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Abstract Obstructive sleep apnea (OSA) is very serious and multifactorial sleep disorder in both adults
and children. Growing evidence suggests some pathophysiological links between OSA and cognitive decline
or Alzheimer’s disease (AD). Based on associations between sleep homeostasis alteration in OSA and cog-
nition, here we evaluated potential relationships between plasma Aβ42 levels with biophysical properties
of slow wave sleep (SWS) and sleep spindles (SSs) in adolescent samples which different in weight and
the presence of OSA. One-night in-lab polysomnography and morning blood collection were performed
to estimate sleep EEG oscillation patterns and measure plasma Aβ42 levels. SWS was significantly nega-
tively correlated with plasma Aβ42 in OSA patients only (with and without obesity). Despite a significant
association between all SSs parameters and Aβ levels in both obese group (OSA + and OSA−) stronger
correlations were observed in obese OSA + patients. So, spindle number, density and duration were pos-
itively correlated with Aβ42 levels, and spindle amplitude and frequency were negatively correlated with
they. There was only one strong positive correlation between plasma amyloid and spindle number in the
OSA non-obese adolescents. Altered SW and spindles activity during sleep in OSA may represent an early
dysfunction related to amyloid, possibly reflecting brain damage through hypoxia and metabolic stress, or
increased amyloid secretion and reduced Aβ clearance. So, SWA and SSs play important role in neuroplas-
ticity and memory consolidation and they may represent a putative mechanism by which amyloid impairs
cognition, as well as rendering it potentially new biomarkers for early neuronal dysfunction in young age.

1 Introduction

Obstructive sleep apnea (OSA) is a chronic condition
characterized by repetitive collapse of the upper airway
during sleep leading to intermittent hypoxemia, exces-
sive arousals and disrupt of sleep homeostasis [1]. It
prevails, particularly among middle-aged and elderly
men with obesity; however, its cases in women (e.g.,
in menopause) as well as in individuals with normal
body weight (NBW) increasingly reported [2, 3]. OSA
prevalence in children is 2–4% [4], in adolescents at least
2%, and it is increasing within 24–61% in cases of obe-
sity [5]. OSA is a heterogeneous sleep disorder with
multifactorial pathophysiology [6]. Wherein the most
common cause of pediatric OSA has been recognized
overgrowth of the tonsils and adenoid tissue [7], while
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in adolescence obesity comes to the fore [5]. Unfortu-
nately, a large percent of OSA patients remain undi-
agnosed and adequately untreated even in countries
where this disorder is widely recognizable [8]. Wherein,
without treatment OSA may lead to increased cases of
cardiovascular diseases, type 2 diabetes, metabolic syn-
drome, strokes, and neurocognitive impairment [9, 10].
A number of large epidemiological researches have sug-
gested some pathophysiological links between OSA and
Alzheimer’s disease (AD) or dementia [11, 12]. Mech-
anisms by which sleep disturbances may affect cogni-
tive deficits not clear yet. Researchers has been recog-
nized the protective role of “good” sleep, which may
be critical in AD pathogenesis. It is well known, that
the neuropathologic hallmark of AD is cerebral atro-
phy, β-amyloid (Aβ) plaques, and tau protein tangles
[13]. A glymphatic system to remove potentially neuro-
toxic metabolic waste, e.g., Aβ, was recently described
[14]. Has been shown that this system is optimized dur-
ing sleep [15;16]. Authors has been shown that the level
of soluble Aβ in the cerebrospinal fluid (CSF) increases
during wakefulness and decreases during sleep, while
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the rate of Aβ clearance has the opposite relationship.
Brain burdens of aggregated Aβ have been linked with
a reduced sleep intensity, as indexed by the production
of activity in 0.5–4.0 Hz frequency range occurring dur-
ing NREM sleep (so called, slow waves (SW)) [17, 18].
Given the fact that Aβ accumulation plays the key role
in AD pathology, sleep alteration and sleep fragmen-
tation (disturbance in the production of SW) in OSA
have lent considerable weight to contributing toward
this disease. Wherein, such pathophysiologic hallmark
of OSA as intermittent hypoxemia has also been associ-
ated with increased production and reduced clearance
of Aβ [19–21]. It should be noted that the relationship
between brain and plasma Aβ levels has been the sub-
ject of debate for many years. This protein can enter the
bloodstream from the brain through the blood–brain
barrier, the glymphatic system, and the blood-liquor
barrier. However, there are data on the production of
amyloid by platelets. The protein that enters the blood
can be cleared in the periphery (in the liver, kidney,
gastrointestinal tract, and skin), thereby reducing the
Aβ amyloid burden. If the capacity of Aβ clearance is
decreased or disturbed amyloid penetrates back into
the brain tissue, and finally leading to the formation of
Aβ deposits. Some authors present results confirming
the similarity of amyloid levels in the periphery with
its content in cerebrospinal fluid, as well as associa-
tions with the accumulation of this protein in the brain
parenchyma according to positron emission tomogra-
phy. In addition, a change in the plasma Aβ levels, as
well as its structural organization, has been proven in
patients several years before the clinical manifestation
of cognitive deficit and AD [22–25]. These data sug-
gest that the Aβ blood test can be used as a minimally
invasive, affordable, cost-effective, and rapid tool for
screening of cognitive decline and early AD stages as
a funnel for further more invasive and expensive tests
(cerebrospinal fluid assays, positron emission tomogra-
phy or magnetic resonance imaging).

It is known that sleep spindles (SSs), in particular
fast frequency SSs, are reduced in AD, but the mech-
anisms of this deficit remain unclear [26]. Cortical SSs
are 11–16 Hz bursts of activity generated within the
thalamo-cortical network that occur during non-rapid
eye movement (NREM) sleep and have been defined
as slow or fast based on their spectral frequency [27].
Sleep microstructure elements, such as SW and SS, are
essential correlates of the cognitive functions of sleep,
and has been linked to a better motor learning and
memory consolidation [28, 29]. The spectral electroen-
cephalographic (EEG) power as well as coupling of SS
and SW has been reported to be altered in aging, and to
predict overnight memory retention [30–32]. A decrease
in these neuroplasticity-promoting processes could lead
to the spread of dementia.

It is known that the clinical manifestation of AD usu-
ally occurs with cognitive deficits in elderly patients
[33, 34]. Wherein, we found only two studies, highlight-
ing AD-related biomarkers in OSA young children, but
no adolescents [35, 36]. However, there is a significant
transformation of sleep architecture associated with the

ongoing reorganization of the brain through adolescence
[37]. The most obvious change in the macrostructure of
sleep, described by a number of authors, is a decrease
in SW activity, and a shift in the SS frequency range
toward fast SSs. These changes are associated with
active synaptic elimination, but the remaining synapses
become more complex and efficient [38]. Adolescence
is characterized by the rapid development of cogni-
tive functions, and the adolescent’s brain is particularly
vulnerable to developmental declines (e.g., OSA) that
impact functioning through adulthood [39].

Despite the pilot study highlighted such AD-
biomarker as Aβ42 in adolescence if OSA and/or obe-
sity are present was already provided by us, further
researches any associations between this specific pro-
tein and some brain patterns is absolutely needed.

Based on the above mentioned information, the aim
of this cross section study was to investigate whether
SS and SW activity during the sleep are associated
with plasma Aβ42 levels in adolescents with different
weight and OSA status. We hypothesized that in the
each study group these associations will be different
due to the effect of nocturnal hypoxia or altered sleep
homeostasis or obesity. At the same time, the associ-
ation of OSA and obesity will increase the chances of
significant correlations.

2 Materials and methods

Both obese and non-obese male subjects aged
15–17 years were consecutively included in this study
between October 2019 and May 2022. Study partici-
pants were recruited from patients referred to the Chil-
dren’s Clinic of Scientific Centre for Family Health and
Human Reproduction Problems (SC FHHRP, Irkutsk,
Russian Federation).

The adolescents underwent a standard screening
including physical examinations, survey questionnaire,
polysomnography (PSG), and laboratory tests, includ-
ing Aβ42 level. Study participants required meeting the
following inclusion criteria: 15 to 17 years old; zBMI >
2 for to be obese; zBMI ≥ −2 to + 1 for to be nor-
mal body weight (NBW); no concomitant psychiatric or
neurologic diseases; no intake of sleep-promoting pills;
signed informed consent. Exclusion criteria were as fol-
lows: neuromuscular diseases and craniofacial anoma-
lies; treated OSA; overweight or underweight (zBMI >
+ 1 but ≤ + 2 and ≤ −2, accordingly); unwilling-
ness to participate in the study. Moreover, all patients
underwent a comprehensive neuropsychological testing
(but these results have not been shown in this article).

Anthropometric parameters were assessed when ado-
lescents they underwent a screening. The standing body
height was measured to the nearest 0.1 cm using a sta-
diometer and the body weight was measured to the
nearest 0.1 kg using scales. Subjects were clothed only
underwear and without shoes during the measurements.
BMI was calculated as kg/m2 and further analyzed
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as zBMI using the AnthroPlus calculator according by
World Health Organization (WHO) references [40].

Participants completed the Adolescent Sleep Habits
Survey (a previously validated questionnaire [41])
about their sleeping habits. The questionnaire consisted
of questions on sleep/wake rhythms, apnea, snoring,
daytime sleepiness, and some others. Returned ques-
tionnaires were entered into a computerized database
and analyzed.

Both nonsnoring adolescents as well as snoring sub-
jects were invited to the Sleep Center for an overnight
PSG assessment (GRASS-TELEFACTOR Twin PSG,
Comet, USA) and OSA diagnosis. The standard param-
eters were interpreted by a blinded sleep medicine
physician, using the American Academy of Sleep
Medicine (AASM) scoring rules [42]: total sleep time
(TST), NREM sleep stages 1 and 2 (S1–S2), SW sleep
(SWS) overnight portion and number of its episodes,
REM sleep (REM) stages, arousal index (AI), AHI,
and oxygen hemoglobin saturation (SaO2). OSA was
determined by nocturnal PSG, performed according to
AASM criteria [41]. We defined obstructive apnea as at
least a 90% reduction of respiratory airflow and hypop-
nea as the reduction at least 30% that was associated
with an arousal or oxygen desaturation of 3%. Both
apnea and hypopnea must continue for 10 and more
seconds. OSA was identified if AHI ≥ 2 n/h [43].

SSs were detected automatically on artifact free
NREM epochs in F3, F4, Fz, Cz, C3, C4, O1, and
O2 scalp derivations referred to linked earlobes as F3-
A2, F4-A1, C3-A2, C4-A1, O1-A2, and O2-A1. Cz
was the reference and Fz was the ground. Data were
bandpass filtered from 11 to 16 Hz [44]. SSs were
detected as a narrow conical shape waves reaching
duration criterion (at least 0.5 s). Five SSs charac-
teristics were derived: number (total of SSs in NREM
sleep, N_SSs); density (number of SSs per minutes of
NREM sleep, expressed in number/minute, SSs_den);
maximum amplitude (peak-to-peak difference in volt-
age, expressed in μV, SSs_amp); mean duration (aver-
age duration of SSs, expressed in seconds, SSs_dur),
and mean frequency (number of oscillations per second,
expressed in Hz, SSs_f).

The following morning after PSG all participants
underwent a blood draw. Fasting blood samples were
drawn by venipuncture into tubes with EDTA. Blood
samples were centrifuged for 10 min at 1.500g at 4 °C,
and plasma samples were stored at − 80 °C until
assay. Aβ42 levels (pg/ml) were examined using com-
mercial enzyme-linked immunosorbent assay (ELISA)
kits «Amyloid-beta (1–42) High Sensitive» (IBL Inter-
national GmbH, Hamburg, Germany) on the ELx808™
Absorbance Microplate Reader (BioTek Instruments,
Inc., VT, USA).

This study was conducted in accordance with ethical
principles of the Declaration of Helsinki (1964, ed. 2013)
and the study protocol was approved by the local Ethics
Biomedical Committee. Patients and controls provided
their informed consent to this study.

Statistical analysis was performed using the Sta-
tistica 10.0 software (Statsoft Inc, USA). The

Shapiro–Wilk (W) test was used to check for normal
distribution of the screening data. One-way analysis
of variance (ANOVA), Kruskal–Wallis (K-W H), chi-
square, t test or Mann–Whitney (M-W U) test were
used for the statistical comparisons between groups
where appreciate. Data were presented as means ±
standard deviation (SD) or as Me [25th; 75th per-
centile]. Spearman correlation testing was conducted
to evaluate association between several study param-
eters, including plasma Aβ42 levels and SWS, N_SSs,
SSs_den, SSs_amp, SSs_dur, and SSs_f. The critical sig-
nificance level was taken as 5% (0.05).

3 Results

3.1 Participant characteristics

A total of 127 male adolescents were recruited in the
study, and 102 of them completed all study proce-
dures (47 participants who did not snore and had not
have PSG evidence of OSA, and 55 participants who
had snore as well as PSG evidence of OSA). Twenty-
five participants were lost for the study: 10 adolescents
had incomplete questionnaire data and/or refused PSG
and/or blood testing; 15 adolescents had some sleep
disorders other than OSA on PSG (habitual snoring,
insomnia, restless leg syndrome, sleepwalking or/and
sleep talking, sleep terrors or nightmares). In the results
of all study procedures have been formed four study
groups: OSA obese patients (OSA + OB, n = 35, mean
age 16 [16;17] years), non-OSA obese patients (OB, n
= 27, mean age 16 [15;17] years), OSA lean patients
(OSA, n = 20, mean age 16 [16;17] years), and non-OSA
lean participants (Control, n = 20, mean age 16[16;17]
years).

According to the survey data whole sample (n =
102), there were 42.16% (n = 43) of the adolescents
who showed sleep duration less than 8 h on weekdays,
but there were not none on weekends. Regarding self-
assessment of sleep, 43.14% (n = 44) of the respondents
had sleep problems. There were free main reported fac-
tors that led to their emergence: poor sleep hygiene (in
30.39% of the cases, n = 31), psychological stress (in
18.63% of the case, n = 19), relationship problems with
family or friends (in 16.67% of the cases, n = 17). It
is important that 18.63% (n = 19) of the adolescents
had a combination of these factors. Daytime dysfunc-
tion was the main respondents’ complaint (in 76.47% of
the cases, n = 78). About one-fourth of adolescents had
snoring (in 23.53% of the cases, n = 24) and about one-
tenth had sleep breathing pauses (in 9.8% of the cases,
n = 10). There were not significant differences between
the four groups in weekday/weekend total sleep time
and bedtime/wake time. Whereas significant differences
between groups were found in daytime dysfunction and
snoring (p = 0.002 and p < 0.001, accordingly).

Table 1 shows the baseline demographic and clinical
data, sleep variables with sleep spindles detection, and
plasma Aβ42 levels of these groups. There was differ-
ences respect both to age and BMI between some study
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groups. Age between obese groups (OSA + OB and OB)
as well as between lean groups (OSA and Control) were
similar (p = 0.89 and p = 0.482, respectively). BMI and
z-BMI scores were similar between lean groups only (p
= 0.082 and p = 0.766, respectively. The highest BMI
had boys with OSA and obesity (p = 0.000).

There were no significant differences between some
PSG parameters in non-OSA groups (OB and Control),
including AHI, SaO2 nadir, and SSs duration. Sleep
architecture revealed no significant differences between
the OSA + OB group and the OSA group. Neverthe-
less, some sleep parameters as AHI in obese OSA ado-
lescents were significantly higher, and SaO2 nadir was
significantly lower than in lean OSA participants (Z =
1.951, p = 0.041 and Z = 0.909, p = 0.036, respectively)
and both non-OSA groups (Z = 6.701, p = 0.000 and
Z = 5.248, p = 0.000, respectively). However, as shown
in Table 1, there were significant differences between
time spent in SWS, as well as between all SSs char-
acteristics in OSA groups versus non-OSA groups (p
= 0.000), excluding SSs duration between OSA and
Control groups (Z = 0.947, p = 0.341), and between
OB and OSA groups (Z = 0.355, p = 0.721, respec-
tively). Number of SSs and SSs density progressively
declined, and SSs amplitude and SSs frequency signif-
icantly increased from the OSA groups to the Control
group. Differences were statistically significant between
both OSA groups and the OB group and the Con-
trol group; no statistically significant differences were
observed between the OSA groups with no and obe-
sity (Table 1). It should be noted that adolescents in
OSA obese group had the most alterations of macro-
and microstructure of sleep than participants in other
study groups.

As can be seen in Table 1, the concentration of
plasma Aβ42 in adolescents with obesity and OSA
was significantly higher, both in comparison with ado-
lescents with obesity without OSA, and with lean
peers with and without OSA: 4.2[3.1;5.6] pg/mL vs
2.1[1.2;2.9] pg/mL, 3.1[2.3;4.0] pg/mL, and 1.55[1.2;2.1]
pg/mL (Z = 5.232, p < 0.0001; Z = 2.887, p = 0.003
and Z = 5.881, p < 0.0001, respectively). There were
no significant differences in the content of plasma Aβ42
between the OB and Control groups only, although
there was a tendency to increase it in obese patients
without OSA (Z = 1.721, p = 0.062).

Plasma Aβ42 levels, SWS and SSs characteristics
were not normally distributed (Shapiro–Wilk (W) test),
therefore Spearman correlations were performed for fur-
ther analysis (Table 2). The plasma Aβ42 level in OSA
patients (OB + and OB−) was significant negatively
correlated with SW activity during the sleep (r = −
0.373, p = 0.027 and r = − 0.410, p = 0.042, respec-
tively). All SSs characteristics were significantly corre-
lated with plasma Aβ42 level both in OSA + OB and
OB groups, and despite the strong correlation in both
groups, SSs activity parameters was more strongly asso-
ciated (p = 0.000 for all parameters) with Aβ42 in OSA
+ OB group than in OB group (p = 0.000 for two values
only). The correlation coefficient for plasma Aβ42 level

and N_SSs only was high in OSA group (r = 0.490, p
= 0.028).

4 Discussion

There are evidence suggests that sleep disruptions may
increase AD-associated protein levels in CSF and/or
blood prior in cognitively normal individuals yet. This
is related with slowing down clearance process of poten-
tially neurotoxic products, including Aβ42, from the
brain [15, 16] that lead to an accumulation of AD-
biomarkers in the neural interstitial space. Therefore,
intermittent hypoxia, like that found in OSA, may trig-
ger neural amyloidogenesis [45]. So, Jackson and col-
leagues found that amyloid burden was elevated in OSA
patient, particularly in those with severe one, as well
as was associated less time spent in stage N3 sleep (so
called SWS) [46]. This fact and other growing evidences
of elevated of Aβ burden [17, 18] have been linked with
a reduced sleep intensity, as indexed by the production
of SWA as well as alteration of spindle activity [47].
Chylinski et al. (2022) examined 100 healthy individ-
uals in late-midlife and found that earlier occurrence
of SSs on slow-depolarisation SW is associated with
higher Aβ burden and is predictive of greater memory
decline [48]. In our previous studies we proved alter-
ation of sleep homeostasis and higher plasma Aβ42 lev-
els in OSA adolescents, particularly who had obesity
[49, 50], however, associations altered sleep microstruc-
ture elements, key to its mnesic function, with amy-
loid burden in this age group were not early considered.
Current study is the first to correlate sleep oscillation-
specific associations with Aβ42 burden between obese
and non-obese male adolescents with polysomnograph-
ically diagnosed untreated OSA and age-matched non-
OSA obese and lean controls. We found that patients in
OSA + OB group had the highest SSs, SWS and amy-
loid alterations compared to other groups. Moreover, all
SSs parameters had the highest intercorrelations as well
as SSs and SW activities were most strongly associated
with plasma Aβ42 levels in adolescents with OSA and
obesity. There was only one strong negative correlation
between plasma amyloid and spindle frequency in the
OSA non-obese adolescents. As seen from the above,
obesity also may trigger the cascade of pathophysio-
logical processes (e.g., oxidative stress, neuroinflamma-
tion, increased blood–brain barrier permeability, insulin
resistance) and play a role in dysregulation of spindle
properties as well as changing circulating amyloid level,
through to putative alter interactions between thala-
mic reticular, thalamo-cortical, and cortical pyramidal
network, and increased transport of Aβ42 to the brain
[51–53].

Overall, our results provide compelling evidence that
the link between sleep EEG oscillations, Aβ burden,
and OSA/obesity-related brain features, involves pre-
cise regulation and coupling of two key elements of
NREM sleep, spindles and SWA. Our study does indi-
cate, at least in male middle age adolescents that
altered biophysical properties of sleep spindles (SSs)
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Table 2 Analysis of
correlation between plasma
Aβ42 level and sleep
variables (SWA and SSs) in
OSA + OB, OB and OSA
groups

Variable OSA + OB group OB group OSA group

r P value r P value r P value

SWS − 0.373 0.027 − 0.001 0.997 − 0.410 0.042

N_SSs 0.729 0.000 0.649 0.000 0.490 0.028

SSs_den 0.606 0.000 0.549 0.003 0.429 0.059

SSs_amp − 0.755 0.000 − 0.414 0.031 − 0.143 0.548

SSs_dur 0.609 0.000 0.658 0.000 0.280 0.231

SSs_f − 0.724 0.000 − 0.414 0.032 − 0.362 0.116

OSA obstructive sleep apnea, OB obesity, SWA slow wave activity, SWS slow wave sleep,
SSs sleep spindles, N_SSs number of SSs, SSs_den number of SSs per minutes of NREM
sleep, SSs_amp maximum amplitude of SSs, SSs_dur mean duration of SSs, SSs_f mean
frequency of SSs, Aβ42 β-amyloid 42, r correlation coefficient

and slow wave sleep (SWS) are associated with increase
of plasma Aβ42 levels if OSA is present. Altered SW and
spindles activity during sleep in OSA may represent an
early dysfunction related to amyloid, possibly reflecting
brain damage through hypoxia and metabolic stress, or
increased amyloid secretion and reduced Aβ clearance.
So, SWA and SSs play important role in neuroplastic-
ity and memory consolidation and they may represent
a putative mechanism by which amyloid impairs cogni-
tion, as well as rendering it potentially new biomarkers
for early neuronal dysfunction in young age.

This work was performed with the use of the equip-
ment of Collective Research Centre “Center for the
development of progressive personalized technologies
for health” SC FHHRP, Irkutsk.
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ner, J. Güldenhaupt, K.-U. Saum, S. Janelidze, B. Hol-
leczek, D. Rujescu, O. Hansson, K. Gerwert, H. Brenner,
Amyloid blood biomarker detects Alzheimer’s disease.
EMBO Mol. Med. 10, e8763 (2018)

24. K.M. Kirmess, M.R. Meyer, M.S. Holubasch, S.S.
Knapik, Y. Hu, E.N. Jackson, S.E. Harpstrite, P.B.
Verghese, T. West, I. Fogelman, J.B. Braunstein, K.E.
Yarasheski, J.H. Contois, The PrecivityAD™ test: Accu-
rate and reliable LC-MS/MS assays for quantifying
plasma amyloid beta 40 and 42 and apolipoprotein E
proteotype for the assessment of brain amyloidosis. Clin.
Chim. Acta. 519, 267–275 (2021)

25. K. Volluz, J. Hassenstab, P. Verghese, T. West, M.R.
Meyer, K.M. Kirmess, A.M. Fagan, C. Xiong, D. Holtz-
man, J.C. Morris, R.J. Bateman, S.E. Schindler, Com-
parison of plasma and CSF biomarkers in predicting
cognitive decline. Ann. Clin. Transl. Neurol. 9(11),
1739–1751 (2022). https://doi.org/10.1002/acn3.51670

26. B.A. Mander, A. Dave, K.K. Lui, K.E. Sprecher, D.
Berisha, M.G. Chappel-Farley, I.Y. Chen, B.A. Riedner,
M. Heston, I. Suridjan, G. Kollmorgen, H. Zetterberg,
K. Blennow, C.M. Carlsson, O.C. Okonkwo, S. Asthana,
S.C. Johnson, B.B. Bendlin, R.M. Benca, Inflamma-
tion, tau pathology, and synaptic integrity associated
with sleep spindles and memory prior to β-amyloid pos-
itivity. Sleep 45(9), zsac135 (2022). https://doi.org/10.
1093/sleep/zsac135

27. A. Luthi, Sleep spindles: where they come from, what
they do. Neuroscience 20, 243–256 (2014). https://doi.
org/10.1177/1073858413500854

28. D. Miyamoto, D. Hirai, M. Murayama, The roles of
cortical slow waves in synaptic plasticity and memory
consolidation. Front. Neural. Circuits. 11, 1–8 (2017).
https://doi.org/10.3389/fncir.2017.00092

29. D. Ulrich, Sleep spindles as facilitators of memory
formation and learning. Neural Plast. 2016, 1796715
(2016). https://doi.org/10.1155/2016/1796715

30. R.F. Helfrich, B.A. Mander, W.J. Jagust, R.T. Knight,
M.P. Walker, Old brains come uncoupled in sleep: slow
wave-spindle synchrony, brain atrophy, and forgetting.
Neuron 97, 221–2302 (2018). https://doi.org/10.1016/
j.neuron.2017.11.020

31. A.A. Putilov, O.G. Donskaya, V.B. Dorokhov, M.G.
Poluektov, Age- and gender-associated differences in
the sleepy brain’s electroencephalogram. Physiol. Mea-
sur. 42(4), 044005 (2021). https://doi.org/10.1088/
1361-6579/abcdf3

32. E.B. Ukhinov, I.M. Madaeva, O.N. Berdina, L.V.
Rychkova, L.I. Kolesnikova, S.I. Kolesnikov, Features of
the EEG pattern of sleep spindles and its diagnostic sig-
nificance in ontogenesis. Bull. Exp. Biol. Med. 173(4),
404–415 (2022)

33. T. Matsuzawa, T. Takata, K. Yokono, H. Ueda, K.
Moriwaki, I. Kamae, K. Urakami, T. Sakurai, A warn-
ing index used in prescreening for Alzheimer’s disease,
based on self-reported cognitive deficits and vascular
risk factors for dementia in elderly patients with type
2 diabetes. Int. J. Alzheimers Dis. 2012, 124215 (2012).
https://doi.org/10.1155/2012/124215

34. M. Ten Kate, E. Dicks, P.J. Visser, W.M. van der Flier,
C.E. Teunissen, F. Barkhof, P. Scheltens, B.M. Tijms,
Atrophy subtypes in prodromal Alzheimer’s disease are
associated with cognitive decline. Alzheimer’s Disease
Neuroimaging Initiative. Brain. 141(12), 3443–3456
(2018). https://doi.org/10.1093/brain/awy264

35. Y. Shi, H. Luo, H. Liu, J. Hou, Y. Feng, J. Chen,
L. Xing, X. Ren, Related biomarkers of neurocognitive
impairment in children with obstructive sleep apnea.
Int. J. Pediatr. Otorhinolaryngol. 116, 38–42 (2019).
https://doi.org/10.1016/j.ijporl.2018.10.015

36. L. Kheirandish-Gozal, M.F. Philby, M.L. Alonso-
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