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Objective: Research is limited on whether circadian rhythm and sleep architecture alterations during acute intracerebral hemorrhage
(ICH) influence patient outcomes. This study aims to characterize these changes and explore their association with clinical prognosis,
offering new insights for diagnosis and treatment.

Methods: We enrolled 100 acute hemorrhagic stroke patients who underwent continuous, contactless sleep monitoring via a smart
mattress for 3—5 consecutive days. Prognosis was evaluated at discharge using the modified Rankin Scale (mRS), and patients were
classified into favorable or unfavorable outcome groups. Circadian rhythm parameters (IS, IV, RA) and sleep metrics (eg, total sleep
time, sleep latency, REM latency) during day and night were compared between groups. Multivariate logistic regression identified
independent prognostic factors, and ROC analysis evaluated their predictive value.

Results: Group comparisons revealed statistically significant differences in RA and nighttime sleep latency between the favorable and
unfavorable prognosis groups (P < 0.05). Binary logistic regression analysis identified nighttime sleep latency as an independent
predictor of functional outcome (95% CI: 1.066 ~ 1.128, P < 0.05), which remained significant after adjusting for potential
confounders (95% CI: 1.016 ~ 1.148, P < 0.05). The mean nighttime sleep latency was 18.14 minutes in the favorable group and
12.30 minutes in the unfavorable group. The area under the ROC curve (AUC) for nighttime sleep latency was 0.642 (95% CI:
0.526-0.757, P = 0.028), with an optimal cutoff value of 10.95 minutes, yielding a sensitivity of 72.2% and specificity of 53.6%.
Conclusion: Hemorrhagic stroke patients show disrupted circadian stability, with greater RA reductions in those with worse
outcomes. Nighttime sleep latency independently predicts poor prognosis with moderate accuracy. Circadian rhythm stability may
serve as a prognostic marker in hemorrhagic stroke to avoid implying causality.
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Introduction

Stroke is the second leading cause of death globally and can be broadly classified into ischemic stroke (IS) and
hemorrhagic stroke. Intracerebral hemorrhage (ICH), a major subtype of hemorrhagic stroke, accounts for approximately
27.9% of all new stroke cases. Although less common than IS, ICH is associated with significantly higher mortality and
more severe long-term disability.'

The circadian rhythm system regulates a wide array of vital physiological functions, including cortical arousal, sympa-
thetic nervous tone, cardiovascular dynamics, coagulation, immune activity, glucose homeostasis, and metabolism.”> ™ These
circadian-driven physiological oscillations are closely linked to stroke pathophysiology. For instance, the morning surge in
sympathetic activity increases the risk of plaque rupture and thromboembolic events, thereby elevating the incidence of acute
ischemic stroke.” Conversely, a failure of nocturnal blood pressure dipping has been identified as a risk factor for stroke.’
Additionally, stroke-related hormonal fluctuations also play crucial roles in determining prognosis. Elevated cortisol levels
post-stroke have been shown to exacerbate neuronal injury in ischemic brain regions, impair recovery, and worsen functional
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outcomes.” In contrast, increased levels of orexins—particularly orexin-A—have demonstrated neuroprotective effects in both
cerebral ischemia and ischemia-reperfusion injury (IRI) models.®

Sleep-wake cycles are essential physiological processes fundamental to maintaining overall health across the human lifespan.
Sleep is intimately involved in regulating metabolism,” neural plasticity,'® inflammatory responses,'' and apoptosis.'? Changes in
these processes during sleep are closely associated with the onset, progression, and prognosis of stroke.

The relationship between sleep and stroke can be viewed from three perspectives: (1) sleep and sleep disorders as risk
factors for stroke; (2) stroke as a risk factor for the development or exacerbation of sleep disorders; and (3) the impact of
transient sleep disturbances on stroke outcomes. Among these, the third aspect—how short-term sleep alterations
influence stroke prognosis—remains relatively underexplored.'?

A recent study'* reported that, in the acute phase of ischemic stroke, patients exhibit prolonged rapid eye movement
(REM) sleep latency and significantly reduced REM sleep duration. These alterations were found to be associated with
unfavorable outcomes. Moreover, the study suggested that acute ischemic stroke may disrupt circadian sleep-wake
organization, which could further contribute to poor prognosis.

However, evidence regarding the role of circadian rhythm disturbances and sleep architecture alterations in the acute
phase of intracerebral hemorrhage (ICH) is limited. The present study aims to investigate the characteristics of circadian
rhythmicity and sleep structure in patients with acute ICH and to explore their associations with clinical outcomes. These
findings may offer novel insights into clinical assessment and management strategies for patients with hemorrhagic stroke.

Materials and Methods
Study Population

As a retrospective study, we analyzed patients diagnosed with intracerebral hemorrhage (ICH) who were treated at the
Department of Neurology, Kailuan General Hospital and its Linxi Branch, both affiliated with North China University of
Science and Technology, between January 2020 and December 2024. A total of 148 patients were initially screened (104
males, 70.2%; 44 females, 29.7%). After applying the inclusion and exclusion criteria, 100 patients were ultimately
enrolled in the study (72 males, 72%; 28 females, 28%).

Patients were categorized into two groups based on their modified Rankin Scale (mRS) score at discharge, using
a cutoff score of 2. Those with mRS <2 were assigned to the favorable outcome group (n = 72), and those with mRS >2
were assigned to the unfavorable outcome group (n = 28).

This study was approved by the Ethics Committee of Kailuan General Hospital, North China University of Science
and Technology (Approval No. 2023027), and written informed consent was obtained from all participants.

Inclusion Criteria
(1) Age between 18 and 75 years, meeting the diagnostic criteria outlined in the 2019 Chinese Guidelines for the Diagnosis
and Treatment of Intracerebral Hemorrhage, with confirmation of hemorrhagic lesions via cranial CT; (2) No disturbance of

consciousness; (3) Sleep monitoring duration of >3 days, with a total daily recording time (day and night) of >8 hours.

Exclusion Criteria
(1) Patients with traumatic brain hemorrhage, post-thrombolysis hemorrhage, or subarachnoid hemorrhage; (2) History of
psychiatric disorders or cognitive impairment; (3) Severe functional impairment of major organs, including the heart,

lungs, and liver; (4) Use of sedative or sleep-promoting medications.

Clinical Data Collection

Baseline clinical information was collected for all patients, including sex, age, body mass index (BMI), and medical history
(hypertension, diabetes mellitus, hyperhomocysteinemia, and hyperlipidemia), as well as smoking and alcohol consumption
history.
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Neuroimaging data were obtained from the first non-contrast head CT scan performed upon hospital admission
(typically within 1 hour). Hematoma volume was calculated using the ABC/2 formula' and the location of intracerebral
hemorrhage was recorded accordingly.

Sleep Monitoring

Sleep monitoring was conducted using the SC-500 sleep monitoring system (Nanjing Bochuang Haiyun Electronic
Technology Co., Ltd). Sleep parameters were recorded across two time periods: daytime (06:00-18:00) and nighttime
(18:00-06:00 the following day). The recorded parameters included total recording time, total sleep time (TST), sleep
onset latency (SOL), rapid eye movement (REM) wake after sleep onset (WASO), light sleep duration, deep sleep
duration, non-rapid eye movement (NREM) sleep duration, and REM sleep duration. All sleep indices were reported as
the mean values relative to the total recording time.

Circadian Rhythm Assessment Criteria
Circadian rhythm variations were evaluated using three key parameters: interdaily stability (IS), intradaily variability
(IV), and relative amplitude (RA)."®

¢ Interdaily Stability (IS): IS assesses the stability of 24-hour circadian activity variations and the balance between
rest-activity rhythms and the circadian cycle. The IS value ranges from 0 to 1, with values closer to 1 indicating
a more stable circadian rhythm.

¢ Intradaily Variability (IV): IV quantifies the fragmentation of circadian activity variability by analyzing the
frequency and intensity of activity within a given time unit. It measures the transitions between rest and activity
periods over time. The IV value ranges from 0 to 1, with higher values indicating greater thythm fragmentation.

¢ Relative Amplitude (RA): RA is calculated using data from the most active 10-hour period (M10) and the least
active 5-hour period (L5) within a 24-hour cycle.

All of the above indices were derived from heart rate measurements recorded during sleep monitoring. The specific
calculation formulas are as follows:

—\2 — 2
1§ =P T G =X p X, = X)” o (Mio — Ls)

o p X (i —X) S -1D)Y (v—-x° (Mio+Ls)
n: Total monitoring duration (hours); p: 24 h; x;; Average heart rate in the h hour of daily monitoring; x:Average hourly
heart rate during the monitoring period. x;:Average heart rate in the i hour of the monitoring period;M;(: Total heart rate
during the most active 10-hour period;Ls: Total heart rate during the least active 5-hour period.

Neurological Functional Prognosis Assessment
Neurological prognosis was evaluated using the Modified Rankin Scale (mRS). The mRS scoring criteria are as follows:

0 points: No symptoms.

1 point: Mild symptoms that do not affect daily life.

2 points: Mild disability but able to independently perform daily activities.
3 points: Moderate disability, requiring partial assistance for daily activities.
4 points: Severe disability, requiring assistance for daily activities.

AR o

5 points: Profound disability, fully dependent on assistance for daily life.

Patients were categorized into two groups based on their mRS scores at discharge:
Good prognosis group: mRS score < 2
Poor prognosis group: mRS score > 2
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Statistical Analysis

Statistical analyses were performed using SPSS 26.0 software. Continuous variables following a normal distribution were
expressed as mean + standard deviation (x£s) and compared between groups using an independent sample #-test. Non-
normally distributed continuous variables were presented as median (P25, P75) and analyzed using the Mann—Whitney
U-test. Categorical variables were expressed as counts (%) and compared using the Chi-square y2 test.

Multivariate logistic regression analysis was conducted to identify significant predictors. Receiver operating char-
acteristic (ROC) curve analysis was used to evaluate the predictive value of relevant factors identified through multi-
variate logistic regression. A p-value < 0.05 was considered statistically significant. As this was an exploratory analysis,
no correction for multiple comparisons was applied.

Results

Comeparison of General Characteristics Between the Two Groups

A total of 100 patients with intracerebral hemorrhage were ultimately included in this study, comprising 72 in the
favorable outcome group and 28 in the poor outcome group. All continuous variables (age and BMI) met the assumptions
for independent samples #-test, as assessed by the Shapiro—Wilk test for normality (P > 0.05) and Levene’s test for
homogeneity of variances (P > 0.05). There were no statistically significant differences between the two groups in terms
of age, sex, BMI, or past medical history (P > 0.05) (Table 1).

Distribution of Hemorrhagic Brain Regions in the Two Groups

Among the 100 patients (72 with favorable outcomes and 28 with poor outcomes), chi-square tests for the distribution of
brain regions met the condition of expected frequencies >5 (except for small sample regions such as the pons and frontal
lobe, for which Fisher’s exact test was applied). The results showed no statistically significant differences in the
distribution of brain regions between the two groups (P > 0.05) (Table 2).

Table | Comparison of General Characteristics

Good Prognosis | Poor Prognosis | 1 (t) P
Group (n=72) Group (n=28)
Age (x £ 5) 62.60+11.59 64.86+10.72 0.893 | 0.374
BMI (kg/m?) 24.20+2.52 24.26+3.51 0.107 | 0915
Sex, n (%) 0.159 | 1.985
Male 49(68.10%) 23(82.10%)
Female 23(31.90%) 5(17.90%)
Smoking history, n (%) 0.205 1.606
No 41 (56.90%) 12 (42.90%)
Yes 31 (43.10%) 16 (57.10%)
Alcohol consumption history, n (%) 1.562 | 0.211
No 42 (58.30%) 14 (50.00%)
Yes 30 (41.70%) 14 (50.00%)
Hypertension, n (%) 0.568 | 0.451
No 6 (8.30%) 2 (7.10%)
Yes 66 (91.7%) 26 (92.90%)
Diabetes history, n (%) 0.851 0.356
No 53 (73.60%) 18 (64.30%)
Yes 19 (26.40%) 10 (35.70%)
Hyperlipidemia history, n (%) 0.558 | 0.455
No 58 (80.60%) 25 (89.30%)
Yes 14 (19.40%) 3 (10.70%)
Hyperhomocysteinemia history, n (%) 1.173 | 0.279
No 47 (65.30%) 15 (53.60%)
Yes 25 (34.70%) I3 (46.40%)
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Table 2 Distribution Results of Hemorrhagic Brain Regions in Patients with Hemorrhagic Stroke

Variables Total Good Prognosis Poor Prognosis * P
(n =100) Group (n = 28) Group (n = 72)

Basal Ganglia, n (%) 0.15 0.694
No 54 (54.00) 16 (57.14) 38 (52.78)
Yes 46 (46.00) 12 (42.86) 34 (47.22)

Brainstem, n (%) 0.00 1.000
No 93 (93.00) 26 (92.86) 67 (93.06)
Yes 7 (7.00) 2(7.14) 5 (6.94)

Pons, n (%) - 1.000*
No 99 (99.00) 28 (100.00) 71 (98.61)
Yes I (1.00) 0 (0.00) 1 (1.39)

Cerebellum, n (%) 0.00 1.000
No 95 (95.00) 27 (96.43) 68 (94.44)
Yes 5 (5.00) I (3.57) 4 (5.56)

Frontal Lobe, n (%) - 0.557*
No 97 (97.00) 28 (100.00) 69 (95.83)
Yes 3 (3.00) 0 (0.00) 3(4.17)

Parietal Lobe, n (%) 0.19 0.666
No 96 (96.00) 26 (92.86) 70 (97.22)
Yes 4 (4.00) 2(7.14) 2 (2.78)

Thalamus, n (%) 0.15 0.699
No 81 (81.00) 22 (78.57) 59 (81.94)
Yes 19 (19.00) 6(21.43) 13 (18.06)

Temporal Lobe, n(%) 0.00 1.000
No 96 (96.00) 27 (96.43) 69 (95.83)
Yes 4 (4.00) I (3.57) 3(4.17)

Occipital Lobe, n (%) 0.85 0.358
No 95 (95.00) 28 (100.00) 67 (93.06)
Yes 5 (5.00) 0 (0.00) 5(6.94)

Basal Ganglia and Thalamic, n (%) - 0.076*
No 98 (98.00) 26 (92.86) 72 (100.00)
Yes 2 (2.00) 2(7.14) 0 (0.00)

Temporal and Frontoparietal, n (%) - 1.000*
No 99 (99.00) 28 (100.00) 71 (98.61)
Yes I (1.00) 0 (0.00) 1 (1.39)

Parieto-occipital, n (%) - 0.280*
No 99 (99.00) 27 (96.43) 72 (100.00)
Yes I (1.00) 1 (3.57) 0 (0.00)

Thalamic and Temporo-occipital Junction, n (%) - 0.280*
No 99 (99.00) 27 (96.43) 72 (100.00)
Yes I (1.00) 1 (3.57) 0 (0.00)

Frontotemporal, n (%) - 1.000*
No 99 (99.00) 28 (100.00) 71 (98.61)
Yes I (1.00) 0 (0.00) I (1.39)

Note: *Indicates the use of Fisher’s exact test.

Comparison of Hematoma Volume Between the Two Groups
The median hematoma volume in the poor outcome group was 5.33 mL, which was significantly higher than that in the
favorable outcome group (2.92 mL) (P = 0.030), indicating a statistically significant difference (Table 3).
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Table 3 Comparison of Hemorrhage Volume Between Groups

Total
(n =100)

Variables Good Prognosis

Group (n = 28)

Poor Prognosis z P
Group (n = 72)

—1.996 0.046

Hemorrhage volume (mL), M (Q1, Q;) | 3.50 (1.70, 5.99) | 533 (2.02, 8.69) 2.92 (1.59, 5.18)

Abbreviations: M, Median; Q1, Ist Quartile; Qs, 3rd Quartile.

Comparison of Circadian Rhythm and Sleep Structure Parameters Between the Two
Groups

Among the 100 patients, the poor outcome group showed a significantly lower Relative Amplitude (RA) (P =0.014) and
a significantly shorter nighttime sleep latency (P = 0.029), while no significant differences were found between the
groups for the other indicators (P > 0.05) (Table 4).

Circadian Rhythm Changes in the Two Groups

A line chart was used to depict the 72-hour average heart rate variations in both groups (Figure 1). The results showed
that in the good prognosis group, the heart rate curve exhibited a distinct circadian rhythm pattern, characterized by
higher values during the daytime and lower values during the nighttime. In contrast, the poor prognosis group displayed

a blunted circadian rhythm, with a flattened heart rate curve and less pronounced day-night fluctuations.

Comparison of Hematoma Volume Between the Two Groups Based on Brain Regions
After stratifying patients by brain region, hematoma volume was compared between the favorable and poor outcome
groups within each region. Among the 46 patients with basal ganglia hemorrhage (12 in the poor outcome group and 34

Table 4 Comparative Analysis of Circadian Rhythms and Sleep Architecture Parameters Between Groups

Variables Good Prognosis Poor Prognosis Statistic P
Group (n = 28) Group (n = 72)

IS, M (Q1, Qs) 0.32 (0.20, 0.53) 0.30 (0.20, 0.53) Z=-0.05 | 0.960
IV, M (Q1, Qs) 0.65 (0.41, 0.86) 0.57 (0.45, 0.82) Z=-0.33 | 0.738
RA, M (Q1, Qs) 0.34 (0.33, 0.35) 0.35 (0.34, 0.36) Z=-247 | 0014
TST-day M (Q+, Qs) 455.80 (392.58, 581.00) | 483.62 (433.85, 549.15) | Z=-0.46 | 0.642
SOL-day, M (Q1, Q3) 10.67 (5.95, 14.85) 12.70 (6.90, 18.15) Z=-0.84 | 0401
REML-day, M (Q1, Q3) 36.60 (28.65, 55.79) 44.20 (29.36, 59.76) Z=-0.63 | 0.526
WASO-day, M (Q1, Q3) 73.00 (61.05, 84.60) 79.80 (67.15, 92.61) Z=-1.28 | 0.200
Daytime light sleep time, M (Q1, Qs) 317.00 (276.92, 374.80) | 331.60 (288.73, 371.20) | Z=-0.28 | 0.779
Daytime deep sleep time, M (Q1, Q3) 42.03 (28.12, 53.60) 30.20 (18.10, 51.00) Z=-135 | 0.177
Daytime NREM sleep duration, M (Q1, Q3) 347.40 (309.25, 456.25) | 376.10 (335.00, 418.17) | Z=-0.55 | 0.583
Daytime REM sleep duration, M (Q1, Qz3) 112.20 (88.20, 129.55) 112.47 (93.30, 136.75) Z=-0.50 | 0615
Daytime sleep efficiency, M (Q1, Q3) 0.85 (0.83, 0.86) 0.84 (0.81, 0.87) Z=-043 | 0.664
TST-night, M (Q1, Q3) 590.50 (524.06, 632.75) | 585.60 (526.45, 615.52) | Z=-0.55 | 0.583
SOL-night, M (Q1, Qs) 10.35 (7.45, 16.93) 15.70 (10.20, 23.40) Z=-2.19 | 0.029
REML-night, M (Q1, Qz3) 36.90 (29.35, 59.30) 36.70 (24.75, 56.70) Z=-0.73 | 0.463
WASO-night, M (Q1, Q3) 72.50 (59.20, 80.30) 76.17 (64.07, 85.75) Z=-1.17 | 0.242
Nighttime light sleep time, M (Q1, Q3) 371.90 (334.67, 412.55) | 370.20 (335.75, 411.05) | Z=-0.29 | 0.770
Nighttime deep sleep time, M (Q1, Qs) 68.17 (56.70, 92.58) 64.60 (46.40, 87.15) Z=-0.78 | 0.436
Nighttime NREM sleep duration, M (Q1, Qz) | 452.70 (404.25, 474.30) | 447.10 (417.15, 469.80) | Z=—-0.67 | 0.504
Nighttime REM sleep duration, M (Q1, Q3) 136.10 (101.58, 144.50) 137.03 (107.40, 154.20) | Z=-0.50 | 0.615
Nighttime sleep efficiency, M (Q1, Q3) 0.87 (0.86, 0.89) 0.86 (0.83, 0.88) Z=-19I 0.056

Abbreviations: No multiple test correction M, Median; Q1, Ist Quartile; Qs, 3rd Quartile.
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in the favorable outcome group), the hematoma volume was significantly different between the two groups (P < 0.05). No

statistically significant differences were observed between the two groups in other brain regions (P > 0.05) (Table 5).

Multivariate Analysis of Prognostic Factors in Patients with Hemorrhagic Stroke
Multivariate Analysis of Circadian Rhythm and Sleep Structure Parameters in Relation to Hemorrhagic Stroke

Prognosis

A binary logistic regression analysis was conducted using nighttime sleep latency and relative amplitude (RA) as indepen-

dent variables, with prognosis outcome (good or poor) as the dependent variable. The results indicated that nighttime sleep

latency was an independent risk factor for poor prognosis in patients with hemorrhagic stroke (P < 0.05). (Table 6).

Table 5 Intergroup Comparison of Cerebral Hemorrhage Volume by Brain Regions

Variables

Hemorrhage

Basal Ganglia, M (Q1, Qs)

Thalamus, M (Q1, Qs)

Total (n=46)

Poor prognosis group (n=12)
Good prognosis group (n=34)
z
P
Total (n=19)

Poor prognosis group (n=6)
Good prognosis group (n=13)

6.14 (447, 13.84)
3.47 (1.77, 5.69)
-2.16
0.030

2.62 (1.97, 4.82)
3.66 (2.00, 5.39)

z -0.47
P 0.639
Brainstem, M (Q1, Q3) Total (n=7)
Poor prognosis group (n=2) 1.00 (0.77, 1.23)
Good prognosis group (n=5) 0.80 (0.78, 0.80)
z 0.00
P 1.000
(Continued)
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Table 5 (Continued).

Variables Hemorrhage
Cerebellum, M (Q1, Qs) Total (n=5)
Poor prognosis group (n=1) 1.43 (1.43, 1.43)
Good prognosis group (n=4) 2.12 (1.20, 3.36)
z 0.00
P 1.000
Parietal Lobe, M (Q1, Q3) Total (n=4)

Poor prognosis group (n=2) 14.82 (10.72, 18.93)
Good prognosis group (n=2) 8.00 (4.72, 11.28)

z —0.43
P 0.667
Temporal Lobe, M (Q1, Q3) Total (n=4)
Poor prognosis group (n=1) 2.60 (2.60, 2.60)
Good prognosis group (n=3) 1.70 (1.63, 3.43)
z 0.00
P 1.000

Abbreviations: M, Median; Q1, first quartile; Qs, third quartile; P, P-value (Mann-Whitney U-test).

Table 6 Multivariable Analysis of Prognostic Factors in
Hemorrhagic Stroke Patients

Variables B S.E y A P OR (95% CI)

Intercept 0.046 | 0.462 | 0.010 | 0.921
RA 0.435 | 0.249 | 3.147 | 0.076 | 1.545 (0.955 ~ 2.499)
SOL-night | 0.064 | 0.029 | 4.756 | 0.029 | 1.066 (1.066 ~ 1.128)

Note: RA has undergone standardization treatment.

Multivariate Regression Analysis of Nighttime Sleep Latency in Relation to Hemorrhage Location and Volume
Given the potential influence of hematoma volume and hemorrhage location on the prognosis of hemorrhagic stroke
patients, a regression analysis was performed to control for these confounding factors by including both hematoma
volume and hemorrhage location alongside nighttime sleep latency as independent variables.

After adjusting for confounding factors, the results demonstrated that nighttime sleep latency remained an indepen-
dent risk factor for poor prognosis (P < 0.05) (Table 7).

Table 7 Logistic Regression Analysis of Combined Effects: Nighttime Sleep Latency,
Hemorrhage Volume and Location

Variables B S.E y A P OR (95% CI)
Brain region™ 5.246 | 0.155
Supratentorial cortical regions’ | —0.094 | 0.044 | 4.450 | 0.035 | 0.911 (0.835 ~ 0.993)
Posterior fossa" —0.064 | 0.074 | 0.742 | 0.389 | 0.938 (0.811 ~ 1.085)
Others" 0.100 | 0.249 | 0.160 | 0.689 | 1.105(0.679 ~ 1.798)
SOL-night” 0.077 | 0.031 | 6.103 | 0.013 | 1.080(1.016 ~ 1.148)

Notes: *Supratentorial deep regions *Bleeding volume; YInteraction with hemorrhage volume.|) Multicollinearity
was ruled out based on VIF diagnostics (all variables had VIF < 3.0);2) Covariates in the model included: nocturnal
sleep latency, brain region classification, standardized hemorrhage volume, and the interaction term between brain
region and hemorrhage volume;3) Brain region classification was defined as follows: Supratentorial deep regions: basal
ganglia + thalamus; Supratentorial cortical regions: frontal lobe + parietal lobe + temporal lobe; Posterior fossa:
brainstem + cerebellum + pons; Others: occipital lobe + multifocal lesions.
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Box Plot of Nighttime Sleep Latency in Hemorrhagic Stroke Patients

The nighttime sleep latency was 18.14 minutes in the good prognosis group and 12.30 minutes in the poor prognosis
group. The good prognosis group exhibited a longer nighttime sleep latency compared to the poor prognosis group
(Figure 2).

Predictive Value of Nighttime Sleep Latency for Prognosis in Hemorrhagic Stroke

Patients

The area under the ROC curve (AUC) for nighttime sleep latency in predicting prognosis was 0.642 (95% CI:
0.526-0.757, P = 0.028). The cutoff value for nighttime sleep latency was 10.95 minutes, with a sensitivity of 72.20%
and a specificity of 53.6% (Figure 3).

80 q s

20 |

Poor prognosis group Good prognosis group

Figure 2 Box plot of nighttime sleep onset latency in patients with hemorrhagic stroke.
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00
00 02 04 06 08 10
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Figure 3 ROC curve of nighttime sleep onset latency for predicting outcomes in patients with hemorrhagic stroke.
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Discussion

This study found that hematoma volume in hemorrhagic stroke patients was larger in the poor prognosis group compared
to the good prognosis group, consistent with previous studies.'”"'® Regarding circadian rhythm parameters, the relative
amplitude (RA) was lower in the poor prognosis group than in the good prognosis group. Among sleep structure
parameters, nighttime sleep latency was shorter in the poor prognosis group.

After controlling for potential confounding factors, our findings suggest that nighttime sleep latency in the acute
phase of hemorrhagic stroke remains a positive factor for prognosis. A moderate prolongation of nighttime sleep latency
during the acute phase may facilitate recovery in hemorrhagic stroke patients. Furthermore, ROC curve analysis
demonstrated that nighttime sleep latency has a certain predictive value for the prognosis of acute hemorrhagic stroke.

The homeostasis of circadian rhythms is closely associated with whole-brain neuronal activity, cortical functional
plasticity regulation, and various physiological processes, including cell maintenance, synaptic scaling, firing rate
homeostasis, and memory consolidation, all of which are achieved through sleep.'’

In mammals, the synthesis of pineal melatonin is regulated by the suprachiasmatic nucleus (SCN) of the hypotha-
lamus, which functions as the master circadian clock. This process is synchronized with the external light/dark cycle via
intrinsically photosensitive retinal ganglion cells (ipRGCs), which transmit environmental light cues to the SCN,
restricting melatonin production to nighttime.°

Stroke directly disrupts circadian rhythms, and environmental factors such as continuous incandescent lighting and noise
in hospital wards can further disturb melatonin secretion. Since melatonin plays a crucial role in immune regulation,
antioxidation, neurotransmission, and synaptic plasticity, such disturbances may negatively impact recovery.>'*2

Studies have shown that stable circadian sleep rhythms enhance post-stroke motor learning and play a significant role
in neuroplasticity and functional recovery.'* In our study, IS and IV—both indicators of circadian rhythm integrity—did
not show significant differences between the poor prognosis group and the good prognosis group. However, the IS values
in these groups were 0.30 and 0.32, respectively, suggesting that circadian rhythm stability was markedly reduced in this
population, as higher IS values (closer to 1) indicate a more stable circadian rhythm.

Similarly, regarding RA, the poor prognosis group exhibited a lower RA value compared to the good prognosis group,
indicating that patients with poor prognosis in this hemorrhagic stroke cohort had blunted circadian fluctuations. This
finding aligns with our 72-hour average heart rate circadian rhythm plots, where we visually observed that in the good
prognosis group, heart rate demonstrated a more pronounced diurnal rise (7:00-17:00) and nocturnal decline (18:00—
6:00), with a more distinct nadir at 3:00, compared to the poor prognosis group.

Heart rate itself exhibits 24-hour oscillations, which are generally attributed to well-characterized circadian fluctua-
tions in autonomic nervous system activity, neurotransmitters, and hormones.”> Disruptions in these fundamental
circadian regulatory mechanisms can lead to pathological consequences.>* While both groups exhibited flattened
circadian rhythm curves, the good prognosis group still retained greater heart rate variability across the day-night
cycle compared to the poor prognosis group. This suggests that hemorrhagic stroke contributes to circadian rhythm
disruption, while also implying that preserving near-normal circadian rhythmicity post-stroke may facilitate recovery.

Patients with hemorrhagic stroke who sleep for more than 12 hours per day can be diagnosed with hypersomnia, also
known as excessive sleepiness, which is one of the most common sleep disorders associated with hemorrhagic stroke.?

In this cohort of hemorrhagic stroke patients, the total daytime sleep duration was 7.60 hours in the poor prognosis
group and 8.06 hours in the good prognosis group. The total nighttime sleep duration was 9.84 hours in the poor
prognosis group and 9.76 hours in the good prognosis group. The 24-hour sleep duration in both groups exceeded
12 hours per day, meeting the criteria for hypersomnia.

The primary cause of excessive sleep in these patients is brain edema induced by hemorrhage, which disrupts the
specific ascending projection system, thereby interrupting arousal signals to the brain and impairing the “wakefulness
center” in the hypothalamus. Furthermore, neuronal death leads to a reduction in the synthesis of key wakefulness-related
neurotransmitters, including dopamine, norepinephrine, and acetylcholine.*®

Studies have confirmed that orexin plays a crucial role in the central nervous system by maintaining wakefulness.?’
Orexinergic neurons receive extensive afferent projections from the cortex and limbic system, including the prefrontal
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cortex, bed nucleus of the stria terminalis, and amygdala, as well as from brainstem regions, such as the dorsal raphe
nucleus and rostral ventrolateral medulla.”®° Efferent fibers from orexinergic neurons project to multiple brain regions
involved in arousal regulation, including the ventral tegmental area, nucleus accumbens, basal forebrain, locus coeruleus,
dorsal raphe nucleus, amygdala, and reticular formation.*'>?

In our cohort of hemorrhagic stroke patients, the hematoma volume in the basal ganglia was larger in the poor prognosis
group than in the good prognosis group. This suggests that as the hematoma expands, the corresponding neural network
structures may undergo more severe suppression, potentially contributing to excessive sleepiness in ICH patients.

Nocturnal SOL refers to the time required to transition from attempting to fall asleep to actual sleep onset. It is an
important parameter for assessing sleep quality and sleep disorders. The normal SOL typically ranges from 10 to
20 minutes, whereas an SOL exceeding 30 minutes is indicative of insomnia.

Our study found that during the acute phase of hemorrhagic stroke, the mean nocturnal SOL was 12.30 minutes in the
poor prognosis group, compared to 18.14 minutes in the good prognosis group (Figure 3). When the nocturnal SOL was
10.95 minutes, the sensitivity for predicting hemorrhagic stroke prognosis was 72.20%, with a specificity of 53.6%.

Our findings suggest that a moderate prolongation of nocturnal SOL serves as an independent protective factor for the
prognosis of hemorrhagic stroke patients. These patients exhibit significantly increased 24-hour sleep duration, and
maintaining a relatively prolonged wakefulness period during the transition between daytime and nighttime sleep—rather
than immediately re-entering sleep—may confer potential prognostic benefits.

Previous studies have indicated that orexin exerts neuroprotective effects by regulating the OX1 receptor (OX1R)-mediated
MAPK/ERK/mTOR signaling pathway, which inhibits excessive autophagy.>* Additionally, orexin has been shown to protect
neurons from oxidative stress-induced damage.>> Thus, we hypothesize that in hemorrhagic stroke patients, the sleep-wake cycle
is influenced by both melatonin and orexin, while intracerebral hemorrhage itself may alter their secretion. Based on this
interaction, we propose that a moderate prolongation of nocturnal SOL (rather than excessive wakefulness) during the acute
phase of hemorrhagic stroke may contribute to better functional recovery and improved prognosis.

A moderate prolongation of nocturnal SOL in hemorrhagic stroke patients may also be associated with the activation
and inhibition of the ascending reticular activating system (RAS). The reticular formation is a collection of neuronal
networks extending from the rostral midbrain to the rostral medulla, named for its loosely arranged, net-like structure.
This formation comprises various nuclei clusters, which mediate multiple physiological functions, among which the RAS
plays a critical role in wakefulness and consciousness. The RAS is primarily located in the central and dorsal brainstem,
spanning the caudal midbrain to the pontomesencephalic region.36

In our study population, both the poor prognosis group (17.4 h/day) and the good prognosis group (17.8 h/day)
exhibited excessive sleep duration, indicative of a hypersomnolence state. Given that the poor prognosis group had
a shorter nocturnal SOL compared to the good prognosis group, We propose an exploratory hypothesis: nocturnal SOL
may reflect a potential association with ascending reticular activating system integrity in hemorrhagic stroke patients.
Specifically, patients with a moderately prolonged nocturnal SOL may have a relatively preserved RAS function, which,
in turn, may facilitate their daily functional recovery to some extent.

Moreover, the shortened sleep onset latency (SOL) observed in patients with poor prognosis may be associated with
post-stroke fatigue (PSF). Previous studies have demonstrated significant correlations between PSF and various abnormal
sleep parameters, including poor sleep quality, increased daytime sleepiness, prolonged and more frequent daytime naps,
and elevated frequency of nocturnal awakenings.’’ Although direct evidence linking SOL to PSF is currently lacking,
mechanistic studies suggest that impaired activity of orexin (hypocretin) neurons—a key driver of PSF**—may also
underlie SOL reduction. Given that orexin plays a central role in maintaining wakefulness within the central nervous
system,”’ damage to the hypothalamic orexinergic pathways following hemorrhagic stroke may contribute to both the
development of PSF and the pathological shortening of SOL through a dual-pathway mechanism.

Summary

Patients with hemorrhagic stroke exhibit poor stability in their circadian rhythms, with a more pronounced reduction in
RA in cases of poor prognosis. Nocturnal SOL is an independent risk factor for hemorrhagic stroke prognosis and has
certain predictive value. Maintaining a relatively intact circadian rthythm may be beneficial for patient recovery.
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Limitation

Our study identified nocturnal SOL as an independent risk factor for hemorrhagic stroke prognosis, which may be
associated with circadian rhythm disruption and altered hormonal secretion following stroke. However, this hypothesis
requires further validation through additional studies, such as investigations into acute-phase changes in hormonal
markers like melatonin and orexin in patients with ICH.

Although we controlled for key confounding factors such as hematoma volume and location, it is important to
acknowledge that sleep disturbances are highly prevalent after ICH and can contribute to autonomic dysfunction,*
catecholamine imbalance,*® and cortisol dysregulation.*' These factors, in turn, may influence stroke onset, progression,
and prognosis. Therefore, our findings may still be affected by confounding factors such as obstructive sleep apnea
(OSA) and other sleep disorders. Further studies are warranted to elucidate these potential influences and strengthen the
validity of our conclusions.

Finally, the relatively small sample size in this study may limit the statistical power and generalizability of the results.
A small sample size could reduce the statistical efficiency of subgroup analyses and may amplify the influence of
individual variability on overall outcomes. Therefore, future studies with larger sample sizes and multicenter, prospective

cohorts are warranted to further validate our findings.
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