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Independent relationship between sleep @
apnea-specific hypoxic burden and glucolipid
metabolism disorder: a cross-sectional study
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Jian Guan'?', Xu Zhang®', Huajun Xu'?" and Shankai Yin'

Abstract

Objectives Obstructive sleep apnea (OSA) is associated with abnormal glucose and lipid metabolism. However,
whether there is an independent association between Sleep Apnea-Specific Hypoxic Burden (SASHB) and glycolipid
metabolism disorders in patients with OSA is unknown.

Methods We enrolled 2,173 participants with suspected OSA from January 2019 to July 2023 in this study.
Polysomnographic variables, biochemical indicators, and physical measurements were collected from each
participant. Multiple linear regression analyses were used to evaluate independent associations between SASHB, AHI,
CT90 and glucose as well as lipid profile. Furthermore, logistic regressions were used to determine the odds ratios
(ORs) for abnormal glucose and lipid metabolism across various SASHB, AHI, CT90 quartiles.

Results The SASHB was independently associated with fasting blood glucose (FBG) (3=0.058, P=0.016), fasting
insulin (FIN) (3=0.073, P<0.001), homeostasis model assessment of insulin resistance (HOMA-IR) (3=0.058, P=0.011),
total cholesterol (TC) (3=0.100, P<0.001), total triglycerides (TG) (3=0.063, P=0.011), low-density lipoprotein
cholesterol (LDL-C) (3=0.075, P=0.003), apolipoprotein A-l (apoA-l) (3=0.051, P=0.049), apolipoprotein B (apoB)
(3=0.136, P<0.001), apolipoprotein E (apoE) (3=0.088, P<0.001) after adjustments for confounding factors.
Furthermore, the ORs for hyperinsulinemia across the higher SASHB quartiles were 1.527, 1.545, and 2.024 respectively,
compared with the lowest quartile (P<0.001 for a linear trend); the ORs for hyper-total cholesterolemia across the
higher SASHB quartiles were 1.762, 1.998, and 2.708, compared with the lowest quartile (P<0.001 for a linear trend)
and the ORs for hyper-LDL cholesterolemia across the higher SASHB quartiles were 1.663, 1.695, and 2.316, compared
with the lowest quartile (P <0.001 for a linear trend). Notably, the ORs for hyper-triglyceridemia{1.471, 1.773, 2.099} and
abnormal HOMA-IR{1.510, 1.492, 1.937} maintained a consistent trend across the SASHB quartiles.
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Conclusions We found SASHB was independently associated with hyperinsulinemia, abnormal HOMA-IR, hyper-
total cholesterolemia, hyper-triglyceridemia and hyper-LDL cholesterolemia in Chinese Han population. Further
prospective studies are needed to confirm that SASHB can be used as a predictor of abnormal glycolipid metabolism

disorders in patients with OSA.

Trial registration ChiCTR1900025714 {http://www.chictr.org.cn/}; Prospectively registered on 6 September 2019,

China.

Keywords Obstructive sleep apnea hypopnea syndrome, Sleep apnea-specific hypoxic burden, Abnormal glucose

and lipid metabolism.

Introduction

Obstructive sleep apnea (OSA) is a highly prevalent sleep
disordered breathing, with estimated prevalence rates of
17% in females and 34% in males within the general pop-
ulation, and increasingly with age and obesity [1, 2]. OSA
is characterized by repeated intermittent hypoxia (IH),
frequent arousals, and daytime drowsiness. A significant
association between OSA and the risk of metabolic syn-
drome was recently established and attracted consider-
able attention [3, 4]. Dyslipidemia and abnormal glucose
metabolism emerge as two primary components of meta-
bolic disorders, and both of them are commonly inter-
twined with clinical outcomes associated with OSA [5, 6].
Previous studies have confirmed that OSA is associated
with dyslipidemia, abnormal glucose metabolism and
such an association is mainly attributable to nocturnal
IH and sleep fragmentation (SF) [7-10]. Previous rodent
studies have suggested that IH can impair pancreatic
islet beta-cell function, subsequently increasing fasting
glucose levels and generating insulin resistance [11, 12],
thereby further exacerbating the development of diabetes
[13, 14].

In our previous study [15], we found Sleep Apnea-
Specific Hypoxic Burden (SASHB), a new pulse oximetry
(SpO,)-related index and defined as the sum of the areas
under the baseline SpO, curves corresponding to respira-
tory events, has shown promise in identifying people at
risk of OSA in Chinese Han population. In addition to
quantifying the frequency of respiratory events, SASHB
captures the depth and duration of hypoxemia associ-
ated with OSA. Series of studies have shown that higher
SASHB in OSA were associated with higher risks of car-
diovascular mortality, major cardiovascular event rates
[16], blood pressure [17], stroke [18], heart failure [19],
and chronic kidney disease in the clinical setting [20].
However, whether SASHB was independently associated
with abnormal glucose and lipid metabolism remains
unknown.

In order to clearly address such an association, we
performed such comprehensive cross-sectional study.
Furthermore, we calculated adjusted odds ratios (ORs)
for different abnormal glucose and lipid metabolism

categories among OSA patients, stratified by varying lev-
els of SASHB.

Subjects and methods

Study design and population

We enrolled 2,914 subjects with suspected OSA who
underwent overnight polysomnography (PSG) in the
sleep laboratory of Shanghai Jiao Tong University of
Medicine Affiliated Sixth People’s Hospital from January
2019 to July 2023. The exclusion criteria were as follows:
(1) history of OSA treatment; (2) age <18 years; (3) severe
systemic disease such as heart, liver, lung, and renal fail-
ure; (4) other non-OSA sleep disorders; (5) severe psy-
chiatric disorders or malignancy; (6) administration of
glucose-lowering or lipid-lowering medications; and (7)
missing clinical PSG data. Ultimately, a total of 2,173
subjects met the inclusion criteria for this study. We
learned about their general health status including hab-
its such as smoking, alcohol consumption, and medica-
tion use through a comprehensive questionnaire. The
recruitment flow chart is shown in Fig. 1. This study
was conducted in accordance with the Helsinki Decla-
ration and was approved by the Ethics Review Commit-
tee of the Sixth People’s Hospital which is affiliated with
the Medical College of Shanghai Jiaotong University
(approval no. 2019-KY-050 [K]); the study was regis-
tered in the China Clinical Trials Registry (serial num-
ber ChiCTR1900025714). All participants gave written
informed consent.

Polysomnography and definitions

To obtain precise and objective sleep parameters, sleep
was monitored in the sleep laboratory by overnight PSG
(Alice-5, Alice-6; Respironics, Pittsburgh, Pennsylvania,
USA). Bilateral electroencephalogram (EEG) channels
(C3-M2 and C4-M1), bilateral electrooculogram (EOG),
chin electromyogram (EMG), lowest oxygen saturation,
chest and abdominal wall motion, airflow, and body posi-
tion were recorded for all study participants. The scoring
of respiratory events, oxygen desaturations adhered to
the guidelines established by the American Academy of
Sleep Medicine (AASM) in 2017 [21]. Scoring of micro-
arousals followed the Rechtschaffen and Kales (R&K)
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Subjects initially recruited (n=2,914)
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v
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v

Received lipid-lowering therapy (n=276)
Received hypoglycaemic therapy (n=148)
Systematic diseases (n=26)

Received overnight PSG, anthropometric and serum biochemistry tests (n=2,319)

v

Excluded (n=1406)
Other sleep-related disorders (n=32)
Missing PSG data(n=114)

Participants enrolled (n=2,173)

Fig. 1 Screening flow chat of participants

rule [22]. A micro-arousal event was defined as an abrupt
shift in EEG frequency, encompassing alpha, theta and/
or frequencies>16 Hz (excluding spindles) that lasted
at least 3s, with at least 10s of stable sleep preceding the
observed change. Additionally, scoring of arousal dur-
ing rapid eye movement (REM) requires a concurrent
increase in submental EMG lasting at least 1s. We opera-
tionally defined the microarousal index (MAI) as the tally
of abrupt EEG frequency shifts, each lasting at least 3 s,
per hour of recorded sleep. Moreover, the apnea hypop-
nea index (AHI) was quantified as the number of apnea
and hypopnea events occurring per hour during the sleep
period.

Biochemical indicators

For each study participant, a fasting blood sample was
collected from the antecubital vein on the morning fol-
lowing the PSG evaluation. Fasting blood glucose (FBG)

and fasting insulin (FIN), and serum lipid profiles, which
included total cholesterol (TC), total triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C), apolipoprotein
A-I (apoA-I), apolipoprotein B (apoB), apolipoprotein E
(apoE) were measured for each participant. FBG levels
were quantified using the H-7600 autoanalyzer (Hitachi,
Tokyo, Japan), while FIN levels were determined through
immunoradiological assays. Calibration of the analyzer
and quality control operations were routinely carried out.
The homeostasis model assessment of insulin resistance
(HOMA-IR) was calculated to quantify insulin resistance
using FIN and FBG as follows: HOMA-IR=FIN (ulU/
mL)XFBG (mmol/L)/22.5 [23]. We defined FBG of 6.1
mmol/L or greater as hyperglycemia, FIN of 12.2 uIlU/mL
or greater as hyperinsulinemia, and HOMA-IR of 2.5 or
greater as insulin resistance [23-25].
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Serum lipid profiles were assessed in the hospital
laboratory utilizing standard procedures. According to
the US National Cholesterol Education Program Adult
Treatment Panel III (NCEPIII) [26] and the Joint Com-
mittee for Developing Chinese Guidelines on the Preven-
tion and Treatment of Dyslipidemia in Adults (JCDCG)
[27], dyslipidemia in terms of TC, LDL-c, HDL-c and
TG, were defined as TC levels>5.17mmol/L, LDL-c
levels>3.37mmol/L, HDL-c levels<1.03 mmol/L, and TG
levels > 1.7 mmol/L, separately.

Anthropometric measurements

All participants were instructed to wear light clothing
and removed shoes. Height, weight, neck circumference
(NC), waist circumference (WC), and hip circumfer-
ence (HC) were measured with a meter ruler and weigh-
ing scale, respectively, following established procedures.
Body Mass Index (BMI) was calculated as weight (kg)/
height?’(m?); the neck height ratio (NHR)=NC/height
and the waist-hip ratio (WHR)=WC/HC were also cal-
culated. Daytime blood pressure (BP) was measured
after at least 5 min of rest in a seated position employ-
ing a mercury sphygmomanometer, following the Ameri-
can Society of Hypertension Guidelines, and the mean of
three measurements was recorded for each participant.
Hypertension was defined as a systolic BP>140mmHg, a
diastolic BP>90mmHg, or current use of antihyperten-
sive medication [28].

The SASHB calculation flow

The SASHB was determined by assessing the respira-
tory event-associated area under the desaturation curve
commencing from a pre-event baseline. Our SASHB cal-
culations are based on those of Dr. Azarbarzin’s research
team, but the methods are not identical, differing princi-
pally in the definition of the pre-event SpO, baseline level
[15]. For each apnea or hypopnea event, the Azarbarzin
team defined the pre-event baseline saturation as the
maximum SpO, during the 100 s prior to the end of the
event; in our study, the maximum value at the start point
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of the SpO, trend evident in the search window at the
time of an apnea or hypopnea event served as the SpO,
baseline level. The search window used to detect respira-
tory events is shown in Fig. 2.

The specific SASHB calculation process was: First, take
the maximum value of the starting point of SpO, trend
in the search window for each respiratory event as the
SpO, baseline level; Second, calculatesS;, thus the area
of the similar triangle for which the SpO, level serves
as the horizontal baseline in each search window, and
the downward and upward trends in the SpO,, the other
sides of the triangle; Third, S= )" | S;, which is the sum
of all respiratory events in the similar triangle of the spe-
cific search window, where i is the number of apnea or
hypopnea events during the night; Fourth, the total area
is divided by the total night recording time to yield the
SASHB in units of %min/h; Fifth, a SASHB of 40% min/h
corresponds to a 4% reduction in SpO, below baseline
for 10 min during every hour of sleep or a 5% reduction
below baseline for 8 min every hour.

The calculation of SASHB relies on computer-based
analysis rather than manual operation. In this study, the
calculation of the SASHB index is rooted in laboratory
test data, encompassing nasal airflow and blood oxy-
gen saturation trend maps. We developed the operation
program of SASHB by using MATLAB (MathWorks,
R2018a, USA), and this software can realize the batch
processing of the original SpO, data. A description of the
quality control criteria for the SpO, trend graph (record-
ing duration and artifact management) and details of the
original calculation codes for SASHB were provided in
the supplementary material.

Statistical analysis

Data are presented as mean valueststandard deviation
(SD) for continuous variables and percentages for cat-
egorical variables. Descriptive statistics were computed
across the quartiles of SASHB. Inter-group differences
in descriptive statistics were examined using analy-
sis of variance (ANOVA) for continuous variables and

Resp.Event

Airflow

-0.01

Time(s)

Fig. 2 Calculation of SASHB for individual respiratory events corresponding to specific search window
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chi-square tests for categorical variables. A polynomial
linear trend test was used to evaluate linear trends across
SASHB quartiles for continuous variables, and a linear-
by-linear association test was applied for dichotomous
variables. The treatment of missing data in the dataset
is done using the maximum likelihood estimate method,
where missing values are estimated from the marginal
distribution of the observations.

Stepwise multiple regression analyses were executed
separately to explore the independent associations of
SASHB, AHI, CT90 with glucose metabolism indica-
tors (FBG, FIN, HOMA-IR) and lipid profiles including
TC, LDL-c, HDL-c, TG, apoA-I, apoB and apoE. Binary
logistic regression analyses were employed to determine
risk factors for hyperglycemia, hyperinsulinemia, abnor-
mal HOMA-IR, hyper-total cholesterolemia, hyper-LDL
cholesterolemia, hypo-HDL cholesterolemia, and hyper-
triglyceridemia. Linear trends were assessed by exam-
ining the median SASHB value for each quartile and
conducting the overall F-test for that value. Addition-
ally, odds ratios (ORs) and 95% confidence intervals (CIs)
were also computed. Importantly, the statistical analysis
was preceded using collinearity diagnostics to eliminate
potential multicollinearity among variables. The two
steps of the collinearity analyses were: (1) a preliminary
analysis using a Spearman correlation and (2) collinear-
ity diagnostics to determine the selected covariates in the
multivariate linear regression analyses. For detail, please
see Supplementary (Tables S28-S30). Following the col-
linearity diagnosis, Model 1 was adjusted for age, and
BMI as continuous variables, as well as sex as categori-
cal variables. Model 2 included the following covariates:
age, BMI as a continuous variable; and sex, hypertension,
smoking status, and alcohol consumption as categorical
variables. Furthermore, Model 3 further added the MAI
to Model 2. Of note, SASHB and CT90 were examined
as both a classified variable according to its quartiles as
well as a continuous one. These yielded similar conclu-
sions, and we presented only the results employing the
continuous variables in linear regression analyses and the
quartile variables in logistic regression analyses for sim-
plicity. All statistical analyses employed SPSS ver. 26.0
(SPSS Inc., Chicago, IL, USA). Statistical significance was
defined as a bilateral p-value <0.05.

Results

Baseline characteristics and univariate analysis

In total, 2,173 patients with suspected OSA were enrolled
in this study. Of these, 1634 were male and 539 were
female. Participants were categorized by SASHB quar-
tiles (<20.84, 20.84-77.11, 77.11-214.53, and >214.53).
Demographic characteristics (age, height, BMI, NC,
WC, HC, NHR, WHR) and sleep indices (AHI, MAI)
differed significantly across SASHB quartiles (all P for
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trend <0.001; Table 1); Continuous variables such as FBG,
FIN, HOMA-IR, TC, TG, HDL-C, LDL-C, apoB and
apoE were also differed across the SASHB quartiles (all
P for trend <0.001; Table 1). Specifically, a positive dose-
response relationship was observed between SASHB and
FBG, FIN, HOMA-IR, TC, LDL-c, and TG levels, while
conversely, a negative dose-response relationship was
observed between SASHB and HDL-c levels (Fig. 3).
Furthermore, the prevalence rates of Hyperglycemia,
Hyperinsulinemia, insulin resistance, Hyper-total choles-
terolemia, Hypo-HDL cholesterolemia, Hyper-LDL cho-
lesterolemia, and Hyper-triglyceridemia increased with
the SASHB quartile from 14.90 to 33.70%, 24.50-50.20%,
30.60-60.30%, 17.90-36.40%, 42.20-57.70%, 15.80—
30.20%, and 26.10-55.00%, respectively (linear trends,
»<0.001) (Table 1).

Relationship between SASHB and glucose metabolism
After adjusting for age, gender, BMI, MAP, smok-
ing status, alcohol consumption and MAI, the SASHB
was found to be independently associated with FBG
(B=0.058, P=0.017), FIN (f=0.073, P<0.001), and the
HOMA-IR ($=0.058, P=0.005) (Table S1, Model 3,
Figs. 4 and 5).

As shown in Table S7, after adjusting for age, gender,
and BMI in Model 1, as well as accounting for the MAP,
smoking status, and alcohol consumption in Model 2,
logistic regression models were employed to assess the
association between the SASHB and abnormal glucose
metabolism (i.e., hyperglycemia, hyperinsulinemia, and
an abnormal HOMA-IR). Upon the incorporation of
the MAI into Model 2, the ORs (95% CI) for hyperinsu-
linemia and abnormal HOMA-IR remained significant
in the linear trend test, with ORs (95% CI) for SASHB
quartiles being 1 (reference), hyperinsulinemia{1.527
(1.077, 2.166), 1.545 (1.083, 2.204), and 2.024 (1.400,
2.926), respectively (p<0.001 for a linear trend)}; abnor-
mal HOMA-IR {1.510 (1.085, 2.104), 1.492(1.064, 2.092),
1.937(1.356, 2.767), respectively (p=0.001 for a linear
trend)}.

Relationship between SASHB and lipid profile

Upon adjusting for age, gender, BMI, MAP, smoking
status, alcohol consumption and MAI, the SASHB was
found to be independently associated with TC (3=0.100,
P<0.001), TG (B=0.063, P=0.011), LDL-C (f=0.075,
P=0.003), apoB (p=0.136, P<0.001) and apoE (f=0.088,
P<0.001) (Table S4, Model 3, Figs. 4 and 5).

Logistic regression analyses revealed positive asso-
ciations between all abnormal lipid metabolism ORs
(95% CI) and increasing SASHB quartiles. These results
persisted even after the MAI was incorporated into the
model, with ORs (95% CI) of 1 (reference), 1.762 (1.243,
2.499), 1.998 (1.399, 2.856), and 2.708 (1.871, 3.919)
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Table 1 Characteristics, sleep parameters, and biochemical indicators of patients by SASHB quartile

Characteristic SASHB<20.84 20.84 <SASHB<77.11 77.11 <SASHB<214.53 SASHB>214.53 P-value for trend?®
No. patients 546 545 546 536 —
Demographics

Age,y 38.04+14.08 41.31+13.24 4529+£12.87 4490+£12.35 <0.001
Male, % 62.94 74.95 79.52 83.06 <0.001
Height, m 1.67£0.11 1.70£0.09 1.70£0.08 1.70£0.07 <0.001
BMI, kg/m2 23.88+£4.06 2550+£3.93 2633+£3.72 2731£3.21 <0.001
NC, cm 36.08+4.1 37.82+39 38.78+3.51 39.81+3.11 <0.001
WC, cm 85.85+£12.33 91.52+£10.78 94.55+£10.11 97.18+£8.56 <0.001
HC, cm 95.96+9.53 98.94+8.82 100.81+£743 101.89+£6.63 <0.001
NHR 0.22+0.02 0.22+0.02 0.23+£0.02 0.23+0.02 <0.001
WHR 0.89+£0.07 0.92+£0.06 0.94+0.06 0.95+0.06 <0.001
MAP, mmHg 93.26+10.90 93.53+1249 9532+11.16 9734+£12.14 <0.001
Sleep parameters

AHI 4.71+10.84 11.29£10.38 2835+ 14.41 49.58+17.34 <0.001
MAI 15.70+£14.62 19.06+16.32 24.23+18.11 31.30+£19.37 <0.001
Biochemical indicators

Glucometabolism

FBG, mmol/L 508+1.0 5.28+1.08 543+1.22 561+1.25 <0.001
FlN,uU/mL 9.76+6.95 11.4+£7.71 1226%7.76 13.91+7.69 <0.001
HOMA-IR 231+2.05 2814257 3.07+249 355+239 <0.001
Hyperglycemia, % 14.90 21.40 24.70 33.70 <0.001
Hyperinsulinemia, % 24.50 34.80 38.00 50.20 <0.001
HOMA-IR>2.5, % 30.60 43.50 47.00 60.30 <0.001
Lipid profiles

TC, mmol/L 444+0.95 4.68+0.97 4.80+£0.90 4.86+093 <0.001
TG, mmol/L 147+1.16 1.89+£2.05 204+£1.95 238+232 <0.001
HDL-C, mmol/L 1.14£03 1.08+0.27 1.06+£0.26 1.02+£0.23 <0.001
LDL-C, mmol/L 267408 2.83+0.82 291+0.77 294+0.82 <0.001
apoA-l, g/L 1.08+£0.19 1.05+£0.17 1.05+£0.19 1.05+£0.19 0.033
apoB, g/L 0.77£0.22 0.83+£0.20 0.88+0.24 0.91+0.22 <0.001
apokE, mg/dL 406+144 441+1.89 453+197 4844236 <0.001
Hyper TC, % 17.90 26.80 30.80 36.40 <0.001
Hyper TG, % 26.10 37.10 4520 55.00 <0.001
Hypo HDL-C, % 42.20 5040 50.00 57.70 <0.001
Hyper LDL-C, % 15.80 24.80 2540 30.20 <0.001

Notes: Data are presented as mean values+SD or percentages

“Tested by the polynomial linear trend test for continuous variables and the linear-by-linear association test for dichotomous variables

Abbreviations: SASHB, sleep apnea-specific hypoxic burden; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; NHR,
the ratio of neck circumference to height; WHR, the ratio of waist circumference; MAP, mean artierial pressure; MAI, microarousal index; AHI, apnea hypopnea index;
FBG, fasting blood glucose; FIN, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; TC, Total cholesterol; TG, Total triglycerides; HDL-C,
High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; apoA-I, apolipoprotein A-l; apoB, apolipoprotein B; apoE, apolipoprotein E

(P<0.001 for a linear trend) for Hyper-total cholesterol-
emia; ORs (95% CI) of 1 (reference), 1.663 (1.156, 2.392),
1.695 (1.164, 2.467), and 2.316 (1.574, 3.407) (p<0.001
for a linear trend) for Hyper-LDL cholesterolemia; and
ORs (95% CI) of 1 (reference), 1.471 (1.078, 2.007), 1.773
(1.293, 2.433), and 2.099 (1.505, 2.928) (p<0.001 for a lin-
ear trend), respectively, for Hyper-triglyceridemia across
SASHB quartiles (Table S7, Model 3).

Relationship between AHI, CT90 and glycolipid
metabolism

Logistic regression models were employed to assess the
association between the AHI and abnormal glucose and
lipid metabolism. Within Model 3, significant positive
linear trends were observed for abnormal glucose and
lipid metabolism (Hyperinsulinemia, HOMA-IR>2.5,
Hyper-total cholesterolemia, Hyper-LDL cholesterol-
emia, Hyper-triglyceridemia) ORs and 95% Cls with
increasing AHI quartiles (all P for trend<0.001). Specific
ORs (95% CI) are shown in the supplemental file Table
S8. Similarly, we analyzed CT90, Logistic regression
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models were employed to assess the association between
the CT90 and abnormal glucose and lipid metabolism
(Table S9). The results of the stepwise multiple linear
regression (AHI, CT90) of glucose metabolism index in
models 1, 2 and 3 are presented in the supplemental file
(Table S2, 3, 5, 6).

Association of AHI, CT90 and SASHB with glycolipid
metabolism in male and female concentration

In the male subset, Logistic regression models were
employed to assess the association between the SASHB
and abnormal glucose and lipid metabolism. Within
Model 3, significant positive linear trends were observed
for abnormal glycolipid metabolism (hyperinsulinemia,
abnormal HOMA-IR, Hyper-total cholesterolemia,
Hyper-LDL cholesterolemia) ORs and 95% CIs with
increasing SASHB quartiles (Table S16). The results
of the AHI and CT90 are shown in supplemental file
Tables 17 and 18.

In the female subset, Logistic regression models were
employed to assess the association between the SASHB
and abnormal glucose and lipid metabolism. Within
Model 3, significant positive linear trends were observed
for abnormal glycolipid metabolism (hyperinsulinemia,
Hyperinsulinemia, Hyper-triglyceridemia) ORs and 95%
Cls with increasing SASHB quartiles (Table S25). The
results of the AHI and CT90 are shown in supplemental
file Tables 26 and 27.

In the men’s and female’s subset, the results of the step-
wise multiple linear regression (SASHB, AHI, CT90) of
glucose metabolism index in models 1, 2 and 3 are pre-
sented in the supplemental file (Table S2, 3, 5, 6).

Discussion

The present study demonstrated independent associa-
tions between SASHB and abnormal glucose as well as
lipid metabolism with substantial sample, objective PSG
data, and rigorous multivariate adjustments. Our find-
ings indicate a positive linear trend for the risk of hyper-
insulinemia and abnormal HOMA-IR across SASHB
quartiles in abnormal glucose metabolism after adjust-
ing for multiple variables; In terms of abnormal lipid
metabolism, we observed a positive linear trend for risk
of Hyper-total cholesterolemia, Hyper-LDL cholesterol-
emia and Hyper-triglyceridemia across SASHB quartiles
after adjusting for multiple variables.

Because SpO, is readily available from laboratory and
home sleep studies, it makes sense to include the depth
and duration of IH among the metrics that have predic-
tive value for abnormalities in glycolipid metabolism.
SASHB is a candidate metric designed to predict the
likelihood of the occurrence of abnormalities in glyco-
lipid metabolism by capturing the frequency of respira-
tory events, and the depth and duration of the hypoxia
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associated with them. Azarbarzin et al. [29] first explored
the association between SASHB and cardiovascular mor-
tality, this study suggested that SASHB can be considered
as early warning, diagnosis and prevention of cardiovas-
cular diseases in OSA patients. Blanchard et al. exam-
ined the relationship between SASHB and incidence
of new cerebrovascular events, they found that SASHB
presented a higher prognostic value of cerebrovascu-
lar events when compared with other sleep variables
(HR=1.28); they also noted that SASHB may be a robust
risk factor for stroke stratification in OSA [30].

Previous studies have confirmed that SASHB is one of
the important early warning indicators of risk for cardio-
vascular morbidity and mortality, and given that abnor-
malities in glucose and lipid metabolism are established
risk factors for cardiovascular morbidity and mortality
[31], there has been an ongoing effort to find potential
factors associated with glucose and lipid homeostasis.
The impact of SASHB, an important early warning indi-
cator for assessing IH in patients with OSA, on glucose
metabolism and lipid metabolism remains unknown. Our
findings support an independent correlation between
SASHB and a range of metabolic abnormalities, includ-
ing hyperinsulinemia, abnormal HOMA-IR, Hyper-
cholesterolemia, Hyper -LDL cholesterolemia and
Hyper-triglyceridemia. IH stimulation has been found to
result in reduced insulin sensitivity and impaired glucose
tolerance, with potential mechanisms of influence includ-
ing activation of the sympathetic and hypothalamic-pitu-
itary-adrenal systems, with the release of catecholamines
that reduce insulin receptor sensitivity and decrease tis-
sue insulin-mediated glucose uptake, while stimulating
gluconeogenesis [32]. A previous study also found that
SF could induce abnormal glucose metabolism through
increased activity of the hypothalamic—pituitary—adre-
nal axis, resulting in higher circulating cortisol concen-
trations [33]. In rodent studies, SF was also associated
with the development of glucose intolerance and insulin
resistance [34, 35]. Sleep fragmentation is a stressor that
causes the elevation of hormones such as adrenocorti-
cotropic hormone and cortisol. These hormones play a
role in lipolysis, which might affect lipid levels [36, 37]
A previous study [38] reported an association between
sleep fragmentation and dyslipidemia in a population of
approximately 700 OSA patients. However, the included
subjects in that studies were non-consecutive, which
could have induced selection bias. Studies performed in
animal models showed that repeated arousal from sleep
could cause impaired lipid levels [39, 40].

Rodent studies demonstrated that sleep disruption and
IH could lead to insulin resistance [12, 35]. Many clini-
cal studies exploring the relationship between OSA and
glucose metabolism were performed, with inconsistent
results. Some studies suggested a link between OSA and
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abnormal glucose metabolism prior to the manifestation
of diabetes [41, 42], and further demonstrated that two
pathophysiological processes of OSA (SF and IH) could
increase circulating glucose by decreasing insulin sensi-
tivity and reducing glucose effectiveness [13, 43—45]. A
cross-sectional study recruiting 1,834 patients with sus-
pected OSA demonstrated that SF was independently
associated with hyperinsulinemia, whereas IH was asso-
ciated with hyperglycemia, hyperinsulinemia, and abnor-
mal HOMA-IR abnormalities [46]. An epidemiologic
study of 2,686 patients with suspected OSA suggests that
sleep fragmentation is strongly associated with high LDL
cholesterolemia in patients with OSA. It is warranted to
investigate the causal relationship between sleep frag-
mentation and dyslipidemia, as well as the underlying
mechanisms of this association further in prospective
cohort studies [47].

A case-control study [48] observed inflammatory
markers (IL-6, IL-8, IL-17, IL-18, MIF, Hs CRP, TNF-q
, PAI-1 and leptin) were significantly associated with
OSA as compared to those without OSAs. Fang Y et al.
revealed the association between autoantibodies against
inflammatory factors and OSA, and the combination of
auto antibodies against CRP, IL-6, IL-8 and TNEF-q may
function as novel biomarker for monitoring the presence
of OSA [49]. It has also been found that IH can stimulate
the expression of NF-xB [50], leading to an increase in
the expression of downstream inflammatory mediators,
such as tumor necrosis factor-o and interleukin-8, which
results in damage to pancreatic islet cells and decreases
insulin sensitivity in the liver, muscle, and adipose tissues,
ultimately leading to disturbances in glucose metabolism
in patients with OSA. It has also been suggested [51] that
the increase in FFA levels may be mediated by hypoxia-
induced up-regulation of adipose triglyceride lipase
activators such as protein kinase A. OSA, in addition to
affecting circulating levels of TC and FFA, also regulates
lipid function through oxidative stress. oxidative stress to
regulate lipid function. We speculate that the depth and
duration of hypoxia may be a possible factor in the exci-
tation of sympathetic nerve activity, expression of inflam-
matory mediators, and oxidative stress, although further
prospective studies are needed to elucidate this potential
relationship.

Combining the duration and depth of respiratory
events and their associated desaturation may provide
useful information for more precise identification and
management of patients with OSA (precision medicine).
For example, studies have shown that longer [52, 53] and
deeper [54] apneas and hypoventilation elicit a greater
cardiovascular response than shorter and milder apneas
and hypoventilation. The autonomous relationship
between SASHB and abnormalities of glucose and lipid
metabolism observed in this study highlights the need for
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improvement with a focus on IH when developing novel
treatment strategies for OSA patients with comorbid
abnormalities of glucose metabolism. For example, when
considering oxygen therapy for OSA, the frequency,
depth and duration of oxygen were all important. This
integrated approach has the potential to improve the
prognosis and outcome of OSA patients with comorbid
glucose metabolism abnormalities.

The highlight of this study is that all OSA indices were
collected by laboratory-based PSG monitoring rather
than surrogate measures (e.g., witnessed apnea or por-
table PSG). Additionally, we meticulously excluded indi-
viduals undergoing treatment with hypoglycemic and
lipid-lowering medications. Finally, the substantial sam-
ple size and adjustment for confounding factors enhance
the accuracy and credibility of our findings. Despite these
merits, our study carries several limitations that merit
discussion in the interpretation of our results. First, the
present report is limited by the fact that it was based on
clinical samples and observational research, and could
not provide the causative evidence. Second, diet and
physical activity are two important factors that influence
glucose and lipid metabolism. Although only residents
in east China with roughly analogous lifestyles were
enrolled, and we strictly excluded patients who had been
treated with hypoglycemic and lipid-lowering drugs, not
controlling these two confounding factors is a potential
limitation of our study. Third, the non-community-based
prospective design of our study is a limitation worth not-
ing. Fourth, these data are valid only for the examined
population. Fifth, Morphological changes (android obe-
sity) also play a major role in explaining both the higher
hypoxic burden and the dysmetabolisms. However, we
did not have the classic morphological co-variates of
the metabolic syndrome been correctly entered into the
model. Sixth, currently the calculation of the SASHB is
based on the identification of desaturating events from
ventilatory traces and qualified respiratory events. Other
oximetric techniques propose to do without the detection
of respiratory events and are perhaps more interesting.

Conclusion

In conclusion, our study revealed a positive linear trend
for risk of hyperinsulinemia and HOMA-IR across
SASHB quartiles; Similarly, concerning abnormal lipid
metabolism, we observed a positive linear trend for risk
of Hyper-total cholesterolemia, Hyper-LDL cholesterol-
emia and Hyper-triglyceridemia across SASHB quartiles.
These findings underscore the imperative need to delve
deeper into the causal connection between hypoxic bur-
den and abnormal glucose and lipid metabolism. Future
research endeavors should focus on elucidating the
underlying mechanisms of such an association through
prospective cohort studies.
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