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Abstract
To evaluate specific features of sleep pattern and neurocognitive performance in OSA obese adolescents to correlate sleep 
macrostructural parameters and phasic events (K-complexes, KCs; and sleep spindles, SSs) with cognitive functioning in 
these individuals. Polysomnography was recorded from 25 male apneic obese patients (15–17 years), 20 age- and sex-matched 
non-apneic obese and 15 lean adolescents. KCs and SSs were identified during stage 2 non-rapid eye movement sleep (N2) 
and characteristics were evaluated. Furthermore, all participants underwent cognitive performance assessment using a battery 
of neurocognitive tests. Participant’s data, macro- and microstructural sleep variables and cognitive measures were compared. 
Finding data were analyzed using descriptive and regression analyses. Differences were reliable at p < 0.05. Compared to 
both controls, the OSA obese group had significantly reduced sleep onset latency (p = 0.061), slow-wave sleep (SWS) and 
rapid eye movement (REM) sleep (p < 0.01 for both), but increased N1–N2 stage duration (p < 0.01), the appearance of KCs 
during apnea and after apnea episodes (DE-KCs and AE-KCs, respectively), reduced spontaneous KCs (SN-KCs) number 
and periodicity, and lowered amplitude of apnea evoked KCs. SSs activity was an atypical increased in the OSA group. SWS, 
REM sleep, minimal  SaO2, DE-KCs, AE-KCs, and SSs, as well as SN-KCs number, were predictors of cognitive function-
ing (attention, memory, thinking, speech) changes in OSA adolescents. Together, the above results provide some evidence 
for impairment in sleep homeostatic mechanisms, when OSA and obesity are comorbid, and provide novel insights into the 
relationship between sleep microstructure disruption and waking cognitive functioning in these adolescents.
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Introduction

The World Health Organization (WHO) announced obesity 
is non-communicative pandemic, which affects more than 
650 million adults and 340 million children and adolescents 
worldwide [1]. Obesity is associated with much serious 
comorbidity [2, 3], one of which is obstructive sleep apnea 
(OSA), affecting at least 2% of adolescents [4]. Resent a 
10-year follow-up study showed that incidence of adoles-
cent/adult OSA at follow-up was 22%. Wherein, male sex 
and obesity were associated with incident OSA [5]. OSA 
may be compounded by adverse cognitive impairments [6]. 
A relationship between OSA and cognitive deficits was first 
identified in the 1980s [7]. Later, it was reported that about 
60% of adult OSA obese patients had at least one cogni-
tive impairment [8]. However, the potential neurocogni-
tive effects of OSA yet are significantly less developed for 
the adolescence. Some authors concluded that OSA obese 
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patients may have an impaired executive functions and an 
increased risk for poorer educational outcomes [9]. These 
findings are very important, as this period of life is crucial 
for the development of frontal brain lobe functioning, but 
little systematic research has been done to characterize the 
nature of defective cognition and it underlying mechanisms.

OSA is characterized by the periodic collapse of the 
upper airway during sleep, leading to reduction or cessation 
of airflow, intermittent nocturnal hypoxia, cortical hypera-
rousal, and, as a result, sleep fragmentation and alteration 
of sleep homeostasis [10]. Studies assessing polysomnog-
raphy (PSG) in apneic obese samples have mixed results. If 
sleep architecture were well described in adults, children and 
adolescents [11, 12], changes of sleep microstructure param-
eters (sleep spindles, SSs, and K-complexes, KCs) in these 
patients were documented among adult or children samples 
[13, 14]. However, in our previous study, preliminary evalu-
ating SSs activity in overweight adolescents, we obtained 
controversial results [15]. Some authors showed correlations 
between sleep electroencephalography (EEG) parameters 
and neurocognitive performance in obese OSA patients and 
concluded that low non-rapid eye movement stage 2 (N2) 
sigma spectral powers and SS index, and similar findings 
could serve as a biomarker of risk for cognitive dysfunction 
in patients with OSA [13, 16, 17]. However, no studies have 
assessed such associations in OSA obese adolescents. So, 
the purpose of our research was to evaluate specific features 
of sleep pattern and neurocognitive performance in OSA 
obese adolescents to correlate sleep macrostructural param-
eters and phasic events (KCs and SSs) with waking cogni-
tive functioning in these individuals. We hypothesized that 
OSA obese adolescents, having altered sleep homeostasis, 
would exhibit more cognitive abnormalities on neurocogni-
tive measures with more numbers of significant interactions 
than would obese and lean controls.

Subjects and methods

Subject selection

Study participants were recruited from patients referred 
to the Children’s Hospital in the period from January to 
December 2019. All adolescents were male, between 15 and 
17 years of age, with no craniofacial anomalies and neu-
romuscular diseases, no treatment by adenotonsillectomy 
or continuous positive airway pressure (CPAP) therapy. 
Obese participants should have body mass index Z-score 
(zBMI) > 2 for age and sex, and normal weight (NW) indi-
viduals should have zBMI ≥ −2 to + 1 for age and sex [18]. 
So, the study sample included 60 participants: of these, 45 
had obesity (mean age 16.2 ± 0.4 years), and 15 NW ado-
lescents were lean controls (mean age 16.0 ± 0.5 years). 

Assignment of obese participants to subgroups was based 
on PSG results: 25 patients were included in the OSA obese 
group and 20 non-OSA patients were age-matched obese 
controls.

The study was conducted in accordance with the Decla-
ration of Helsinki (World Medical Association, 2013), and 
the study protocol was approved by the Local Committee on 
Biomedical Ethics. Written informed consent was obtained 
from all recruited adolescents.

Measurements and procedures

Standing height and body weight were measured once when 
adolescents were included in the study. BMI was calculated 
as weight in kilograms over height in meters squared (kg/
m2). BMI was further analyzed as zBMI using the Anthro-
Plus calculator based on the WHO (2007) [18].

Sleep was recorded overnight using the GRASS-TELE-
FACTOR Twin PSG (Comet) with As the amplifier 40 with 
an integrated module for sleep SPM-1 (USA). Standard PSG 
included EEG from F3, F4, Fz, Cz, C3, C4, O1, and O2 
scalp, electrooculography (EOG) from the outer upper cor-
ner of each orbit, electrocardiography (ECG) from left and 
right the 2-nd intercostal spaces, electromyography (EMG) 
from the chin, airflow measurement from the nose and the 
mouth, snore assessment from the body site at the sterno-
cleidomastoid muscle front edge, respiratory movements and 
blood oxygen saturation (SpO2) monitoring with chest and 
abdomen bands, and finger sensor, accordingly, EMG from 
left and right tibialis anterior muscles. EEG electrode dis-
position were referenced to M1 and M2 as F3-M2, F4-M1, 
C3-M2, C4-M1, O1-M2, and O2-M1. Cz was the reference 
and Fz was the ground. Night was stage scored according 
to the American Academy of Sleep Medicine (AASM) 
scoring rules [19]. Sleep macrostructure parameters were 
determined, including total sleep time (TST), sleep onset 
latency (SOL), wake after sleep onset (WASO), sleep effi-
ciency (SE), non-rapid eye movement sleep stages 1 and 2 
(N1-N2), slow-wave sleep (SWS) and rapid eye movement 
sleep (REM) stages. Cortical arousals were expressed as 
a total number of events per hour of sleep (arousal index, 
AI). Obstructive apneas were defined as at least a 90%, and 
hypopneas at least 30% reduction of the airflow signal ampli-
tude. Obstructive apneas and hypopneas were expressed as 
the number of events per hour of sleep (apnea/hypopnea 
index, AHI). OSA was identified if apnea/hypopnea index 
(AHI) ≥ 2 number/hour [20].

KCs were visually identified at F4-M1 in N2 stage as 
75 μV waves at least 0.5 s in duration. Number (total num-
ber of KCs in N2 stage); mean density (number of KCs 
per minute of N2 stage); mean duration (average dura-
tion of KCs in msec.); amplitude peak-to-peak (μV) and 
mean inter-KCs time interval were calculated. In OSA 
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adolescents, all recorded KCs were divided into three cat-
egories [21]: (1) KCs occurring during the apneic episode 
(DE-KCs); (2) KCs occurring after apneic episode (AE-
KCs); and (3) KCs occurring without an apneic episode 
and drop in SpO2 (spontaneous KCs, SN-KCs). In both 
obese and lean controls SN-KCs only were detected and 
analyzed.

To identify SSs, C4 channel was spatially filtered to 
display frequencies between 11 and 16 Hz [13]. SSs were 
detected in all epochs of N2 stage on recording night as a 
narrow conical shape waves at least 0.5 s in length. Num-
ber (total number of SSs in N2 stage); density (number of 
SSs per minute of N2 stage); maximum amplitude (μV); 
mean duration (average duration of SSs in second) and 
mean frequency (mean SSs frequency in Hz) were cal-
culated. Power spectrum was automatically scored for 
consecutive 20 s. epochs with Spectral Analysis option 
of GRASS-TELEFACTOR Twin PSG (hanning window, 
averages of five 4 s. epochs; frequency resolution 0.25 Hz).

All participants completed neurocognitive tests includ-
ing tasks from the Schulte tables [22], pictogram test 
[23], ten-word retrieval test, associated thinking test [24] 
and object classification test [25] to assess a voluntary 
attention (Vol_A), a verbal memory (Verb_M), a visual 
memory (Vis_M), an associative thinking (Ass_T) and a 
semantic speech (Sem_S), accordingly. The tests were per-
formed in a separate visit from PSG during the morning 
between 8 and 9 am in a quiet and tranquil environment 
with a trained psychologist.

Statistical tests were performed using Statistica v10.0 
(StatSoft, USA). Descriptive statistics were used to analyze 
participant’s demographic, polysomnographic characteris-
tics and neurocognitive data. Numbers, N; percentages, %; 
mean, M, and standard deviation, SD were presented. The 
comparison between participant’s data, sleep parameters 
(macrostructure, SSs and KCs), as well as neurocognitive 
measures was performed by means of the Mann–Whitney 
U test for independent data sets. Lineal regression corre-
lation analysis was performed to identify the relationship 
between neurocognitive test’s scores, estimating Verb_M, 
Vis_M, Vol_A, Ass_T and Sem_S, and various sleep mac-
rostructure and microstructure characteristics in OSA and 
non-OSA obese patients. Among the variables showing sta-
tistically significant correlations, multiple stepwise linear 
regression analysis was performed to further clarify the rela-
tionship between above mention neurocognitive variables 
and sleep parameters in OSA adolescents only. Differences 
were considered statistically significant at p-value (adjusted 
p-value − adj.p) < 0.05.

Results

Sample characteristics and sleep data

The results of comparisons between groups on age, BMI 
and PSG (macrostructural) variables are shown in Table 1. 
No group differences were apparent on mean age. Wherein, 

Table 1  Study group’s characteristics and sleep data

Data are presented as mean with standard deviation (M ± SD)
OSA obstructive sleep apnea, BMI body mass index, AHI apnea hypopnea index, nadir SaO2 minimal oxyhemoglobin saturation, AI arousal 
index, SOL sleep onset latency, WASO wake after sleep onset, SE sleep efficiency, TST total sleep time, N1–N2 non-rapid eye movement sleep 
stages 1 and 2, SWS slow wave sleep, REM rapid eye movement sleep
* Significant differences with comparison between OSA patients and both controls
** Significant differences with comparison between lean controls and both obese groups

Variables OSA obese group 
(n = 25)

Obese controls (n = 20) Lean controls (n = 15) p value Adjusted p value

Age (years) 16.1 ± 0.3 16.2 ± 0.2 16.0 ± 0.5 0.68 –
zBMI 2.6 ± 0.4 2.5 ± 0.2 − 0.1 ± 0.2 0.0001** 0.0003**
AHI (n/h) 10.6 ± 2.7 1.2 ± 0.5 0.9 ± 0.2 0.0002* 0.0006*
Nadir  SaO2 (%) 84.2 ± 1.2 95.3 ± 0.3 96.0 ± 0.7 0.0001* 0.0003*
AI (n/h) 29.1 ± 2.8 16.5 ± 1.2 14.1 ± 1.5 0.0001* 0.0003*
SOL (min) 8.7 ± 1.3 17.6 ± 2.4 15.1 ± 3.2 0.02* 0.061
WASO (min) 10.9 ± 2.1 9.5 ± 1.7 8.7 ± 1.1 0.21 –
SE (%) 88.2 ± 6.2 93.1 ± 4.4 95.2 ± 4.7 0.29 –
TST (min) 429.4 ± 52.1 422.5 ± 45.7 423.3 ± 47.3 0.18 –
N1–N2 (min) 321.7 ± 30.5 230.5 ± 18.6 231.6 ± 25.4  < 0.001*  < 0.01**
SWS (min) 52.3 ± 9.6 98.4 ± 13.1 96.5 ± 11.7  < 0.001*  < 0.01**
REM (min) 55.8 ± 10.3 94.5 ± 13.5 89.2 ± 10.8  < 0.001*  < 0.01**
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as expected, zBMI differed significantly for in lean adoles-
cents compared to both obese groups (adj.p = 0.0003) but 
did not differ between the OSA group and obese controls 
(p = 0.75). All PSG parameters in the non-OSA obese and 
lean individuals were not significantly different. However, 
the analysis indicated that compared to both controls, the 
OSA group had higher AHI (adj.p = 0.0006), lower mini-
mal SaO2 (adj.p = 0.0003), higher AI (adj.p = 0.0003), 
shorter SOL (adj.p = 0.061), more time in N1-N2 stages 
(adj.p < 0.01), but less time in both SWS (adj.p < 0.01) and 
REM sleep (adj.p < 0.01).

Microstructural sleep variables

Participant’s KCs characteristics are presented in Table 2. It 
should be noted that, among OSA participants, there were 
on average 468 DE-KCs, 499 AE-KCs and 220 SN-KCs. 
While in the both controls were detected SN-KCs only. Inter-
group analysis was shown that OSA obese adolescents had 
a significantly higher number of KCs (adj.p < 0.001) and 
KCs density (adj.p = 0.0003), as well as lower amplitude, 
smaller KCs duration and time interval between KCs than 
both controls (adj.p < 0.01, adj.p < 0.006 and adj.p < 0.001, 
respectively). Furthermore, we compared across DE-KCs, 
AE-KCs, and SN-KCs in OSA obese adolescents. As shown 
in Table 3, the highest values of the mean density, but the 

smallest values of mean duration, amplitude, and inter-KCs 
time interval were found in DE-KCs. AE-KCs showed the 
middle values of above-mentioned variables. In comparing 
DE-KCs and SN-KCs, as well as AE-KCs and SN-KCs, all 
characteristics showed highly significant differences.

Table 4 shows the SSs analysis for all study groups. OSA 
patients had a significant higher SSs number (adj.p < 0.001) 
and density (adj.p < 0.01), but smaller amplitude 
(adj.p < 0.01) and frequency (p = 0.034) than both controls. 
There was no significant change in SSs duration between the 
three groups (p = 0.462). No group differences were apparent 
on SSs characteristics for non-OSA obese adolescents and 
their lean peers.

Figure 1 shows examples of KCs and SSs detection in an 
OSA obese patient, in an obese control patient and in a lean 
control adolescent.

Neurocognitive measures

Figure 2 presents the comparative results of neurocognitive 
tests for the study sample. The OSA obese group had sig-
nificantly poorer attention, associative thinking and seman-
tic speech activity compared to obese (p < 0.0005, p < 0.001 
and p = 0.008, respectively) and lean controls (p < 0.0001, 
p < 0.0005 and p = 0.002, respectively). Similarly, OSA 
obese adolescents had significantly worse visual and verbal 

Table 2  KCs characteristics in the OSA group versus both the non-OSA group and lean controls

Data are presented as mean with standard deviation (M ± SD)
OSA obstructive sleep apnea, KCs K-complexes, N2 non-rapid eye movement sleep stage 2
*Significant differences with comparison between OSA patients and both controls

Characteristics OSA obese group (n = 25) Obese controls (n = 20) Lean controls (n = 15) p value Adjusted p value

Number of KCs (n) 1187 ± 245 524 ± 123 487 ± 112  < 0.0001*  < 0.001*
KCs density, n/60 s N2 stage 5.16 ± 0.81 1.24 ± 0.29 1.15 ± 0.26 0.0001* 0.0003*
KCs duration (ms) 694.31 ± 76.12 746.76 ± 121.62 757.43 ± 115.23 0.002* 0.006*
KCs amplitude (μV) 159.65 ± 52.76 168.23 ± 51.38 170.56 ± 48.13  < 0.001*  < 0.01*
Inter-KCs time interval (s) 11.63 ± 5.21 48.38 ± 3.23 52.17 ± 4.43  < 0.0001*  < 0.001*

Table 3  Characteristics for DE-KCs, AE-KCs and SN-KCs in OSA obese adolescents

Data are presented as mean with standard deviation (M ± SD)
OSA obstructive sleep apnea, KCs K-complexes, DE-KCs K-complexes during apneic episodes, AE-KC K-complexes after apneic episodes, SN-
KCs spontaneous K-complexes, N2 non-rapid eye movement sleep stage 2
* Significant differences with comparison between values of DE-KCs and SN-KCs
** Significant differences with comparison between values of AE-KCs and SN-KCs

Characteristics DE-KCs (n = 468) AE-KCs (n = 499) SN-KCs (n = 220) p value Adjusted p value

Mean density (n/60 s. N2 stage) 2.09 ± 0.24 2.16 ± 0.31 0.51 ± 0.13  < 0.0001* ;<  0.001**  < 0.001* ;  0.01**
Mean duration (ms) 654.27 ± 106.32 742.13 ± 118.45 751.25 ± 105.71  < 0.001*  < 0.01*
Amplitude peak-to-peak (μV) 149.38 ± 39.18 168.37 ± 62.31 171.24 ± 56.16  < 0.001*; 0.01**  < 0.01*; 0.03**
Inter-KCs time interval (s) 27.04 ± 4.37 25.72 ± 3.67 117.4 ± 14.27  < 0.0001* ;< 0.0001**  < 0.001* ;< 0.001**
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memories compared to non-OSA obese (p = 0.004 and 
p < 0.001) and lean peers (p < 0.001 and p < 0.0005). No 
differences were found between obese and lean controls.

Lineal regression correlations between sleep 
parameters and neurocognitive variables

Lineal regression correlation analysis was performed to 
assess correlations of Verb_M, Vis_M, Vol_A, Ass_T and 
Sem_S assessment scores with sleep macrostructure (TST, 
SE, SOL, N1-N2, SWS, and REM sleep) and microstructure 

(KCs and SSs variables) in obese adolescents with and with-
out OSA. The results are shown in Table 5.

As shown from the table, among the neurocogni-
tive parameters, Verb_M and Vis_M were significantly 
positively correlated with SWS (r = 0.254, p = 0.003 and 
r = 0.247, p = 0.004, respectively) and REM (r = 0.265, 
p = 0.001 and r = 0.198, p = 0.034, respectively), but nega-
tively correlated with N1-N2 (r =  − 0.216, p = 0.012 and 
r =  − 0.213, p = 0.002, respectively) in apneic obese patients. 
Verb_M was significantly positively correlated with REM 
only (r = 0.177, p = 0.046) in non-apneic obese patients. 

Table 4  SSs characteristics in the OSA obese group, obese controls and lean controls

Data are presented as mean with standard deviation (M ± SD)
OSA obstructive sleep apnea, SSs sleep spindles, N2 non-rapid eye movement sleep stage 2
* Significant differences with comparison between OSA patients and both controls

Characteristics OSA obese 
group (n = 25)

Obese controls (n = 20) Lean controls (n = 15) p value Adjusted p value

Number of SSs (n) 1949 ± 325 540 ± 92 478 ± 89  < 0.0001*  < 0.001*
SSs density (n/60 s. N2 stage) 4.53 ± 2.16 1.27 ± 0.54 1.13 ± 0.17  < 0.001*  < 0.01*
SSs maximum amplitude (μV) 20.56 ± 1.12 32.51 ± 0.93 30.67 ± 1.24  < 0.001*  < 0.01*
SSs duration (s) 1.24 ± 0.56 1.16 ± 0.45 1.09 ± 0.43 0.462 –
SSs frequency (Hz) 11.36 ± 0.27 14.21 ± 0.37 14.35 ± 0.61 0.034 –

Fig. 1  Examples of visual KCs and SS detection in an obese patient 
with OSA (top tracing), in an obese control patient (middle tracing), 
and a lean control adolescent (bottom tracing), 20-s epoch. In OSA 
patient, KCs accompanying different events contributed to the defini-
tion of DE-KC, AE-KC, and SN-KC. The ovals marked on F4-M1 of 
top tracing illustrate KCs produced in different situations. The boxes 

marked on C4-M1 illustrate SSs produced. The box labeled on AIR-
FLOW channel indicates respiratory event (obstructive apnea epi-
sode). OSA: obstructive sleep apnea; KCs: K-complexes; DE-KCs: 
K-complexes during apneic episodes; AE-KC: K-complexes after 
apneic episodes; SN-KCs: spontaneous K-complexes; SSs: sleep 
spindles; N2 : non-rapid yes movement stage 2
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Vol_A also showed statistically significant correlation with 
such macrostructural sleep parameters as SWS and REM 
(r = 0.198, p = 0.023 and r = 0.371, p < 0.001, respectively) 
in OSA obese adolescents only. Sem_S demonstrating sig-
nificant positive correlation with SWS (r = 0.175, p = 0.049) 
and REM (r = 0.177, p = 0.047) in apneic patient only.

Verb_M was significantly correlated with the num-
ber of all KCs, duration and an average time interval 
(r =  − 0.461, p < 0.001; r = 0.361, p = 0.006; and r = 0.302, 
p = 0.002, respectively) in OSA obese patients. It should be 
noted that, slightly significant positive correlations were 
found between KCs number and an average time interval 
(r = 0.198, p = 0.021; and r = 0.215, p = 0.011, respectively) 
and Verb_M in the non-OSA obese group. Vol_A was sig-
nificantly negatively correlated with the number of KCs 
and mean density, and positively correlated with an average 
time interval of KCs (r =  − 0.399, p < 0.001; r =  − 0.276, 
p = 0.003; and r = 0.281, p = 0.002; respectively) in OSA 
participants only. There was no association between Vol_A 
and amplitude peak-to peak and duration of KCs. However, 
no significant correlations were found between KCs varia-
bles and semantic speech activity parameters, neither in OSA 
adolescents, nor in obese controls (all p > 0.05 throughout).

Spindle activity measures, such as the number and the 
maximum amplitude in N2 sleep stage were significantly 
correlated with Verb_M and Vol_A in OSA adolescents 
(r = −0.293, p = 0.001 and r = 0.312, p = 0.004: r = -0.482, 

p < 0.001 and r = 0.466, p = 0.005; respectively), as well 
as Vol_A was negatively correlated with SSs density 
(r = −0.291, p = 0.002) and Ass_T was negatively corre-
lated with number of SSs (r =  − 0.271, p = 0.004). In obese 
controls there were also significant correlations, however in 
a lower magnitude and only with the number of SSs and the 
maximum amplitude in N2 sleep stage (r = −0.231, p = 0.012 
and r = 0.171, p = 0.032, respectively). No significant corre-
lations were found between SSs duration and frequency and 
these cognitive measures, neither in OSA subjects nor in 
obese controls (all p > 0.05 throughout).

Further, correlations between AHI, nadir SaO2, DE-KCs, 
AE-KCs, and SN-KCs and indexes of aforementioned cog-
nitive domains was also carried out in the OSA group only 
(Table 6).

Verb_M was significantly correlated with AHI and nadir 
of  SaO2 as well as DE-KCs density, DE-KCs duration and 
inter-DE-KCs time interval (r =  − 0.201, p = 0.031; r = −0.338, 
p < 0.001; r = 0.312, p = 0.002), AE-KCs density (r =  − 0.389, 
p < 0.001), SN-KCs density and inter-SN-KCs time interval 
(r = 0.281, p = 0.002; and r = 0.278, p = 0.003, respectively). 
It should be noted that, slightly significant correlations were 
found between AHI, DE-KCs density and inter-DE-KCs 
time interval (r =  − 0.191, p = 0.041; r = −0.176, p = 0.047; 
r = 0.185, p = 0.031). However there was strong enough corre-
lation between Vis_M and nadir of  SaO2 (r = 0.269, p = 0.008) 

Fig. 2  Differences between groups on neurocognitive measures are shown. The OSA obese group reported significantly worse attention, mem-
ory, thinking, and speech compared to both controls. There were no differences between obese and lean controls. OSA: obstructive sleep apnea
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in apneic patients, as well as Sem_S and this OSA-related 
parameter (r = 0.227, p = 0.002).

All of DE-KCs variables demonstrating significant correla-
tions with Vol_A (r =  − 0.321, p < 0.001 for density; r = 0.267, 
p = 0.007 for duration; r = 0.260, p = 0.006 for amplitude peak-
to peak; and r = 0.285, p = 0.002 for inter-KCs time interval), 
as well as the AE-KCs density and an average time interval 
(r =  − 0.302, p = 0.002; and r = 0.279, p = 0.003, respectively). 
No significant correlation was found between SN-KCs char-
acteristics and Vol_A.

There is significant negatively correlation between Ass_T 
and DE-KCs density, as well as its positively correlation 
with SN-KCs density (r =  − 0.251, p = 0.006 and r = 0.273, 
p = 0.003, respectively) in OSA obese adolescents. No signif-
icant correlation was found between above-mentioned KCs 
variables and Sem_s.

These results suggest critical associations between SWS, 
REM sleep, AHI,  SaO2 and sleep microstructural variables and 
neurocognitive parameters in OSA obese patients.

Multiple regression analysis results with sleep 
parameters as predictors of neurocognitive 
characteristic’s changes

Macro- and microstructural sleep parameters showing sig-
nificant correlations with the neurocognitive measures in 
OSA obese adolescents were entered as possible predic-
tors in regression models. Results from multiple regres-
sion analysis indicated that SWS, REM sleep, nadir of 
 SaO2, DE-KCs density, AE-KCs density and the number 
of SSs best predicted Verb_M scores, whereas Vis_M was 
predicted by SWS, REM sleep, nadir of SaO2, DE-KCs 
density and the number of SSs. With respect to other neu-
rocognitive parameters, Vol_A was predicted by SWS, 
the number of KCs, DE-KCs density and the number of 
SSs. Ass_T was best predicted by the number of SSs, and 
Sem_S by nadir of SaO2 (see Table 7).

Table 6  Results of correlation analysis between OSA-related sleep data and microstructure variables (DE-KCs, AE-KCs, and SN-KCs) in the 
OSA group

Data are presented as linear regression correlation coefficients (r) and p values
OSA obstructive sleep apnea, DE-KCs K-complexes during apneic episodes, AE-KC K-complexes after apneic episodes, SN-KCs spontane-
ous K-complexes, AHI apnea hypopnea index, N_SaO2 nadir oxyhemoglobin saturation, M_den mean density, M_dur mean duration, Amp_PP 
amplitude peak-to-peak, I-KCs_TI inter-K-complexes time interval, Verb_M verbal memory, Vis_M visual memory, Vol_A voluntary attention, 
Ass_T associative thinking, Sem_S semantic speech

Parameter Verb_M Vis_M Vol_A Ass_T Sem_S

r p values r p values r p values r p values r p values

AHI −0.501 0.031 -0.192 0.041 −0.055 0.419 −0.125 0.151 −0.165 0.063
N_  SaO2 0.388  < 0.001 0.269 0.008 0.112 0.197 0.156 0.072 0.227 0.002
DE-KCs
 M_den  − 0.341 0.001  − 0.176 0.047  − 0.321  < 0.001  − 0.251 0.006 −0.075 0.231
 M_dur 0.284 0.005 0.087 0.240 0.267 0.007 0.156 0.072 0.120 0.167
 Amp_PP 0.113 0.193 0.073 0.293 0.260 0.006 0.134 0.126 0.098 0.256
 I-KCs_TI 0.312 0.002 0.185 0.031 0.285 0.002 0.157 0.073 0.112 0.198

AE-KCs
 M_den  − 0.389  < 0.001 −0.031 −0.196  − 0.302 0.002 −0.341 0.206 −0.123 0.156
 M_dur 0.174 0.489 0.152 0.070 0.121 0.159 0.156 0.536 0.112 0.151
 Amp_PP 0.138 0.121 0.120 0.178 0.124 0.164 0.151 0.548 0.089 0.212
 I-KCs_TI 0.134 0.123 0.156 0.072 0.279 0.003 0.056 0.825 0.109 0.132

SN-KCs
 M_den 0.281 0.002 0.135 0.123 0.077 0.262 0.273 0.003 0.119 0.176
 M_dur 0.146 0.082 0.164 0.058 0.132 0.074 0.041 0.306 0.157 0.073
 Amp_PP 0.071 0.234 0.147 0.063 0.036 0.886 0.057 0.256 0.145 0.092
 I-KCs_TI −0.278 0.003 −0.089 0.235 −0.147 0.061 −0.059 0.636 −0.133 0.124
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Discussion

The present study is one of the few to suggest a relation-
ship between neurocognitive functions and macro-and 
microstructural sleep variables in obese adolescents with 
and without OSA by using polysomnography. Several sleep 
parameters were significantly correlated with cognitive 
measures utilized in this study, and regression models dem-
onstrated that SWS, REM sleep, nadir of SaO2, DE-KCs 
density, AE-KCs density, and the number of SSs are pre-
dictive of cognitive characteristic’s changes in OSA obese 
patients.

It is known that OSA is characterized by multiple inter-
ruptions of airflow between periods of EEG arousals that 
leading to sleep disruption in apneic patients. The cur-
rent study did find evidence of greater arousal generation 

reported in previous studies [17, 26]. Reduced SWS, found 
in the OSA group, reflects disruption to a specific brain 
mechanism, that is the homeostatic control of non-REM 
sleep, following weight gain, the immune regulatory dys-
function, growth retardation and others health problems 
[27]. This is understandable since the brain regions, includ-
ing thalamocortical area, underlying the generation of slow 
waves in non-REM sleep [28] are vulnerable to the diffuse 
hypoxic brain damage typical of OSA. It is well documented 
that sleep is essential for learning and memory performance 
[29] and decreasing REM sleep, obtained in our study, as 
well as SWS, non-surprisingly, may contribute to cognitive 
impairment in OSA patients. Indeed, in the current study, 
SWS and REM sleep significantly predicted memories, 
attention and speech scores in OSA obese adolescents. Dis-
ruption of these sleep phases and their significant reduction 
in adult OSA patient’s cohort have been suggested in previ-
ous research, but this problem among adolescents remains 
insufficiently studied and widely discussed [30]. SWS is 
important for declarative memory consolidation, a process 
in which the prefrontal brain cortex plays an important role, 
as well as REM sleep mainly reflect deficient of attention. 
Indeed, the percentage of SWS and REM sleep predicted 
the Verb_M, Vis_M and Vol_A scores in the OSA obese 
patient group in our study, that confirm the hypothesis of a 
close connection between sleep and memory consolidation/
attention in this group of adolescents.

It is known, that hypoxia, accompanying OSA, may affect 
the structure and function of the brain, leading to the long-
term alter synaptic plasticity, and contribute to cognitive 
impairment [31]. Hypoxia-induced oxidative injury in the 
brain may lead to associated cognitive dysfunction, which 
confirmed in our OSA patients.

KCs and SSs are the most obvious and recognizable 
features of human sleep EEG. In addition to characteriz-
ing brainwaves unique to non-REM sleep which have pha-
sic patterns, these are intimately related to sleep depth and 
homeostasis [32, 33]. It should be noted that, changes in 
these sleep EEG patterns were expected, but we got some 
results in contrast to previous studies. Participants with OSA 
had greater DE-KCs and AE-KCs than both controls, exclud-
ing SN-KCs, that similar with the results of Parekh’s et al. 
study [16]. Shorted time interval between the generation of 
DE-KCs and AE-KCs are reflecting the change in the perio-
dicity of these EEG events [21]. It is known that KCs are 
playing a protective or inhibitory role [34]. In our study, the 
sleep inhibitory mechanism was disrupted in N2 stage in 
OSA obese adolescents, but not in both controls.

SSs have been implicated in multiple brain functions, 
including sleep quality, and sleep-dependent memory 
consolidation [32, 35]. In OSA individuals, SSs number 
decreased in non-REM sleep were typically observed [35], 
however, this value was increased in our OSA adolescents, 

Table 7  Multiple regression analyses with sleep parameters as predic-
tors of neurocognitive characteristics in OSA obese adolescents

Data are presented as regression coefficients (β), p values and 
adjusted R2 (adj.R2)
OSA obstructive sleep apnea, DV dependent variable, SWS slow wave 
sleep, REM rapid eye movement sleep, N_SaO2 nadir oxyhemoglobin 
saturation, N_KCs number of K-complexes, DE-KCs_ M_den mean 
density of K-complexes during apneic episodes, AE-KCs_ M_den 
mean density of K-complexes after apneic episodes, N_SSs number of 
sleep spindles, Verb_M verbal memor, Vis_M visual memory, Vol_A 
voluntary attention, Ass_T associative thinking, Sem_S semantic 
speech

Best predictors β p value adj.R2

DV: Verb_M
 SWS 0.412 0.012 0.401
 REM 0.37 0.032 0.384
  N_SaO2 0.604 0.001 0.416
 DE-KCs_M_den − 0.31 0.045 0.369
 AE-KCs_ M_den − 0.369 0.024 0.385
 N_SSs − 0.626  < 0.001 0.418

DV: Vis_M
 SWS 0.552 0.002 0.412
 REM 0.389 0.012 0.391
  N_SaO2 0.518 0.003 0.402
 DE-KCs_M_den − 0.365 0.023 0.386
 N_SSs − 0.521 0.004 0.408

DV: Vol_A
 SWS 0.422 0.013 0.405
 N_KCs − 0.507 0.004 0.403
 DE-KCs_M_den − 0.376 0.026 0.391
 N_SSs − 0.438 0.006 0.408

DV: Ass_T
 N_SSs − 0.427 0.021 0.407

DV: Sem_S
 SWS 0.385 0.032 0.397
  N_SaO2 0.532 0.002 0.413
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as well as SSs density. OSA adolescents were expected to 
have significantly more frequent SSs, as well as shown in our 
previous study in overweight apneic patients [15]. However, 
this is contrasting with other studies of SSs features in OSA 
children [13]. These patterns can be explained increased 
arousal ability in response to an excessive respiratory stimuli 
in OSA patients, causes frequent for the appearance of SSs 
as a protective brain mechanism from arousing stimuli and 
thereby enhance sleep consolidation.

Given the specific features of sleep microstructure 
in OSA obese adolescents, we explored the relationship 
between altered sleep homeostasis and waking neurocogni-
tive functioning. Correlation analyses indicated that higher 
KCs and SSs generation was correlated with worse cogni-
tive functioning in the OSA group, that in contrast with the 
earlier pediatric study [13, 33]. However less number of 
SN-KCs in the OSA group positive correlated with mem-
ory performance. KCs number, density and inter-KCs time 
interval correlated with performances on a broad range of 
neurocognitive tests. Specifically, correlations of these vari-
ables in both DE-KCs and AE-KCs were negative, while in 
SN-KCs those were positive. Increased spindle activity was 
significantly correlated with all of the evaluated neurocog-
nitive domains. Several cognitive measures, like Verb_M, 
Vis_M and Vol_A, in obese controls also have significant 
correlations, but a lower magnitude and with one of the SSs 
variables. These results suggest that altered sleep EEG pat-
tern generation may represent an initial adaptation to peri-
odic hypoxic events in OSA adolescents, already leading to 
neurocognitive impairment.

To conclude, previous research on sleep patterns and 
associations between sleep EEG phasic events, as indicators 
of sleep homeostasis, and neurocognitive performance in 
OSA patients has been limited to children or adults. The cur-
rent study was conducted to investigate these relationships in 
adolescence characterized main physical, emotional, behav-
ioral and social changes. Specifically, the OSA group had a 
significant higher DE-KCs and AE-KCs generation evoked 
periodic respiratory events, as well as SSs activity, providing 
some evidence of disruption to sleep homeostasis. In addi-
tion, fewer SN-KCs, with reduced periodicity and increased 
amplitude revealed disrupted sleep inhibitory and informa-
tion processing mechanisms that are necessary for sleep 
consolidation. SSs also showed an atypical pattern for OSA 
patients that assumed availability of impairments in sleep 
regulatory and inhibitory mechanisms at the stage of initial 
adaptation to apneic events in adolescence. We showed that 
apneic patients with fewer SN-KCs generation, as well as 
greater spindle activity, had significantly pure cognitive per-
formance, than non-apneic obese and lean controls. These 
data can improve understanding of sleep pattern changes if 
OSA is present and provide direction for future researches to 
manage sleep inhibitory and regulatory mechanisms in these 

individuals. Studying of the impact altered sleep homeosta-
sis on waking cognitive functioning may help to direct novel 
strategies to neurocognitive improvements and prevention of 
early dementia disorders in young adults.

This work was performed with the use of the equipment 
of Collective research centre “Center for the development 
of progressive personalized technologies for health” SC 
FHHRP, Irkutsk.
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