session between 18:00 and 21:00 h in both the OSA and
control groups. The order of the tasks was counterbalanced.

Statistical analysis

To facilitate data processing, the blocks of ASRT were
organized into epochs of five blocks. The first epoch contains
blocks 1-5, the second epoch contains blocks 6-10, etc.
Subjects’ accuracy remained very high throughout the test
(average over 96% for both groups), and so we focus on RT
for the analyses reported. For RT, we calculated medians for
correct responses only, separately for high- and low-fre-
quency triplets and for each subject and each epoch. Note
that for each response (n), we defined whether it was a high-
or a low-frequency triplet considering that it is more or less
predictable from the event n-2. For the analyses reported
below, as in previous research (Nemeth et al., 2010; Song
et al., 2007) two kinds of low-frequency triplets were elimi-
nated; repetitions (e.g. 222, 333) and trills (e.g. 212, 343).
Repetitions and trills are low-frequency for all participants,
and people often show pre-existing response tendencies to
them (Howard et al., 2004). By eliminating them, we can
ensure that any high- versus low-frequency differences are
due to learning and not to pre-existing tendencies.

RESULTS
ASRT analysis

A mixed-design analysis of variance (anova) was conducted
on the four epochs of the data shown in Fig. 2 with triplet
(high versus low) and epoch (1-4) as within-subjects factors,
and group (OSA versus control) as between-subjects factors.

There was significant sequence-specific learning (indi-
cated by the significant main effect of triplet: F 35 = 11.18,
p = 0.28, P = 0.002), such that RT was faster on high- than
low-frequency triplets. OSA and control groups showed no
differences in sequence-specific learning (triplet x group
interaction: Fy 35 = 1.21, 5, = 0.03, P = 0.28).

There was also general skill learning (shown by the
significant main effect of epoch: Fj 114 = 31.07, 5, = 0.45,
P < 0.001), such that RT decreased across epochs. OSA

and control groups performed at the same level
(epoch x group interaction:  F3114 = 0.05, 1, =0.001,
P =0.98).

The triplet x epoch and triplet x epoch x group interac-
tions were not significant (F5114 = 1.60, 7, = 0.04, P = 0.19;
F3114 = 0.78, n, = 0.02, P=0.50; respectively), indicating
that the pattern of learning was similar in the groups. In the
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general RT the OSA group did not differ significantly from the
control group; we found only a weak trend (main effect of
group: Fq 35 =2.97, n, = 0.07, P=0.093). Because of this
slight difference in general RT, we reanalyzed the data using
Z-scores and found the same results as in the original
analysis, with no differences between the groups regarding
sequence-specific and general skill learning (triplet x group
interaction: Fy 35 = 0.09, P = 0.77; epoch x group interaction:
F3114 = 0.20, P =0.89; ftriplet x epoch x group interaction:
F3.114 =0.92, P =0.92).

Listening span task

The performance in the Listening span task was analyzed by
independent-samples t-test. The working memory span of the
OSA group was significantly lower (2.55 versus 3.31)
compared to the control group (f3g = —4.05, P < 0.001;
Fig. 3).

DISCUSSION

Our goal was to investigate whether implicit sequence
learning is impaired in OSA. We used the ASRT task, which

750 + .
—o— Apnea high
700 —=— Apnea Iqw
—a— Control high
650 —a— Control low
m
£ 600 -
-
o
550 -
500 +
450 T T T
1 2 3 4
Epoch

Figure 2. Implicit sequence learning in control and sleep apnea
group. Both groups showed general skill learning as well as
sequence-specific learning. There were no group differences. Error
bars indicate standard error of mean.

4-

Working memory span

Control

Apnea

Figure 3. Working memory performance in control and sleep apnea
group. The working memory span of the sleep apnea group was
significantly lower compared to the control group. Error bars indicate
standard error of the mean.
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allowed us to differentiate between general skill and
sequence-specific learning. We found that OSA patients
showed general skill learning and implicit learning of prob-
abilistic sequences similar to that of controls. In contrast,
working memory performance measured by listening span
task was impaired in the OSA group, consistent with
previously reported data. We believe our study to be the first
to investigate implicit probabilistic sequence learning in OSA.

Our results on working memory performance are similar to
those of earlier studies (e.g. Archbold et al., 2009; Cosentino
et al, 2008; Naegele etal., 2006) in showing impaired
working memory in the OSA group. The cause of this low
working memory performance can be linked to the dysfunc-
tion of the frontal lobe (e.g. Cosentino et al., 2008). Thomas
et al. (2005)also found absence of dorsolateral prefrontal
activation during working memory task in patients with OSA.

The intact sequence learning found in this study is similar
to several earlier finger-tapping studies (Archbold et al.,
2009; Wilde et al., 2007). In contrast to our results, Lojander
et al. (1999) found impaired learning on a sequence learning
task. The nature of the task is critical in the interpretation of
the results. To our knowledge, ASRT has never been tested
in this patient population. We believe ASRT allows the
highest degree of specificity, among available sequence
learning tasks, to study subcortical learning functions selec-
tively, with the least cortical influence (Fletcher et al., 2005).
The ASRT task uses a more complex sequence structure
than finger-tapping tasks (probabilistic versus deterministic).
On the neuroanatomical level ASRT is associated even more
with basal ganglia rather than motor cortex in contrast to the
finger-tapping task, where motor cortex plays a critical role in
learning performance (Walker et al., 2005).

Our results are in line with sleep deprivation studies. For
example, Yoo et al. (2007)found that full-night sleep depri-
vation disrupted formation of new explicit memories. Disrup-
tion of slow wave activity (SWA) led to similar results in
explicit memory, whereas it did not affect performance on the
SRT task (Van Der Werf et al., 2011). This latter result is
consistent with Genzel et al. (2009), who found that disturbed
SWS and rapid eye movement (REM) phases did not impair
sequential finger-tapping performance.

According to studies on the relationship between cognitive
functions and normal and disrupted sleep (Naegele et al.,
2006; Robertson et al., 2004; Song et al., 2007; Stickgold
et al., 2002), we suggest that the sleep has a greater impact
on the structures related to the more attention-demanding
processes than structures involved in less attention-demand-
ing, implicit processes. Our findings support this claim in
showing impaired working memory functions versus intact
probabilistic sequence learmning in OSA. These result are
consistent with studies claiming no relationship between
these two functions (Feldman et al., 1995; Kaufman et al.,
2010; Mcgeorge et al., 1997; Unsworth and Engle, 2005) and
also with Bo etal. (2011), who highlight the association
between sequence learning and visuospatial working memory
compared to verbal working memory examined in our study.
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Nevertheless, it is worth mentioning that this study cannot
rule out the possible effect of collateral factors such as
increasing blood pressure, hormonal changes, weight gain
and an increase in diabetes risk, which are often present in
OSA patients (Banno and Kryger, 2007). Further investiga-
tions are needed to clarify this question.

Taken together, this study found a dissociation between
working memory and implicit sequence learning in OSA
patients. The working memory showed impairment, while the
implicit sequence learning was preserved in spite of the
possible hypoxia and sleep restriction in OSA. These results
can help us to develop more sophisticated diagnostic tools
and more effective rehabilitation programs. Beyond the OSA,
our findings complement sleep-dependent memory consoli-
dation models well (Doyon et al., 2009; Robertson, 2009;
Stickgold and Walker, 2007), and draw attention the fact that
sleep might have less influence on the structures related to
implicit processes.
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Abstract

Obstructive Sleep Apnea (OSA) Syndrome is a relatively frequent sleep disorder characterized by disrupted sleep patterns. It
is a well-established fact that sleep has beneficial effect on memory consolidation by enhancing neural plasticity. Implicit
sequence learning is a prominent component of skill learning. However, the formation and consolidation of this
fundamental learning mechanism remains poorly understood in OSA. In the present study we examined the consolidation
of different aspects of implicit sequence learning in patients with OSA. We used the Alternating Serial Reaction Time task to
measure general skill learning and sequence-specific learning. There were two sessions: a learning phase and a testing phase,
separated by a 10-hour offline period with sleep. Our data showed differences in offline changes of general skill learning
between the OSA and control group. The control group demonstrated offline improvement from evening to morning, while
the OSA group did not. In contrast, we did not observe differences between the groups in offline changes in sequence-
specific learning. Our findings suggest that disrupted sleep in OSA differently affects neural circuits involved in the
consolidation of sequence learning.
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Introduction

Currently, there is a growing interest within cognitive neuro-
science and neuropsychology to understand the underlying
mechanisms of memory consolidation; namely, how newly
acquired and initially labile memory representations become
stabile and resistant to interference and forgetting [1]. Consolida-
tion can be observed as no deterioration of the previously acquired
knowledge over the offline period, nevertheless in some cases even
offline enhancement can occur. Many studies indicate that sleep
contributes to the consolidation of memory traces by enhancing
neuronal plasticity [2-6]. Sleep-related enhancement in declara-
tive memory is clearly demonstrated [7-9], but the beneficial effect
of sleep on the consolidation of non-declarative (i.e. procedural)
knowledge is still controversial. Previous studies that focused on
healthy populations found greater improvement in a procedural
sequence learning task after a period of sleep than after an
equivalent time of wakefulness [10,11]. By contrast, several recent
studies failed to find sleep-related improvement in sequence
learning [12—-15]. The controversial results might be explained by
task complexity, for example varying in sequence length and
structure. Moreover, some sequence learning tasks used in these
studies were unable to separate two aspects of sequence learning,
namely general practice-dependent speed-up (so called general
skill learning) and sequence-specific learning [10,11,16]. In the
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present study, we used the Alternating Serial Reaction Time
(ASRT) task [17] to extend previous research by separating and
measuring both general skill learning and sequence-specific
learning. In this task some runs of three consecutive stimuli
(triplets) are more frequent than others. With practice people
become faster in responding to these high frequency triplets
compared to the low frequency ones, revealing sequence-specific
aspects of learning. In contrast, a general speed-up irrespectively of
the triplet frequencies is considered to be a result of the general
skill aspect of learning in this task [12,14].

Previous studies suggest that sleep disorders (e.g., insomnia) lead
to weaker consolidation both of declarative and non-declarative
memory [18,19]. One of the most frequent sleep disorders is
obstructive sleep apnea (OSA) which is characterized by repeated
episodes of upper airway obstruction during sleep, resulting in
hypoxia, which leads to repetitive arousals from sleep disturbing
normal sleep patterns [20]. Deficits in working memory [21,22],
attention, executive functions [23-26], short and long-term verbal
and visual memory have been demonstrated in OSA [25,27,28]
indicating structural changes in brain circuits crucial for memory
[29]. Nevertheless, sequence learning has not been extensively
characterized in OSA. Lojander, Kajaste, Maasilta & Partinen
[30] have found poor performance in sequence learning in patients
with apnea. In contrast, other studies showed intact performance
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on a less complex, deterministic sequence learning task [31] and
also on a more complex, probabilistic sequence learning task [22],
but they found weaker word recall and working memory
performance, respectively.

The aforementioned studies investigated on the effect of sleep
disorders on learning and memory functions in general but not on
the overnight consolidation of the acquired knowledge. Focusing
on consolidation, Kloepfer and colleagues [32] examined the
memory performance before and after sleep in moderate OSA.
They revealed that OSA patients showed reduced declarative
(verbal) and non-declarative memory performance after sleep
compared to healthy control participants. It is important to note
that this study measured non-declarative memory by a motor
adaptation task and not by a sequence learning task. To our
knowledge, only one study focused on the consolidation of
sequence learning in OSA and demonstrated that OSA can
negatively affect memory consolidation on a relatively simple
motor sequence learning task [16]. Nevertheless, this study used an
explicit sequence learning task (fingertapping) with deterministic
sequence structures. The aim of the present study was to go
beyond previous research in three ways:

1) investigating the consolidation processes in OSA by a more
complex sequence learning task, namely the sequence
structure is not deterministic but probabilistic;

2) we use an implicit sequence learning task and not explicit (for
example [16]),

3) the task used here enables us to separately analyze the
consolidation of two aspects of sequence learning, namely
general skill and sequence-specific learning.

Based on the previous sleep studies that used implicit
probabilistic sequence learning tasks [12,14], our hypothesis is
that OSA participants will not show deterioration in sequence-
specific and general skill learning over the offline period.

Methods

Participants

Seventeen newly diagnosed, untreated patients with OSA
participated in the experiment (average age: 52.41 years, SD:
9.67; average education: 12.65 years, SD: 2.18; 2 females/15
males). OSA was diagnosed by a board-certified sleep-physician
based on a full night of clinical polysomnography. The mean
Apnea-Hypopnea Index (AHI) was 53.05 events/hour (SD: 23.26
(Range: 21.1-117.3). Pathological level of AHI was defined as 15
or more per hour [20]. The mean total sleep time (T'ST) was
330.52 mins (SD: 48.65). Aside from OSA, participants did not
suffer from any developmental, psychiatric or neurological
disorders as established in a full neurological exam by a board-
certified neurologist.

The control group consisted of seventeen healthy participants
and was matched by age (average age: 54.24 years, SD: 7.29) and
by working memory performance. Working memory capacity was
assessed by two widely-used neuropsychological tests: the Back-
ward Digit Span Task (BDST) [33,34] and Listening Span Task
(LST) [35,36]. There were no significant differences between the
two groups in these tasks (BDST: ¢(32)=1.116, p=0.27, LST:
{(32)=0.170, p =0.87). These criteria were included to eliminate
the effect of working memory, as previous studies in healthy
participants revealed a relationship between working memory and
implicit sequence learning [37,38]. However there is also evidence
that the two systems are independent of each other [39-41] (for
review see Janacsek & Nemeth [42]). Control participants did not
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suffer from any developmental, psychiatric or neurological
disorders and did not have sleeping disorders. All participants
provided signed informed consent and received no financial
compensation for their participation. Ethics approval was obtained
by the Psychology Ethical Committee at the University of Szeged,
Institute of Psychology.

Procedure

There were two sessions in the experiment: a Learning Phase
(Session 1) and a Testing Phase (Session 2) for both the OSA and
the healthy control group. The sequence learning performance
was assessed between 7 and 8 PM prior to sleep (Learning Phase)
and between 7 and 8 AM after sleep (Testing Phase), thus the
average interval between the Learning and Testing Phase was
12 hours. Between the two sessions AHI was measured in a full
night of polysomnography in SomnoCenter’s sleep lab (Szeged,
Hungary). During the data collection, subjects’ caffeine and
nicotine intake was restricted.

Alternating Serial Reaction Time (ASRT) Task

We used the modified version of the ASRT task in which a
stimulus (a picture of a dog’s head) appeared in one of four empty
circles on the screen [12]. Before beginning the task, detailed
instructions were read to participants. They were instructed to
press the button corresponding to the stimulus location as quickly
and as accurately as possible [12]. The computer was equipped
with a special keyboard with four marked keys (Y, C, B and M on
a QWERTZ keyboard; thus, compared to the English keyboard
layout, the location of the buttons Z and Y were switched), each
corresponding to one of the horizontally aligned circles. Session 1
(Learning Phase) consisted of 25 blocks, with 85 key presses in each
block — the first five stimuli were random for practice purposes,
then an eight-element alternating sequence (e.g., 2rlr4r3r, where
numbers represent the four places on the screen, and r represents
an event randomly selected from the four possible places) repeated
ten times. Similarly to earlier studies [12], stimuli were presented
120-ms after the previous response (response-to-stimulus interval,
RSI). Each block required about 1.5 minutes and the entire
session took approximately 30-40 minutes. Between blocks,
participants received feedback about their overall reaction time
and accuracy on the screen and then rested 10 to 20 seconds
before starting a new block. Session 2 (Testing Phase) consisted of
5 blocks; the number of key presses and the RSI were the same as
in Session 1 and this Testing Phase took approximately 5—
10 minutes to complete.

A different ASRT sequence was selected for each participant
based on a permutation rule such that each of the six unique
permutations of the 4 repeating events occurred. Consequently, six
different sequences were used across participants [12].

As there is a fixed sequence in the ASRT alternating with
random stimuli (e.g., 2rlr4r3r), some triplets or runs of three
consecutive stimuli occur more frequently than others. For
example, 2_1, 1_4, 4_3, and 3_2 occur more often because the
third element (bold numbers) can be derived from the sequence or
can also be a random element (if the sequence is 2rlr4r3r). In
contrast, 1_2 or 4_1 occur less often because the third element can
only be random. Following previous studies [12,14], we refer to
the former as high-frequency triplets and the latter as low-
frequency triplets. Out of the 64 possible triplets, each 16 high
frequency triplets occur on approximately 4% of the trials, about 5
times more often than the low-frequency triplets. Note that the
final event of high-frequency triplets is therefore more predictable
from the initial event compared to the low-frequency triplets (also
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known as non-adjacent second-order dependency, see in Remil-
lard [43]).

Previous studies have shown that as people practice the ASRT
task, they come to respond more quickly to the high-frequency
triplets than low-frequency triplets, revealing sequence-specific
learning [14,44]. In addition, general skill learning is revealed by
the overall speed-up during the practice, irrespectively of the
triplet types. Thus, we are able to measure both sequence-specific
and general skill learning in the ASRT task.

To explore how much explicit knowledge participants acquired
about the task, we administered a short questionnaire (previously
used in Song and colleagues [12], Nemeth and colleagues [14])
after the task. This questionnaire included increasingly specific
questions such as “Have you noticed anything special regarding
the task? Have you noticed some regularity in the sequence of
stimuli?” The experimenter rated subjects’ answers on a 5-item
scale, where 1 was “Nothing noticed” and 5 was ‘“Total
awareness”’. None of the participants in either the OSA or control
group reported noticing the sequence in the task.

Statistical analysis

To facilitate data processing, the blocks of ASRT were
organized into epochs of five blocks. The first epoch contains
blocks 1-5, the second epoch contains blocks 6-10, etc.
Participants’ accuracy remained very high throughout the test
(average >96% for both groups), therefore we focused on reaction
time (RT) for the analyses reported. We calculated RT medians
for correct responses only (following the standard protocol, see in
[12,14,17,44]), separately for high- and low-frequency triplets and
for each participant and each epoch. Note that for each response
(n), we defined whether it was a high- or a low-frequency triplet by
considering whether it is more or less predictable from the event n-
2. For the analyses reported below, as in previous research [12,14],
two kinds of low-frequency triplets were eliminated: repetitions
(e.g., 222, 333) and trills (e.g., 212, 343). Repetitions and trills were
low frequency for all participants and people often show pre-
existing response tendencies to them [44]. So by eliminating them
we attempted to ensure that any high- versus low-frequency
differences were due to learning and not to pre-existing tendencies.

Results

Online learning during Session 1 (Learning Phase)

To investigate learning during Session 1, a mixed design
ANOVA was conducted on the first 5 epochs of the data shown in
Figure 1A, with TRIPLET (2: high- vs. low-frequency) and
EPOCH (5: 1-5) as within-subject factors, and GROUP (OSA
vs. control) as a between-subject factor. All significant results are
reported together with the 112p effect size and Greenhouse Geisser
€ correction factors where applicable. Post hoc analyses were
conducted by Fisher’s LSD pairwise comparisons.

There was significant sequence-specific learning (indicated by
the significant main effect of TRIPLET: F(1,32)=15.58,
an =0.32, p<<.001), such that RTs were faster on high- than on
low-frequency triplets. OSA and control groups showed no
differences in sequence-specific learning (TRIPLET xGROUP
interaction: F(1,32)=1.61, n,”=0.04, p = 0.21).

There was also significant general skill learning (shown by the
significant main effect of EPOCH: F(4,128)=28.62, np220.47,
$<<0.001), such that RTs decreased across epochs. OSA and
control groups performed at the same level (EPOCHxGROUP
interaction: F(4,128)=2.21, an =0.06, p=0.12).

The TRIPLET xXEPOCH and TRIPLET xEPOCH xGROUP
interactions were not significant (F(4,128)=0.94, ‘r]p2 =0.03
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p=0.42; F(4,128)=10.48, np2 =0.01, p =0.69; respectively), indi-
cating that the pattern of learning was similar in the groups. In the
overall RT, the OSA group differed significantly from the control
group, with slower RTs for the OSA group (main effect of
GROUP: F(1,32)=4.95, an =0.13, p=0.03). To ensure that this
difference in overall RTs did not influence learning measures, we
also ran an ANOVA on normalized data (for each participant, the
median RTs for high- and low-frequency triplets in each epoch
were divided by the overall RT of the first epoch) and found the
same results.

Consolidation of sequence-specific and general skill
learning

To investigate the offline changes of sequence-specific and
general skill learning we compared the RT's from the last epoch of
Session 1 (Epoch 5) and the epoch of Session 2 (Epoch 6) in both
groups (for similar analyses see [12,14]). These variables were
submitted to a mixed design ANOVA with TRIPLET (2: high- vs.
low-frequency) and EPOCH (2: last epoch of Session 1 and epoch
of Session 2) as within-subject factors, and GROUP (OSA vs.
control) as a between-subject factor.

The main effect of TRIPLET was significant (F(1,32) = 32.34,
np2=0.5, $<0.001), thus RTs were faster on high- than low-
frequency triplets. It was similar in the OSA and control groups
(indicated by the non-significant TRIPLET xGROUP interaction:
F(1,32)=1.07, 1‘]p2 =0.03, p=0.31).

The main effect of EPOCH did not reach significance
(F(1,32)=2.34, T’po =0.07, p=0.13) but the EPOCHxGROUP
Interaction was significant (£7(1,32)=9.32, an =0.22, p=0.005),
suggesting that the OSA and control groups showed significant
differences in the offline changes of general skills. The LSD post
hoc test revealed that the OSA group showed no offline general
skill improvement (p =0.29), while the control group showed
better performance (faster RTs) at the beginning of Session 2
compared to the end of Session 1 (p =0.003).

The sequence-specific knowledge did not change significantly
during the offline period (TRIPLETXEPOCH interaction:
F(1,32)=2.75, an =0.08, p=0.11). The OSA and control groups
performed on a similar level (TRIPLETXEPOCHxGROUP
interaction: £(1,32)=0.29, T]p220.009, $=0.59). The offline
changes of sequence-specific and general skill knowledge are
shown on Figure 1B-C, respectively.

There were significant differences in the general RTs between
the OSA and control groups, with slower RTs for the OSA group
(main effect of GROUP: F(1,32)=6.27, np2:0.16, p=0.02).
ANOVA on normalized data revealed the same results, confirm-
ing that the significant difference in offline changes of general skills
between the OSA and the control group was not due to general
RT differences (EPOCHxGROUP mteraction: F(1,32)=11.17,
n,’ =0.25, p=0.002).

To further confirm the ANOVA results we also analyzed
individual differences of sequence-specific and general skill
consolidation. In the case of offline sequence-specific changes,
we counted the number of participants who exhibited higher
sequence-specific learning in Epoch 6 than in Epoch 5 (thus,
sequence-specific knowledge in Epoch 6 minus Epoch 5 was above
zero, irrespectively of significance testing). A similar number of
OSA and control participants (7/17 and 6/17, respectively)
showed higher than zero difference in sequence-specific knowledge
between Epoch 6 and Epoch 5. Consequently, the number of
participants showing the opposite pattern (lower than zero
difference between Epoch 6 and Epoch 5) was also similar in
the two groups (10/17 and 11/17, respectively). Thus, there was
no group difference in sequence-specific consolidation based on
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A) Sequence-specific and general skill learning in the OSA and control

group in Session 1 and Session 2
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Figure 1. Results of sequence learning and consolidation in the OSA and control group. A) Results of sequence-specific and general skill
learning in OSA and control group in Session 1 and Session 2: Although the OSA group was generally slower in Session 1, both groups showed
significant sequence-specific and general skill learning. There were no differences in learning between the groups; the pattern of learning was similar
in the OSA and control groups. B) Results of offline changes in sequence-specific learning in OSA and control group: The differences between the low
and high frequency triplets indicate sequence-specific learning. There was a decrease in sequence-specific knowledge, such that the learning index of
the first epochs of Session 2 was significantly smaller compared to the last epochs of Session 1. There were no significant differences between the
OSA and control groups. C) The results of offline changes in general skill learning: the differences in overall reaction time between the last epoch of
Session 1 and the first epoch of Session 2 regardless of triplet type show general skill learning. There was a trend of improvement in general skill
learning. The OSA group showed no offline general skill learning, while the control group showed better performance (smaller RTs) at the beginning
of Session 2 compared to the end of Session 1. Error bars indicate SEM.

doi:10.1371/journal.pone.0109010.g001

this analysis (chi-square(1) =0.125, p=0.724) which supports the
ANOVA result. In contrast, in the case of general skill
consolidation, more controls (14 out of 17) than OSA patients (8
out of 17) showed higher than zero difference in general RTs
between Epoch 6 and Epoch 5, thus they were generally faster in
Epoch 6 compared to Epoch 5. This group difference in general
skill consolidation was significant (chi-square(l) = 4.636, p = 0.031)
similarly to the ANOVA result.

Discussion

Our goal was to investigate the consolidation of non-declarative
learning in OSA. We used a relatively complex sequence learning
task that allowed us to differentiate between two components of
learning: general skill learning and sequence-specific learning. We
found differences in offline changes of general skills between OSA
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patients and controls. The control group showed offline improve-
ment from evening (Learning Phase) to morning (Testing phase),
thus, they became faster in the morning after the offline period,
while the OSA group did not. In contrast, we failed to find
differences in the offline changes of sequence-specific knowledge
between the groups. We believe our study to be the first to
investigate the consolidation of these two aspects of implicit
learning by using a task with complex sequence structures in
patients with OSA.

In the Learning Phase the OSA and control group showed
similar learning patterns in general skill and sequence-specific
learning; however the OSA group demonstrated slower RTs in
general. These intact learning curves are in line with previous
studies investigating non-declarative learning in this patient
population [22,30,31]. For example, Nemeth and colleagues
[22] and Csabi, Benedek, Janacsek, Katona & Nemeth [45] using
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the ASRT task also showed intact sequence learning both in
children and elderly adult population with sleep-disordered
breathing and OSA. In another type of non-declarative memory,
Rouleau, Décary, Chicoine & Montplaisir [46] found preserved
learning measured by a sensorimotor adaptation task in OSA
patients, although a subgroup of them demonstrated deficits in
initial learning performance. This subgroup also had difficulties on
other neuropsychological tests (e. g. executive functions). Naegelé
et al [25] using the same task also found significant but weaker
learning in OSA than in the control group. The authors suggest
that patients with OSA have difficulties creating new sensorimotor
coordination. In sum, these studies suggest that sensorimotor
adaptation might be weaker while the less sensorimotor coordi-
nation-demanding sequence learning is intact in OSA.

In the overnight consolidation of non-declarative memory we
revealed weaker performance on general skill learning in OSA
patients compared to the controls who demonstrated offline
general skill improvement after the 12-hour delay period. Kloepfer
et al [32] found similar results: at the encoding, prior to sleep OSA
patients showed similar non-declarative sensorimotor adaptation
as the healthy control participants, but they revealed reduced
overnight improvement on average RT performance. A recent
sequence learning study by Djonlagic et al [16] also demonstrated
that OSA patients and controls displayed almost identical
performance during the initial learning in the evening, but the
control group exhibited significantly more overnight improve-
ment. The authors concluded that this weaker offline performance
was caused by sleep fragmentation in OSA.

In the case of sequence-specific learning, we found similar
performance between the OSA and control groups not only in
online sequence-specific learning but also in the consolidation of
sequence-specific knowledge. This result is in line with previous
studies that failed to find sleep-related changes in the consolidation
of sequence-specific learning in healthy participants [12,14]. It
suggests that sleep might have less influence on this specific aspect
of non-declarative learning. This conclusion is also supported by
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two recent reports. Song & Cohen [47] propose that practice and
sleep form different aspects of skill. Their results suggest transition
learning (as in the ASRT) to be an implicit component of skills that
lacks sleep-dependence. In the other recent consolidation study,
Meier and Cock [48] found neither deterioration, nor further
improvement in sequence-specific learning over the offline period,
however, they found offline improvement in general skill learning.

In conclusion, we demonstrated that the offline changes of two
components of implicit sequence learning are differentially
affected in OSA: in contrast to the preserved consolidation of
sequence-specific knowledge, the consolidation of general skills
was weaker compared to the controls. Thus, we suggest that long-
term sleep disturbances present in OSA play differential role in
these two aspects of consolidation in the case of more complex,
probabilistic sequences. Nevertheless, a daytime control condition
is needed to investigate whether weaker consolidation of general
skills is specific to the actual overnight sleep disturbances or to
long-term deficits related to sleep disruption. Our findings
underscore the importance of examining more specific and focal
cognitive functions in OSA. Creating more sophisticated neuro-
psychological profiles about the cognitive dysfunctions could not
only provide clues about which brain networks may be affected in
OSA but also can help develop more effective methods of
rehabilitation and treatment.
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KET HONAPOS LEGSINTERAPIA HATASA AZ ALVAS
STRUKTURAJARA, A KOGNITIV FUNKCIOKRA ES
A SZORONGASRA

CSABI Eszter' 2, VARSZEGI Mdria3, SEFCSIK Tamés', NEMETH Dezsé'
1Szegedi Tudomdnyegyetem, Pszicholégiai Intézet, Szeged
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Az alvdsi apnoe szindréma sordn az ismételt hypoxids epizé-
dok és ennek kévetkeztében kialakulé alvéselégtelenség
kognitiv teljesitményromléshoz vezet. Azt vizsgdltuk, hogy a
kezelésére alkalmazott pozitiv felsé 1éguti nyomdsterdpia
révid tdvon milyen hatdssal van az alvés struktirdjdra, a
neuropszicholégiai funkcidkra és a szorongdsra. Ehhez 24
18 (23 férfi, egy né; atlagéletkor: 53,21 év) obstruktiv alvési
apnoe szindréomds beteggel vettink fel emlékezeti teszteket a
kezelés megkezdése eléit és két és fél hénapos kezelést
kévetSen. Az eredmények alapjdn javulés jelent meg az
alvés alatti légzésben, az alvds struktdrdjdban és a szubjektiv
aluszékonysdgban. A kognitiv funkcidk tekintetében a
kezelés pozitiv hatdssal volt a szorongds szintjére, a komplex
munkameméria és a révid, valamint hossz( tévd verbdlis
emlékezeti teljesitményre, tehdt elsésorban azokban a
feladatokban jelent meg javulés, amelyek t6bb agyterilet
Ssszehangolt mikédését igénylik. Ennek alapjén
feltételezhetd, hogy a légsinterdpids kezelés mar révid tavon
javuldst eredményez az alvés architektdrdjdban, illetve, hogy
az alvési apnoe kdvetkeztében kialakulé dementia bizonyos
funkcidkat tekintve reverzibilis.

Kulcsszavak: hypoxia, alvdselégtelenség,
obstruktiv alvési apnoe szindréma,

pozitiv fels8 légdti nyomds, munkameméria,
végrehaité funkciék, szorongds, kognitiv funkcidk

EFFECT OF TWO MONTH POSITIVE AIRWAY
PRESSURE THERAPY ON THE STRUCTURE OF SLEEP,
COGNITIVE FUNCTION AND ANXIETY

Csdbi E, MD; Vérszegi M, MD; Sefcsik T, MD;
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Obstructive sleep apnea is a common disorder,
characterized by repeated episodes of upper airway obstruc-
tion during sleep, resulting infermittent hypoxia and disrup-
tion of the normal sleep pattern, which caused cognitive dys-
function in these patients. Nasal continuous positive airway
pressure is the freatment of choice for this disorder. The aim
of the study is to evaluate the effect of short-term positive air-
way pressure on sleep pattern (polisomnographic
measures), cognitive function and anxiety. Twenty four newly
diagnosed and previously untreated patients with obstructive
sleep apnea were evaluated a battery of neuropsychological
tests before and after 2 and a half months of the treatment.
We focused on working memory, short and long-term
episodic memory, executive functions, anxiety and subjective
sleepiness. Our results showed that the two and half month
of treatment improved the respiration during sleep, sleep
pattern and the subjective sleepiness. We found
improvement in short- and long-term verbal memory, and
complex working memory. Despite of treatment we did not
find improvement in visuospatial learning. These results
reveal that 2 and a half months of positive airway pressure
treatment restored not only the normal respiration during
sleep and normal sleep pattern, but also the cognitive func-
tions. Our study suggests that cognitive dysfunction is at least
partial reversible in obstructive sleep apnea patients after
positive airway pressure treatment.
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obstructive sleep apnea syndrome,

positive airway pressure, working memory,
executive function, anxiety, cognitive functions

Levelez8 szerz8 (correspondent): Dr. NEMETH Dezs8, MD, PhD, Szegedi Tudomdnyegyetem, Pszicholdgiai Intézet; 6722
Szeged, Egyetem u. 2. Telefon: (06-62) 544-692, fax: 62-544509.

Erkezett: 2010. november 2.

Elfogadva: 2011. janudr 11.

www.elitmed.hu

Ideggyogy Sz 2012;65(5-6):000-000.



A z obstruktiv alvési apnoe szindréma az Alv4s-
zavarok Nemzetkozi Osztdlyozasa alapjan az
alvasfiiggd 1égzészavarok csoportjdba tartozik'.
El6fordulési gyakorisdga a nyugati tdrsadalmakban
megkozelitdleg 5%, nagyobb ardnyban jelenik meg
az afroamerikai és az 4zsiai populédcidban, illetve a
férfiak és az idGsebb korosztily korében® 3. Az éj-
szakai alvds sordn ismétl6dGen felléps hypoxids
epizddokat a felsd 1égut elzdrédédsa okozza, mely-
nek legfontosabb kockdzati tényez6i az obesitas, il-
letve barmilyen anatémiai elvédltozds, ami noveli a
fels6 légutak Osszeomldsdnak veszélyét (példaul
tonsillahypertrophia, macroglossia, retrognathia, a
garat lagy részeinek hyperplasidja, mandibularis
maxillaris hypoplasia vagy valamilyen nasalis obst-
rukcid). A dohdnyzds, az alkoholfogyasztds, a sze-
dativumok és hipnotikumok szedése tovdbb novel-
heti kialakuldsdnak esélyét> 3,

Az abnormdlis 1égz¢és meghatdrozasanak legfon-
tosabb paraméterei az apnoe-hypopnoe index
(AHI), az ébredést kivaltd 1égzési er6 (RERA-
Respiratory Effort-Related Arousal) és a 1égzés-
zavarindex (RDI-Respiratory Disturbance Index),
melyek kritériumait az 1. tablazatban foglaltuk
Ossze> 7.

Az American Academy of Sleep Medicine az
obstruktiv alvdsi apnoe sudlyossdgdt az apnoe-
hypopnoe index és az aluszékonysdg alapjdn haté-
rozza meg. Ez a két diagnosztikai faktor nem feltét-
leniil jar egyiitt. Ennek értelmében megkiilonbozte-
tink enyhe, mérsékelt és sulyos alkategdridkat.
Enyhe esetben nappal akaratlan dlmossdg és onkén-
telen alvési epizédok jelennek meg, olyan kis fi-
gyelmet igényl$ feladatokban, mint a tévénézés
vagy olvasds, az AHI 5-15/6ra. Mérsékelt esetben
mdr nagyobb figyelmet igényl6 feladatokban is be-
kovetkezik onkéntelen elalvds, példdul koncertek,
taldlkozok alatt, az AHI 15-30/6ra. Stlyos esetben
pedig mdr vezetés, étkezés vagy beszélgetés kozben
is felléphetnek alvési epizédok, az AHI meghaladja

a 30/6rat" 2. Az éjszakai apnoés események kovet-
keztében kialakul6 tiineteket fel lehet osztani nap-
pal és éjszaka megjelend szimptomékra, melyeket a
2. tablazatban foglaltunk 6ssze. Nemenként eltér-
nek a tiinetek, férfiakra inkdbb az észlelhet6 apnoe,
a fuldoklds, zihdlds és a horkol4s jellemz8, a nékre
pedig a depresszi6 és a reggeli fejfdjas> 6.
Patomechanizmusat tekintve a felsé 1égut elzaro-
ddsa hypoxids allapotot valt ki, melyet az agytorzsi
kemoreceptorok érzékelnek és ébredési folyamatot
inditanak el. A szimpatikus aktivitds novekedése és
az erdltetett 1égzés végiil az esetek tobbségében
nem tudatosulo ébredéshez vezet, akar tobb szaz-
szor is az éjszaka folyamén. Ez az ébredés a szerve-
zet védekez6 mechanizmusa, védi az agyi struktira-
kat a hypoxia dltal okozott kdrosoddsoktdl, akar
mds szervrendszerek megterhelésével is, olyan ko-
vetkezményeket idézve ezzel el6, mint a hiperten-
zi6, az arrhythmia, a szivinfarktus vagy a stroke® °.
A krénikus betegségek kialakuldsa mellett a be-
tegek 75%-aban mutattak ki kognitiv teljesitmény-
romldst?, ami elsGsorban olyan funkcidkat érint,
mint a figyelem!'*'4, a végrehajt6 funkcidk!® 1516, a
motoros kivitelezés!”- '8, valamint a rovid és hosszu
tavi verbdlis és vizudlis emlékezeti teljesitmény'®
1920 Ezeknek a teriileteknek a kdrosoddsa egyes
eredmények szerint Osszefliggést mutat az alvési
apnoe suilyossdagaval'® 2!, Vitatott kérdés, hogy a
hypoxia vagy az alvasdeprivacio 4ll a tiinetek hatte-
rében. Egyes szerz6k a hypoxidnak tulajdonitjdk a
karosodast, ami elsGsorban a frontdlis és temporalis
terliletekre hat, felboritja a kozponti idegrendszer
hemodinamikai stitusit és megakaddlyozza a neu-
rotranszmitter-szintézist'> 2224, Mdsok a fragmen-
talt alvast hangsilyozzdk, melynek sordn els6sor-
ban a NREM 3. és NREM 4. stadiumok, tehat a
mélyalvds, illetve a REM-alvésfdzis csokken és
megnd a feliiletes NREM 1. és NREM 2. stidiu-
mokban eltoltott id6. EbbSl adéddan a betegek csak
szenderegnek, nem jutnak el a mély alvdsstadiu-

1. tablazat. Az abnormdlis 1égzés meghatdrozdsdnak legfontosabb paraméterei* %7

Apnoe (Al)

Hypopnoe (HY)
fennall.

Apnoe-hypopnoe index (AHI)

Ebredést kivalté légzési eré (RERA)

Légzészavarindex (RDI)

A légzés teljes megszinése vagy legaldbb 90%-os csdkkenése, amely
megndvekedett légzési erével és 2-4%-os oxigénszaturécid-csdkkenéssel
jar, és legaldbb 10 masodpercig fenndll.

A légzés legaldbb 50%-o0s csékkenése, amely 4%-os oxigéndeszaturdciéd-
val és megndvekedett |égzési erdvel jar, és legaldbb 10 mdésodpercig

Apnoe- és hypopnoeesemények eléforduldsa alvaséranként.
Megnévekedett légzési erd, ami ébredést eredményez, de még nem felel
meg az apnoe és a hypopnoe kritériumdnak.

Apnoék, hypopnoék és az ébredést kivaltd légzési erd egyittes szama
alvéséranként.

Csabi: Két honapos légsinterdpia hatdsa az alvds struktoréjdra, a kognitiv funkcidékra és a szorongdsra



mokba, ami elsGsorban a frontalis

2. tablazat. Az obstruktiv alvdsi apnoe szindromdhoz tdrsuld tiinetek® *3

teriiletek pihenését szolgdlja. En-

nek hidnyit a napkozben megnyil- | Ejszakai tonetek

Nappali tinetek

vanul6 aluszékonysdg jelzi, ami
onmagdban is ronthatja a teljesit-
ményt>28, Emellett alvéds alatt is
torténik emlékezeti megszildrdu-
l4s, melynek sordn a nappal szer-
zett informdciok frissitése és fel-
dolgozésa torténik a hippocampus

Horkold&s

Nocturia

Halotars éltal észlelt apnoe (>5 db/éra)

Nem pihentetd alvas

Gyakori ébredés zihdlés, fuldoklés kiséretében
Fenyegetd, nyugtalanité dlmok

Verejtékezés, nydladzds

Koncentrdciézavar
Kognitiv deficit
Reggeli fejfajas
Szdiszdrazség
Hangulatvdltozés

Csékkent libido, impotencia

Napkézbeni aluszékonysag

és a kéreg kozotti informaciddram-

las révén. Ehhez a NREM és a

REM alvisfazisokra egyardnt sziikség van, viszont
a nem megfelel6 alvési architektira megakadélyoz-
hatja ezt a konszolidaciés folyamatot®-*. PET-
vizsgdlatok alapjdn dgy tlinik, hogy az alvésdep-
rivacié hatdsdra els6sorban a thalamus, a prefron-
tdlis és a posterior parietalis teriileteken csokken az
aktivitds?’. Illetve vannak kutatdsi eredmények, me-
lyek szerint a hypoxia és az alvdsdeprivicié egy-
arant szerepet jatszik a diszfunkci6 kialakuldsdban,
a hypoxia els6sorban a végrehajté funkcidkra és a
motoros kivitelezésre hat, a normalis alvasstruktira
felboruldsa pedig a figyelmi és emlékezeti funkci-
6kban okoz deficitet’- '8 3436,

Az obstruktiv alvdsi apnoe szindroma kezelésére
tobbféle mddszer 1étezik, ezek koziil az egyik leg-
hatékonyabb a pozitiv felsé 1éguti nyomadsterdpia,
ami a be- és kilégzés alatt folyamatos pozitiv nyo-
mds biztositdsdval csokkenti a 1égzési munkét és
megakadélyozza a fels6 légutak 6sszeomldsat®’. Az
alvdsmintazatra és az alvds alatti 1égzésre gyakorolt
hatdsdval kapcsolatban a kutatisok tobbsége mar
egy éjszakds haszndlatot kdvetden jelentSs javuldst
taldlt az alvas hatékonysagdban. Csokken a feliiletes
alvasstadiumokban eltoltott 1d6, az alvas alatti Ebre-
dések szdma és az apnoés események el6fordulésa,
ezzel szemben pedig né az oxigénszaturicid, a
mélyalvds és a REM ardnya, valamint a teljes
alvdsid$? 26-28.36.38-40 A peuropszicholdgiai funkci-
Okra és a pszichés stitusra gyakorolt hatdsaval kap-
csolatban ellentmonddsosak a kutatdsi eredmények.
Egyes szerzk a kezelés ellenére nem taldltak javu-
last a kognitiv funkcidkban vagy az érzelmi sté-
tusban*'. Ezzel szemben mdsok szerint a frag-
mentélt alvas altal okozott tiinetek visszafordithato-
ak, javulast taldltak a verbdlis és téri-vizudlis emlé-
kezeti teljesitményben?®, illetve a figyelmi folyama-
tokat mérd teszteken és az éberségben, csokkent a
tévesztések és a lapsusok szdma, valamint a reak-
ci6idg” 474849 | A késziilék haszndlati idejével kap-
csolatban Zimmermann és munkatérsai*® harom hé-
napot kdvetden nagyobb mértékd javuldst taldltak a
verbdlis emlékezetben azok esetében, akik négy
6rdndl tobbet haszndltdk a késziiléket éjszakanként,

azokhoz képest, akik ennél kevesebbet haszndl-
tdk, akdrcsak Felver-Grant és munkatarsai®', akik
ugyanennyi idejli kezelést kovetéen a munkamemo-
ridban mutattak ki jobb teljesitményt, habdr a moto-
ros kivitelezést és a végrehajté funkcidkat mérs
teszteken az optimadlis késziilékhaszndlat ellenére is
a kérosodott tartomdnyban maradtak az eredmé-
nyek. Szerintiik a hypoxia olyan mértékd strukturd-
lis karosodast okoz, elsGsorban a frontalis teriiletek-
hez kapcsol6d6 magasabb szintli végrehajté funkci-
Okban, ami mar nem reverzibilis” '8 2734 4749 Ezért
kutatdsunk célja annak megdllapitdsa, hogy rovid
tdvi (két és fél honapos) pozitiv fels§ 1éguti nyo-
madsterdpia milyen hatdssal van az alvds min&ségé-
re, a kognitiv funkcidkra és a szorongds mértékére.

Médszer
RESZTVEVOK

A vizsgdlatban 6sszesen 24 6 (23 férfi, egy balke-
zes/23 jobbkezes) vett részt, dtlagéletkoruk 53,21
év (szérds: 12,11), az iskoldban toltott évek atlaga
12,17 (szérds: 2,20). Az apnoe hypopnoe index
(AHI-index) alapjan hdrom f6 enyhe, 6t f6 kozepe-
sen stlyos és 16 6 stlyos apnoés beteg alkotta a
mintdt, az AHI-index atlagértéke az Osszes vizsga-
lati személy esetében a kezelés el6tt: 54,078/6ra
(szords: 31,72). Kizardlag azokat valasztottuk ki,
akik esetében az els6 diagnosztikdra szolgalo éjsza-
ka alatt, a poliszomnogréfiai mérés alapjan alvési
apnoe szindromat diagnosztizaltunk. Koziilik 16-
an CPAP-, nyolcan BIPAP-késziiléket kaptak. A
két tesztfelvétel kozott eltelt id6 alatt, ami dtlagosan
két és fél honap volt, a vizsgalt személyek dtlagosan
370 orat hasznaltak a késziiléket. A légsinterdpia
megkezdése el6tt és a két hdnapos kontrollvizsgala-
ton is felmértiik a szubjektiv aluszékonysigot az
Epworth Aluszékonysédgi Skdldval. Két hénapos ké-
sziilékhaszndlatot kovetSen szignifikdns javulést ta-
laltunk a szubjektiv aluszékonysdg mértékében
[t(19)=4,250, p<0,001]. A vizsgalt személyek vala-
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mennyien az SZTE, Szent-Gyorgyi Albert Klinikai
Kozpont, Somnocenter, Dél-alfoldi Regiondlis Al-
vasdiagnosztikai Terdpids Centrum, Szeged beteg-
anyagdbdl keriiltek ki. A tesztfelvétel el6tt minden
résztvevot részletesen informdltunk a kutatds célja-
r6l és menetérdl, valamint {rasbeli beleegyezést is
kértlink. A vizsgélat sordn betartottuk a Magyar
Pszichol6giai Téarsasdg 4dltal eldirt etikai szabdlyo-
kat.

VIZSGALATI ESZKOZOK
Poliszomnogrdfia

Az éjszakai alvésvizsgélathoz standard poliszom-
nografit alkalmaztunk, melynek sordn rogzitettiik
az agyi elektromos tevékenységet (EEG), a szivmii-
kodést (EKG), a szemmozgédsokat (EOG), és az
izomaktivtitdst (EMG). A poliszomnografia mellett
az alvds alatti mozgdsok detektdldsdra aktigrafids
vizsgdlat is tortént. Emellett megfigyeltiik a 1égzés-
dinamikat (orr- és szdjlégzés, hasi és mellkasi 1ég-
78s) és a vér oxigénszaturicidjat (Profox). Infraka-
merdval videofelvétel késziilt az alvds alatti pozi-
ciévaltasokrol, mikrofonnal hangfelvétel az alvés
alatti hangjelenségekrdl. Az alvisstddiumok meg-
hatdrozdsara, valamint a fiziol6giai valtozdsok ko-
vetésére a Rechtschaffen, Kales> dltal meghatdro-
zott kategoridkat vettiik figyelembe. Az alvéskuta-
tas és az alvas- és emlékezeti konszolidacidra vo-
natkoz6 szakirodalom alapjdn a legfontosabb valto-
z6kat, amiket mi is kiemelten kezeltiink a vizsgélat
soran, a 3. tablazatban foglaltuk Gssze’ 47 48 53-56,

A kognitiv funkciok méréeljdrdsai

A verbdlis rovid tavii emlékezet mérdeljdrdsai
Szamterjedelemteszt — a vizsgalati személynek
mindig egy elemmel bdviild szdmsorozatot kell
visszamondania azonos sorrendben. Minden terje-
delemhez négy sorozat tartozik, amit a vizsgélat
vezetdjének egyenként kell felolvasnia egy mésod-
perces sziinetet hagyva kozottiik. A legkevesebb so-
rozat hirom, a legtobb kilenc szdmot tartalmaz.
Csak az a szdmsorozat fogadhat6 el, amit a vizsgalt
személy pontosan megismétel, a felcserélés vagy
kihagyds hibdnak szdmit. Ha legaldbb két sorozatot
megismétel, akkor lehet tovabblépni a kovetkezd,
eggyel nagyobb terjedelemre. A vizsgdlt személy
rovid tdvid emlékezeti terjedelmét az a sorozathosz-
szuség jeloli, amibdl legaldbb kettdt helyesen visz-
sza tud mondani®’>°.

Alszéismétlési teszt — a vizsgdlati személynek
egyre hosszabb értelmetlen szavakat kell megismé-
telnie. A feladat 0sszesen harminchat sz6bdl all, a

legrovidebb egy, a leghosszabb kilenc szotagu.
Mindegyik széhosszisighoz négy 4lszé tartozik,
melybdl legaldbb kett6t kell megismételni, hogy to-
vabblépjen a kovetkezd sorozatra. A vizsgdlt sze-
mély élszéterjedelmét az a szétaghosszisdg fogja
jelolni, amelybdl legaldbb kett6t helyesen meg tud
ismételni®’.

A komplex munkamemoria mérdeljdrdsai

Hall4si mondatterjedelem teszt — a vizsgdlt sze-
mélynek el kell dontenie a hallott mondatokrdl,
hogy igaz vagy hamis éllitdsok, és meg kell jegyez-
nie minden mondat utols6 szavét. Egy blokkon be-
lil a mondatok szdma kett6tS] nyolcig terjed. Az
adott blokk mondatainak elhangzdsa utdn vissza
kell mondani a megjegyzett szavakat helyes sor-
rendben, csak ezutan lehet attérni a kovetkezd
blokkra. A teszt végsé eredményét a harom blokk
atlaga adja®!-©2,

Forditott szdmterjedelem teszt — akércsak a
szamterjedelem tesztnél, az egyes terjedelmekhez
négy szdmsorozat tartozik, melyeket a vizsgélat
vezetdjének egyenként, egy mdsodperces sziinete-
ket hagyva kell felolvasnia, a vizsgdlt személynek
viszont forditott sorrendben kell megismételnie. A
kovetkezd sorozat megkezdésének feltétele az el6z6
sorozatbdl legaldbb két szdmsorozat hibatlan visz-
szamonddsa. A személy komplex munkamemoria-
terjedelmét az a sorozathossziisdg adja, amibdl leg-
aldbb kettSt helyesen meg tud ismételni> 3,

A téri-vizudlis rovid tavii emlékezet mérdeljardsa
Corsi-kockak teszt — a vizsgalt személynek egy fe-
kete tdbldn, kilenc darab szabdlytalanul rogzitett,
koriilbeliil 2 cm 4tmérdjd, szintén fekete kockét kell
ugyanabban a sorrendben visszamutatnia, mint
ahogy a vizsgdlat vezetdje mutatta kordbban. A
legels6 sorozat kettd, a legutolsé kilenc kocka
megismétlésébdl all. Legaldbb két sorozatot kell he-
lyesen visszamutatni, hogy a kovetkezd, eggyel ma-
gasabb blokkba Iéphessen. A téri-vizudlis rovid ta-
vi emlékezet terjedelmét az a sorozathosszisig
fogja jelolni, amit a vizsgélt személy helyesen visz-
sza tud mutatni®- %,

A végrehajto funkciok mérdeljdardsa
Bettifluencia — a vizsgélt személynek egy percig
kell bizonyos hanggal kezd6d6 szavakat felsorolni
ugy, hogy ne legyen kozottiik személyes névmds,
szam vagy ugyanannak a szénak ragozott és képzett
alakja®-%*. Vizsgalatunkban az els6 alkalommal ,,k”
és ,,t”7, a mésodik alkalommal ,,m” és ,,s” hanggal
kellett szavakat felsorolni.

Szemantikus fluencia — ugyancsak egy perc alatt
bizonyos kategdridkba tartoz6 szavakat kell felso-
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3. tablazat. A vizsgdlatban haszndlt legfontosabb alvdsvdltozok™*7 43 53-56

Alvésvéltozok

Roviditések

Jelmagyardzat

Agyban taltstt id8 (Time In bed)
Teljes alvasidé (Total Sleep Time)
Alvésperiédus-id8 (Sleep Period Time)

Alvdaskezdet-latencia (Simple Sleep Onset
Latency)

Ebrenlét alvas alatt

Osszes ébrenlét (Time in Wake)

Alvéshatékonysdgi index (Sleep Efficiency)

Id&tartam

Horkoldés

Lass0 hulldmy alvésfazis (Non-Rapid Eye
Movement)
NREM 1. stadium

NREM 2. stddium

NREM 3. stédium

NREM 4. stddium

Mélyalvés

Gyors szemmozgdsos alvdsfézis
(Rapid Eye Movement)

Gyors szemmozgds
(Rapid Eye Movement)
LassU szemmozgds
(Slow Eye Movement)
a-hulldm

(o« Waves)

A-hulldm

(A Waves)

Alvési orsék

(Sleep Spindles)

Apnoe-hypopnoe index
(Apnea-hypopnea Index)
Apnoe-hypopnoe esemény

Apnoe-hypopnoe étlagidd

Légzészavarindex
(Respiratory Disturbance Index)

Légzészavarindex NREM-ben

Légzészavarindex REM-ben

TIB
TST
SPT
SSL
WK

TWK
SE

NREM

S1

S2

s3
sS4

SWS
REM
REM

SEM

AHI-index
AHl-esemény
AHI-é4tlagid8

RDI TST

RDI NREM

RDI REM

A villanyoltastdl a reggeli felkelésig eltelt id&
(percekben)

Az alvdsstadiumok &sszideje, kivéve az
ébredéseket/tényleges alvasids (percekben)
Alvasid8 az elalvéstdl az utolséd ébredésig
(percekben)

Elalvéshoz szikséges id8 (percekben)

Alvasid8 — tényleges alvasidd (percekben)
Ebrenlétek dsszessége (percekben)

Telies alvasidd x 100 /agyban toltétt id8

Az egyes alvasfdzisok és stadiumok hossza
(percekben)

Az egyes alvasfazisokban és stédiumokban
megjelend horkolésok széma (darab/éra)

Lasst hulldmu, gyors szemmozgds nélkali,

az éjszaka elsd felében domindlé alvasfézis
Szendergés, lasst hulldmU szemmozgds, magas
frekvencidju, alacsony amplitddéjo hullémok
talstlya (B- és 8-hullémok)

FelGletes alvds, alacsony fesziltségU 6-
0-hullamok, K-komplexusok és alvési orsék
megjelenési helye

Kézépmély alvas, lassu 6-hullémok,
szemmozgds teljes hidnya

Mélyalvés, 8-hullédmok 50%-os tdlstlya

NREM 3. és NREM 4. stéddium

Gyors szemmozgdsos, deszinkronizdalt EEG-vel
jellemzett alvdasfézis, mely az éjszaka masodik
felében domindl (a-, B-, 6-hullémok)

Gyors szemmozgds, mely els8sorban a REM-
alvésfazisban domindl

LassU szemmozgds, mely elsGsorban a NREM 1.
staddiumban domindl

Eber, nyugalmi éllapotot jelz8 8-12Hz-es hulldm

0,5-4 Hz kézétti lasst hullém, mely a mély alvés
iele, legkifejezettebben a frontdlis régidban
jelenik meg

12-16-Hz-es névekvs, majd csékkend
amplitddéjo (bifdzisos) hulldamok, melyek a
thalamusban képz&dnek, a thalamus és a kéreg
kézti informdciéaramldst jelzik

Apnoék és hypopnoék eléforduldsa
alvdséranként, (szdzalékban)

Apnoék és hypopnoék eléforduldsa alvésérdnként
(darabszédmban)

Apnoék és hypopnoék egyittes étlagideje,
(mésodpercben)

Apnoék, hypopnoék és az ébredést kivaltd
légzési erd (RERA) alvéséranként a telies alvésidé
alatt

Apnoék, hypopnoék és az ébredést kivaltd
légzési er8 (RERA) alvédsérénként NREM-ben
Apnoék, hypopnoék és az ébredést kivaltd
légzési er8 (RERA) alvdsérdnként REM-ben
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3. tablazat. Folytatds

(Mean Oxygen Saturation)
Oxigéndeszaturdcids index ODI
(Oxygen Desaturation Index)

Alvésvaltozék Réviditések Jelmagyardzat

Legkisebb szaturécié min SaO, Az artérids vér oxigéntelitettségének

(Minimum Oxygen Saturation) legalacsonyabb értéke (szdzalékban)
Atlagszaturdcié mean SaO, Az artérids vér oxigéntelitettségének atlagértéke

(szdzalékban)
Az oxigénszaturdcié normdlszintjétsl (90-95%)
valé legaldbb 4%-o0s csékkenés alvésérénként
(szdzalékban)

rolniuk a vizsgélati személyeknek. Az eredményt
mindkét fluenciafeladat esetében a helyesen felso-
rolt szavak szdma adja, a helytelen szavak vagy az
ismétlés hibanak szamit™ . Az adatfelvétel sordn
elsd alkalommal ,,allat”, masodszorra ,.élelmiszer-
boltban kaphat6 termékek™ felsoroldsét kértiik.

A hosszi tavi verbdlis, vizudlis és epizodikus
emlékezet mérdeljdrdsa

Rivermead Viselkedéses Emlékezeti Teszt — erede-
tileg 11 feladatbdl all, melybdl négy részfeladatot
haszndltunk fel, a kereszt- és vezetéknév, a targyké-
pek és a torténetek azonnali és késleltetett felidézé-
sét. A kereszt- és vezetéknévre emlékezés sordn egy
portrén 1év6 személy teljes nevét kell megismétel-
nie a vizsgalt személynek azonnal és rovid késlelte-
tést kovetéen. Mindkét esetben a helyes valasz 2
pontot ér, ha csak a vezeték- vagy a keresztnév he-
lyes, akkor 1 pont jir, ha nem emlékszik a névre
vagy helytelen nevet mond, akkor O pont. A targy-
képekre emlékezésnél 10 darab, tdrgyat dbrdzold
képet mutat a vizsgdlat vezetdje, amit a vizsgélt sze-
mélynek meg kell neveznie. Ezt kovet6en azonnal,
majd feladattal kitoltott késleltetést kovetden 20 da-
rab kép koziil kell kivalasztania, hogy melyik 10-et
latta kordbban. Osszesen 10 pontot lehet elérni,
minden helyes megoldds 1 pontot ér. A torténetre
emlékezésnél a vizsgilat vezetGje dltal felolvasott
torténetb6l kell minél tobb részletet visszaidézni
kozvetleniil a felolvasds utdn, majd késleltetve. A
torténet 21 elemre tagolddik, ennek megfeleléen 21
pontot lehet elérni, minden helyesen megismételt
elem 1 pontot ér, ha csak részben j6 a megoldds, ak-
kor fél pont jar®- ¢,

A szorongds mérésére alkalmazott mérdeljdrds

Spielberger-féle Allapot-Vonas Szorongas Kérdéiv
— a vizsgélati személynek negyven 4allitasrol kell el-
dontenie, hogy milyen mértékd szorongds jellemzi
az adott pillanatban (éllapotszorongés), illetve élta-
ldban (vondsszorongds). Az 4llitdsokat egytdl né-

gyig terjed6 skéldn lehet pontozni. Az értékelésnél
0sszegzddnek az adott pontok, egyes tételeknél for-
ditott pontszdmokkal kell szdmolni. A végered-
ményt az dsszes mondatra adott pontok és forditott
pontok szdmdnak Osszege adja. Mindkét részteszten
minimum 20, maximum 80 pontot lehet elérni. Az
elsé hisz éllitas az dllapotszorongds értékét mutatja.
Nemenként eltérnek az édtlagok, a férfiak esetében
38,40 (széras: 10,66), a nok esetében 42,64 (szoras:
10,79). Huszonegyt6l 40-ig az 4llitdsok a vondsszo-
rongdst mérik, ahol a férfiak atlaga 40,96 (szoras:
7,78), a n6ké 45,37 (szoras: 7,97)°%7 %8,

Egyéb alkalmazott méréeljdardasok

Epworth Aluszékonysagi Skdla — a vizsgélati sze-
mélynek nyolc jellemz8 élethelyzetben kell értékel-
ni az elalvasi hajlamot. Osszesen 24 pontot lehet el-
érni, 10-t31 tekinthetd korosnak az aluszékonysag®.

ELJARAS

A vizsgélatot az SZTE, Szent-Gyorgyi Albert Klini-
kai Kozpont, Somnocenter, Szeged, Dél-alfoldi Re-
giondlis Alvasdiagnosztikai és Terdpids Centrum-
ban végeztiik. A résztvevdk kizdrdlag olyan szemé-
lyek voltak, akik esetében alvdsi apnoe szindromét
diagnosztizéltak és kezelésiikre 1égsinterdpidt irtak
el6. A neuropszicholégiai tesztek felvételére két al-
kalommal keriilt sor, el§szor a titrdldst megel6zen,
majd két és fél honapos késziilékhasznélatot kdve-
téen, amikor kontrollvizsgdlatra jottek vissza. Titra-
las sordn el8szor a legalacsonyabb nyoméson (2-5
vizecm) kell aludni a vizsgdlt személynek, hogy
megjelenjenek a rd jellemzd tiinetek, majd lassan
emelik a nyomadst, amig az apnoék, végiil a horkolds
is eltlinik, rendezddik a 1égzés, a szivfrekvencia és
az oxigénszaturdcid. Az optimdlis nyomdsérték az a
minimumnyomds, ami eltlinteti az apnoékat és a
hypopnoékat*. Mindkét tesztfelvétel alkalmaval a
vizsgélati személyek este 19.00 6rara értek be az al-
vaslaborba, a tesztfelvétel koriilbeliil 19.00 és 20.00
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ora kozott zajlott, a villanyoltasra 22.00 érakor ke-
riilt sor. Ahol lehetett, a két hénapos kontrollvizsga-
latkor mds példdkat alkalmaztunk a teszteknél az is-
métlési hatds elkeriilésére. A tesztek felvétele vélet-
lenszertien tortént a faradasi hatas kikiiszobolésére,
illetve amennyiben igényelték a vizsgalt személyek,
sziinetet tartottunk a tesztek felvétele kozott.

STATISZTIKAI ANALIZIS

A felvett adatok elemzéséhez az SPSS 15.0 statisz-
tikai programcsomagot hasznéltuk, a kezelés eldtti
és utdni kognitiv funkciok, szorongdsszint, valamint
az alvdsi paraméterek 6sszevetése parositott t-pro-
baval tortént, az egyes Osszefiiggések vizsgdlatira
pedig korreldciés szdmitdsokat (Pearson) végez-
tiink.

Eredmények
A POLISZOMNOGRAFIAVAL MERT ALVASMUTATOK VALTOZASA

Diagnosztikai fdzis alatti adatfelvétel (1. alkalom)
és a titrdlds alatti adatfelvétel (2. alkalom)
osszehasonlitdsa

Alvdsstruktiira

Az els6 mérésen, a diagnosztikai éjszakai és a ma-
sodik mérésen, a titralason, ahol mar késziilékkel
aludtak a vizsgélt személyek, az alvdsvaltozok ered-
ményei koziil szignifikdnsan csokkent az alvds alat-
ti ébrenlét (WK) [t(14)=-3,192, p=0,007] és az éb-
renlétek Osszességiikben (TWK) [t(14)=3,640,
p=0,003]. Ennek hatdsara, szignifikdnsan noveke-

dett a teljes alvdsid6 (TST) [t(14)=-3,192,
p=0,007], a mélyalvds mennyisége (SWS)
[t(14)=-5,660, p<0,001] és a REM-fézis

[t(14)==3,165, p=0,007], illetve javult az alvashaté-
konysdgi index [t(14)=-3,478, p=0,004]. Az
NREM 1. stddium (S1 TST) mennyisége a teljes
alvdsidéhoz  képest  szignifikdnsan  csokkent
[t(14)=3,659, p=0,003]. Csokkent az itt megjelens
o-hulldmok mennyisége (S1-o0) [t(14)=2,329,
p=0,035] és tendenciaszertien csokkent a §-hulla-
mok megjelenése (S1 8) [t(14)=1,822, p=0,90] is.
Szignifikédns csokkenés jelent meg a masodik alvas-
stddium 4gyban toltott idejében (S2 TIB)
[t(14)=2,544, p=0,023], az itt megjelens &-hulla-
mok mennyiségében (S2 8) [t(14)=2,290, p=0,038]
és a horkoldsban (S2 horkolds) [t(14)=2,928,
p=0,011]. Tendencidézus csokkenést regisztraltunk a
NREM 2. stadium alvasperiddus idejében (S2 SPT)
[t(14)=3,268, p=0,006] és a lassi szemmozgdsban
(S2 SEM) [t(14)=1,776, p=0,097]. A NREM 3. sta-
diumban folytatddott a csokkend tendencia, szigni-

fikdns csokkenést mutatott az itt megjelend gyors
szemmozgds (S3 REM) [t(14)=-2,204,p=0,045] és
a horkolds (S3 horkol4s) [t(14)=2,455, p=0,028]. A
korabbi alvasstadiumok csokkenésével ellentétben,
szignifikdnsan novekedett a NREM 4. stidium
id6tartama (S4 id6tartam) [t(14)=-3,617, p=0,003],
az alvéasperiédus ideje (S4 SPT) [t(14)=—4,715,
p<0,001] és az 4gyban toltott id6 (S4 TIB)
[t(14)=—4,647, p<0,001]. A teljes alvdsid6hoz ké-
pest tendenciaszinten nétt a NREM 4. stddiumban
eltoltott 1d3 is a teljes alvasidShoz képest (S4 TST)
[t(14)=-3,281, p=0,005]. Jelent6sen nétt az itt
megjelend  §-hulldmok (S4 §) [t(14)=-2,394,
p=0,031], lassu (S4 SEM) [t(14)=-2,177, p=0,047]
és gyors szemmozgdsok (S4 REM) [t(14)=-2,224,
p=0,043] aranya.

Alvas alatti légzési események

Titrélds sordn a CPAP/BIPAP késziilékek hasznala-
ta szignifikdns javitotta a légzészavarindexet a tel-
jes alvasidé alatt (RDI TST) [t(15)=7,220,
p<0,001], illetve a NREM (RDI NREM)
[t(14)=6,798, p<0,001] és a REM (RDI REM)
szakaszokban  regisztrdlt = 1égzészavarindexet
[t(14)=8,341, p<0,001]. Jelentdsen csokkent az
apnoe-hypopnoe 6rdnkénti el6forduldsi ardnya
(AHI-index) [t(22)=6,687, p<0,001], igy a darab-
szdma is (AHI-esemény) [t(22)=7,961, p<0,001], il-
letve az apnoe-hypopnoék éatlagideje (AHI-atlag-
1dd) [t(22)=5,720, p<0,001]. Az alvés alatti 1égzés-
paraméterek koziil szignifikdnsan javult a legki-
sebb szaturdci6 (minimum-Sa0,) [t(22)=-7911,
p<0,001] ¢és az atlagszaturicio (mean SaO,)
[t(22)=-2,353, p=0,028], valamint a deszaturdcids
index (ODI) [t(22)=15,311, p<0,001].

Diagnosztikus fdzis alatti adatfelvétel (1. alkalom)
és a két honapos kontrollvizsgdlat alatti
adatfelvétel (3. alkalom) osszehasonlitdsa

Alvdsstruktiira

A harmadik mérésen, a két hénapos kontrollvizsga-
laton poligrifids mérés tortént, igy csak az alvés
alatti 16gz¢si eseményeket regisztraltuk.

Alvas alatti légzési események

A két honapos 1égsinterdpia szignifikdns javuldst
eredményezett az apnoe-hypopne indexben (AHI-
index) [t(22)=5,172, p<0,001] és az apnoe-hypop-
noe események darabszdimdban (AHI-esemény)
[t(22)=3,853, p=0,001]. Tovébbi szignifikans javu-
last mutatott a legkisebb szaturicié (minimum-
Sa0,) [t(22)=-6,698, p<0,001], az étlagszaturacio
(mean Sa0,) [t(22)=-3,869, p<0,001] és a desza-
turdcids index (ODI) [t(22)=10,173, p<0,001].
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Titrdlds alatti adatfelvétel (2. alkalom) és a két
hoénapos kontrollvizsgdlat alatti adatfelvétel
osszehasonlitdsa (3. alkalom)

Alvdsstruktiira
A poligrifids mérés kovetkeztében csak az alvés
alatti 1égzési eseményeket rogzitettiik.

Alvds alatti légzési események

Maisodik alkalommal a titrdldson és a harmadik al-
kalommal, a két hoénapos kontrollvizsgdlat alatt
mért 1égzési valtozok koziil az apnoe-hypopnoe
események szdma (AHI-esemény) [t(23)=—1,777,
p=0,089] és az atlagidejiik (AHI-atlagidd)
[t(23)=-1,864, p=0,075] tendenciaszerlien romlot-
tak, de az apnoe-hypopnoe index (AHI-index) érté-
ke nem [t(23)=—1,655, p=0,112]. A legkisebb sza-
turaci6 (minimum-Sa0,) [t(23)=0,757, p=0,457], az
atlagszaturaci6 (mean SaO,) [t(23)=-1,124, p=
0,273] és a deszaturaciés index (ODI) [t(23)=0,702,
p=0,490] értékei nem mutattak szignifikans valto-
Z4st.

A KOGNITIV FUNKCIOK ES A SZORONGAS KAPCSOLATA AZ
ALVASMUTATOKKAL ES AZ ALUSZEKONYSAGGAL

A diagnosztikai fazis (1. alkalom) és az elsd
tesztfelvétel (titrdlds) kozotti kapcsolatok

Kezelés elotti alvdsstruktiira és a kezelés elotti
kognitiv funkciok kapcsolata

A betiifluencia-teszten a felsorolt szavak szdma ko-
zepesen er8s pozitiv korreldciét mutatott a NREM
3. stidiumban megjelend alvasi orsék szdmdval (S3
orsd) [r(13)=0,551, p=0,033]. Szintén mérsékelten
erds pozitiv korrel4cid jelent meg a mélyalvassal
(SWS) [r(13)=0,535, p=0,040] és er6s pozitiv kor-
reldciéban 4llt a NREM 4. stiddium idStartamaval
(S4 idétartam) [r(13)=0,672, p=0,006]. Emellett a
NREM 4. stiddium id&tartamdval a teljes alvds-
1d6hoz képest (S4 TST) [r(13)=0,749, p=0,001], il-
letve a NREM 4. stidiumban megjelend 8-hullamok
mennyiségével (S4 8) [r(13)=0,7, p=0,004]. Tehat
minél jobban nétt a NREM 4. stddium id6tartama és
az itt megjelend &-hulldmok mennyisége, anndl
jobban emelkedett a felsorolt szavak szdma a
bettifluencia-teszten. A szemantikus fluencia fel-
adat er8s pozitiv korreldciét mutatott a NREM 3.
stddiumban megjelend alvdsi orsézdssal (S3 orsé)
[r(13)=0,723, p=0,001] és a NREM 4. stddiumban
megjelend alvdsi orsék szdmdval (S4 orso)
[r(13)=0,674, p=0,006], valamint kézepesen erésen
pozitivan korreldlt a NREM 4. stidium id&tar-
tamdval a teljes alvasidéhoz képest (S4 TST)
[r(13)=0,525, p=0,045]. Az alszéteszt erds negativ

korrelédciét mutatott a NREM 2. stddium idejével a
teljes alvasidéhoz képest (S2 TST) [r(21)=-0,899,
p<0,001], a NREM 2. stddium latencidjdval (S2 lat)
[r(13)=-0,836, p<0,001], a NREM 2. stddium al-
vasperiddus idejével (S2 SPT) [r(13)=-0,620,
p=0,014] és a NREM 2. stddiumban megjelend al-
vasi ors6k szdmadval (S2 orsé) [r(21)=-0,755,
p=0,001]. A NREM 2. stddiumban megjelend gyors
szemmozgas (S2 REM) kozepesen er8s negativ
korreldciét mutatott a forditott szdmterjedelem
teszttel [r(13)=—0,538, p=0,039] és a Corsi-teszttel
[r(13)=-0,581, p=0,023] is. Nem szignifikdns, de
kozepesen er6s negativ korreldcidé jelent meg a
betlifluencia-feladaton az Osszesen visszamondott
szavak szdma, a NREM 2. stadium latencidja (S2
lat) [r(13)=-0,456, p=0,087], valamint a NREM 2.
stddium alvéasperiddus-ideje (S2 SPT) [r(13)=
-0,463, p=0,082] kozott. A Rivermead-teszten a
torténet azonnali felidézése a NREM 2. stddium al-
vasperiddus idejével (S2 SPT) [r(13)=-0,418,
p=0,121], a forditott szamterjedelem teszt a NREM
2. stddium latencidjaval (S2 lat) [r(13)=-0,413,
p=0,126], a szemantikus fluencia feladaton az 0sz-
szesen visszamondott szavak szdma pedig a NREM
2. stddiumban megjelend gyors szemmozgdssal (S2
REM) mutatott nem szignifikdns, de kbzepesen erds
negativ korreldciét [r(13)=-0,442, p=0,099]. A
szamterjedelemteszt kdzepesen erds pozitiv korre-
lacioban allt a NREM 3. stadium alatt megjelend al-
vasi orsék szdmdval (S3 orsé) [r(13)=0,535,
p=0,040] és a NREM 4. stddium alvasi orséinak a
szamaval (S4 ors6) [r(13)=0,587, p=0,022]. A for-
ditott szdmterjedelem teszt mar erés pozitiv korrela-
ciéban éllt a NREM 3. stadium alvasi orséival (S3
orsd) [r(13)=0,605, p=0,017] és a NREM 4. stddium
alvdsi orsézdsdval (S4 ors6) [r(13)=0,629, p=
0,012]. Akércsak a halldsi mondatterjedelem teszt,
mely szintén er8s pozitiv korreldciét mutatott a
NREM 3. stddiumban megjelend alvdsi orsokkal
(S3 ors6) [r(13)=0,703, p=0,003] és a NREM 4. sta-
diumban megjelend alvasiorsé-aktivitassal (S4 or-
s6) [r(13)=0,746, p=0,001]. Ennek alapjan az egyre
komplexebb feladatok egyre szorosabb Osszefiig-
gést mutattak a NREM 3. és 4. stddiumokban
megjelend alvési orsokkal.

A kezelés elotti alvdsstruktiira és a kezelés eldtti
szorongdsi mutatok kapcsolata

A Spielberger-féle Allapot-Vonds Szorongas tesz-
ten az allapotszorongds kozepesen erds negativ
korreldciét mutatott a NREM 4. stiddium laten-
cidjaval (S4 lat) [r(13)=-0,653, p=0,008]. Nem
szignifikédns, de kdzepesen erds negativ korreldcio-
ban allt a NREM 3. stddiumban megjelend alvasi
orsokkal (S3 orsé) [r(13)=-0,408, p=0,131], akar-
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csak a NREM 4. stddiumban megjelend alvdsi or-
sozéssal [r(13)=-0,456, p=0,087] és a REM-fizis
latencigjaval [r(13)=-0,500, p=0,057]. A vonds-
szorongds a NREM 1. stddium lassi szemmozgé-
saval (S1 SEM) [r(13)=-0,680, p=0,005] allt koze-
pesen erds negativ, a REM-f4zisban a lassd szem-
mozgdssal (REM SEM) [r(13)=-0,560, p=0,030]
pedig kdzepesen erds pozitiv korreldcidban. Emel-
lett nem szignifikdns, de kozepesen erds pozitiv
korreldciéban allt a REM-fazis alvdsperiddus ide-
jével (REM SPT) [r(13)=0,414, p=0,125] és koze-
pesen erds negativ korreldcidban az alvis alatti éb-
renlétek mennyiségével (TWK) [r(13)=-0,470,
p=0,077] és az ébredési indexszel [r(13)=-0,416,
p=0,123].

Diagnosztikus fdazis (1. alkalom) és az elsd
tesztfelvétel (titrdlas) kozotti kapcsolatok

A kezelés elotti légzési események és a kezelés
elotti kognitiv funkciok kapcsolata

A betiifluencia-feladaton a felsorolt szavak szdma
erds negativ korreldciét mutatott a teljes alvds-
idére vonatkozé légzészavarindexszel (RDI TST)
[r(12)=-0,694, p=0,004] és a NREM-fazis lég-
zészavarindexével (RDI NREM) [r(13)=-0,678,
p=0,005], valamint gyenge negativ korreldciéban
allt az apnoe-hypopnoe darabszdmdval (AHI-
esemény) [r(21)=-0,494, p=0,017]. Azaz minél job-
ban csokkentek a 1égzési események értékei, anndl
tobb szt tudtak felsorolni a betiifluencia-feladaton.
A szemantikus fluencidndl az Osszesen felsorolt
szavak szdma erds negativ korreldcidban 4llt a teljes
alvdsidé (RDI TST) [r=(13)-0,723, p=0,002], a
NREM (RDI NREM) [r(13)=-0,702, p=0,004] és a
REM (RDI REM) [r(13)=-0,643, p=0,010] alvasfa-
zisok 1égzészavarindexével, illetve gyenge negativ
korreldciét mutatott az apnoe-hypopnoe darabsza-
mdaval (AHI-esemény) [r(21)=-0,453, p=0,030]. A
Rivermead Viselkedéses Emlékezeti teszten a torté-
net azonnali felidézése kozepesen erds negativ kor-
relacioban 4llt a NREM alatti (RDI NREM)
[r(13)=-0,575, p=0,025] és a teljes alvdsid6 alatti
légzészavarindexszel (RDI TST) [r(13)=-0,556,
p=0,031]. A torténet késleltetett felidézése szintén
kozepesen er8s negativ korreldciét mutatott a
NREM (RDI NREM) [r(13)=-0,585, p=0,022] és a
teljes alvédsidé alatti 1égzészavarindexszel (RDI
TST) [r(13)=-0,595, p=0,019].

A kezelés elotti alvds alatti égzési események és a
szorongds kapcsolata

A kezelés el6tti 1égzési események és a szorongds
mértéke kozott nem taldltunk kozepesen erds vagy
erds korrel4cidt.

A kognitiv funkciok és az aluszékonysdg kapcsolata
Két honap alatt csokkent az Epworth Aluszékony-
sdgi Skdla 4ltal mért szubjektiv aluszékonysig
[t(19)=4,250, p<0,001], ami a rovid tdvd verbdlis
epizodikus emlékezeti teljesitménnyel [r(18)=
—0,540, p=0,0014], illetve a végrehajté funkcidkat
mér6 feladatok valtozdsaval korreldlt [r(18)=
—0,465, p=0,039].

A kognitiv funkciok vdltozdsa két honap alatt

Két hénapos 1égsinterdpidt kovetden szignifikdns
javulds jelent meg a Rivermead Viselkedéses Emlé-
kezeti teszten a torténet azonnali [t(23)=-4,309,
p<0,001] és késleltetett felidézésen [t(23)=3,715,
p=0,001], valamint a forditott szdmterjedelem tesz-
ten [t(23)=-3,158, p=0,004] és halldsi mondatterje-
delem teszten [t(23)=-2,068, p=0,050]. Tendencia-
szintl javulds mutatkozott a Rivermead-teszten a
targyak azonnali felidézésén [t(23)=-1,813, p=
0,083]. Ezzel ellentétben szignifikans romlast talal-
tunk a Rivermead-teszten a portré késleltetett fel-
idézésén [t(23)=3,715, p=0,003], illetve tendencia-
szintl romlds jelent meg a végrehajté funkcidkat
mérd szemantikus fluenciateszten a perszeveracidk
szamdban [t(23)=-1,813, p=0,083]. A Spielberger-
féle Allapot-Vonds Szorongas Teszten szignifikans
javulds jelent meg az dllapotszorongds szintjében
[t(21)=2,044, p=0,054] és tendencia szintdi javulds
mutatkozott a vondsszorongdsban is [t(21)=1,897,
p=0,072]. Az els6 alkalommal, a diagnosztikai fazis
és a két honapos kontrollvizsgdlat 6sszehasonlitdsa-
ban, az édllapotszorongds valtozdsa mérsékelten erds
negativ korreldciét mutatott az apnoe-hypopnoe
események dtlagidejével [r(19)=-0,573, p=0,007],
illetve a vondsszorongds vdltozdsa is kozepesen
erds negativ korreldciéban allt az apnoe-hypopnoe
események dtlagidejével [r(19)=-0,527, p=0,014].
Ez az 6sszefiiggés a masodik alkalommal, a titrdls
és a két honapos kontrollvizsgalat 6sszehasonlitdsa-
ban is megjelent, az 4llapotszorongds kozepesen
erds negativ korreldciét mutatott az apnoe-hypop-
noe események 4tlagidejével [r(20)=-0,576, p=
0,005] és a vondsszorongas is kozepesen erds nega-
tiv korreldciéban 4llt az apnoe-hypopnoe esemé-
nyek 4tlagidejével [r(20)=—0,467, p=0,029].

NREM 2.-anomdlidk

Mivel a kezelés el6tt szdmos negativ korreldciot
kaptunk a diagnosztikai fdzis alatt regisztrélt
NREM 2. stadium alvdsvaltozdi és az elsd alkalom-
mal, a titrdlds alkalmdval felvett neuropszicholdégiai
teszteredmények kozott, ezért 6sszehasonlitottuk az
eredményeket a mésodik alkalommal, a titrdl4s al-
kalmaval mért alvasvaltozokkal, amikor mar készii-
1ékkel aludtak a vizsgdlati személyek. A kordbbi ne-
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gativ korreldcidkkal ellentétben kdzepesen erds po-
zitiv korreldciét kaptunk a NREM 2. stddiumban
megjelend alvdsi orsék (S2 orsé) és a forditott
szamterjedelem kozott [r(22)=0,412, p=0,045]. A
Rivermead-teszten a torténet azonnali felidézése a
NREM 2. stddiumban megjelend &-hulldamokkal
(S2 8) [r(22)=0,504, p=0,012], a késleltetett felidé-
z€s pedig a NREM 2. alvésperiddus idejével (S2
SPT) [r(22)=0,507, p=0,012] és a teljes alvdsid6hoz
képest szamitott alvdsidejével (S2 TST) [r(22)=
0,486, p=0,016] allt kozepesen erds pozitiv korreld-
ciéban. Nem szignifikdnsan, de kdzepesen er8sen
pozitivan korreldlt a torténet késleltetett felidézése a
NREM 2. stddium agyban toltott idejével (S2 TIB)
[r(22)=0,0,467, p=0,021] és az itt megjelend ao-hul-
ldmokkal (S2 &) [1(22)=0,502, p=0,056]. A szeman-
tikus fluenciafeladat a NREM 2. stddium alvdside-
jével a teljes alvasidd alatt (S2 TST) [r(22)=0,501,
p=0,013] és az itt megjelend alvasi orsék szdmaval
mutatott kozepesen erds negativ korreldciot
[r(22)=0,509, p=0,011]. Az itt 1év6 orsdaktivitdssal
(S2 orsd) a bettifluencia-feladat is kozepesen erés
pozitiv korreldciéban allt [r(22)=0,413, p=0,045].
Kozepesen erds pozitiv korreldcié jelent meg a hal-
l4si mondatterjedelem teszt és a NREM 2. stadi-
um alvésperiédus-ideje (S2 SPT) [r(22)=0,487,
p=0,016], az alvésideje a teljes alvasid6 alatt (S2
TST) [r(22)=0,449, p=0,028], az dgyban toltstt ide-
je (82 TIB) [r(22)=0,474, p=0,019] és az itt
megjelend orsék szdma (S2 orsd) [r(22)=0,644,
p=0,001] kozott. Emellett az itt el6fordul6 a 8-hul-
ldmok (S2) [r(22)=0,403, p=0,051] és a lassd szem-
mozgds (S SEM) [r(22)=0,436, p=0,033] kozott.
Nem szignifikdns, de kozepesen er6s korreldcid
mutatkozott a NREM 2. stddium id6tartama (S2
id6tartam) és a halldsi mondatterjedelem kozott
[r(22)=0,402, p=0,052], mely a NREM 2. stddium
idejével a teljes alvasidShoz képest (S2 TST) is ko-
zepesen erds pozitiv korreldcidban allt [r(22)=
0,401, p=0,052].

Megbeszélés

Kutatdsunk célja az volt, hogy megvizsgaljuk az al-
vési apnoe szindréma kezelésére alkalmazott pozi-
tiv felsd 1éguti nyomds terdpia rovid tdvu hatdsat az
alvds mindségére, a kognitiv funkcidkra és a szo-
rongdsra. Eredményeink alapjdan méar egy éjszaka
utdn javult az alvds architektirdja. A kezelés elotti
allapothoz képest csokkent a feliiletesebb alvassta-
diumokban, els6sorban a NREM 1. stadiumban el-
toltott id6, ezzel ellentétben megnétt a REM-alvés
és a mélyalvas, azaz a NREM 3. és NREM 4. stadi-
umok ardnya, a teljes NREM-alv4s viszont nem vél-
tozott jelentSsen. Csokkent az alvds alatti hypoxids

epizdédok szdma, ami javitotta az alvés alatti 1égzést
és csokkent az ébredések el6forduldsa, igy megndtt
a teljes alvasidd és hatékonyabbd vilt az alvés. Két
hénapos terdpidt kovetéen a kezelés el6tti dllapot-
hoz képest az alvds alatti 1égzési eseményekben
torténd javulds tovédbbra is fennmaradt, kevesebb
hypoxids epizdd jelent meg és ndtt az oxigén-
szaturdcio, bér a titrdlds és a két honapos kontroll-
vizsgdlat Osszehasonlitdsdban az apnoe-hypopnoe
események 4tlagideje nem csokkent. Két hoénap
alatt csokkent az Epworth Aluszékonysdgi Skala al-
tal mért szubjektiv aluszékonysdg, ami Osszefiig-
gést mutatott a rovid tadvud verbdlis epizodikus emlé-
kezeti teljesitménnyel, illetve a végrehajt6é funkcid-
kat mérd feladatok valtozdsdval. A kezelést kdve-
téen javult az 4llapotszorongds szintje, ami a
hypoxids epizédok csokkenésével fliggott ossze. A
kognitiv funkcidkndl a kezelés el6tti €s utdni ered-
ményeket 0Osszehasonlitva javuldst taldltunk a
komplex munkamemoria, valamint a révid és hosz-
szu tadvu verbdlis epizodikus emlékezet mlikodésé-
ben, azonban a hosszu tavu vizualis emlékezeti tel-
jesitmény a kezelés ellenére romlott. A terdpia haté-
konysédganak vizsgédlata mellett kiilon megnéztiik,
hogy kezelés el6tt az egyes kognitiv funkcidk és a
szorongds milyen kapcsolatban 4ll az alvési és 1ég-
z&si paraméterekkel. Az eredmények alapjin a vég-
rehajtd funkcidkat mér§ betl- és szemantikus
fluenciafeladatok a mélyalvdssal mutattak szoro-
sabb kapcsolatot, vagyis minél jobban n&tt a mély-
alvasban eltoltétt id6 és az itt megjelend alacsony
frekvencidjd 6-hullamok szama, anndl jobban javult
a teljesitmény a teszteken. Emellett, az egyre komp-
lexebb, tobb agyteriilet egyiittes miikodését igényld
feladatok egyre szorosabb Osszefiiggést mutattak a
mély alvdsstddiumokban megjelend orséaktivitds-
sal. A 1égzési eseményeknél, a hypoxia a végrehaj-
t6 funkcidkra, illetve a rovid és hosszu tavua verbalis
epizodikus emlékezetre volt leginkdbb hatdssal, mi-
nél jobban csokkent a hypoxids epizédok szdma,
anndl jobban javultak az eredmények a teszteken.
Erdekes anomdlia, hogy a NREM 2. stidium a keze-
1és megkezdése eldtt negativ Osszefiiggést mutatott
a verbalis és vizualis rovid tava emlékezettel, a
komplex munkamemoridval, a végrehajté funkcidk-
kal, illetve a rovid és hosszu tdvu verbdlis epizodi-
kus emlékezettel. Két honapos kezelést kovetben a
végrehajté funkcidk, a komplex munkamemoria,
valamint a rovid és hosszu tavu verbdlis emlékezeti
teljesitmény a NREM 2. alvdsstddiummal mér pozi-
tiv Osszefiiggésben 4llt. Ennek lehetséges magyara-
zata, hogy a kezelés hatdsdra a NREM 2. stddium
ardnya a normdl alvdsmintdzat irdnydba valtozott.

Az alvis architektdrdja és az alvds alatti 1é€gzési
események javuldsa eredményeinkben megegyez-
nek a Verma és munkatarsai®®, illetve Morisson és
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munkatdrsai*® 4dltal kapott eredményekkel, akik
szintén csokkenést taldltak a 1égsinterdpia hatdsdra
a feliiletes alvdsstddiumokban, a 1égzészavarindex-
ben, valamint novekedést a mélyalvasban és a
REM-fézisban. Heinzer és munkatdrsai®® az alvas
alatti 16gz¢€s javuldsa mellett a lassd hulldmu aktivi-
t4s nagyardnyu novekedését regisztraltidk egynapos
és kilenc hénapos kezelést kdvetéen. Eredménye-
inkkel ellentétben McArdle és Douglas™ bar javu-
l4st taldltak az alvds min8ségében egy éjszaka utdn,
csokkent a feliiletes alvas €s az ébredések szama, 1l-
letve n6tt a mélyalvds, azonban nem taldltak javu-
last a REM-alvdsban, aminek oka lehet, hogy mér-
sékelten stlyos apnoés betegeket néztek, és az &
esetiikben tobb a REM-fdzis ardnya. Parrino és
munkatdrsai’® annak ellenére, hogy csokkenést ta-
laltak a NREM 1. stddiumban, az ébredések megje-
lenésében és a 1égzészavarindexben, valamint ndve-
kedést a mélyalvas és a REM ardnydban, nem mu-
tattak ki novekedést a teljes alvasid6ben. Vizsgala-
tunktdl eltéréen 6k egy honapos kezelési intervallu-

mot néztek, ami lehet, hogy még nem elég az alvis-
mintdzat rendez6déséhez, illetve egy meghatirozott
alvasorat mértek, ami utdn felébresztették a vizsgé-
lati személyeket. Loredo és munkatérsai*® egyhetes
CPAP-kezelés ellenére sem a teljes alvasid&ben,
sem az alvés struktirdjdban nem taldltak javuldst
placebo-CPAP-csoporttal dsszehasonlitva, ami ma-
gyardzhat6 a kezelési id6 rovidségével vagy a nem
megfelel6 CPAP-nyomadssal.

Eredményeink alapjan a két honapos 1égsinterdpia
hatdsdra javulds jelent meg nemcsak a szubjektiv alu-
sz€konysdgban, hanem a szorongdsban, a kognitiv
funkciok koziil pedig a komplex munkamemdria és a
rovid, valamint hosszu tavid verbdlis epizodikus em-
lékezet miikodésében. A kezelés ellenére azonban a
téri-vizudlis emlékezeti teljesitmény romldst muta-
tott. A munkamemoria javuldsdval kapcsolatban
megegyezd eredményeket kaptunk, mint Felver-
Grant és munkatdrsai®', akik harom hénapos kezelést
kovetSen mutattdk ki ugyanezt, bar eredményeinkkel
ellentétben niluk nem jelent meg javulds az epizodi-
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kus emlékezeti mtikodésben, ami jelezheti, hogy a
munkamemoria a legérzékenyebb a légsinterdpids
kezelés hatdsaira. Bedard és munkatdrsai'® eredmé-
nyeinkkel megegyez6en hat és 10 honapos kezelés
utan mind az azonnali, mind a késleltetett visszahiva-
si kondiciéban javuldst regisztraltak a verbdlis emlé-
kezeti feladatokban, illetve a végrehajté funkcidkon
kiviil minden figyelemre érzékeny teszten, ami a fi-
gyelmi funkciok jelent6ségét mutatja, javuldsa telje-
sitménynovekedést okozhat a tobbi teszten is. Borak
és munkatdrsai*® szintén javuldst kaptak a verbalis
emlékezeti mlikodésben, azonban eredményeinkkel
ellentétben nem mutattak ki romlast a téri-vizualis
emlékezet miikodésében, éppen ellenkezbleg, javu-
last talédltak, amit okozhatott, hogy vizsgédlati szemé-
lyeiket hdrom hénapos kezelés utdn tesztelték djra. A
téri-vizudlis memoridban megjelend romlast eredmé-
nyeinkkel 6sszhangban Ferini-Strambi és munkatar-
sai’ is kimutattak 15 napos és négy hénapos CPAP-
kezelést kovetGen, ami vizsgdlatukban a hypoxids
események el6forduldsdval fiiggott Ossze, alata-
masztva azt a feltételezést, hogy az oxigénhidnyos al-
lapot okozhat olyan strukturdlis véltozdst a kdzponti
idegrendszerben, ami nem vagy csak hosszabb tavi
kezeléssel fordithat6 vissza. Az éltalunk kapott ered-
ményekkel ellentétben Thomas és munkatérsai®’ két
hoénapos CPAP-kezelés ellenére nem taldltak javulast
a munkamemoridban, nem allt helyre az aktivitds a
dorsolateralis prefrontdlis teriileteken a hypoxids epi-
z6dok csokkenésétdl fiiggetleniil, ami alapjén felté-
telezhet, hogy a megfelels alvdsmintazat is szerepet
jatszhat az intakt mikodésben. Barnes és munka-
tarsai*? pedig szintén nyolchetes kezelést kovetGen
csak a végrehajté funkcidkban és a figyelemben ta-
laltak javuldst, amit magyardzhat, hogy enyhe apnoés
betegeket vizsgdltak vagy nem volt megfelel6 a
CPAP-nyomds, akdrcsak Engelman és munkatarsai’'
vizsgélatdban, akik szintén csak a végrehajté funk-
ci6kban mutattak ki javuldst egy hénapos kezelést
kovetden, a figyelemben, az emlékezeti miikddésben
és a vizuomotoros képességet méré teszteken nem.
Lehetséges, hogy ezeknek a funkcidknak a javuldsé-
hoz hosszabb kezelési id6 kell vagy befolydsolta az
eredményeket, hogy enyhe apnoés betegeket vizsgal-
tak. Monasterio és munkatdrsai** sem kaptak pozitiv
irdnyd javuldst harom és hat hénapos kezelést ko-
vetden a verbdlis memoria, a figyelmi és a végrehaj-
té funkciokban, bar ezeken a teszteken a kezelés
megkezdése eldtt is norméltartomanyba esett a vizs-
gdlt személyek teljesitménye.

Két hénapos 1égsinterdpia hatdsdra javuldst taldl-
tunk a szorongds szintjében, ami a hypoxids esemé-
nyek csokkenésével allt kapcsolatban. Ez megegye-
zik Jokic és munkatarsai’' eredményeivel, akik egy
hénapot, illetve Engelman és munkatérsai®’, akik
harom hénapot kdvetden taldltak javulést az érzelmi

stdtusban, ami szintén a hypoxidval és a NREM 2.
stddium csokkenésével 4llt osszefiiggésben. Ered-
ményeinkkel ellentétben Borak és munkatarsai*® va-
lamint Munoz és munkatirsai*® sem hdrom, sem 12
hénapos kezelés utdn nem taldltak javuldst a dep-
resszid €és a szorongds szintjében, amit magyardz-
hat, hogy sulyos apnoés betegeket néztek vagy nem
hasznaltak elég érzékeny teszteket, amelyek a fino-
mabb véltozdsokat is kimutatjak. Illetve vizsgdla-
tunk sordn a szorongds szintjének javuldsa a
hypoxids epizédok csokkenésével 4llt kapcsolatban,
Borak és munkatdrsai‘® viszont a fragmentalt alvds-
sal taldltak osszefiiggést.

Nem tisztdzott kérdés, hogy az alvdsi apnoe
szindromdban megjelend kognitiv kdrosodds a
fragmentalt alvdshoz vagy a hypoxids epizédokhoz
kapcsolddik. Eredményeink alapjan mindkett6hoz,
a kezelést megel6z6en a végrehajté funkcidkra a
mély alvds novekedése és a hypoxids epizddok
csokkenése volt hatédssal, illetve a hypoxia csokke-
nése Osszefiiggésben 4llt a rovid tdvd emlékezeti
teljesitmény novekedésével is. Két honapos keze-
1ést kovetben a szubjektiv aluszékonysdgban meg-
jelend javulds a révid tadvad verbdlis emlékezeti mi-
kodéssel és a végrehajté funkcidkban torténd vélto-
zéssal mutatott kapcsolatot. Eredményeink meg-
egyeznek a Ferini-Strambi és munkatdrsai’ dltal ki-
mutatottakkal, akik szintén a végrehajto funkcidk és
a hypoxia kozott taldltak Osszefiiggést, habar az 6
esetiikben a hypoxia a téri-vizudlis képességekre is
hatéssal volt, illetve Bedard és munkatdrsai'® ered-
ményeivel, akik a végrehajté funkcidkban torténd
romldst szintén a hypoxids eseményekkel hoztdk
Osszefiiggésbe. Engelman és munkatdrsai’! a frag-
mentdlt alvdssal mutattak ki kapcsolatot a végrehaj-
t6 funkciok miikodését igényld teszteken, Findley
és munkatdrsai®® pedig eredményeinkkel 6sszhang-
ban a végrehajté funkcidk mellett a rovid tavi ver-
balis és vizudlis emlékezeti teljesitmény és a hy-
poxia kozott taldltak kapcsolatot, akarcsak Adams
és munkatarsai??, akik a verbdlis emlékezettel mu-
tattak ki osszefiiggést.

Osszefoglalva, eredményeink alapjdn a légsin-
terdpids kezelés mér rovid tdvon javuldst eredmé-
nyez az alvds alatti 1égzésben és az alvdsstruktira-
ban, helyredllitva ezzel restorativ jellegét, ami csok-
kenti a napkdzben megjelend aluszékonysagot. Po-
zitiv véltozast okoz a pszichés statusban, valamint a
kognitiv neuropszicholégiai funkcidkban. Kovetke-
zésképpen az obstruktiv alvési apnoe szindréma ko-
vetkeztében kialakulé dementia bizonyos — elsd-
sorban frontalis teriiletekhez is kothetd — funkcidkat
tekintve reverzibilis.
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