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ABSTRACT

Background The influence of sleep duration on vulnerable coronary plaques, as evaluated via optical coherence tomography
(OCT), has not been clearly defined in coronary artery disease (CAD). Here, the relationships between habitual sleep duration
and thin-cap fibroatheroma (TCFA) detected by OCT were investigated in individuals with CAD. We further investigated wheth-
er systemic inflammation, represented by the neutrophil-to-lymphocyte ratio (NLR), represents a mediator of this association.

Methods Overall, 1,178 patients with angiographically confirmed CAD who underwent OCT imaging and completed stand-
ardized sleep questionnaires were enrolled. Participants were categorized according to reported sleep duration. Multivariable lo-
gistic regression modeling was employed to assess the link between sleep duration and TCFA. Linear regression analyses as-
sessed the association between sleep duration and NLR. Restricted cubic spline (RCS) modeling was applied as a means of detect-
ing possible nonlinear associations between NLR and TCFA. Mediation analyses were then conducted to determine whether NLR
functioned as an intermediate variable linking sleep duration and plaque vulnerability.

Results These results offer the first clinical evidence of the link between sleep duration and TCFA presence in individuals with
CAD, with the TCFA risk in the abnormal sleep duration group being 2.16 times that of the normal group (95% CI: 1.63-2.88, P <
0.001). Sleep duration was also independently correlated with NLR, and RCS analysis highlighted a nonlinear relationship
between NLR levels and TCFA risk (P < 0.001). Importantly, mediation analysis demonstrated that NLR partially mediated the ef-
fect of sleep duration on TCFA, supporting the existence of a sleep-inflammation-plaque vulnerability axis.

Conclusion  The sleep duration has been shown to be significantly associated with the risk of developing TCFA. In addition, a
partial mediating effect of NLR on this relationship has been found.

hort sleep duration has emerged as a major
global public health issue. Between 1985 and
2012, the average sleep duration of American

approximately 598 million cases in 2025 to more than
1.14 billion by 2050, with coronary artery disease (CAD)
becoming the most prevalent subtype, affecting nearly

adults declined steadily, while the proportion of indi-
viduals sleeping six hours or less per night increased by
31%." This trend reflects the combined effects of acceler-
ated lifestyles, growing occupational stress, and wide-
spread use of electronic devices, all of which contribute
to chronic sleep insufficiency in modern society. At the
same time, cardiovascular disease (CVD) remains driver
of global morbidity and mortality.” Projections indicate
that the global crude prevalence of CVD will rise from
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471 million individuals by that time.”

Given this dual public health burden, clarifying the re-
lationship between sleep duration and cardiovascular
health, particularly CAD, is of critical importance. Previ-
ous studies have demonstrated significant associations
between short or disrupted sleep and increased CVD
risk, together with a higher likelihood of adverse cardi-
ovascular events.*” In recognition of its clinical relev-
ance, the American Heart Association incorporated sleep
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as one of the eight core metrics of cardiovascular health
in 2022.1 Experimental and epidemiologic studies fur-
ther suggest that sleep disturbances promote a sustained
pro-inflammatory state, characterized by elevated circu-
lating inflammatory mediators. " The neutrophil-to-
lymphocyte ratio (NLR) is considered an accessible and
robust biomarker of systemic inflammation. Neutrophils
reflect nonspecific inflammatory activation, whereas
lymphocyte counts are influenced by stress and immune
suppression. Elevated NLR has been associated with un-
favorable outcomes in patients with acute coronary syn-
dromes (ACS)®™ and has been shown to predict adverse
cardiovascular events.”"”! Thin-cap fibroatheroma
(TCFA), characterized by a large lipid-rich necrotic core
covered by a thin fibrous cap, represents a highly vul-
nerable plaque phenotype.®"" Accumulating evidence
indicates that overall plaque burden, rather than the de-
gree of luminal stenosis, is the primary determinant of
future cardiovascular events and mortality." As such,
the identification of modifiable factors that contribute to
the development of vulnerable plaques is essential for
preventing major adverse cardiovascular events.

Despite growing interest in sleep and inflammation, it
remains unclear whether inflammatory markers such as
NLR mediate the relationship between sleep duration
and CAD. Moreover, the biological mechanisms linking
sleep behavior to coronary plaque vulnerability have not
been fully elucidated. By integrating OCT imaging with
inflammatory profiling, the present study aims to visu-
ally and mechanistically characterize the link between
sleep length and coronary plaque phenotypes. This work
seeks to provide novel insights into the pathophysiolo-
gical links between sleep, inflammation, and cardiovas-
cular disease, thereby offering a theoretical basis for im-
proved prevention and management strategies.

METHODS

Study Populations

This observational clinical cohort analysis was under-
taken in accordance with the Declaration of Helsinki
with approval from the Ethics Review Committee of
Beijing Anzhen Hospital, Capital Medical University.
From March 2023 to August 2025, a total of 1,178 indi-
viduals who received percutaneous coronary interven-
tion (PCI) with concurrent OCT imaging at Beijing An-
zhen Hospital were consecutively enrolled. All parti-
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cipants were screened using predefined inclusion and
exclusion criteria. Patients were excluded if they had ma-
lignant tumors, active inflammatory or autoimmune dis-
eases (including rheumatoid arthritis), recent acute in-
fections, or severe hepatic or renal dysfunction (eGFR <
30 mL/min per 1.73 m*). Additional exclusion criteria in-
cluded long-term use of anti-inflammatory medications,
severe psychiatric illness or cognitive impairment pre-
venting questionnaire completion, chronic total occlu-
sions, extreme vessel tortuosity, or severe calcification
that precluded OCT imaging, as well as refusal to com-
plete the sleep questionnaires (Figure 1).

Data Collection

Clinical and laboratory information was obtained
from the electronic medical records of the hospital.
Demographic variables included age and sex. Vital signs
comprised heart rate, systolic and diastolic blood pres-
sure, and BMI. Patients were classified as having stable
angina or acute coronary syndrome (ACS), with further
subdivision of ACS into ST-segment elevation myocar-
dial infarction (STEMI), unstable angina, and non-STEMI
(NSTEMI)."™ Comorbidities and medical history were
recorded, including hypertension, type 2 diabetes, hy-
perlipidemia, previous PCI, in-stent restenosis, and prior
coronary artery bypass grafting (CABG).

Following an overnight fast, venous blood samples
were obtained at the time of admission. Complete blood
counts were performed at the Beijing Anzhen Hospital
Laboratory Center. Serum total cholesterol (TC), trigly-
cerides (TG), and low- and high-density lipoprotein cho-
lesterol (LDL, HDL) were measured using standard col-
orimetric assays. Creatinine was determined by the Jaffe
method, and fasting blood glucose (FBG) was assessed
using the hexokinase method. Left ventricular ejection
fraction was measured by echocardiography, with all ex-
aminations independently interpreted by two experi-
enced sonographers. The NLR was determined as the ra-
tio of absolute neutrophil count to absolute lymphocyte
count, representing an integrated means of gauging in-
flammation and the extent of immunosuppression.

Optical Coherence Tomography Imaging and Ana-
lysis

All intravascular imaging was performed using the
Dragonfly OPTIS imaging catheter in combination with
the OPTIS™ MOBILE System (Abbott Vascular, Shang-
hai, China). OCT examinations of the target coronary
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Patients undergoing PCI with intraoperative OCT completed at
our hospital between March 2023 and August 2025 (1 = 1484)

(4) Patients on long-term anti-
inflammatory medication (1 = 5);

Exclusions:

(1) Patients with malignant tumours, active
inflammatory diseases, or conditions such as
rheumatoid arthritis (7 = 16);

(5) Patients with severe mental
illness or cognitive impairment
unable to complete
questionnaires (1 = 3);

(6) Patients with poor OCT image
quality or who refuse to complete
questionnaires (1 = 264).

(2) Patients with recent acute

infections (n = 4);

(3) Patients with severe hepatic or renal
impairment (estimated glomerular filtration
rate <30 ml/min/1.73 m?) (n = 14);

Total of 1178 patients were included

Explore the mediating role of NLR in the relationship
between sleep duration and OCT plaques

Figure1 Flowchart. NLR: neutrophil-to-lymphocyte ratio; OCT: optical coherence tomography; PCI: percutaneous coronary interven-

tion.

segments were independently conducted by two experi-
enced interventional cardiologists. Image interpretation
was subsequently carried out by two trained analysts
who were blinded to all clinical and laboratory data. In
cases of disagreement, a third investigator performed an
independent review to reach consensus. The following
OCT-derived parameters were systematically assessed:
plaque phenotype, maximal lipid arc, minimal fibrous
cap thickness, presence of TCFA, lipid plaque length,
macrophage accumulation, healed plaques, cholesterol
crystal deposition, microchannel formation, calcified
nodules, mean reference lumen area, percent area sten-
osis, and minimum lumen area The thickness of the
thinnest part of fibrous cap was determined three times,
and the average value was recorded as the minimum
thickness. The lipid arc was assessed at 1-mm points
within the lesion, with the largest measurement being
the maximal lipid arc. TCFA was represented by lipid-
rich plaques with maximal lipid arcs = 90° and minim-
um fibrous cap thicknesses <65 um, in accordance with
established criteria (Figure 2)."

Sleep Data Collection

All eligible participants completed a structured sleep
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questionnaire on the day following their OCT procedure.
Prior to administration, a trained investigator provided
standardized instructions to ensure comprehension.
Sleep duration was determined by self-report, with pa-
tients estimating their average nightly sleep time over a

typical period.
Statistical Analysis

Continuous variables are summarized as means and
standard deviations if normally distributed, or as medi-
ans with interquartile ranges if non-normally distributed.
Categorical variables are shown as frequencies and pro-
portions. Between-group comparisons for continuous
variables were conducted using ttests or Mann-Whit-
ney U'tests, as appropriate, while chi-square tests were
applied to categorical data.

Participants were stratified into two categories based
on reported sleep duration: a normal sleep group (7-8
h/night) and an abnormal sleep group (<7 h or > 8
h/night). Baseline clinical characteristics were compared
between groups. Multivariable logistic regression was
applied to evaluate the link between sleep duration and
OCT-derived plaque features, shown with odds ratios
(ORs) and 95% confidence intervals (Cls). Linear regres-
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Figure 2 Plaque-related features in OCT images. (A): Lipid plaque; (B): fibrous plaque; (C): thin fibrous cap plaque; (D): calcification;
(E): macrophage infiltration; (F): healed plaque; (G): microchannel; (H): cholesterol crystal; (I): calcified nodule. OCT: optical coherence

tomography.

sion, with adjustments for potential confounders, was
applied to estimate the association between sleep dura-
tion and NLR, with results expressed as unstandardized
regression coefficients (B) and corresponding 95% Cls.
To explore possible non-linear associations between NLR
and TCFA, restricted cubic spline (RCS) models with
multivariable adjustment were applied. A formal medi-
ation framework was subsequently used to test whether
NLR mediated the relationship between sleep duration
and TCFA. First, the total effect of sleep duration on
TCFA was estimated (path c). Next, a mediator model
was fitted with NLR as the outcome and sleep duration
as the predictor to obtain path a. An outcome model was
then constructed with TCFA as the dependent variable
and sleep duration and NLR as independent variables,
allowing estimation of the direct effect of sleep duration
(c') and the link between NLR and TCFA (path b). The
indirect effect was defined as a X b. Bootstrap res-
ampling (5,000 iterations) was used to calculate 95% Cls
for indirect effects. Significant mediation was recognized
if the CI did not cross zero. The fraction of the total effect
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explained by the mediator was computed as ab/c, re-
flecting the relative contribution of NLR to the sleep-
TCFA association. A mediation pathway diagram was
generated to illustrate these relationships.

All regression models were adjusted for relevant cov-
ariates to minimize confounding. Statistical analyses
were conducted using R (v 4.5.2). All tests were two-
tailed, and P < 0.05 was considered significant.

RESULTS

Demographic and Clinical Characteristics

Overall, 1,130 patients undergoing PCI were retained
for the final analysis, of whom 36.5% reported abnormal
sleep duration (Table 1). When stratified by plaque
phenotype, 23.8% of patients exhibited TCFA (Table 2).
Within the sleep duration groups, significant differences
were observed for age, WBC, neutrophil (NE), lympho-
cyte LYM), and monocyte (MON) counts, creatinine,
eGFR, urinary albumin (UA), B-blocker use, and
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ACEI/ARB use (all P< 0.05). NLR differed significantly
across all sleep categories (P < 0.05). Among patients
with TCFA, significant differences were noted for age,
DBP, alcohol consumption, prevalence of UA, STEMI,
and NSTEM], as well as B-blocker use. Furthermore, sig-
nificant differences were observed in laboratory para-
meters such as WBC, red blood cell (RBC) count, NE,
LYM, MON, triglycerides (TG), HDL, LDL, C-reactive
protein (CRP) among patients with TCFA (Table S2). The
NLR was also markedly higher in the TCFA group (P<
0.01).

Sleep Duration and OCT Plaque Results

Marked differences in TCFA prevalence were ob-
served across sleep duration categories (P < 0.001; Table
S1). In univariate analyses, abnormal sleep duration was
found to be linked to a markedly elevated TCFA risk
(OR: 2.14; 95% CI: 1.63-2.81; Table 3). This relationship
remained robust after adjustment for confounders (OR:

2.16; 95% CI: 1.63-2.88). Significant differences were also
identified for lipid plaques (P < 0.001), macrophage in-
filtration (P < 0.001), and cholesterol crystals (P = 0.005).
After multivariable adjustment, abnormal sleep dura-
tion remained independently associated with lipid
plaques (OR: 1.74; 95% CI: 1.34-2.26), macrophage infilt-
ration (OR: 1.55; 95% CI: 1.19-2.01), and cholesterol crys-
tals (OR: 1.42; 95% CI: 1.11-1.82).

Sleep Duration and Inflammation Marker Results

Linear regression analyses demonstrated that both
short and long sleep duration were associated with a 1.31-
fold elevation in NLR (P < 0.001). This association re-
mained significant after adjustment (B =1.38, P < 0.001),
indicating that abnormal sleep duration is linked to
heightened systemic inflammatory activity.

NLR and OCT Plaque Findings

Following the grouping of NLR into three categories

Table1 Baseline characteristics of sleep duration subgroups.

Characteristics Total (n=1178) Dlﬁg{;ggl(il:eﬁls) &E‘;ﬁgga(hsiz%%) P-value
Demographics
Age, yrs 61.0 [53.0, 68.0] 61.0 [53.0, 68.0] 62.0 [55.0, 70.0] 0.001
Male 904 (76.74%) 562 (75.1%) 342 (79.5%) 0.099
BMI, kg/m’ 25.4[23.7,27.7] 25.6 [23.7,27.8] 25.4[23.6, 27.4] 0.127
SBP, mmHg 130.0 [120.0, 140.0] 130.0 [120.0, 139.3] 130.0 [120.0, 143.0] 0.326
DBP, mmHg 78.0 [70.0, 85.0] 78.0 [70.0, 84.0] 77.5[70.0, 85.0] 0.486
Previous smoking 637 (54.07%) 399 (53.34%) 238 (55.35%) 0.545
Previous drinking 323 (27.42%) 205 (27.41%) 118 (27.44%) 0.998
Medical histories
Hypertension 748 (63.50%) 460 (61.50%) 288 (66.98%) 0.069
Diabetes mellitus 424 (35.99%) 272 (36.36%) 152 (35.35%) 0.775
Previous PCI 455 (38.62%) 288 (38.50%) 167 (38.84%) 0.959
Previous CABG 14 (1.19%) 7 (0.94%) 7 (1.63%) 0.438
Laboratory results
WBC, 10°/L 6.35 [5.35, 7.54] 6.23 [5.22, 7.36] 6.59 [5.58, 7.95] <0.001
RBC, 10%/L 4.63 [4.31, 4.96] 4.64 [4.33,4.98] 4.60 [4.26, 4.92] 0.068
PLT, 10°/L 214.5 [179.0, 246.0] 215.0 [179.0, 250.3] 214.0 [180.0, 240.8] 0.174
Neutrophils, 10°/L 4.14[3.37,5.12] 3.88[3.22,4.76] 4.60 [3.69, 5.56] <0.001
Lymphocyte, 10°/L 1.58 [1.27,1.97] 1.69 [1.40, 2.04] 1.40 [1.09, 1.75] <0.001
Monocyte, 10°/L 0.37[0.30, 0.46] 0.36 [0.29, 0.44] 0.39 [0.30, 0.49] <0.001
TG, mmol/L 1.57 [1.14, 2.14] 1.58 [1.16, 2.17] 1.54 [1.11, 2.05] 0.198
TC, mmol/L 3.71[3.14, 4.41] 3.74 [3.17, 4.44] 3.67 [3.07, 4.35] 0.207
HDL-C, mmol/L 1.08 [0.91, 1.25] 1.08[0.91, 1.25] 1.08 [0.90, 1.24] 0.518
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Continued
Characteristics Total (n=1178) Dlﬁg:irggl(il:eﬁs) &E:ﬁzﬂaés:lz%%) P-value
LDL-C, mmol/L 1.98 [1.47, 2.56] 2.00[1.48, 2.58] 1.94 [1.46, 2.55] 0.314
Creatinine, mmol/L 76.15 [66.30, 87.00] 75.80 [64.78, 86.60] 76.95 [67.80, 87.65] 0.026
NLR 2.53 [1.94, 3.49] 2.25[1.84,2.87] 3.33 [2.54, 4.35] <0.001
eGFR, mL/min per 1.73 m* 88.68 [82.61, 98.50] 89.80 [84.67, 99.18] 88.67 [80.25, 96.78] 0.002
Uric acid, pmol/L 325.80 [272.13, 388.65] 327.65 [271.83, 390.60] 323.15 [273.40, 385.25] 0.786
CRP, mg/L 1.46 [0.62, 2.68] 1.49 [0.60, 2.68] 1.40 [0.66, 2.68] 0.355
FBG, mmol/L 6.19[5.21, 8.17] 6.17 [5.22, 8.10] 6.32 [5.21, 8.24] 0471
HbAlc, % 6.41 [5.90, 6.41] 6.41 [5.90, 6.41] 6.41 [6.00, 6.41] 0.375
LVEF, % 62.40 [62.00, 65.00] 62.40 [62.01 65.00] 62.40 [62.00, 65.00] 0.572
Diagnosis
SAP 104 (8.83%) 62 (8.29%) 42 (9.77%) 0.451
UA 924 (78.44%) 602 (80.48%) 322 (74.88%) 0.030
STEMI 46 (3.90%) 26 (3.48%) 20 (4.65%) 0.397
NSTEMI 94 (7.98%) 51 (6.82%) 43 (10.00%) 0.068
ISR 152 (12.90%) 92 (12.30%) 60 (13.95%) 0.468
Medications
DAPT 1035 (87.86%) 655 (87.57%) 380 (88.37%) 0.753
Statin 1114 (94.57%) 706 (94.39%) 408 (94.88%) 0.818
B-Blocker 508 (43.12%) 304 (40.64%) 204 (47.44%) 0.027
ACEI/ARB 472 (40.07%) 278 (37.17%) 194 (45.12%) 0.009
PCSKOi 295 (25.04%) 195 (26.07%) 100 (23.26%) 0.316
OCT characteristics
Fibrous plaque 1132 (96.10%) 717 (95.86%) 415 (96.51%) 0.687
Lipid plaque 740 (62.82%) 440 (58.82%) 300 (69.77%) <0.001
Plaque length, mm 4.60 [2.50, 8.30] 4.60 [2.60, 7.93] 4.80[2.30, 8.83] 0.969
Fibrous cap thickness, um 80.0 [60.0, 120.0] 80.0 [60.0, 120.0] 80.0 [60.0, 120.0] 0.704
Lipid arc, deg 157.20 [112.70, 222.70] 153.40 [106.78, 223.18] 160.60 [118.90, 221.40] 0.204
TCFA 282 (23.94%) 140 (18.72%) 142 (33.02%) <0.001
Calcification 668 (56.71%) 421 (56.28%) 247 (57.44%) 0.745
Macrophage infiltration 340 (28.86%) 190 (25.40%) 150 (34.88%) <0.001
Healed plaque 113 (9.59%) 73 (9.76%) 40 (9.30%) 0.878
Microchannel 220 (18.68%) 144 (19.25%) 76 (17.67%) 0.555
Cholesterol crystal 662 (56.20%) 397 (53.07%) 265 (61.63%) 0.005
Calcified nodule 154 (13.07%) 96 (12.83%) 58 (13.49%) 0.817
MLA, mm® 1.87[1.28, 2.61] 1.93 [1.31, 2.67] 1.76 [1.23, 2.47] 0.022
RLA, mm® 6.39 [4.83, 8.45] 6.46 [4.92, 8.61] 6.22 [4.70, 8.24] 0.160
AS% 70.35 [60.40, 78.00] 70.35 [59.80, 77.90] 70.35 [61.43, 78.48] 0.289

Data are presented as n (%) or median (interquartile range). ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin II
receptor blocker; AS: percent lumen area; BMI: body mass index; CABG: coronary artery bypass grafting; CRP: C-reactive protein;
DAPT: dual antiplatelet therapy; DBP: diastolic blood pressure; FBG: fasting blood glucose; HDL-C: high-density lipoprotein
cholesterol; ISR: in-stent restenosis; LDL-C: low-density lipoprotein cholesterol; LVEF: left ventricular ejection fraction; MLA: minimal
lumen area; NLR: neutrophil-to-lymphocyte ratio; NSTEMI: non-ST-segment elevation myocardial infarction; PCI: percutaneous
coronary intervention; PCSK9i: proprotein convertase subtilisin/kexin type 9 inhibitor; PLT: platelet count; RBC: red blood cell count;
RLA: reference lumen area; SAP: stable angina pectoris; SBP: systolic blood pressure; STEMI: ST-segment elevation myocardial
infarction; TC: total cholesterol; TCFA: thin-cap fibroatheroma; UA: unstable angina; WBC: white blood cell count.
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Table 2 Basic demographics of the TCFA.

Characteristics No-TCFA (n =896) TCFA (n = 282) P-value
Demographics
Age, yrs 62.0 [54.0, 69.0] 60.0 [50.3, 67.0] 0.003
Male 677 (75.56%) 227 (80.50%) 0.103
BMI, kg/m’ 25.39 [23.66, 27.57] 25.83 [23.56, 27.68] 0.207
SBP, mmHg 130.0 [120.0, 140.0] 130.0 [121.0, 143.0] 0.215
DBP, mmHg 77.0 [70.0, 84.0] 80.0 [72.0, 86.0] 0.005
Previous smoking 484 (54.02%) 153 (54.26%) 0.999
Previous drinking 259 (28.91%) 64 (22.70%) 0.050
Medical histories
Hypertension 568 (63.39%) 180 (63.83%) 0.951
Diabetes mellitus 329 (36.72%) 95 (33.69%) 0.393
Previous PCI 359 (40.07%) 96 (34.04%) 0.082
Previous CABG 8 (0.89%) 6 (2.13%) 0.176
Laboratory results
WBC, 10°/L 6.22 [5.24, 7.36] 6.76 [5.63, 8.02] <0.001
RBC, 10%/L 4.62 [4.30,4.94] 4.66 [4.35, 5.06] 0.049
PLT, 10°/L 213.0 [177.0, 244.3] 219.5 [182.0, 254.8] 0.074
Neutrophils, 10°/L 3.94 [3.29, 4.86] 4.68 [3.75, 5.69] <0.001
Lymphocyte, 10°/L 1.62[1.33,1.98] 1.46 [1.11, 1.85] <0.001
Monocyte, 10°/L 0.37 [0.29, 0.45] 0.39 [0.30, 0.48] 0.019
TG, mmol/L 1.51[1.11, 2.11] 1.69 [1.27,2.18] 0.005
TC, mmol/L 3.68 [3.09, 4.39] 3.80 [3.26, 4.50] 0.112
HDL-C, mmol/L 1.12[0.92, 1.26] 1.02[0.87, 1.20] <0.001
LDL-C, mmol/L 1.96 [1.45, 2.51] 2.06 [1.58, 2.66] 0.047
Creatinine, mmol/L 75.80 [65.40, 86.60] 77.55 [68.40, 88.58] 0.008
NLR 2.41[1.87,3.24] 3.14 [2.31, 4.55] <0.001
eGFR, mL/min/1.73 m2 88.80 [82.66, 97.922] 88.67 [82.65, 99.21] 0.936
Uric acid,umol/L 324.50 [270.20, 384.10] 328.55 [279.48, 398.88] 0.060
CRP, mg/L 1.32[0.57, 2.68] 2.03 [0.81, 2.92] <0.001
FBG, mmol/L 6.18 [5.21, 7.99] 6.24 [5.30, 8.74] 0.348
HbAlc, % 6.41 [5.90, 6.41] 6.41[5.90, 6.42] 0.253
LVEF, % 62.40 [62.00, 65.00] 62.40 [62.00, 65.01] 0.089
Diagnosis
SAP 80 (8.93%) 24 (8.51%) 0.924
UA 719 (80.25%) 205 (72.70%) 0.009
STEMI 28 (3.12%) 18 (6.38%) 0.022
NSTEMI 62 (6.92%) 32 (11.35%) 0.023
ISR 122 (13.62%) 30 (10.64%) 0.231
Medications
DAPT 779 (86.94%) 256 (90.78%) 0.106
Statin 844 (94.20%) 270 (95.74%) 0.400
f-Blocker 365 (40.74%) 143 (50.71%) 0.004
ACEI/ARB 350 (39.06%) 122 (43.26%) 0.236
PCSK9i 223 (24.89%) 72 (25.53%) 0.890

Data are presented as n (%) or median (interquartile range). ACEIL angiotensin-converting enzyme inhibitor; ARB: angiotensin Il receptor
blocker; BMI: body mass index; CABG: coronary artery bypass grafting; CRP: C-reactive protein; DAPT: dual antiplatelet therapy; DBP:
diastolic blood pressure; FBG: fasting blood glucose; HDL-C: high-density lipoprotein cholesterol; ISR: in-stent restenosis; LDL-C: low-
density lipoprotein cholesterol; LVEF: left ventricular ejection fraction; NLR: neutrophil-to-lymphocyte ratio; NSTEMI: non-ST-segment
elevation myocardial infarction; PCI: percutaneous coronary intervention; PCSK9i: proprotein convertase subtilisin/kexin type 9 inhibitor;
PLT: platelet count; RBC: red blood cell count; SAP: stable angina pectoris; SBP: systolic blood pressure; STEMI: ST-segment elevation
myocardial infarction; TC: total cholesterol; TCFA: thin-cap fibroatheroma; UA: unstable angina; WBC: white blood cell count.
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Table 3 Logistic regression analysis of sleep duration and different types of plaques.

Univariate Multivariable

Variables

OR (95%CI) P-value OR (95%CI) P-value
TCFA 2.14 (1.63-2.81) <0.001 2.16 (1.63-2.88) <0.001
Lipid plaque 1.62 (1.26-2.08) <0.001 1.74 (1.34-2.26) <0.001
Fibrous plaque 1.20 (0.65-2.30) 0.576 1.21 (0.66-2.34) 0.548
Calcification 1.05 (0.83-1.33) 0.699 1.01 (0.79-1.28) 0.966
Macrophage infiltration 1.57 (1.22-2.04) 0.001 1.55 (1.19-2.01) 0.001
Healed plaque 0.95 (0.63-1.41) 0.798 0.99 (0.65-1.47) 0.946
Microchannel 0.90 (0.66-1.22) 0.504 0.91 (0.66-1.24) 0.558
Cholesterol crystal 1.42 (1.12-1.81) 0.004 142 (1.11-1.82) 0.005
Calcified nodule 1.06 (0.74-1.50) 0.749 0.96 (0.67-1.37) 0.834

TCFA: thin-cap fibroatheroma.

(NLR<215,215 <NLR <3.12 and NLR > 3.12), the rates
of TCFA occurrence in the low, medium and high NLR
groups were 14.76%, 20.92% and 36.13% respectively
(Table 4). As NLR levels increased, the proportion of
TCFA cases increased progressively. A marked non-lin-
ear association between NLR and TCFA was found by
RCS analysis after multivariable adjustment (non-linear
P <0.001; Figure 3). TCFA risk increased sharply at high-
er NLR values, suggesting a threshold effect. In adjusted
logistic regression models, an increase in every standard
deviation of NLR is associated with a 1.45-fold rise in the
probability of TCFA occurrence(OR: 1.44; 95% C1: 1.31-
1.58). A similar trend was observed across the NLR
groups, with TCFA risk showing a progressive increase
in Q2 and Q3 compared to Q1(Q2: OR 1.54; 95%CI: 1.06-

2.25,Q3: OR 3.50; 95%Cl: 2.46-5.04; Figure 4).

Mediating Role of NLR in the Sleep-TCFA Associ-
ation

Mediation analysis (Figure 5) indicated substantial
mediation of the slee- duration-TCFA association by
NLR, with an indirect effect of 0.075 (95% CI: 0.032-
0.116), representing 50.1% of the overall effect. Partial
mediation by NLR was also observed for the link
between sleep duration and lipid plaques (indirect effect:
0.027; 95% CI: 0.001-0.070), accounting for 22.5% of the
overall effect. These findings indicate that systemic in-
flammation, as reflected by NLR, plays a substantial in-
termediary role in linking abnormal sleep duration to
vulnerable coronary plaque phenotypes.

Table 4 Characteristics of OCT plaques in NLR groups within the general population.

Variables Q1 (n=393) Q2 (n=392) Q3 (n=393) P-value
TCFA 58 (14.76%) 82 (20.92%) 142 (36.13%) <0.001
Lipid plaque 229 (58.27%) 238 (60.71%) 273 (69.47%) 0.003
Fibrous plaque 375 (95.42%) 375 (95.66%) 382 (97.20%) 0.377
Calcification 258 (65.65%) 258 (65.82%) 152 (38.68%) <0.001
Macrophage infiltration 85 (21.63%) 107 (27.30%) 148 (37.66%) <0.001
Healed plaque 36 (9.16%) 33 (8.42%) 44 (11.20%) 0.392
Microchannel 69 (17.56%) 71 (18.11%) 80 (20.36%) 0.567
Cholesterol crystal 192 (48.85%) 208 (53.06%) 262 (66.67%) <0.001
Calcified nodule 59 (15.01%) 55 (14.03%) 40 (10.18%) 0.105

Data are presented as n (%). NLR: neutrophil-to-lymphocyte ratio; OCT: optical coherence tomography; TCFA: thin-cap fibroathe-

roma.
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124 P for non-linear < 0.001

2.5 5.0 7.5
NLR

Figure 3 Restricted cubic spline plot of NLR and TCFA. Ad-
justed: age, DBP, previous drinking, HDL-C, LDL-C, UA, STEMI,

DISCUSSION

This investigation is the first to apply OCT to examine
the potential mediation of the association between sleep
duration and coronary plaque vulnerability by inflam-
matory biomarkers. A robust link between sleep dura-
tion and the presence of TCFA was found. Even after
comprehensive adjustment for potential confounders,
abnormal sleep duration was linked to significantly elev-
ated NLR levels, and NLR in turn partially mediated the
increased risk of TCFA. These findings suggest that in-
flammation represents a key biological pathway through
which disturbed sleep may promote plaque instability in

NSTEMI, B-blocker. DBP: diastolic blood pressure; HDL-C: high-
density lipoprotein cholesterol; LDL-C: low-density lipoprotein
cholesterol; STEMI: ST-segment elevation myocardial infarction;
TCFA: thin-cap fibroatheroma; NLR: neutrophil-to-lymphocyte
ratio; NSTEMI: non-ST-segment elevation myocardial infarction.

patients with CVD. Collectively, our results indicate that
both short and long sleep durations may accelerate the
development of vulnerable plaques by amplifying sys-
temic inflammatory responses.

Variables OR 95%Cl P-value
NLR, per SD E == 1.44 1.31,1.58 <0.001
NLR group i
Q 1.00 Ref
Q2 é —_— 1.54 1.06,2.25 0.025
Q3 i — = 3.50 2.46,5.04 <0.001
1 2 3 14

Figure 4 Total population NLR and OCT plaque forest plot. NLR: neutrophil-to-lymphocyte ratio; OCT: optical coherence tomo-
graphy.

Indirect effects = 0.075, P < 0.001
95%CI 0.032, 0.116

Total effects = 0.150, P < 0.001
Prop. mediated = 50.1%

TCFA

Sleep duration } ‘(

Direct effects = 0.075, P = 0.009
95%CI0.015, 0.144
Figure 5 Mediation pathways between sleep duration and TCFA. Adjusted: sex, age, DBP, previous smoking, previous drinking,
hypertension, diabetes mellitus, HDL-C, LDL-C, UA, STEMI, NSTEMI, DAPT, stain, B-blocker, ACEI/ ARB, PCSK9i. ACEI: angiotensin-
converting enzyme inhibitor; ARB: angiotensin II receptor blocker; DAPT: dual antiplatelet therapy; DBP: diastolic blood pressure;
HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; NSTEMI: non-ST-segment elevation myocar-
dial infarction; PCSK9i: proprotein convertase subtilisin/kexin type 9 inhibitor; STEMI: ST-segment elevation myocardial infarction;

TCFA: thin-cap fibroatheroma.
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A growing body of epidemiologic evidence supports 7-
8 hours of nightly sleep as the optimal range for cardi-
ovascular health. Numerous studies have reported that
sleeping fewer than six hours per night is associated with
a substantially higher incidence of CVD."" Similarly,
cross-sectional and longitudinal investigations consist-
ently demonstrate that habitual sleep durations exceed-
ing nine hours are also linked to greater cardiovascular
risk when compared with 7-8 hours of sleep.""” A large
prospective cohort study with a median follow-up of
14.3 years further identified a U-shaped relationship
between sleep duration and cardiovascular mortality.
In that study, both very short (<4 h) and very long (=10
h) sleep durations were linked to markedly higher mor-
tality than sleeping 7 h per night. Consistent with these
findings, a meta-analysis by Cappuccio et al. reported
markedly increased CVD mortality in individuals with
both short and long sleep durations.””

Several biological mechanisms have been suggested to
explain the elevated cardiovascular risk associated with
insulfficient sleep. Experimental studies have shown that
sleep deprivation impairs insulin sensitivity and pro-
motes insulin resistance.” In addition, short sleep alters
the regulation of leptin and ghrelin, thereby increasing
appetite and food intake and contributing to weight
gain.” In contrast, the physiological pathways through
which excessive sleep increases morbidity and mortality
remain less clearly defined.

Our results further reinforce the hypothesis that in-
flammation is closely involved in the association
between sleep duration and cardiovascular disease.” In
a controlled human study, participants were restricted to
only 4 hours of sleep per night for five consecutive
nights, followed by two nights of 8-hour recovery
sleep.” Blood samples collected before sleep restriction,
after restriction, and after recovery showed that sleep
loss significantly increased circulating levels of CRP
(145% of baseline), IL-1p (137%), IL-6 (163%), and IL-17
(138%) (all P < 0.05). Notably, IL-17 remained elevated
even after two nights of recovery sleep (119% above
baseline, P < 0.05), indicating that inflammatory re-
sponses persist beyond the immediate period of sleep
deprivation. Although these effects are reversible, nor-
malization requires prolonged recovery sleep or day-
time naps.” Comparable findings have been reported in
animal models, in which sleep-deprived rats exhibited
marked increases in IL-1, IL-1B, IL-6, IL-17A, and TNF-a,
followed by gradual normalization after restorative

¥ http:/ /www.jgc301.com; jgc@jgc301.com

sleep.”” These cytokines are not merely markers of in-
flammation but actively contribute to atherosclerotic dis-
ease progression. IL-6 stimulates hepatic CRP
synthesis,” and CRP directly damages the coronary en-
dothelium by activating complement pathways, pro-
moting monocyte adhesion, and inducing endothelial
apoptosis. TNF-o enhances monocyte migration across
the endothelium by upregulating VCAM-1 and ICAM-
1,” thereby exacerbating vascular wall inflammation.
Moreover, cholesterol crystals within atherosclerotic
plaques activate the NLRP3 inflammasome, which regu-
lates IL-1B maturation and release.”™ This pathway is
central to plaque instability and rupture, ultimately pre-
cipitating acute myocardial infarction.

Sleep loss also alters the cellular composition of peri-
pheral blood. Hurtado et al. reported that acute sleep
deprivation increases circulating leukocytes, particularly
neutrophils and monocytes.”" Conversely, prolonged
sleep is likewise associated with heightened systemic in-
flammation. In one cohort study, individuals who slept
longer than the population mean of approximately 7.6
hours exhibited 8% and 7% increases in CRP and IL-6,
respectively, for each additional hour of sleep after ad-
justment for confounders.” These findings were con-
firmed in a large prospective study showing that wo-
men who slept 29 hours had CRP levels 44% higher than
those sleeping 8 hours.” Another study involving 2,502
participants observed elevated levels of neutrophils and
white blood cells in individuals who slept for long peri-
ods (=9 h). This provides evidence at a cellular level that
prolonged sleep may influence the number of inflam-
matory cells in the body.* The study also reported that
there is a correlation between prolonged sleep and elev-
ated levels of IL-6 and TNF-0.”>* These inflammatory
markers are typically strongly linked to the risk of cardi-
ovascular disease. Together, these data support the link
between excessive sleep and chronic low-grade inflam-
mation. It has been hypothesised by some researchers
that this phenomenon may be associated with pro-
longed sleep and sleep fragmentation."”” Sleep frag-
mentation are believed to increase activity in the sym-
pathetic nervous system, thereby raising levels of in-
flammation in the body. Alternatively, the alteration of
inflammation levels may be achieved by influencing the
expression of cytokines (components found within and
on immune system cells).”

Here, sleep duration was positively associated with
both NLR and vulnerable plaque features, highlighting a
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mechanistic link between sleep, inflammation, and
plaque instability. Mediation analysis demonstrated that
NLR partially or fully accounted for this relationship, in-
dicating that improved sleep duration may lower TCFA
risk by reducing systemic inflammatory activity. Im-
mune cells such as neutrophils, lymphocytes, and
monocytes are recognized as key contributors to cardi-
ovascular pathology.*”* NLR, derived from neutrophil
and lymphocyte counts, has been consistently associated
with coronary artery disease and acute coronary syn-
dromes.*" Furthermore, an independent dose-re-
sponse relationship has been reported between NLR and
adverse cardiovascular outcomes,* including mortality
and recurrent events.>*” Previous studies have identi-
fied a non-linear relationship between the NLR and sleep
duration.* In a related finding, another study has indic-
ated that, in patients who develop in-stent restenosis fol-
lowing PCI, an elevated NLR is closely associated with in-
stent thrombosis and TCFA. After adjusting for con-
founding factors, the HR remained 2.673 (1.257-5.684; P
=0.038) and 4.272 (1.740-10.488; P= 0.004)."" This evid-
ence base supports the biological plausibility of our find-
ings. Nevertheless, there remains a paucity of research
exploring the potential role of NLR in the relationship
between sleep duration and TCFA. This study is the first
to reveal that NLR significantly mediates the association
between the two. However, it should be noted that cer-
tain potential confounding factors in the study (such as
psychological stress, economic status, physical activity
and diet) not have been measured or adjusted for, which
could introduce a degree of bias into the mediating effect.
The present findings are consistent with extant evidence
that the sleep-immune-cardiovascular axis is a key path-
way linking behavioural factors to chronic diseases. NLR
is a promising blood marker that may facilitate the iden-
tification of individuals at high risk. Future studies could
incorporate genetic tools to further test the robustness of
this mediating pathway.

Limitation

Several limitations warrant acknowledgment. First,
sleep duration was estimated based on self-reported
bedtimes and wake times, which may not accurately re-
flect true sleep duration. This reliance on time in bed
may introduce misclassification bias. However, objective
measures such as polysomnography are often imprac-
tical in large cohort studies, and this limitation is com-
mon in sleep research. Misclassification could attenuate
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observed associations, suggesting that the true effects of
sleep disturbance may be even stronger than reported
here. Second, despite the model having been adjusted for
various socio-demographic and clinical confounding
factors, variables such as psychological factors and indi-
vidual stress were not included. Consequently, these
factors may exert a simultaneous influence on sleep pat-
terns, elevate levels of inflammation in the body, and in-
crease the risk of TCFA, thereby partially confounding
the observed mediating effect. Future studies using
standardized psychological assessments may better cla-
rify the independent associations among these three
factors. Finally, the lack of longitudinal monitoring of
sleep patterns, inflammatory biomarkers, and OCT
plaque features limits our ability to infer causality. Fu-
ture studies incorporating repeated assessments of these
variables over time are needed to clarify their dynamic
associations and their impact on cardiovascular out-
comes.

Conclusion

The findings provide direct clinical evidence for the
involvement of sleep duration in the development of
atherosclerotic disease. Both insufficient and excessive
sleep were associated with a greater likelihood of vul-
nerable plaque formation. Importantly, the inflammat-
ory biomarker NLR was shown to mediate this associ-
ation, suggesting that sleep disturbances may promote
atherosclerosis through inflammatory pathways. These
findings reveal a novel mechanistic link between sleep
behavior and fundamental processes underlying cardi-
ovascular disease. Improving sleep habits and reducing
systemic inflammation may represent a practical ap-
proach for lowering cardiovascular risk in individuals
with coronary artery disease.
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