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Abstract: Sleep mlcroarchztecture zs an advanced field of neurophysiology that

investigates fine-scale electrophyszologzcal' dynamics underlying sleep regulation. Unlike

macrostructural sleep staging, microaréhitecture reflects the temporal organization of

neural oscillations generated by thalamocortical, limbic, and brainstem networks. This

review integrates theoretical neurophysiological mechanisms with clinical evidence,

focusing on cyclic alternating paittern (CAP), sleep. splndles K-complexes and slow-

wave activity (SWA) as biomarkers-of chronic disease.' Emerging evidence suggests that

disruption of sleep microarchitecturg’reflects €arly dysfunction in cortical excitability,
synaptic plasticity, and* autonomic regulation. We* further discuss translational

applications in cardiovascular, metabolic, neurodegenerative,-and psychiatric disorders,

highlighting the role of machine learning and multimodal biosignal integration. The

implementation of microstructural sleep analysis may represent a cornerstone of future

precision medicine.
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1. Introduction
Sleep is a highly organized neurophysiological state regulated by hierarchical brain

network interactions. Classical sleep staging (NREM/REM) describes macrostructural

transitions but fails to capture the fine temporal dynamics of neuronal populations.

From a systems neuroscience perspective, sleep is governed by:

thalamo-cortical loops (rhythm generation)

brainstem arousal systems (state switching)

limbic modulation (emotional memory processing)

Sleep microarchitecture represents the mesoscale expression of neural oscillations,

bridging cellular neurophysiology and clinical sleep medicine.

2. Neurophysiological Basis of Sleep Microarchitecture
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2.1 Neural Oscillations Framework
Sleep microarchitecture emerges from synchronized oscillatory activity across
frequency bands:
delta (<4 Hz) — deep sleep restoration
sigma (11-16 Hz) — spindle activity
slow oscillations (<1 Hz) — cortical synchronization
These rhythms reflect excitatory-inhibitory balance in cortical networks.
2.2 Thalamocortical Dynamics
Sleep spindles are generated by interactions between:
thalamic reticular nucleus (inhibitory pacemaker)
thalamocortical relay neurons
cortical pyramidal cells
Function: ‘
sensory gating 2 \\ L y
synaptic plasticity ‘/ TN .
memory consolidation ‘,"
2.3 Synaptic Homeostasis Hypothesis*
According to the Synaptic Homeostasis Theory (Toneni & Cirelli):
Wakefulness — synaptic potentiation 1
Sleep — synaptic downscaling | »
Slow-wave activity reflects: -« 4L R L
global cortical synaptic renormalizgfion 73
2.4 Arousal Instability and CAP System
CAP represents cyclic fluctuations between:
stable sleep phases -~ ~
micro-arousal states
It reflects dynamic instability of sleep regulatory networks, particularly in:
hypothalamus ' |
brainstem reticular formation
3. Sleep Microarchitecture in Chronic Disease
3.1 Cardiovascular Pathophysiology
Chronic heart failure and hypertension are associated with:
CAP rate 1
SWA |
sympathetic dominance 1
Mechanism: — impaired baroreflex + autonomic imbalance
This leads to:
nocturnal non-dipping BP
endothelial dysfunction
increased inflammatory tone
3.2 Metabolic Dysregulation
Sleep fragmentation affects:
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hypothalamic appetite regulation

insulin signaling pathways

glucose homeostasis

Key finding: Reduced slow-wave sleep — insulin sensitivity | independent of obesity
3.3 Neurodegeneration

Alzheimer’s and Parkinson’s disease show:

spindle density |

disrupted slow oscillations

impaired glymphatic clearance

Theoretical link: Sleep dysfunction — protein aggregation (amyloid-f3, a-synuclein)
3.4 Psychiatric Disorders

Depression and anxiety disorders involve:

REM dysregulation

CAP instability \ L

altered limbic connectivity

Neurobiological basis: — hyperactlve amygdala + reduced prefrontal inhibition

4. Translational and Technological Advances

4.1 Al-Based EEG Analysis

Machine learning enables:

automatic CAP detection .

spindle quantification AU Y Ul LR LM ~/

- ——

predictive disease modeling

»
]

4.2 Multimodal Integration* ;

Future systems combine: :

EEG ~ -~

ECG

CGM (glucose monitoring)

autonomic signals

Goal: — predictive physiology (not reactive medicine)

4.3 Precision Chronotherapy

Drug delivery synchronized with:

slow-wave upstates

circadian phases

Example: melatonin or neuroprotective agents timed to sleep cycles
5. Limitations

lack of global standardization of CAP scoring

inter-individual variability of EEG patterns

limited accessibility in low-resource settings

need for large-scale longitudinal datasets

6. Conclusion

Sleep microarchitecture represents a multi- level integrative biomarker system linking:
neuronal oscillations
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network-level brain dynamics

systemic physiological regulation

Its clinical translation offers a paradigm shift from symptom-based medicine to
neurophysiology-based predictive medicine.

For developing healthcare systems, including Uzbekistan, implementation of sleep
microstructure analysis may significantly enhance early diagnosis and precision treatment
strategies in chronic disease management.
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