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Objective: The purpose of this study was to investigate the association between stroke onset time and prognosis after endovascular thrombectomy (EVT) in Acute Ischemic Stroke (AIS) patients at different ages.

Methods: The AIS patients who underwent endovascular thrombectomy (EVT) between August 2018 to June 2022 were collected retrospectively. The patients were divided into two onset time groups [day-onset (6:00 h−18:00 h) vs. night-onset (18:00 h−6:00 h)], and further divided into 4 onset age groups (<55 y, 55–64 y, 65–74 y and 75+ y). The primary outcome was discharge National Institutes of Health Stroke Scale (NIHSS) score and secondary outcomes were malignant brain edema, hemorrhagic transformation (HT), and early vascular recanalization (mTICI ≥ 2b). Mediation analyses were applied to explore how malignant brain edema, HT, and early vascular recanalization affect the relationship between onset time and outcome.

Results: A total of 470 AIS patients were enrolled, of whom 68 patients were younger than 55 years. After adjusting for confounders, younger (<55 y) day-onset AIS patients had worse discharge outcomes (discharge NIHSS≥16, OR = 0.136, 95%CI = 0.027–0.678, P = 0.015) and were more prone to neurological deterioration (ΔNIHSS ≥ 4, OR = 0.081, 95%CI = 0.012–0.544, P = 0.010), malignant brain edema (OR = 0.145, 95%CI = 0.027–0.798, P = 0.026), and HT (OR = 0.231, 95%CI = 0.057–0.946, P = 0.042), while early vascular recanalization was less likely to occur (OR = 0.118, 95%CI = 0.017–0.813, P = 0.007). Mediation analysis showed that stroke onset time → malignant brain edema → discharge NIHSS score pathway was significant (c' = −2.029, BC 95%CI = −6.217; −0.087).

Conclusions: The outcomes of night-onset young AIS patients treated with EVT were better than day-onset, which may be related to the diurnal difference of malignant brain edema. However, these results were related to a small subgroup of patients and given the methodological statistical limitations (multiple testing correction), these results are only driving hypothesis. Further research with larger patient sizes are required to validate these results and explore the underlying mechanisms.
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1 Introduction

Circadian biology regulates almost every aspect of mammalian physiology, pathology, and the therapeutic efficacy of diseases. In stroke, circadian biology may impact disease susceptibility, injury degree, and therapy response (1). A recent study suggested that the challenges of translating neuroprotective treatments of stroke from the lab to clinical trials might be due to a mismatch between the circadian rhythms of animal models and patients in clinical trials (2). Compared to the failures of neuroprotective strategies, intravenous thrombolysis and endovascular thrombectomy (EVT) have been effective in clinical trials, suggesting that reperfusion is a valid treatment on both awake and non-awake strokes (2). Recently, EVT has been regarded as a standard therapy for vessel recanalization after stroke (3). However, clinical research on the correlation of stroke onset time and stroke outcome have been limited and inconsistent. Wang et al. (3) found that acute ischemic stroke (AIS) patients treated with EVT, whose onset time were between 00:00 h and 12:00 h, had a higher proportion of 3-months good outcomes. Ryu et al. (4) found that night-onset AIS patients presented higher neurological severity and worse outcomes. A recent study based on melatonin levels in stroke patients suggested that melatonin secretion levels affect stroke outcomes (5). Whereas Ding et al. (6) found that circadian rhythm had no association with the outcome of AIS patients treated with recombinant tissue plasminogen activator. Therefore, the relationship between stroke prognosis and circadian rhythm remains to be further investigated.

Stroke is considered a disease of the elderly in the prevailing view since published reports indicated that the majority of stroke cases occurred in the elderly (7). However, the global incidence of stroke is gradually becoming younger (8, 9), and the incidence of ischemic stroke in young patients has reached a significant increase in recent years. A previous England study compared people living in Oxford in 2002–2010 vs. 2010–2018 and found that there was a significant increase in stroke incidence among people under the age of 55 (10). The possible reason may be that lifestyle-related risk factors for stroke are more common in the younger population, such as excessive alcohol consumption, smoking, and illicit drug use (11). Stroke in the young imposes a greater financial burden on society than stroke in the elderly, as the disease cripples them during their most productive years. A previous study has shown that circadian rhythmic activities change markedly as advancing age (12), indicating that circadian rhythm is related to age. The amplitude of many rhythms weakened in the elderly relative to younger adults. A recent study published in Science examined the age and sex differences in the expression of genes related to circadian clocks. They found that younger people had stronger circadian rhythms than older people (13). Further studies on the relationship between age, circadian rhythm, and stroke prognosis are needed in order to provide better management for AIS patients.

Therefore, the purpose of this study was to investigate the association between stroke onset time and outcomes after EVT treatment in AIS patients at different ages. We hypothesized that circadian rhythm differences were more pronounced in younger stroke patients and were independently associated with outcomes.



2 Materials and methods


2.1 Patients selection

Data on patients with AIS admitted to The First Affiliated Hospital of Wenzhou Medical University from August 2018 to June 2022 were reviewed retrospectively. Inclusive criteria were as follow: (1) AIS of anterior or posterior circulatory large vessel occlusion confirmed by CTA or DSA; (2) No intracranial hemorrhage or cerebral edema observed on baseline CT; (3) Received EVT treatment within 24 h of onset; (4) Follow-up CT after surgery; (5) Complete laboratory and clinical data; (6) No deaths occurred during the hospitalization period. Thirty five patients were excluded for the following reasons: (1) Unrecorded operation time (n = 8); (2) Unknown medical history (n = 6); (3) Loss of baseline CT images (n = 6) and (4) Poor quality of CT images, causing difficulty to validate image characteristics such as brain edema and hemorrhagic transformation (n = 15). Finally, a total of 470 cases were enrolled. The patients were divided into two- groups [day-onset (6:00 h−18:00 h) vs. night-onset (18:00 h−6:00 h)] according to the onset time of stroke, or 4 age groups (<55 y, 55–64 y, 65–74 y and 75+ y) based on onset age (9). Stroke onset time was defined as time of first observed neurological deficits by patients or their relatives. The flowchart of the study was showed on Supplementary Figure 1. Our study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Wenzhou Medical University. The written informed consent was waived due to the retrospective design.



2.2 Data collection

We retrieved demographic and baseline clinical information, including sex, age, stroke onset time, stroke onset season (Spring for March to May, Summer for June to August, Autumn for September to November, and Winter for December to February), and medical history (hypertension, diabetes mellitus, smoke, drink, atrial fibrillation, previous history of stroke and coronary heart disease). Laboratory data included four items of blood coagulation (prothrombin time, fibrinogen, activated partial thromboplastin time, and thrombin time) and D-Dimer. Imaging data included the Alberta Stroke Program Early CT Score (ASPECTS) or posterior circulation Alberta Stroke Program Early CT Score (pc-ASPECTS) assessed on initial CT and malignant brain edema and hemorrhagic transformation (HT) assessed on review CT. Clinical features included admission and discharge National Institutes of Health Stroke Scale (NIHSS) scores, change in NIHSS score (ΔNIHSS: discharge NIHSS score minus admission NIHSS score), stroke subtypes, time from onset to EVT, and early vascular recanalization. Stroke subtypes were estimated by an experienced neurologist and are classified into three categories (cardioembolic stroke, large-artery atherosclerosis stroke, and other types of stroke) according to the Trial of Org 10172 in Acute Stroke Treatment criteria (14).



2.3 Outcome assessments

We explored the following primary outcomes based on NIHSS score: (1) Discharge severity of stroke, as measured by discharge NIHSS score (continuous variable); (2) Poor discharge prognosis, defined as discharge NIHSS ≥ 16 points (3). (3) Neurological function change, as measured by ΔNIHSS (continuous variable). (4) Neurological function deterioration, defined as ΔNIHSS ≥ 4 (15). In addition, we explored the following three secondary outcomes: (1) Malignant brain edema, defined as the presence of large hypodensity lesions at hemisphere causing midline shift >5 mm on CT review or need for decompressive hemicraniectomy or death (16); (2) HT evaluated on the 24-h review CT scan image; (3) Early vascular recanalization, described as modified Thrombolysis in Cerebral Infarction Score (mTICI) ≥ 2b.



2.4 Statistical analysis

Continuous variables were expressed as mean ± SD or median (IQR) based on their distribution and compared using Student T-test or Mann–Whitney U-test. Categorical variables were summarized as count (percentage) and compared using the χ2 test or Fisher's exact test. To assess the association of stroke onset time [day-onset (6:00 h−18:00 h) vs. night-onset (18:00 h−6:00 h) groups], multivariate linear regression was used for continuous outcome variables (discharge NIHSS score and ΔNIHSS score), and multivariate logistic regression was used for binary outcome variables (discharge NIHSS ≥16, ΔNIHSS ≥4, malignant brain edema, hemorrhagic transformation, and early vascular recanalization). We conducted not only extensive assessments in the overall cohort, but also subgroup analyses in different age groups (<55 y, 55–64 y, 65–74 y, and 75+ y). Age, sex, hypertension, diabetes mellitus, smoking, alcohol consumption, atrial fibrillation, previous history of stroke, coronary heart disease, onset to surgery time, and stroke onset season were added into the models as covariates.

Point-Biserial Correlation analysis was performed to investigate the correlation between discharge NIHSS score and malignant brain edema, HT, and early vascular recanalization. In addition, mediation models were developed to explore the role of malignant brain edema, HT, and early vascular recanalization on the association between onset time and discharge NIHSS score. Indirect effects were estimated with bias-corrected (BC) bootstrapping using 1,000 iterations. All analyses were performed using SPSS (version 25.0; IBM, Armonk, NY, USA) and Amos (version 26.0.0; IBM, Armonk, NY, USA) software. P < 0.05 was considered statistically significant. The significance of the BC bootstrap estimate was indicated by confidence intervals (CI) that did not contain 0 (17).




3 Results


3.1 Baseline characteristics of the study population

Table 1 summarizes the demographic and clinical characteristics of the overall cohort divided into day and night groups. The mean (±SD) age of stroke patients was 68.05 (±12.31) years, and 331 cases were men (70.4%). Patients who occurred stroke at night (18:00 h−6:00 h) were younger (P = 0.037), had a higher proportion of a history of atrial fibrillation (P = 0.041), and had longer onset to EVT time (P < 0.001). Other baseline variables were not significantly associated with stroke onset time. Here, we observed a circadian dependence in the stroke onset age. Although the age difference between the day-onset and night-onset groups was statistically significant, the absolute difference of 2.4 years is still of uncertain clinical relevance in the context of stroke outcomes.

TABLE 1 Demographic and clinical characteristics of total patients.


	Characteristics
	All patients (n = 470)
	6:00–18:00 (n = 275)
	18:00–6:00 (n = 195)
	P-value





	Demographic characteristics

 
	Gender, n (%)
	
	
	
	0.056

 
	 Male
	331 (70.4%)
	203 (73.8%)
	128 (65.6%)
	

 
	 Female
	139 (29.6%)
	72 (26.2%)
	67 (34.4%)
	

 
	Age, mean ± SD
	68.05 ± 12.31
	69.04 ± 12.16
	66.64 ± 12.42
	0.037*

 
	Stroke onset season, n (%)
	
	
	
	0.992

 
	Spring
	119 (25.3%)
	70 (25.5%)
	49 (25.1%)
	

 
	Summer
	127 (27.0%)
	75 (27.3%)
	52 (26.6%)
	

 
	Autumn
	107 (22.8%)
	63 (22.9%)
	44 (22.6%)
	

 
	Winter
	117 (24.9%)
	67 (24.4%)
	50 (25.6%)
	

 
	Stroke subtype, n (%)
	
	
	
	0.749

 
	Cardioembolism
	134 (28.5%)
	82 (29.8%)
	52 (26.6%)
	

 
	Large-artery atherosclerosis
	116 (24.7%)
	66 (24.0%)
	50 (25.6%)
	

 
	Other subtypes
	220 (46.8%)
	127 (46.2%)
	93 (47.7%)
	

 
	Medical history, n (%)

 
	Hypertension
	299 (63.6%)
	177 (64.4%)
	122 (62.6%)
	0.689

 
	Diabetes mellitus
	101 (21.5%)
	57 (20.7%)
	44 (22.6%)
	0.633

 
	Smoke
	178 (37.9%)
	110 (40.0%)
	68 (34.9%)
	0.259

 
	Drink
	156 (33.2%)
	91 (33.1%)
	65 (33.3%)
	0.956

 
	Atrial fibrillation
	108 (23.0%)
	54 (19.6%)
	54 (27.7%)
	0.041*

 
	Previous History of Stroke
	46 (9.8%)
	27 (9.8%)
	19 (9.7%)
	0.979

 
	Coronary heart disease
	46 (9.8%)
	30 (10.9%)
	16 (8.2%)
	0.331

 
	Radiological investigations

 
	ASPECT/pc-ASPECTS, median (IQR)
	8.0 (3.0)
	8.0 (3.0)
	8.0 (3.0)
	0.957

 
	Malignant brain edema, n (%)
	89 (19.0%)
	51 (18.5%)
	38 (19.5%)
	0.827

 
	Hemorrhagic transformation, n (%)
	181 (38.5%)
	111 (40.4%)
	70 (35.9%)
	0.327

 
	Clinical characteristics

 
	NIHSS on admission as continuous, mean ± SD
	15.84 ± 7.73
	16.09 ± 7.98
	15.50 ± 3.78
	0.420

 
	NIHSS on admission ≥ 16, n (%)
	223 (47.4%)
	136 (49.5%)
	87 (44.6%)
	0.283

 
	Onset to surgery time(min), median (IQR)
	408.5 (202.5)
	396.0 (160.0)
	432.0 (358.0)
	< 0.001*

 
	Early vascular recanalization(mTICI≥2b), n (%)
	391 (83.2%)
	228 (82.9%)
	163 (83.6%)
	0.884

 
	NIHSS on discharge as continuous, median (IQR)
	10.0 (18.0)
	10.0 (21.0)
	10.0 (15.0)
	0.669

 
	NIHSS on discharge ≥ 16, n (%)
	152 (32.3%)
	91 (33.1%)
	61 (31.3%)
	0.680

 
	ΔNIHSS as continuous, mean ± SD
	1.19 ± 13.06
	0.96 ± 13.46
	1.50 ± 12.50
	0.663

 
	ΔNIHSS ≥ 4, n (%)
	114 (24.3%)
	71 (25.8%)
	43 (22.1%)
	0.337

 
	Laboratory data

 
	Prothrombin time(s), mean ± SD
	14.45 ± 2.02
	14.41 ± 1.85
	14.51 ± 2.25
	0.636

 
	Fibrinogen(g/L), mean ± SD
	2.84 ± 0.92
	2.78 ± 0.90
	2.93 ± 0.94
	0.085

 
	Activated partial thromboplastin time(s), mean ± SD
	45.33 ± 21.26
	34.30 ± 6.02
	34.58 ± 5.58
	0.747

 
	Thrombin time(s), median (IQR)
	18.3 (6.6)
	18.6 (6.6)
	17.8 (6.5)
	0.349

 
	D-Dimer(mg/L), median (IQR)
	1.4 (2.3)
	1.5 (3.0)
	1.2 (1.8)
	0.083



NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early CT score; pc-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score; ΔNIHSS, discharge minus admission NIHSS score; mTICI, modified thrombolysis in cerebral infarction.

*Significant P-value.



Thereupon, we performed a subgroup analysis dividing patients into four groups based on stroke onset age: <55 y (n = 68), 55-64 y (n = 90), 65-74 y (n = 156), and 75+ y (n = 156). For each age group, we further divided day and night stroke onset time groups and conducted univariate analysis. Except for AIS patients younger than 55 years of age, the age of patients presenting with nighttime strokes is significantly different than those presenting with daytime strokes across the other three groups (Supplementary Tables 1–3). In patients aged 55–64, 65–74, and 75+ y, there were more males than females, while in the group aged <55 y, there were relatively equal numbers of males and females (Supplementary Figure 2). There were 68 patients younger than 55 years old, of which 37 (54.41%) were day-onset cases and 31 (45.59%) were night-onset. Patients who develop stroke at night were more likely to have a history of atrial fibrillation (P = 0.016). Among the day-onset patients, 12 cases (32.4%) had malignant brain edema (P = 0.024), 18 cases (48.6%) had HT (P = 0.026), 14 cases (37.8%) had discharge NIHSS score ≥16 (P = 0.020), and 13 cases (35.1%) had ΔNIHSS ≥ 4 (P = 0.014) (Table 2), suggesting that day-onset stroke patients younger than 55 years of age showed notable circadian rhythms in discharge outcomes, neurological deterioration, malignant brain edema, and HT. Whereas in the other three age groups, there was no significant difference (Supplementary Tables 1–3).

TABLE 2 Demographic and clinical characteristics of patients with age < 55 years.


	Characteristics
	 < 55 years patients (n = 68)
	6:00–18:00 (n = 37)
	18:00–6:00 (n = 31)
	P-value





	Demographic characteristics

 
	Gender, n (%)
	
	
	
	0.992

 
	 Male
	37 (54.4%)
	31 (83.8%)
	6 (19.4%)
	

 
	 Female
	31 (45.6%)
	26 (70.3%)
	5 (16.1%)
	

 
	Age, mean ± SD
	46.12 ± 6.41
	47.38 ± 5.72
	44.61 ± 6.95
	0.076

 
	Stroke onset season, n (%)
	
	
	
	0.090

 
	Spring
	17 (25.0%)
	6 (16.2%)
	11 (35.5%)
	

 
	Summer
	19 (27.9%)
	10 (27.0%)
	9 (29.0%)
	

 
	Autumn
	15 (22.1%)
	12 (32.4%)
	3 (9.7%)
	

 
	Winter
	17 (25.0%)
	9 (24.3%)
	8 (25.8%)
	

 
	Stroke subtype, n (%)
	
	
	
	0.581

 
	Cardioembolism
	13 (19.1%)
	8 (21.6%)
	5 (16.1%)
	

 
	Large-artery atherosclerosis
	18 (26.5%)
	11 (29.7%)
	7 (22.6%)
	

 
	Other subtypes
	37 (54.4%)
	18 (48.6%)
	19 (61.3%)
	

 
	Medical history, n (%)

 
	Hypertension
	32 (47.1%)
	16 (43.2%)
	16 (51.6%)
	0.491

 
	Diabetes mellitus
	7 (10.3%)
	4 (10.8%)
	3 (9.7%)
	0.600

 
	Smoke
	36 (52.9%)
	20 (54.1%)
	16 (51.6%)
	0.841

 
	Drink
	29 (42.6%)
	13 (35.1%)
	16 (51.6%)
	0.171

 
	Atrial fibrillation
	5 (7.4%)
	0 (0.0%)
	5 (16.1%)
	0.016*

 
	Previous History of Stroke
	2 (2.9%)
	2 (5.4%)
	0 (0.0%)
	0.496

 
	Coronary heart disease
	1 (1.5%)
	1 (2.7%)
	0 (0.0%)
	1.000

 
	Radiological investigations

 
	ASPECT/pc-ASPECTS, median (IQR)
	7.0 (3.0)
	7.0 (2.5)
	8.0 (2.0)
	0.249

 
	Malignant brain edema, n (%)
	15 (22.1%)
	12 (32.4%)
	3 (9.7%)
	0.024*

 
	Hemorrhagic transformation, n (%)
	25 (36.8%)
	18 (48.6%)
	7 (22.6%)
	0.026*

 
	Clinical characteristics

 
	NIHSS on admission as continuous, mean ± SD
	12.88 ± 6.10
	13.14 ± 6.66
	12.58 ± 5.45
	0.712

 
	NIHSS on admission ≥ 16, n (%)
	21 (30.9%)
	15 (40.5%)
	6 (19.4%)
	0.060

 
	Onset to surgery time(min), median (IQR)
	400.5 (220.3)
	414.0 (203.5)
	392.0 (261.0)
	0.868

 
	Early vascular recanalization(mTICI≥2b), n (%)
	55 (80.9%)
	27 (73.0%)
	28 (90.3%)
	0.070

 
	NIHSS on discharge as continuous, median (IQR)
	8.0 (12.8)
	11.0 (27.5)
	7.0 (8.0)
	0.053

 
	NIHSS on discharge ≥ 16, n (%)
	18 (26.5%)
	14 (37.8%)
	4 (12.9%)
	0.020*

 
	ΔNIHSS as continuous, median (IQR)
	3.0 (8.8)
	2.0 (22.0)
	5.0 (8.0)
	0.063

 
	ΔNIHSS ≥ 4, n (%)
	16 (23.5%)
	13 (35.1%)
	3 (9.7%)
	0.014*

 
	Laboratory data

 
	Prothrombin time(s), mean ± SD
	14.22 ± 1.88
	14.04 ± 1.27
	14.41 ± 2.41
	0.427

 
	Fibrinogen(g/L), median (IQR)
	2.6 (0.8)
	2.5 (0.6)
	2.6 (1.5)
	0.295

 
	Activated partial thromboplastin time(s), mean ± SD
	42.62 ± 23.13
	19.93 ± 7.96
	25.12 ± 23.88
	0.699

 
	Thrombin time(s), median (IQR)
	17.5 (4.53)
	17.4 (4.8)
	18.2 (3.9)
	0.717

 
	D-Dimer(mg/L), median (IQR)
	1.80 ± 2.97
	1.77 ± 2.42
	1.84 ± 3.49
	0.926



NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early CT score; pc-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score; ΔNIHSS, discharge minus admission NIHSS score; mTICI, modified thrombolysis in cerebral infarction.

*Significant P-value.





3.2 Associations of stroke onset time with discharge outcomes and neurological deterioration in patients younger than 55 years of age

We performed multivariable linear and logistic regression analysis for patients in different age groups. After adjusting for age, sex, hypertension, diabetes mellitus, smoking, alcohol consumption, atrial fibrillation, previous history of stroke, coronary heart disease, onset to EVT time, and stroke onset season, stroke onset time was independently associated with discharge NIHSS ≥ 16 (adjusted OR = 0.136, 95%CI = 0.027–0.678, P = 0.015), ΔNIHSS ≥ 4 (adjusted OR = 0.081, 95%CI = 0.012–0.544, P = 0.010), malignant brain edema (adjusted OR = 0.145, 95%CI = 0.027–0.798, P = 0.026), HT (adjusted OR = 0.231, 95%CI = 0.057–0.946, P = 0.042), early vascular recanalization (adjusted OR = 0.118, 95%CI = 0.017–0.813, P = 0.007) (Table 3) and discharge NIHSS score (standard β = −0.334, 95%CI: −0.021, −0.005, P = 0.003), ΔNIHSS score (standard β = 0.343, 95%CI = 0.005–0.022, P = 0.002) (Table 4). These results suggested that night-onset stroke had a better discharge prognosis and was less likely to suffer from neurological deterioration, malignant brain edema, and HT, and more likely to occur with early vascular recanalization.

TABLE 3 Multivariable logistic regression for associations between outcomes and stroke onset time of patients with age < 55 years.


	Characteristics
	Adjusted OR (95% CI)
	Adjusted P-value





	NIHSS on discharge≥16
	0.136 (0.027–0.678)
	0.015*

 
	ΔNIHSS≥4
	0.081 (0.012–0.544)
	0.010*

 
	Malignant brain edema
	0.145 (0.027–0.798)
	0.026*

 
	Hemorrhagic transformation
	0.231 (0.057–0.946)
	0.042*

 
	Early vascular recanalization(mTICI≥2b)
	0.118 (0.017–0.813)
	0.007*



Adjusted for: Age, Gender, Hypertension, Diabetes mellitus, Smoking, Alcohol consumption, Atrial fibrillation, Previous history of stroke, Coronary heart disease, Onset to surgery time, Stroke onset season.

NIHSS, National Institutes of Health Stroke Scale; ΔNIHSS, discharge minus admission NIHSS score; mTICI, modified thrombolysis in cerebral infarction.

*Significant P-value.



TABLE 4 Multivariable linear regression for associations between continuous outcomes and stroke onset time of patients with age < 55 years.


	Characteristics
	Standard β (95% CI)
	Adjusted P-value





	NIHSS on discharge as continuous
	−0.334 (−0.021 to −0.005)
	0.003*

 
	ΔNIHSS as continuous
	0.343 (0.005–0.022)
	0.002*



Adjusted for: Age, Gender, Hypertension, Diabetes mellitus, Smoking, Alcohol consumption, Atrial fibrillation, Previous history of stroke, Coronary heart disease, Onset to surgery time, Stroke onset season.

NIHSS, National Institutes of Health Stroke Scale; ΔNIHSS, discharge minus admission NIHSS score.

*Significant P-value.



Figure 1 shows the comparison of multivariate linear and logistic regression results of different outcome variables between different age groups. As illustrated, only patients with age <55 y showed circadian difference in functional outcomes, while in the other three age groups there was no independent correlation between functional outcomes and stroke onset time.


[image: Seven forest plots present odds ratios and standard B values for stroke outcomes by age group. Each plot compares different measures: NIHSS on discharge, ΔNIHSS, malignant brain edema, hemorrhagic transformation, and early vascular recanalization. Plots show confidence intervals and p-values for age groups < 55, 55-64, 65-74, and 75+ years. Significant p-values are marked with an asterisk. Data indicate how age impacts stroke outcomes, with some age groups showing significant differences in outcomes.]
FIGURE 1
 Multivariable and linear logistic regression results of outcomes in different age groups. (a–e) respectively represent multivariable logistic regression results of NIHSS on discharge≥16, ΔNIHSS≥4, malignant brain edema, hemorrhagic transformation and early vascular recanalization in different age groups. (f, g) Respectively represent multivariable linear regression results of NIHSS on discharge as continuous and ΔNIHSS as continuous. Adjusted for: Age, Sex, Hypertension, Diabetes mellitus, Smoking, Alcohol consumption, Atrial fibrillation, Previous history of stroke, Coronary heart disease, Onset to EVT time, Stroke onset season. NIHSS, National Institutes of Health Stroke Scale; ΔNIHSS, discharge minus admission NIHSS score. *Significant P-value.




3.3 Point-Biserial Correlation analysis and mediation analysis in patients younger than 55 years of age

The results of Point-Biserial Correlation analysis between discharge NIHSS score and malignant brain edema, HT, and early vascular recanalization are shown in Table 5. Discharge NIHSS score was positively associated with malignant brain edema (r = 0.358, P = 0.003) and HT (r = 0.336, P = 0.005), while there was no significant correlation between discharge NIHSS score and early vascular recanalization.

TABLE 5 Point-Biserial Correlation analysis of NIHSS on discharge as continuous with Malignant brain edema, Hemorrhagic transformation and Early vascular recanalization (mTICI ≥ 2b) of patients with age < 55 years.


	Characteristics
	NIHSS on discharge as continuous





	Malignant brain edema
	r = 0.345, P = 0.004*

 
	Hemorrhagic transformation
	r = 0.302, P = 0.012*

 
	Early vascular recanalization (mTICI ≥ 2b)
	r = −0.228, P = 0.062



NIHSS, National Institutes of Health Stroke Scale; mTICI, modified thrombolysis in cerebral infarction.

*Significant P-value.



Mediation model was established to investigate whether the association between stroke onset time and discharge NIHSS score was mediated by malignant brain edema, HT, or early vascular recanalization. With stroke onset time as the independent variable, discharge NIHSS score as the dependent variable, and malignant brain edema, HT, and early vascular recanalization as mediators, we found that the mediation effect was significant (c' = −3.221, BC 95%CI = −7.690; −0.464), in which only the pathway stroke onset time → malignant brain edema → discharge NIHSS score showed significant result (Figure 2). Therefore, HT and early vascular recanalization were removed from the model, and we established a simple mediation model of stroke onset time → malignant brain edema → discharge NIHSS score. The result showed that the indirect effect of malignant brain edema was significant (c' = −2.029, BC 95%CI = −6.217; −0.087) (Figure 2), implying that the correlation of stroke onset time and stroke prognosis was mediated by malignant brain edema.


[image: Diagram illustrating two models (a and b) of stroke onset time’s eects on NIHSS on discharge. In model (a), paths include stroke onset time to early vascular recanalization,malignant brain edema and hemorrhagic transformation, then to NIHSS, with noted significant and non-significant pathways. Direct and indirect eects are shown. Model (b) focuses on the path from stroke onset to malignant brain edema and to NIHSS, with significant direct and indirect eects noted. Statistics include coecients, significance, and confidence intervals.]
FIGURE 2
 Diagram of mediation analyses with pathways from stroke onset time to discharge NIHSS score. (a) Parallel mediation model; (b) simple mediation model. The number represents the regression coefficient for each path. Solid lines represent significant pathway and dotted lines represent not significant pathways. *Significant P-value. [;], The 95%CI of indirect effect validated by bootstrap test.





4 Discussion

In this study, we observed that: (1) Younger patients showed more significant diurnal-night differences in the outcomes than the elderly; (2) There were diurnal-night differences in discharge prognosis in younger (< 55 y) patients, the prognosis of night-onset was better than that of day-onset; (3) The circadian difference of stroke prognosis may be related to the diurnal difference of malignant brain edema. This is basically consistent with our original assumption.

In a recent study, Benali et al. (18) revealed this phenomenon: based on the findings that AIS patients treated with EVT at night were more likely to have a clinically favorable 3-month outcome, the author further compared the characteristics of patients treated at night with favorable vs. unfavorable outcomes and found no significant differences in other medical history characteristics other than age. Age is the most considerable risk factor for AIS, as it influence the outcome among AIS patients and can't be modified (19). Jayaraman et al. (20) quantified the relationship between age and prognosis after EVT and found that among recanalized patients, modified Rankin Scale (mRS) worsened with the increase of age. In our study, no circadian rhythm difference was found for AIS outcomes across the whole cohort. However, we also detected significant age differences between day-onset and night-onset patients. Similar to the previous study (18), we found that night-onset stroke patients were slightly younger than those with day-onset stroke. Therefore, we further performed a subgroup analysis based on stroke onset age. In addition to AIS patients younger than 55 y, there also existed a significant difference in the stroke onset age in the other three groups. We found that there were diurnal-night differences in discharge prognosis in younger (< 55 y) patients, the prognosis of night-onset was better than that of day-onset, while no circadian rhythm difference was found in the elderly. This suggested that age of onset may influence circadian differences in the outcomes of AIS patients treated with EVT.

The possible reason was that circadian rhythm is dynamic across lifetimes, with younger people having stronger circadian rhythms than older people. Recent animal studies have shown that glial expression of the clock protein PERIOD decreases with age in fly models (21) and drpr mRNA showed a rhythmic profile only in young flies compared with the older (22). Similarly, a recent human study showed that rhythmic programs of mRNA generally dampened with age in most tissues, which means that younger people have stronger rhythmic programs than older people (23). In addition, age-related changes in circadian rhythm may cause pathological changes, such as chronic inflammation and metabolic disorders (24). As a result, no diurnal difference in stroke prognosis was observed in older patients in our study. More attention should be paid to the effect of patient age on circadian rhythm in future stroke treatment and management. Moreover, the majority of animal studies on stroke used young-adult rodents, though stroke occurs mainly in the aged human population (25). The findings of this study provided a certain reference for the selection of animals for research purposes. Age may have been neglected in rodent models of stroke, which might be the reason why the translation of rodent models to human stroke was found difficult.

Moreover, we found that the circadian difference in stroke outcomes in young stroke patients may be related to the diurnal difference in malignant brain edema, HT, and early vascular recanalization. Among them, malignant brain edema mediated the association of circadian rhythm and the outcome of young stroke patients. Brain edema is one of the severe complications closely related to poor outcomes of stroke (26). Despite no circadian rhythm differences have been found in previously published studies (3, 6, 27), in this study, we observed circadian rhythm differences in malignant brain edema in young patients, which was more likely to occur during the day. We speculated that the underlying reasons might be related to the rhythmic changes in the blood-brain barrier (BBB) permeability and the glymphatic function. A recent animal study showed increasing BBB permeability during the active phase and decreasing BBB permeability during the resting phase of mice (28). Hence, we infer that the BBB permeability increased during diurnal active period, which ultimately increased the incidence of malignant brain edema after stroke. Whereas, the BBB permeability decreased during the night when the BBB rhythm is more stable, and therefore the probability of malignant brain edema during the night was lower. The glymphatic system also plays a vital role during the formation of brain edema, promoting the clearance of vascular edema in the late stage (29). A previous study showed that glymphatic clearance exhibit endogenous circadian rhythms, which was enhanced during sleep and inhibited during wakefulness period (30). This was consistent with our result that malignant brain edema was more likely to occur during the day. In contrast, in older adults, the nocturnal circadian rhythms were more erratic, hence no difference was observed. This speculation needs to be verified by further clinical and experimental studies in the future.

We acknowledged some limitations of our study. First, the proportion of patients in the younger age group (< 55 y) was relatively small, which may cause experimental occasion. Second, this is a retrospective study based on EVT, which may lead to possible selection bias. Third, due to the lack of data, we used the NIHSS score as the outcome measure instead of the mRS Score, which may be more representative. Last but not least, a key finding of our univariate analysis was that patients with night-onset stroke were significantly younger than those with day-onset stroke. However, this difference did not survive correction for multiple testing (Bonferroni correction). This highlights an important limitation of our study. The observed differences in Table 1, while intriguing and potentially clinically relevant (e.g., the 2.4-year age difference), must be interpreted with extreme caution as they may represent false positive findings. They should be considered as generating hypotheses rather than confirming associations. To address these limitations, future studies with larger sample sizes and a priori hypotheses are needed to validate whether the conclusions.

In conclusion, the onset age could influence the circadian difference in the outcome of AIS patients treated with EVT. The prognosis of young stroke patients (< 55 y) treated with EVT showed diurnal difference, night-onset patients showed better outcomes compared with day-onset patients, which may be related to the diurnal difference in malignant brain edema. However, these results were related to a small subgroup of patients and given the methodological statistical limitations (multiple testing correction), these results are only driving hypothesis. Further research with larger patient sizes are required to validate these results and explore the underlying mechanisms. More attention should be paid to the patient's age on the effect of circadian rhythm in future stroke treatment and management.
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