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Purpose: To explore the association between clinical indicators of obstructive sleep apnea (OSA) and large endothelial cell-derived
extracellular vesicles (large endothelial EVs) in children, and to explore their potential association with disease severity.

Patients and Methods: A total of 81 children with OSA were enrolled, including 29 cases of mild OSA and 52 cases of moderate-to
-severe OSA. Receiver operating characteristic (ROC) curves evaluated the discriminatory ability of these EVs for severity groups.
The correlation between large endothelial EVs and OSA clinical results, including sleep architecture and sleep-disordered breathing
events, was evaluated using Spearman correlation analysis and multiple regression analysis.

Results: Levels of CD31+CD41- large endothelial EVs were significantly elevated in children with moderate-to-severe OSA
compared to the mild OSA group (p< 0.05). While CD62E levels were nominally elevated in moderate-to-severe OSA (p<0.05),
this association did not persist following false discovery rate correction, and the marker showed limited predictive utility in the
validation cohort (AUC = 0.538). The ROC curve results indicated that the sensitivity and specificity of CD31+CD41- in distinguish-
ing mild OSA from moderate-to-severe OSA were 82.8% and 75%, respectively, with an area under the curve of 0.848. CD31+CD41-
large endothelial EVs in children with OSA showed significant positive correlations with the Obstructive Apnea-Hypopnea Index
(OAHI), hypopnea index, and oxygen desaturation index (p<0.05). Multiple regression analysis revealed a logarithmic positive
correlation between OAHI and CD31+CD41- large endothelial EVs (p<0.01). Sleep efficiency was negatively correlated with
CD31+CD41- large endothelial EVs (p<0.05).

Conclusion: CD31+CD41- large endothelial EVs were closely associated with OAHI and sleep efficiency. These exploratory findings
suggest their potential as a biomarker of OSA severity, but prospective validation is required before clinical application.
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Introduction

Obstructive sleep apnea (OSA) is the most common form of sleep-disordered breathing in children. Recent epidemio-
logical data indicate that the prevalence of childhood OSA is approximately 5.7%. Its main characteristics include
recurrent partial or complete upper airway obstruction during sleep, leading to chronic intermittent hypoxia, hypercapnia,
and sleep fragmentation.'” Previous studies have shown that OSA can cause neurocognitive deficits, cardiovascular
complications, and metabolic disorders in children, seriously affecting their long-term health.®> Notably, OSA poses
a significant threat to the cardiovascular health of children and adolescents, significantly increasing the risk of
cardiovascular diseases such as hypertension, cardiac structural abnormalities, and heart failure.* Among these, vascular
endothelial injury is an early pathophysiological manifestation of OSA-related cardiovascular diseases.” Chronic inter-
mittent hypoxia and frequent sleep disruptions caused by OSA can induce systemic inflammatory responses and
oxidative stress, resulting in damage to the structure and function of vascular endothelium.®
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According to the Minimal Information for Studies of Extracellular Vesicles 2023 (MISEV2023) guidelines,’
endothelial microparticles (EMPs) are defined as large endothelial cell-derived extracellular vesicles (large endothelial
EVs) that are released by direct budding from the plasma membrane of endothelial cells upon activation, injury, or
apoptosis. Large endothelial EVs are vesicular membrane structures released by activated or apoptotic endothelial cells,
with a diameter of approximately 0.1-1.0 pm, and carry endothelial-specific markers on their surface.® Elevated large
endothelial EV levels are positively correlated with the degree of endothelial injury. They are regarded as biomarkers of
vascular endothelial damage.®'" The surface markers of large endothelial EVs exhibit different phenotypic character-
istics depending on the type of cardiovascular disease. CD62E is a classic marker of endothelial activation and is
frequently upregulated under inflammatory conditions and in atherosclerotic cardiovascular disease.'> Adult studies have
shown that CD62E large endothelial EVs are elevated in patients with pulmonary hypertension.'> The CD31+CD41—
phenotype is considered a marker of endothelial cell apoptosis or damage and is elevated in conditions such as
hyperlipidemia.'*'> CD31+CD42b— large endothelial EVs can specifically reflect the activation or apoptotic status of
endothelial cells, and has been specifically associated with nocturnal hypoxia and disease severity in adult patients with
OSA.’ Therefore, we selected these large endothelial EVs phenotypes to investigate endothelial activation, apoptosis/
damage, and hypoxia-related stress responses, aiming to better characterize the endothelial phenotype in pediatric OSA.
Given that children have a lower chronic atherosclerotic burden, more pronounced adenotonsillar hypertrophy, and
a shorter disease course than adults, the release profile of large endothelial EVs may differ from that observed in adults.
However, few studies have investigated the relationship between large endothelial EVs and detailed sleep architecture
parameters in children with OSA.

Therefore, this study not only evaluated the levels of large endothelial EVs in different OSA severity groups but also
explored their specific associations with polysomnographic parameters, including respiratory events during sleep and
sleep architecture, thereby providing new insights into the mechanisms underlying the link between large endothelial EVs
and pediatric OSA. We hypothesized that children with moderate-to-severe OSA would have elevated large endothelial
EV levels, and that these levels would be associated with specific sleep respiratory events and sleep architecture. The
primary objectives were: (1) to compare the levels of large endothelial EVs (CD62E, CD31+CD41-, and CD31+CD42b-)
across OSA severity groups; (2) to analyze correlations between these large endothelial EVs phenotypes and poly-
somnographic parameters; and (3) to assess their potential as biomarkers for stratifying OSA severity and indicating early

vascular endothelial injury.

Materials and Methods
Study Subjects

Children (aged 4-14 years) who visited the sleep disorder clinic at our hospital for snoring and/or mouth breathing were
recruited consecutively from December 2023 to April 2025. All parents and children signed the informed consent form
(for children aged >8 years, signed jointly by the child and their parent/guardian; for children aged <8 years, signed by
the parent/guardian on the child’s behalf). Inclusion criteria: children with snoring and/or mouth breathing during night
sleep for more than 3 nights/week, and the Obstructive Apnea-Hypopnea Index (OAHI) in overnight polysomnography
>1 time/hour.'® Exclusion criteria included: suffering from congenital heart disease, hereditary hypertension or taking
antihypertensive drugs; having metabolic disorder-related diseases (such as diabetes, abnormal lipid metabolism);
combined with craniofacial deformities, neuromuscular or hereditary diseases; having a history of premature birth or
intrauterine growth restriction; being in the acute stage of various diseases; long-term use of anti-inflammatory or
sympathomimetic drugs; having received previous OSA treatment (including drugs, surgery, non-invasive ventilation,
oral appliances).

Since an OAHI >5 event/hour often necessitates the initiation of more aggressive therapeutic interventions (such as
continuous positive airway pressure or surgery) rather than watchful waiting or pharmacotherapy alone,'” and this cutoff
has been adopted in previous studies,'® moderate and severe OSA were combined into a single moderate-to-severe OSA
group (OAHI >5) for the primary analysis in this study. Children with 1 < OAHI <5 event/hour were classified into the
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mild OSA group, and those with OAHI >5 event/hour into the moderate-to-severe OSA group.'® The study was approved
by the Ethics Committee of Shenzhen Children’s Hospital (Approval No.: 202,309,102).

Flow Cytometric Analysis

On the morning after PSG monitoring (7:00-8:00), while the child is fasting, a nurse will collect 2.5 mL of venous blood
and place it in an anticoagulant tube containing Ethylenediaminetetraacetic Acid, which will be immediately refrigerated
and transported to the laboratory for testing within 24 hours. The blood samples were centrifuged at 160xg for 10 minutes
to isolate platelet-rich plasma (PRP). Subsequently, the PRP was centrifuged at 1000xg for 6 minutes to obtain platelet-
poor plasma (PPP), which was aliquoted into 500 pL portions and stored at —80°C. After thawing, the PPP samples were
centrifuged at 16,000xg for 5 minutes at 4°C. A 450 pL aliquot of the supernatant was further centrifuged at 16,000xg
for 60 minutes at 4°C, after which 250 pL of the resulting supernatant was discarded. Then, 100 pL of the enriched
sample was mixed with 275 puL of dilution buffer (0.2% bovine serum albumin, PBS, 1% paraformaldehyde). The 0.2—
lum particle size gate was validated using the Flow Cytometry Sub-micron Particle Size Reference Kit (Cat. No.
F13839, Thermo Fisher Scientific), including 0.2, 0.5, and 1.0 um fluorescent microspheres. Fluorescence compensation
was performed using single-stained controls for each fluorochrome. Fluorescence-minus-one (FMO) controls were used
to define the quadrant boundaries for each marker, establishing the threshold for positive staining and eliminating
background autofluorescence. The detector threshold was set based on baseline noise and particle signal intensity to
exclude electronic noise. All samples were measured in triplicate. Intra-assay and inter-assay coefficients of variation
(CV) were determined to ensure reproducibility. Sample processing, flow cytometric acquisition, and data analysis were
performed in a blinded manner with respect to clinical group assignment. The mixture was stained with five pL each of
APC-conjugated anti-human CD31 antibody (BioLegend, Cat. No. 303115), FITC-conjugated anti-human CD41 anti-
body (BioLegend, Cat. No. 303703), Brilliant Violet 421™-conjugated anti-human CD42b antibody (BioLegend, Cat.
No. 303829), and PE-conjugated anti-human CD62E antibody (BioLegend, Cat. No. 336008). After incubation at 4°C for
45 minutes, the stained samples were filtered through a 200-mesh filter and analyzed using a flow cytometer (BD
FACSAria™ III Cell Sorter, No. 95131, USA), with the particle size gate set at 0.2—1 um. Data were processed using
FlowJo v10.8.1 software, and results were presented as dot plots (for gating) and histograms.

Polysomnography (PSG)
Subjects underwent overnight PSG at the Sleep Center of Shenzhen Children’s Hospital from 8:00 PM to 7:00 AM the
next day (using German SOMNOmedics V5 or American Philips Alice 6 equipment). PSG leads included the following
channels: 6-channel electroencephalography (bilateral central, frontal, and occipital leads), electrooculography, submen-
tal electromyography, nasal airflow, thoracoabdominal movement, leg movement, and peripheral blood oxygen satura-
tion. Recorded parameters included: 1. Sleep parameters: Total sleep time; Sleep efficiency; Duration and proportion of
each sleep stage, including light sleep (Stage 1 Sleep + Stage 2 Sleep, S1S2), deep sleep (Stage 3 Sleep, S3), and rapid
eye movement sleep (REM); 2. Sleep-disordered breathing events: Hypopnea Index (HI); Central Apnea Index (CAI);
Obstructive Apnea Index (OAI); Obstructive Apnea-Hypopnea Index (OAHI); Apnea-Hypopnea Index (AHI); Oxygen
Desaturation Index (ODI); Oxygen saturation (SpO,) during each sleep stage.

All sleep monitoring data were scored for sleep staging and breathing events by professionally trained technicians

certified by the American Board of Registered Polysomnographic Technologists in accordance with the scoring manual.'’

Statistical Analysis

Normally distributed data were expressed as “mean + standard deviation (Mean + SD)”; continuous variables were
compared between groups using an independent-samples f-test, and categorical variables were compared using Chi-
square tests. Non-normally distributed data were expressed as “median (P25, P75)” and compared between groups using
the Mann—Whitney U-test; Spearman correlation analysis was used to assess the association between large endothelial
EVs and various variables. Variables with statistical significance were included in multivariate linear regression analysis
to determine the independent effects of age, gender, body mass index (BMI), breathing events, and sleep architecture on
large endothelial EV levels. The correlation network heatmap and bubble diagram were visualized in the OmicShare
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1626 children with snoring visited the
outpatient clinic

1462 children were
excluded

164 children agreed to blood sampling and
provided informed consent

69 children withdrew midway and did not
undergo PSG

95 children completed PSG and blood
sampling

14 blood samples were hemolyzed and
deemed unsuitable

y V
M-OSA (n=29) MS-OSA (n=52)

Figure | The selection process of participants in this study. The study commenced with 1626 snoring children visiting the outpatient clinic. After screening, exclusion of
1462 patients who did not meet the inclusion criteria, 164 children provided informed consent and agreed to participate in blood sampling. 69 children withdrew and did not
undergo PSG. Ultimately, 95 children completed both PSG and blood sampling. Fourteen blood samples were excluded due to hemolysis, resulting in 81 children being
included in the final analysis. Based on PSG results, participants were categorized into the mild OSA (n=29) and the moderate-to-severe OSA (n=52).

platform (https://www.omicshare.com/tools/). Statistical analysis was performed using SPSS 29.0 (IBM Corp., USA),

with statistical significance set at p<0.05. The OSA samples in this study were randomly divided into a training set and
a validation set at a ratio of 7:3 (p<0.01), and receiver operating characteristic (ROC) analysis of large endothelial EVs
was performed using the timeROC software (version 1.0.3). A model with an area under the ROC curve (AUC) >0.6 was
considered to have reliable diagnostic value (Figure 1). To avoid unstable estimation and overfitting, we used 10-fold CV
in the training set to optimize the model, followed by 100-iteration Bootstrap resampling to calculate AUC and 95% Cls
for both sets separately. To avoid bias, sample processing, flow cytometric acquisition, and data analysis were performed
in a blinded fashion without knowledge of the clinical group assignments.

Results

Study Population and Clinical Results

A total of 81 children aged 4—14 years were finally included in the study, including 53 males (65.4%) and 28 females
(34.6%), with a mean age of 8.784+2.91 years; 29 cases (35.8%) in the mild OSA group and 52 cases (64.2%) in the
moderate-to-severe OSA group; there were no statistically significant differences in gender, age, adenoid volume or body
mass index (BMI) between the groups. The OAHI in the moderate-to-severe OSA group was significantly higher than
that in the mild OSA group [8.36 (6.06, 17.70) vs. 2.31 (1.37, 3.09), p<0.001]. The ODI in the moderate-to-severe OSA
was significantly higher than that in the mild OSA group [2.10 (1.10, 5.15) vs. 18.65 (8.90, 34.43), p<0.001], whereas the
minimum oxygen saturation (minSpO,) in the moderate-to-severe OSA group was lower than that in the mild OSA group
[86.00 (79.25, 89.00) vs. 91.00 (89.50, 93.00), p<0.001]. In terms of sleep architecture, the duration of rapid eye
movement sleep (REM) in the moderate-to-severe OSA group was significantly shorter than that in the mild OSA group
(15.24+4.47 vs. 12.76+5.40, p=0.009, Table 1).
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Table | General Characteristics and Sleep Architecture of Children with Mild
OSA and Moderate-to-Severe OSA

Characteristics M-OSA (n=29) MS-OSA (n=52) p value
Age (years) 8.07+2.40 9.17£3.10 0.10
Gender, male (female) | 17 (12) 36 (16) 0.34
BMI (kg/m?) 16.80 (15.84,19.03) 17.33 (14.24, 22.79) 0.93
Adenoid Volume (%) 70 (60.0, 77.0) 74 (65.0, 83.5) 0.14
Sleep Efficiency (%) 81.40 (76.25,89.3) 80.50 (68.2,87.48) 0.17
Sleep Latency (min) 23.50 (10.0,54.0) 14.50 (6.68,34.63) 0.14
REM Latency (min) 171.00 (139.75,232.75) | 179.35 (139.65,228.38) | 0.73
S1+S2 (min) 46.80+8.92 48.49+13.96 0.56

S3 (min) 27.08+6.03 26.21+9.67 0.66
REM (min) 15.97+4.32 12.76+5.40 0.008*
OAHI (/h) 2.31.(1.37, 3.09) 8.36 (6.06, 17.70) <0.001*
ODI (/h) 2.10 (1.10, 5.15) 18.65 (8.90, 34.43) <0.001*
minSpO, (%) 91.00 (89.50, 93.00) 86.00 (79.25, 89.00) <0.001*

Note: *p<0.05.
Abbreviations: M-OSA, mild OSA; MS-OSA, moderate-to-severe OSA; BMI, Body Mass Index; S|
452, Stage | Sleep + Stage 2 Sleep, light sleep; S3, Stage 3 Sleep, deep sleep; REM, rapid eye movement
sleep duration.

Large Endothelial EV Characteristics in Children with OSA

Compared with the mild OSA group, the levels of CD62E, CD31+CD41-, and CD31+CD42b- large endothelial EVs in
the moderate-to-severe OSA group were all increased (Figure 2). In detail, the level of CD62E in the moderate-to-severe
OSA group was significantly higher than that in the mild OSA group (182.20+46.87 MPs/uL vs. 150.844+38.43 MPs/uL,
p<0.01, Figure 2B); CD31+CD41- large endothelial EVs in the moderate-to-severe OSA group were also significantly
higher than those in the mild OSA group [(66 (53.13, 84.88) MPs/uL vs. 45.50 (39.75, 53.75) MPs/uL, p<0.01,
Figure 2C)]; while the difference in CD31+CD42b- large endothelial EVs between the two groups was not statistically
significant [(260 (173.75, 425.00) MPs/uL vs. 230.00 (125.00, 305.00) MPs/uL, p>0.05, Figure 2D].

ROC analyses were performed to evaluate the discriminative performance of CD62E, CD31+CD41-, and CD31
+CD42b- in distinguishing the mild OSA group from the moderate-to-severe OSA group. CD31+CD41- showed the best
overall performance [AUC, 95% confidence interval (CI): 0.848, 0.765-0.935]. The AUC of CD62E is 0.688 (95% CI
0.572-0.805), whereas CD31+CD42b- showed limited discrimination (AUC, 95% CI: 0.612, 0.482—0.742). Using the
optimal cut-off values derived from the ROC curves, the best thresholds were 54.75 for CD31+CD41- (specificity 0.750,
sensitivity 0.828), 180.245 for CD62E (specificity 0.538, sensitivity 0.828), and 372.5 for CD31+CD42b- (specificity
0.346, sensitivity 0.897, Figure 3A).

Furthermore, we conducted 10-fold cross-validation and Bootstrap validation on both the training and validation
datasets to further verify the diagnostic efficacy of CD62E, CD31+CD41- and CD31+CD42b- in differentiating mild
OSA from moderate-to-severe OSA. Notably, diagnostic performance derived from the training set tends to be
optimistically biased; therefore, we primarily interpret diagnostic capacity based on validation-set results. In the training
set (Figure 3B): CD31+CD41- (AUC 0.996, 95% CI 0.988-1.000), CD62E (AUC 1.000, 95% CI 1.000-1.000), CD31
+CD42b- (AUC 0.955, 95% CI 0.907-1.000). In the validation set (Figure 3C): CD31+CD41- (AUC 0.900, 95% CI
0.779-1.000), CD62E (AUC 0.538, 95% CI 0.288-0.787), CD31+CD42b- (AUC 0.575, 95% CI 0.319-0.831).

Spearman Correlation Analysis Between Clinical Indicators and Large Endothelial EVs
Correlation analysis showed that there were significant associations between sleep architecture and specific large
endothelial EV subsets (Figure 4). Briefly, sleep efficiency was significantly negatively correlated with CD31+CD41-
microparticle levels (r=—0.223, p=0.045); REM latency was significantly positively correlated with CD62E microparticle
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Figure 2 Flow Cytometry Analysis Profiles of Large Endothelial EVs in Children with OSA. The figure shows the results of flow cytometry analysis of large endothelial EVs
in PPP samples from the mild OSA and moderate-to-severe OSA groups. Gating strategy was defined using fluorescence-minus-one (FMO) controls to determine quadrant
boundaries and positive staining thresholds for each marker. (A) is a flow cytometry heatmap of CD62E+, CD31+CD41-, and CD31+CD42b- large endothelial EVs, where
SSC-H stands for side scatter height; the levels of CD62E (B) and CD31+CD41- (C) large endothelial EVs in the moderate-to-severe OSA group were significantly higher
than those in the mild OSA group (p<0.05, p<0.01). There was no statistically significant difference in CD31+CD42b- between the mild OSA and moderate-to-severe OSA
groups (D, p>0.05). *p<0.05, *p<0.01.

Abbreviations: M-OSA, Mild OSA; MS-OSA, Moderate-to-Severe OSA.
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Figure 3 ROC Curve Analysis of Vascular Large Endothelial EVs in Distinguishing Mild from Moderate-to-Severe OSA. (A) ROC curves evaluating the discriminative
performance of three biomarkers: CD62E (A, AUC=0.688, 95% Cl: 0.572-0.805), CD3|+CD4|- (B, AUC=0.848, 95% ClI: 0.765-0.930), and CD31+CD42b- (C, AUC=0.612,
95% Cl: 0.482-0.742), for distinguishing between the mild OSA and moderate-to-severe OSA groups, with the diagonal dashed line in each panel representing the reference line
of no discriminative value (AUC=0.5). (B) ROC curves with 10-fold cross-validation and 100 bootstrap iterations in the training set. (C) ROC curves with 10-fold cross-
validation and 100 bootstrap iterations in the validation set. CD3 | +CD4|— demonstrated superior diagnostic accuracy in both the training (AUC = 0.996, 95% CI: 0.988—1.000)
and validation (AUC = 0.900, 95% CI: 0.779—1.000) sets, while CD62E and CD3 |+CD42b— exhibited reduced performance in the validation (AUCs < 0.575).

levels (r=0.245, p=0.022). However, after False Discovery Rate (FDR) correction, no significant correlations were found
between large endothelial EVs and sleep architecture (all p>0.05).

CD31+CD41- large endothelial cell-derived extracellular vesicles were significantly positively correlated with OAHI,
Central Apnea Index (CAI), Mixed Apnea Index (MAI), Hypopnea Index (HI), and Oxygen Desaturation Index (ODI)
(r=0.492, r=0.297, 1=0.401, r=0.463, r=0.492, p<0.05). They were significantly negatively correlated with Minimum
Oxygen Saturation (minSpO,) (r=—0.413, p<0.01). CD31+CD42b- large endothelial EVs were only significantly
positively correlated with HI (r=0.255, p=0.022), and CD62E large endothelial EVs were only positively correlated
with MAI (r=0.271, p=0.010). After FDR correction, the correlations of CD31+CD41- with OAHI, CAI, MAI, HI, ODI,
and minSpO, remained significant, whereas the correlations of CD62E and CD31+CD42b- microparticles with sleep
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Figure 4 Correlation Analysis of Large Endothelial EVs with Sleep-Disordered Breathing Events and Sleep Architecture in Children with OSA Following FDR Correction.
Red and blue colors indicate positive and negative correlations, respectively. The color intensity represents the magnitude of the correlation coefficient. CD31+CD41- EVs
were significantly positively correlated with OAHI, CAI, MAI, HI, and ODI, and significantly negatively correlated with minSpO,, whereas CD31+CD42b- and CDé62E
showed no significant correlations with sleep parameters. * p < 0.05, ** p < 0.01, *** p < 0.001.

respiratory events were not significant. The above results indicate that CD31+CD41- large endothelial EVs are most
closely associated with OSA-related sleep-disordered breathing events.

Data analysis showed that OAHI in children with OSA was logarithmically positively correlated with CD31+CD41-
large endothelial EVs (R*=0.182, p<0.001). In children with OSA, as OAHI increased, the levels of CD31+CD41- large
endothelial EVs first showed a rapid upward trend. The growth rate slowed and plateaued (Figure 5).

Multivariate Linear Regression Analysis Between Clinical Indicators and Large
Endothelial EVs

Multivariate linear regression analysis was performed with CD31+CD41- large endothelial EVs levels as the dependent
variable, logarithmic transformation of OAHI (InOAHI) as the independent variable, REM sleep as a covariate, and
confounding factors such as age, gender, adenoid volume, and BMI. The results showed that, after adjusting for the
above confounding factors, InOAHI was independently positively correlated with CD31+CD41- large endothelial EVs
levels (Beta=0.478, p<0.001; Figure 6A), explaining 27.0% of the variation in CD31+CD41- levels (R?=0.270).

125.000 °

100.000 o o o

75.000

CD31+CD41-

50.000

25.000

.00 20.00 40.00 60.00

OAHI

Figure 5 OAHI was positively correlated with CD31+CD41- in a logarithmic manner (R2=0.|82, $<0.001).
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Figure 6 Bubble Plot of Multivariate Linear Regression Analysis of OAHI, Sleep Architecture, and Large Endothelial EVs. The bubble plot shows the results of a multivariate
linear regression analysis; the size of the dots indicates statistical significance (p-value), and the color indicates the standardized coefficient (Beta; Orange for positive
correlation, teal for negative correlation). (A) In(OAHI) is independently positively correlated with CD31+CD41- levels (Beta=0.478, p<0.001). (B) Sleep efficiency is
independently negatively correlated with CD31+CD4I- levels (Beta=—0.290, p=0.032).

Specifically, for each one logarithmic unit increase in OAHI, CD31+CD41- large endothelial EV levels increased by
0.478 standard deviations. No linear or curvilinear relationship was found between CD62E, CD31+CD42b- large
endothelial EVs, and OAHI. Meanwhile, in this study, multivariate linear regression analysis was performed with
sleep efficiency and REM latency as independent variables, REM sleep duration, OAHI, age, adenoid volume, and
BMI as covariates, and each large endothelial EV as the dependent variable. The results showed that sleep efficiency was
independently negatively correlated with CD31+CD41- levels (Beta=—0.290, p=0.032), explaining 17.3% of the variation
in CD31+CD41- levels (R?=0.173), that is, the higher the sleep efficiency, the lower the CD31+CD41- microparticle
levels; while CD62E and CD31+CD42b- large endothelial EVs showed no statistical significance (Figure 6B).

Post-hoc power analysis showed that in the multiple linear regression with CD31+CD41- large endothelial extra-
cellular vesicles as the outcome variable, the actual statistical power of the two predictors, In(OAHI) and sleep efficiency,
was 0.99975 and 0.99187, respectively, indicating that the current sample size had sufficient statistical power to detect
the associations between CD31+CD41- large endothelial extracellular vesicles and key clinical variables.

Discussion

OSA can induce vascular endothelial injury and dysfunction, leading to the release of large endothelial EVs.?%?!
Substantial evidence confirms that vascular large endothelial EVs serve as reliable biomarkers of endothelial
damage.”>** Given the limited research on large endothelial EVs in children, this study not only compared the levels
and phenotypic characteristics of large endothelial EVs among children with different severities of OSA, but also
performed detailed correlation analyses between large endothelial EVs and multiple polysomnographic parameters,

thereby validating and extending previous findings: CD31+CD41- are not only closely associated with the severity of
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the OAHI, but also significantly correlated with key sleep quality indicators such as sleep efficiency, contributing to
a more comprehensive understanding of their potential pathophysiological and biomarker roles.

Previous studies have demonstrated that CD31+CD41- and CD31+CD42b- large endothelial EVs are reliable
indicators for assessing the extent of vascular endothelial injury.*** In adult patients with OSA, the levels of CD31
+CD42b- large endothelial EVs increase progressively with disease severity.'® Additionally, studies have demonstrated
that adult OSA patients have endothelial injury, as indicated by elevated CD62E levels, and its concentration is positively
correlated with the severity of OSA.”> CD62E is released by activated endothelial cells and can serve as a marker of
endothelial cell dysfunction;'? its elevated concentration promotes the adhesion of immune cells and platelets to the
endothelium, thereby accelerating the progression of atherosclerosis.***° Mechanistically, OSA causes endothelial
injury through multiple pathways, including nitric oxide (NO) depletion, oxidative stress, inflammatory responses, and
endothelial cell apoptosis, and the interaction between endothelial cells and circulating inflammatory cells further
exacerbate vascular damage.*'**

Therefore, this study selected CD31+CD41-, CD31+CD42b-, and CD62E large endothelial EVs as the primary
observation targets. The results showed that the levels of CD62E and CD31+CD41- large endothelial EVs were
significantly correlated with the severity of OSA in children with OSA. As the training-set ROC values present obvious
optimistic bias, the diagnostic performance of these biomarkers was interpreted according to validation-set data. ROC
curve analysis confirmed that the levels of CD31+CD41- large endothelial EVs differed significantly between children
with mild OSA and those with moderate-to-severe OSA, consistent with findings from previous studies.”> CD31+CD42b-
large endothelial EVs have been shown in adult OSA studies to be significantly positively correlated with OSA severity,
endothelial dysfunction, and carotid intima-media thickness, and may serve as a reliable indicator for assessing OSA-
related vascular endothelial dysfunction in adults.” However, in the present study, no significant differences in levels of
these EVs were observed between the mild OSA and moderate-to-severe OSA groups, nor were there any significant
correlations with sleep parameters. These findings are not entirely consistent with those reported in adult studies, and this
discrepancy may reflect age-related characteristics in the mechanisms of endothelial injury. This difference may be
attributed to the fact that adult OSA is often accompanied by multiple cardiometabolic risk factors, including obesity,
hypertension, insulin resistance, and dyslipidemia, each of which can independently promote endothelial cell activation,
apoptosis, and microparticle release.®” In contrast, the children enrolled in this study had a lower baseline burden of
cardiometabolic risk, indirectly revealing the heterogeneity in endothelial microparticle release across different disease
stages and clinical backgrounds. Future studies may further include healthy control children, track changes in CD31
+CD42b- levels following therapeutic intervention in children with OSA, and explore the association between CD31
+CD42b- and vascular endothelial function, to validate and elucidate the dynamic patterns and clinical significance of
CD31+CD42b- in pediatric OSA.

Recent studies focusing on OSA and large endothelial EVs were summarized to describe the significant value of large
endothelial EVs (Table 2).>'%202%34! However, there are only 2 studies (20%) focusing on large endothelial EVs in
childhood OSA, with only 18 cases in the moderate-to-severe OSA group. In contrast, 10 studies (80%) have addressed
adult OSA, underscoring the need for research on large endothelial extracellular vesicles in pediatric OSA. 50% of the
studies confirmed that large endothelial EV levels are elevated in patients with OSA and positively correlated with AHI,
with significantly higher large endothelial EV levels in patients with severe OSA than in those with mild OSA; 3 studies
reported that large endothelial EV levels decreased after Continuous Positive Airway Pressure (CPAP) treatment, and
another study found that large endothelial EV levels increased after discontinuing CPAP treatment. In addition, 2 studies
found that large endothelial EVs are negatively correlated with blood oxygen saturation; 1 study suggested that large
endothelial EVs are positively correlated with carotid intima-media thickness; and 1 study found that large endothelial
EVs are negatively correlated with vascular diastolic function. The above studies indicate that large endothelial EVs are
associated with vascular endothelial function, that their levels increase with the severity of OSA, and that they can
significantly decrease after CPAP treatment for OSA. Consistent with findings in adult studies, two pediatric studies on
OSA, as well as our own study, have all found that levels of large endothelial EVs in children with OSA are closely

associated with disease severity.
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Table 2 Main Characteristics of Studies on Large Endothelial EVs in Patients with Obstructive Sleep Apnea

Fernandez-Bello |, Spainzs

Jia L, China®

Mufioz-Hernandez R, Spain®

Yun CH, Korea®

El Solh AA, USAY

Tual-Chalot S, France®®

Priou P, France'®
Tual-Chalot S, France®®
Ayers L, UK

Ayers L, uk*

>35 years old

18-70 years old

>|8 years old

220 years old

2|8 years old

19-70 years old_

Male patients; |8-65 years old

19-70 years old

1875 years old

1875 years old

Mild OSA: AHI > | event/h; Moderate-to-severe OSA:
AHI 2 5 event/h; Control group: AHI < | event/h.

PSG;

Severe OSA group: AHI 2 30 event/h; Control group:
AHI < 5 event/h

PSG;

Non-OSA: AHI < 5 event/h;

Moderate-to-severe OSA: AHI 2 |5 event/h
Respiratory Polygraphy;

AHI >15 event/h

PSG;

Mild OSA: AHI<I5 event/h; Moderate OSA: AHI |5—
30 event/h; Severe OSA: AHI>30 event/h; Non-OSA:
AHI<5 event/h

PSG;

OSA Group: AHI>5 event/h;

Control Group: AHI<5 event/h

PSG;

OSA Group: AHI 215 event/h; Control group: AHI<5
event/h

PSG;

OSA: AHI 25 event/h; Non-OSA: AHI <5 event/h
PSG;

OSA: AHIZ5 event/h; Control group: AHI<5 event/h;
PSG;

OSA: AHI 25 event/h; Control group: AHI <5 event/h;
PSG;

OSA: AHI 25 event/h; Control group: AHI <5 event/h;

MP procoagulant (CAT), E-
selectin (ELISA), cfDNA
(fluorometric)

Flow cytometry

Flow cytometry

Flow cytometer

FACS Il flow cytometer

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry

Moderate and severe: 9)

57 (OSA: 38; Control: 19)

54 (Control: 36; Moderate
and severe: 18)

OSA: 30

104 (Control: 82; OSA:22)

24 (Control: 10; OSA: 14)

34 (Control: 20; OSA: 22)

62 OSA

35 (Control: 15; OSA: 20)

72 (Control: 15; Mild: 57)

410SA

Author (Country) Age Ranges OSA Severity Criteria Used and Scoring Method of Large Sample Size Large Endothelial EVs Indicators
Methods Endothelial EV
Measurement
Kim J, USA'® 4-12 years old PSG; Flow cytometry 135 (Control:52; Mild: 65; CD31+CD42b-; CD62E; CD34+;
Mild OSA: AHI > | event/h; Moderate-to-severe OSA: Moderate and severe: 14) CD309+; CD45+; CD| Ib+; CD4la+
AHI 2 5 event/h; Control group: AHI < | event/h.
Kim J, USA3* 5-10 years old PSG; Flow cytometry 106 (Control: 44; Mild: 53; CD31+CD42b-; CD62E; CD34+;

CD309+; CD45+; CDI Ib+; CD4la+

CD62P; CD63;

CD144+; CD41+; CD45+; CD235+

CD31+/annexin V+

CD31+CD42-; CD3|+annexin V+;
CD62E

CD146+; annexin V+

CD41+; CD45+; CD146+; CD62L+

CD41+; CD45+; CD146+; CD66b+;
CDé62L+; CD62P+

CD41+; CD45+; CD146+; CD62L+;
CD66b+; Annexin V+
CD31+CD41+; CD31+CD41-; CD45
+; Annexin V+

CD62E+; CD106; CD31+CD4l-;
CD66B+; CD45+; CD31+CD41+
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Additionally, this study systematically compared the relationships between plasma levels of large endothelial EVs,
sleep-disordered breathing events, and sleep architecture in children with OSA of varying severity. It was found that
CD62E and CD31+CD41- large endothelial EVs were significantly higher in children with moderate-to-severe OSA than
in those with mild OSA, and were positively correlated with OAHI, CAI, MAI, HI, and ODI indicators. Khalyfa et al
reported that the miRNA content of circulating exosomes in children with OSA can induce alterations in endothelial
function and structure,* which is consistent with the findings of the present study, demonstrating that extracellular
vesicles play a broader role in pediatric OSA, serving not only as biomarkers of endothelial injury but also as potential
mediators of vascular dysfunction. The close association between large endothelial EVs and sleep architecture indicators
in OSA varying severity further supports the link between endothelial activity and sleep disruption in OSA.

OAHI is an indicator reflecting the severity of sleep apnea in children.**** Multivariate regression analysis in this study
showed that the OAHI index is an independent positive predictor of CD31+CD41- levels, and there is a logarithmic relationship
between them: within the lower range of OAHI, CD31+CD41- increases rapidly with increasing OAHI, and the upward trend
tends to plateau at higher OAHI levels. This relationship suggests that changes in endothelial-related microparticles may occur
significantly in the early or mild-to-moderate stages of OSA, and then enter a relatively saturated state, indicating that vascular-
related risks may begin to accumulate from lower OAHI levels, rather than only when OSA is severe.

Moreover, our study suggests that children with moderate-to-severe OSA have significantly shorter REM time and
higher levels of large endothelial EVs than those with mild OSA. This result was consistent with previous studies. Recurrent
upper airway obstruction in OSA patients is often accompanied by a decrease in blood oxygen saturation, which can cause
repeated cortical arousal and lead to decreased REM sleep. The decrease of REM sleep is closely related to the occurrence
of cardiovascular diseases.* ™’ Recent animal experiments have shown that REM sleep deprivation can induce cardiac
systolic function damage.48 This suggests that decreased REM sleep duration may be an important mediator of OSA-related
early cardiovascular injury. Future prospective studies are warranted to explore this further. Sleep efficiency is a commonly
used objective indicator to evaluate sleep quality. Insufficient sleep can enhance sympathetic nerve activity and inhibit
parasympathetic nerve activity, resulting in increased blood pressure, impaired endothelial function, and increased
inflammatory response.**' The multivariate linear regression analysis in this study revealed that, as sleep efficiency
decreased in children with OSA, levels of CD31+CD41- increased. This suggests a statistical association between reduced
sleep efficiency and elevated levels of large endothelial extracellular vesicles in children with OSA, potentially reflecting
vascular endothelial injury associated with sleep architecture disruption. In light of the existing mechanistic literature and
the cross-sectional data from this study, future longitudinal or interventional studies are warranted to explore the potential
role of improving sleep architecture and sleep efficiency in mitigating vascular endothelial injury in children with OSA.

The main limitations of this study are as follows. First, its cross-sectional design precludes causal or prognostic
inferences. Second, this study has a relatively small total sample size (n=81, 24 in the validation set), a single-center
design, potential unmeasured confounding factors, and a reliance on a single 7:3 random split, though 10-fold CV and
Bootstrap resampling were used to improve reliability, and future work will expand the sample size, conduct multi-center
validation, and optimize the model with more clinical variables. Third, a healthy non-OSA control group was absent,
restricting comparisons to mild versus moderate-to-severe OSA. Fourth, large endothelial EVs were measured only by flow
cytometry; complementary methods (TEM/NTA) were not used, and platelet-derived vesicle overlap could not be fully
excluded, consistent with MISEV limitations. Fifth, inflammatory and oxidative stress markers were not co-measured,
preventing a complete mechanistic pathway from hypoxia to endothelial dysfunction. Sixth, although actual age was
included as a continuous covariate in all multivariable models, pubertal status (Tanner stage) was not assessed, which can
only partially reflect the hormonal and physiological changes associated with puberty. Finally, despite FDR correction, the
borderline associations resulting from multiple statistical tests should still be regarded as exploratory findings.

Future studies will be required to verify these findings using multiple complementary approaches, in accordance with
MISEV guidelines, to validate further the biological characteristics and functional roles of large endothelial EVs.
Subsequent research will optimize the antibody panel to reduce interference from platelet-derived vesicles, expand the
sample size, establish healthy control groups, and adopt a more detailed classification of OSA severity. Multi-technique

combined detection will also be adopted to improve the accuracy and credibility of extracellular vesicle analysis.
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Combined detection of large endothelial EVs along with inflammatory and oxidative stress-related biomarkers; assess-
ment of dynamic changes in large endothelial EVs before and after surgery or positive pressure ventilation therapy.

Conclusion

In this single-center cross-sectional study of children with obstructive sleep apnea (OSA), large endothelial extracellular vesicles
(particularly the CD31+CD41- subtype) were significantly associated with both the obstructive apnea-hypopnea index and sleep
efficiency. These findings provide new insights into the involvement of endothelial cells in the pathophysiology of pediatric OSA.
However, further controlled, longitudinal, and mechanistic studies are needed to determine whether CD31+CD41- large
endothelial EVs can serve as biomarkers for tracking disease progression or evaluating the effects of interventions.

Abbreviations

OSA, obstructive sleep apnea; large endothelial EVs, large endothelial cell-derived extracellular vesicles; OAHI,
obstructive apnea-hypopnea index; CIH, chronic intermittent hypoxia; PSG, polysomnography; mild OSA, mild
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plasma; PPP, platelet-poor plasma; EEG, electroencephalography; EOG, electrooculography; EMG, electromyo-
graphy; TST, total sleep time; CAI, central apnea index; OAI, obstructive apnea index; AHI, apnea-hypopnea
index; ODI, oxygen desaturation index; AASM, American Academy of Sleep Medicine; BMI, body mass index;
REM, rapid eye movement; MAI, mixed apnea index; ROC, receiver operating characteristic; NO, nitric oxide;
NREM, non-rapid eye movement; CPAP, continuous positive airway pressure; FDR, False Discovery Rate.
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