
O R I G I N A L  R E S E A R C H

The Role of Mature Brain-Derived Neurotrophic 
Factor and Its Precursor in Predicting Early-Onset 
Insomnia in Stroke Patients Experiencing Early 
Neurological Deterioration
Guomei Shi 1,2, Peng Yu 2,3, Ziru Wang2,4, Mingyang Xu2,3, Minwang Guo2,3, Xiaorong Wang2,3, 
Rujuan Zhou 2,3

1Department of Neurology, Taixing Clinical College of Bengbu Medical College, Taixing, Jiangsu, People’s Republic of China; 2Stroke Center, Taixing 
People’s Hospital, Taixing, Jiangsu, People’s Republic of China; 3Department of Neurology, Taixing People’s Hospital, Taixing, Jiangsu, People’s Republic 
of China; 4Department of Rehabilitation, Taixing People’s Hospital, Taixing, Jiangsu, People’s Republic of China

Correspondence: Rujuan Zhou, Taixing People’s Hospital, No. 1 Changzheng Road, Taixing, Jiangsu Province, 225400, People’s Republic of China, 
Tel +86-13951158499, Email zhourujuan123@163.com 

Background: The investigation and management of early-onset insomnia (EOI) in patients undergoing early neurological deteriora-
tion (END) appear to be insufficiently prioritized in clinical practice. Brain-derived neurotrophic factor (mBDNF) and its precursor, 
proBDNF, play essential roles in neuroplasticity and may be involved in the pathophysiological mechanisms underlying EOI. This 
study aimed to investigate the associations of serum mBDNF, proBDNF, and the mBDNF/proBDNF ratio with EOI in stroke patients 
experiencing END.
Methods: In a prospective cohort study from October 2021 to December 2023, 232 stroke patients with END and 56 healthy controls 
(HCs) were enrolled. Serum levels of mBDNF and proBDNF were quantified using enzyme-linked immunosorbent assays. EOI was 
diagnosed according to the International Classification of Sleep Disorders, Third Edition (ICSD-3). Patients with END were 
categorized into subgroups based on the presence or absence EOI.
Results: Serum levels of mBDNF, proBDNF, and the mBDNF/proBDNF ratio were significantly lower in END patients compared to 
those in HCs (all p < 0.05). Among the 232 END patients, 82 (35.3%) developed EOI. Those with EOI had significantly lower levels 
of mBDNF and the mBDNF/proBDNF ratio compared to those without EOI (all p < 0.001). Multivariate logistic regression analysis 
revealed that male gender (p = 0.026), Hamilton Depression Rating Scale (HAMD) scores (p < 0.001), mBDNF (p = 0.009), and the 
mBDNF/proBDNF ratio (p < 0.001) were independent predictors of EOI in END patients. The areas under the curve (AUC) for 
mBDNF and the mBDNF/proBDNF ratio were 0.686 and 0.778, respectively.
Conclusion: Our study identified a correlation between reduced mBDNF levels and a decreased mBDNF/proBDNF ratio with the 
development of EOI in END patients. In addition, the mBDNF/proBDNF ratio may provide greater insight as a promising biomarker 
for EOI than mBDNF or proBDNF alone.
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Introduction
Stroke represents a serious global health challenge, being a leading cause of mortality and morbidity in China.1,2 Early 
neurological deterioration (END) is relatively common within the first 48 hours after acute ischemic stroke (AIS) and has 
garnered increasing attention in recent years.3 Post-stroke individuals frequently experience deficits in mobility, cogni-
tion, language, and emotion regulation. In addition, self-reported insomnia has a considerable frequency among stroke 
survivors, affecting an estimated 52.4% to 70.2% of them, with nearly half experiencing insomnia for the first time.4–6 

Insomnia in the early stage of stroke is reported to be strongly associated with worse cognitive performance, increased 
risks of fatigue, depression and anxiety, greater disability and mortality, as well as decreased quality of life.7–9 Insomnia 
is a critical factor in the recovery process of stroke survivors; however, current clinical practices exhibit substantial 
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deficiencies in addressing early-onset insomnia (EOI) among patients experiencing END. Despite its significance, EOI in 
this patient cohort appears to be inadequately investigated and insufficiently prioritized. The prompt identification and 
effective management of EOI are essential for enhancing stroke rehabilitation and promoting neurological recovery 
following END, underscoring the necessity to rectify these shortcomings in clinical practice.

The pathophysiology of insomnia following END is complex and involves multiple factors. Alterations in neuro-
transmitters, inflammatory cytokines, and neurotrophins may be proposed as potential biomarkers for EOI. However, due 
to the limited focus on post-stroke insomnia, research on biomarkers associated with insomnia following a stroke remains 
scarce. Only a limited number of small-sample studies, primarily from Chinese populations, have investigated the 
predictive value of biomarkers such as cholecystokinin-8 (CCK-8), substance P (SP), serotonin (5-HT), γ- 
aminobutyric acid (GABA), tumor necrosis factor (TNF), and gut microbiota for post-stroke insomnia, yielding results 
with limited statistical power.10–13 To date, no studies have yet investigated the potential of neurotrophins as biomarkers 
for EOI, indicating a significant gap in the literature.

Brain-derived neurotrophic factor (BDNF), a pivotal component of the neurotrophin family, is bounteously expressed 
across the mammalian brain and is capable of crossing the blood-brain barrier.14 Initially released as precursor BDNF 
(proBDNF), it undergoes intracellular or extracellular cleavage to mature BDNF (mBDNF). Mature BDNF is 
a neuroprotective neurotrophin that plays essential role in promoting neuronal survival, neurite growth, synaptic 
plasticity, and synaptic transmission by binding to tyrosine kinase receptor B (TrkB).15 In contrast, proBDNF initiates 
apoptosis and inhibits neurite growth via p75 neurotrophin receptor (p75NTR).16 Hence, the relative levels of mBDNF and 
proBDNF, which should determine the balance between survival and apoptotic neuron, are key regulators in modulating 
the structure and function in various neurological and psychiatric disorders including stroke and insomnia.

Previous studies have consistently demonstrated that mBDNF levels were significantly lower in AIS patients 
compared to healthy individuals.17 Within the AIS cohort, lower mBDNF levels correlated with cognitive and emotional 
disorders, as well as poor functional prognosis.17–19 Besides, in a rat model of AIS, BDNF showed the capacity to 
enhance the therapeutic efficacy of neural stem cell-derived exosomes, underscoring a close affinity between BDNF and 
AIS.20 However, the association between BDNF and insomnia has yielded inconsistent results, with increased BDNF 
levels observed in patients with acute sleep deprivation, yet decreased in those with chronic insomnia.21,22 The 
relationship between BDNF and EOI in AIS patients with END remains unexplored. Furthermore, little is known 
about the role of proBDNF in insomnia or stroke. Recently, the ratio between mBDNF and proBDNF has been proposed 
as a potential biomarker for neuroplasticity in several neurological disorders, such as Parkinson’s disease, mild cognitive 
impairment, intracerebral hemorrhage, as well as autism spectrum disorders.23–26 To our knowledge, no studies up to date 
have appraised the levels of mBDNF, proBDNF, or the mBDNF/proBDNF ratio in the context of EOI in patients 
with END.

Herein, the study aimed to investigate the associations between neurotrophin levels and EOI within a clinical cohort 
of patients diagnosed with END. Additionally, it aimed to assess whether the mBDNF/proBDNF ratio could serve as 
a more precise predictive biomarker for EOI compared to the individual levels of mBDNF and proBDNF.

Materials and Methods
Study Participants
This was a prospective cohort study on the correlations between neurotrophin levels and EOI after END. Stroke patients 
with END were enrolled at Taixing People’s Hospital from October 2021 to December 2023. Inclusion criteria: (1) age ≥ 
18 years; (2) admitted within 48 hours with a diagnosis of AIS corroborated by neuroimaging; (3) an increase of at least 4 
points in the total National Institutes of Health Stroke Scale (NIHSS) score or an increase of at least 1 point in limb- 
movement-related NIHSS items within 72 hours following AIS.27–29 Exclusion criteria: (1) pre-stroke insomnia or 
hypnotics treatment prior to admission; (2) pre-existing psychiatric disorders or cognitive impairments; (3) receipt of 
intravenous thrombolysis or endovascular treatment; (4) severe aphasia or other conditions interfering with scale 
assessment; (5) other severe, life-threatening conditions such as malignant tumor, heart failure, renal failure, or hepatic 
failure. Healthy controls (HCs) without a history of stroke or insomnia were recruited from the hospital’s Physical 
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Examination Center. The study protocol was evaluated and approved by the Ethics Committee of Taixing People’s 
Hospital (ethical number: LS2021017), and written informed consent was obtained from all participants or their legal 
representatives.

Data Collection
Sociodemographic information, including age, gender, education years, and body mass index (BMI), was collected, along 
with past medical history, subtype of stroke, lesion location, NIHSS scores as well as laboratory data, as previously 
described.30 Lesion location, including telencephalon, diencephalon, cerebellum, and brainstem, were ascertained by 
neurologists based on clinical information. The assessments of mood status were also conducted for END patients using 17- 
item Hamilton Depression Rating Scale (HAMD-17) and 14-item Hamilton Anxiety Rating Scale (HAMA-14). For the 
individuals in the control group, sociodemographic information, past medical history, and laboratory data were collected.

Definition of EOI
Early onset insomnia (EOI) was defined as the absence of insomnia symptoms prior to the stroke with the subsequent 
development of insomnia within two weeks post-stroke. The diagnosis of insomnia adhered to the diagnostic criteria 
outlined in the International Classification of Sleep Disorders (ICSD-3).31 Besides, sleep quality was assessed with the 
Pittsburgh Sleep Quality Index (PSQI), a well-validated scale consisting of seven components, each ranging from 0 to 3, 
and the total score is ranging from 0 to 21.32 Patients with END were further divided into two subgroups base on with 
EOI or without EOI.

Serum mBDNF and proBDNF Levels Measurements
Fasting blood samples were collected from both HC subjects and patients with END. Blood specimens were centrifuged at 
1000 rpm for 20 minutes at 4°C within 1 hour of collection. The derived serum was aliquoted into cryotubes and stored at 
−80°C for subsequent analysis. Enzyme-linked immunosorbent assay (ELISA) was utilized to quantify serum mBDNF and 
proBDNF levels. The Human mBDNF ELISA Kit (Catalog No. EH0043) and Human proBDNF ELISA Kit (Catalog No. 
EH4255) from FineTest, China, were employed according to the manufacturer’s guidelines. The assays had a sensitivity of 
18.75 pg/mL for mBDNF and 9.375 pg/mL for proBDNF, with results expressed in ng/mL. The mean inter-assay and intra- 
assay coefficients of variation were 5.2% and 5.5% for mBDNF, and 3.6% and 5.3% for proBDNF, respectively.

Statistical Analysis
Variables were expressed as medians accompanied by quartiles, or means accompanied by standard deviations, or 
numbers accompanied by percentages. Univariate analyses were performed using t-test or Mann–Whitney U-test for 
continuous variables, and Pearson’s Chi-square test or Fisher’s exact test for categorical variables, as deemed suitable 
Multivariate logistic regression analysis was performed to identify the independent risk factors for EOI. Variables that 
demonstrated a statistically significant association (p-value < 0.1) in univariate analysis, as well as those deemed 
potentially relevant to EOI based on clinical experience and previous research, were considered. Age, gender, education 
years, snore, lesion location, NIHSS score, HAMA score, HAMD score, FBG, mBDNF and mBDNF/proBDNF were 
included in the multivariate logistic regression analysis. Receiver operating characteristic (ROC) curves were utilized to 
evaluate the predictive value of neurotrophin levels for EOI. In addition, subgroup analyses were conducted to evaluate 
potential interactions of confounding factors (age, gender, NIHSS, and HAMD) on the associations between neurotrophin 
levels and EOI. A two-tailed p-value < 0.05 was deemed to be statistically significant, and statistical analyses were 
conducted using R 4.2.3 (http://www.R-project.org/) and GraphPad Prism 9.3.1.

Results
Baseline Characteristics
A total of 232 stroke patients with END (average age, 68.6 ± 12.2 years; 150 males and 82 females) were included in this 
study. Main vascular risk factors were hypertension (69.4%), current smoker (39.7%), current drinker (28.9%), and 
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diabetes (24.1%). Snoring, which can interrupt sleep, was prevalent in 66.8% of the participants. Large-artery athero-
sclerosis (44.0%) was the most common stroke subtype, and telencephalon (76.3%) was the most common lesion 
location. The median levels of mBDNF, proBDNF, and the mBDNF/proBDNF ratio among END patients were 16.20 
(IQR 9.32–25.32) ng/mL, 8.93 (IQR 5.03–11.62) ng/mL, and 1.88 (IQR 1.68–2.22), respectively (Table 1).

In addition, 56 HCs were enrolled (37 males and 19 females), with an average age of 66.2 ± 10.8 years. The baseline 
characteristics of HC individuals and stroke patients with END were described in Table 2. There were no significant 
differences between the HC group and the END group regarding age, gender, education years, BMI, or past medical 
history (p > 0.05). However, when compared to HCs, END patients exhibited a tendency towards lower levels of 
mBDNF, proBDNF, and the mBDNF/proBDNF ratio (p < 0.05).

Figure 1 depicted the serum levels of mBDNF, proBDNF, and the mBDNF/proBDNF ratio in both END patients and 
HCs. The serum concentrations of mBDNF (16.20 [IQR 9.32–25.32] ng/mL versus 25.64 [IQR 22.84–30.43] ng/mL, p < 
0.001), proBDNF (8.93 [IQR 5.03–11.62] ng/mL versus 10.42 (IQR 7.54–13.05) ng/mL, p = 0.012), and the mBDNF/ 
proBDNF ratio (1.88 [IQR 1.68–2.22] versus 2.38 [2.18–2.75], p < 0.001) were decreased in END group.

Correlations Between Neurotrophins and EOI
Among the END patients engaged in this study, 82 patients (35.3%) were identified with EOI. As displayed in Table 1, 
patients with EOI were more likely to be female (p = 0.001), had a lower prevalence of snore (p = 0.048), exhibited 
higher scores on the NIHSS (p < 0.001), HAMA (p < 0.001), HAMD (p < 0.001), and PSQI (p < 0.001). They also had 
higher levels of FBG (p = 0.040), lower levels of mBDNF (p < 0.001), and a lower mBDNF/proBDNF ratio (p < 0.001) 

Table 1 Clinical Characteristics of END Patients With or Without EOI

Variables All patients (n = 232) With EOI (n = 82) Without EOI (n = 150) p

Demographic characteristics
Age, years, mean ± SD 68.6 ± 12.2 66.9 ± 13.5 69.5 ± 11.3 0.119

Male, n (%) 150 (64.7) 44 (53.7) 106 (70.7) 0.010

Education, years, median (IQR) 6 (2, 9) 9 (3, 9) 6 (2, 9) 0.114
BMI, kg/m2, mean ± SD 24.6 ± 3.6 24.3 ± 3.2 24.8 ± 3.7 0.316

Past medical history, n (%)
Hypertension 161 (69.4) 58 (70.7) 103 (68.7) 0.744

Diabetes 56 (24.1) 19 (23.2) 37 (24.7) 0.799

Atrial fibrillation 48 (20.7) 19 (23.2) 29 (19.3) 0.490
Hyperlipidemia 53 (22.8) 18 (22.0) 35 (23.3) 0.811

Previous stroke 37 (15.9) 10 (12.2) 27 (18.0) 0.248

Current smoker 92 (39.7) 35 (42.7) 57 (38.0) 0.486
Current drinker 67 (28.9) 21 (25.6) 46 (30.7) 0.417

Snore 155 (66.8) 48 (58.5) 107 (71.3) 0.048

Subtype of stroke, n (%) 0.625

Large-artery atherosclerosis 102 (44.0) 35 (42.7) 67 (44.7)

Cardioembolism 52 (22.4) 15 (18.3) 37 (24.7)
Small-artery occlusion 62 (26.7) 27 (32.9) 35 (23.3)

Other determined etiology 5 (2.2) 2 (2.4) 3 (2.0)

Undetermined etiology 11 (4.7) 3 (3.7) 8 (5.3)

Lesion location, n (%) 0.392

Telencephalon 177 (76.3) 58 (70.7) 119 (79.3)
Diencephalon 18 (7.8) 10 (12.2) 8 (5.3)

Cerebellum 11 (4.7) 4 (4.9) 7 (4.7)

Brain stem 26 (11.2) 10 (12.2) 16 (10.7)

(Continued)
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Table 1 (Continued). 

Variables All patients (n = 232) With EOI (n = 82) Without EOI (n = 150) p

Clinical assessment, median (IQR)

NIHSS, score 6 (5, 8) 7 (6, 10) 6 (5, 8) <0.001
HAMA, score 6 (4, 8) 8 (6, 12) 5 (4, 7) <0.001

HAMD, score 7 (5, 10) 11 (7, 13) 6 (5, 7) <0.001

PSQI, score 4 (3, 10) 11 (9, 12) 3 (2, 4) <0.001

Laboratory data, median (IQR)

FBG, mmol/L 5.66 (4.91, 7.37) 5.81 (5.09, 8.62) 5.53 (4.80, 7.11) 0.040
TC, mmol/L 4.35 (3.80, 5.17) 4.52 (3.94, 5.17) 4.32 (3.61, 5.17) 0.213

TG, mmol/L 1.18 (0.86, 1.71) 1.23 (0.87, 1.80) 1.17 (0.85, 1.65) 0.377

HDL, mmol/L 1.12 (0.94, 1.40) 1.10 (0.92, 1.44) 1.12 (0.94, 1.38) 0.769
LDL, mmol/L 2.57 (2.03, 3.34) 2.54 (2.08, 3.42) 2.62 (2.00, 3.29) 0.717

Hcy, μmol/L 14.55 (12.21, 18.84) 14.18 (12.00, 17.34) 15.07 (12.24, 19.50) 0.263

mBDNF, ng/mL 16.20 (9.32, 25.32) 12.37 (6.70, 16.60) 19.40 (11.52, 28.59) <0.001
proBDNF, ng/mL 8.93 (5.03, 11.62) 7.92 (3.79, 10.73) 9.04 (5.92, 11.91) 0.101

mBDNF/proBDNF 1.88 (1.68, 2.22) 1.72 (1.53, 1.89) 2.03 (1.84, 2.38) <0.001

Note: Variables are expressed as n (%), mean ± SD, or median (IQR). 
Abbreviations: END, early neurological deterioration; EOI, early-onset insomnia; BMI, body mass index; NIHSS, National Institute of Health Stroke 
Scale; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; PSQI, Pittsburgh Sleep Quality Index; FBG, fasting blood 
glucose; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Hcy, homocysteine; mBDNF, mature 
brain-derived neurotrophic factor; proBDNF, precursor brain-derived neurotrophic factor; SD, standard deviation; IQR, interquartile range.

Table 2 Clinical Characteristics of the HC Individuals and the Stroke Patients With END

Variables HC (n = 56) END (n = 232) p

Demographic characteristics

Age, years, mean ± SD 66.2 ± 10.8 68.6 ± 12.2 0.186

Male, n (%) 37 (66.1) 150 (64.7) 0.842
Education years, median (IQR) 6 (5, 9) 6 (2, 9) 0.136

BMI, kg/m2, mean ± SD 24.9 ± 2.0 24.6 ± 3.6 0.343

Past medical history, n (%)

Hypertension 33 (58.9) 161 (69.4) 0.134
Diabetes 11 (19.6) 56 (24.1) 0.475

Atrial fibrillation 7 (12.5) 48 (20.7) 0.162

Hyperlipidemia 8 (14.3) 53 (22.8) 0.159
Current smoker 20 (35.7) 92 (39.7) 0.587

Current drinker 14 (25.0) 67 (28.9) 0.562

Snore 34 (60.7) 155 (66.8) 0.389

Laboratory data, median (IQR)

FBG, mmol/L 5.63 (5.13, 6.61) 5.66 (4.91, 7.37) 0.923
TC, mmol/L 4.03 (3.41, 5.13) 4.35 (3.80, 5.17) 0.140

TG, mmol/L 1.10 (0.75, 1.40) 1.18 (0.86, 1.71) 0.076

HDL, mmol/L 1.21 (1.02, 1.41) 1.12 (0.94, 1.40) 0.097
LDL, mmol/L 2.34 (1.79, 3.27) 2.57 (2.03, 3.34) 0.285

Hcy, μmol/L 15.53 (12.97, 21.19) 14.55 (12.21, 18.84) 0.167

mBDNF, ng/mL 25.64 (22.84, 30.43) 16.20 (9.32, 25.32) <0.001
proBDNF, ng/mL 10.42 (7.54, 13.05) 8.93 (5.03, 11.62) 0.012

mBDNF/proBDNF 2.38 (2.18, 2.75) 1.88 (1.68, 2.22) <0.001

Note: Variables are expressed as n (%), mean ± SD, or median (IQR). 
Abbreviations: HC, Healthy control; END, early neurological deterioration; BMI, body mass index; FBG, 
fasting blood glucose; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; Hcy, homocysteine; mBDNF, mature brain-derived neurotrophic factor; proBDNF, precursor brain- 
derived neurotrophic factor; SD, standard deviation; IQR, interquartile range.
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compared to those without EOI. However, there was no significant difference in proBDNF between END patients with 
and without EOI (p > 0.05; Figure 2).

After adjusting for age, gender, and potential confounders with p < 0.1 in the univariate analysis, mBDNF (OR 0.935, 
95% CI 0.889–0.983, p = 0.009), mBDNF/proBDNF ratio (OR 0.074, 95% CI 0.016–0.340, p < 0.001), HAMD (OR 
1.429, 95% CI 1.184–1.725, p < 0.001), as well as male gender (OR 0.351, 95% CI 0.139–0.885, p = 0.026) were 
independently associated with EOI (Table 3).

Subgroup Analyses for Neurotrophins and EOI
Subgroup analyses, stratified by age (< 60 versus ≥ 60), gender (male versus female), NIHSS (< 10 versus ≥ 10), and 
HAMD (< 7 versus ≥ 7), indicated that higher levels of mBDNF and mBDNF/proBDNF ratio were associated with 
a decreased risk of EOI across most categories (Table 4). No significant interactions between neurotrophins and these 
subgroup factors were observed in relation to EOI risk (p for interaction > 0.05 for all). Moreover, the association 
between the mBDNF/proBDNF ratio and EOI was more pronounced than that of mBDNF alone.

Predictive Values of mBDNF and mBDNF/proBDNF Ratio for EOI in END
ROC curve analysis revealed that the optimal cutoff value of mBDNF for predicting EOI was projected to be 18.20 ng/ 
mL, which yielded a sensitivity of 56.0% and a specificity of 79.3%, with the AUC of 0.686 (95% CI 0.615–0.757; p < 
0.001; Figure 3A). The mBDNF/proBDNF ratio exhibited a significantly greater discriminatory ability for predicting EOI 
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Note: P-values reflect statistical differences between HC and END, as assessed by the Mann–Whitney U-test. Horizontal lines represent median values and interquartile 
ranges. 
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compared to mBDNF alone, with an AUC of 0.778 (95% CI 0.719–0.837; p < 0.001; Figure 3B). Subsequently, an ROC 
curve was generated by combining mBDNF with the mBDNF/proBDNF ratio. This curve had an AUC of 0.783 (95% CI 
0.725–0.841; p < 0.001; Figure 3C). However, the combination of mBDNF and the mBDNF/proBDNF ratio did not show 
superior discriminative value compared to the mBDNF/proBDNF ratio alone (Figure 3D).

Table 3 Logistic Regression Analyses for the Related Factors Associated With EOI in END Patients

Variables Unadjusted OR (95% CI) p Adjusted OR (95% CI) p

Demographic characteristics
Age 0.983 (0.961, 1.005) 0.120 0.996 (0.930, 1.066) 0.903

Male 0.481 (0.275, 0.840) 0.010 0.351 (0.139, 0.885) 0.026

Education 1.055 (0.991, 1.123) 0.091 1.096 (0.900, 1.335) 0.363
BMI 0.961 (0.890, 1.038) 0.315

Past medical history,

Hypertension 1.103 (0.613, 1.985) 0.744

Diabetes 0.921 (0.489, 1.735) 0.799
Atrial fibrillation 1.258 (0.654, 2.419) 0.491

Hyperlipidemia 0.924 (0.485, 1.762) 0.811

Previous stroke 0.633 (0.290, 1.383) 0.251
Current smoker 1.215 (0.702, 2.101) 0.486

Current drinker 0.778 (0.425, 1.426) 0.417

Snore 0.567 (0.323, 0.997) 0.049 0.499 (0.215, 1.158) 0.106

Subtype of stroke

Large-artery atherosclerosis Reference
Cardioembolism 0.776 (0.376, 1.604) 0.494

Small-artery occlusion 1.477 (0.773, 2.821) 0.238

Other determined etiology 1.276 (0.204, 7.998) 0.795
Undetermined etiology 0.718 (0.179, 2.878) 0.640

Lesion location
Telencephalon Reference Reference

Diencephalon 2.565 (0.961, 6.842) 0.060 1.199 (0.228, 6.296) 0.830

Cerebellum 1.172 (0.330, 4.166) 0.806 1.048 (0.135, 8.122) 0.964
Brain stem 1.282 (0.548, 3.001) 0.566 1.160 (0.331, 4.063) 0.817

Clinical assessment
NIHSS 1.316 (1.166, 1.487) <0.001 1.092 (0.888, 1.342) 0.406

HAMA 1.572 (1.377, 1.794) <0.001 1.211 (0.977, 1.502) 0.081

HAMD 1.577 (1.397, 1.780) <0.001 1.429 (1.184, 1.725) <0.001

Laboratory data

FBG 1.155 (1.018, 1.311) 0.025 1.096 (0.898, 1.338) 0.366
TC 1.110 (0.869, 1.417) 0.403

TG 1.071 (0.871, 1.317) 0.516

HDL 1.264 (0.581, 2.751) 0.555
LDL 1.055 (0.794, 1.403) 0.712

Hcy 0.992 (0.963, 1.021) 0.573

mBDNF 0.934 (0.905, 0.964) <0.001 0.935 (0.889, 0.983) 0.009
proBDNF 0.950 (0.891, 1.013) 0.107

mBDNF/proBDNF 0.029 (0.009, 0.093) <0.001 0.074 (0.016, 0.340) <0.001

Abbreviations: EOI, early-onset insomnia; END, early neurological deterioration; BMI, body mass index; NIHSS, National Institute of 
Health Stroke Scale; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; FBG, fasting blood glucose; TC, 
total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Hcy, homocysteine; mBDNF, mature 
brain-derived neurotrophic factor; proBDNF, precursor brain-derived neurotrophic factor; OR, odds ratio; CI, confidence interval.
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Discussion
This study may represent the first prospective study reporting the associations of neurotrophins including mBDNF, its 
precursor (proBDNF), and the mBDNF/proBDNF ratio, with early-onset insomnia (EOI) in END patients. The current 
study revealed significant reductions of both mBDNF levels and the mBDNF/proBDNF ratio among individuals with 

Table 4 Subgroup Analyses of the Associations of mBDNF and mBDNF/proBDNF With EOI

Subgroup n (%) mBDNF mBDNF/proBDNF

OR (95% CI) p p for interaction OR (95% CI) p p for interaction

All patients 232 (100.00) 0.20 (0.11–0.38) <0.001 0.08 (0.03–0.18) <0.001

Age 0.311 0.527
< 60 57 (24.57) 0.32 (0.10–1.01) 0.051 0.04 (0.01–0.23) <0.001

≥ 60 175 (75.43) 0.16 (0.07–0.35) <0.001 0.09 (0.03–0.24) <0.001

Gender 0.350 0.413
Female 82 (35.34) 0.28 (0.10–0.77) 0.014 0.05 (0.01–0.18) <0.001

Male 150 (64.66) 0.16 (0.07–0.38) <0.001 0.10 (0.03–0.29) <0.001

NIHSS 0.869 0.159
< 10 198 (85.34) 0.18 (0.09–0.38) <0.001 0.10 (0.04–0.25) <0.001

≥ 10 34 (14.66) 0.20 (0.04–1.00) 0.050 0.01 (0.01–0.19) 0.004

HAMD 0.511 0.277
< 7 114 (49.14) 0.14 (0.04–0.51) 0.003 0.15 (0.04–0.55) 0.004

≥ 7 118 (50.86) 0.23 (0.10–0.53) <0.001 0.06 (0.02–0.19) <0.001

Note: P for interaction: analyses of patients with EOI were stratified by age, gender, NIHSS, and HAMD. Adjusted for age, gender, education, snore, NIHSS, 
HAMD, FBG, mBDNF, and mBDNF/proBDNF other than variable was used as a subgroup. 
Abbreviations: mBDNF, mature brain-derived neurotrophic factor; proBDNF, precursor brain-derived neurotrophic factor; EOI, early-onset insomnia; 
NIHSS, National Institute of Health Stroke Scale; HAMD, Hamilton Depression Rating Scale; FBG, fasting blood glucose; OR, odds ratio; CI, confidence 
interval.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

S
en

si
tiv

ity

Sensitivity
Identity

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

S
en

si
tiv

ity

Sensitivity
Identity

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

S
en

si
tiv

ity

Sensitivity
Identity

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

S
en

si
tiv

ity

mBDNF

mBDNF/proBDNF

mBDNF+mBDNF/
proBDNF

Identity

A B

C D

AUC=0.686 AUC=0.778

AUC=0.783

Figure 3 Receiver operating characteristic (ROC) curves for predicting EOI in patients with END. (A) For mBDNF; (B) For the mBDNF/proBDNF ratio; (C) For mBDNF 
and the mBDNF/proBDNF ratio; (D) Combination diagram of ROC curves. 
Abbreviations: mBDNF, mature brain-derived neurotrophic factor; proBDNF, precursor brain-derived neurotrophic factor.
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EOI, with the ratio exhibiting superior predictive value over mBDNF alone. The AUC for the mBDNF/proBDNF ratio in 
predicting EOI was 0.778. Typically, a biomarker with an AUC between 0.70 and 0.90 is considered to have moderate 
predictive value. Therefore, the mBDNF/proBDNF ratio could be proposed as a reliable biomarker for EOI.

As reported by previous published studies, as high as approximately 70% of stroke survivors may present with 
insomnia or insomnia symptoms during the first few months, with up to half patients presenting with insomnia for the 
first time.4,5 In our cohort, patients with previously diagnosed insomnia were excluded and the prevalence of EOI was 
identified to be 35.3%, which was concordant with Xie et al (36.1%),13 but slightly higher than that reported by Joa et al 
(26.9%)33 and Matas et al (28.7%).7 This discrepancy may be primarily ascribed to differences in the definition and 
timing of assessing insomnia, variances in the characteristics and regions of participants, and discrepancies in stroke 
severity. Meanwhile, our research uncovered that EOI patients tend to be female and had higher HAMD score, which 
were in line with literature data, suggesting a bidirectional relationship with insomnia and affective disorders.4,6

As one of the most abundant neurotrophin in the brain, mBDNF is an essential determinant of neuronal survival, 
neuronal differentiation and synaptic plasticity. Meanwhile, it also participates in the pathophysiological process of 
learning and memory.15 Prior studies have noted a closely relationship between mBDNF and ischemic stroke. Low levels 
of mBDNF were associated with an increased risk of stroke, and poor prognosis and recovery after stroke.17 In addition, 
data from a systematic review showed poststroke exercise can increase BDNF levels, which may contribute to increased 
neuroplasticity and enhance functional recovery.34 However, the literature on BDNF changes associated with insomnia 
has produced inconsistent findings.21,22 For instance, elevated BDNF levels have been observed in healthy adults with 
acute sleep deprivation,21 while decreased BDNF concentrations have been observed in patients with chronic sleep 
deprivation.22 Stroke patients, particularly those exhibiting severe neurological deficits, are often accompanied by 
insomnia during the initial phase of their condition.6 To date, prior research has not yet elucidated the correlation 
between BDNF and EOI in stroke patients with END. Our study is the first to report that serum levels of mBDNF are 
significantly lower in patients with END compared to HCs. Furthermore, a pronounced reduction in mBDNF levels was 
noted in patients who experienced EOI compared to those who did not. Multivariate analysis confirmed that serum 
mBDNF levels are independently associated with the occurrence of EOI, with an OR of 0.935 (95% CI 0.889–0.983, p = 
0.009). Our results would contribute novel clinical insights into the alterations of mBDNF in individuals experiencing 
insomnia following a stroke.

ProBDNF, the precursor form of mBDNF, preferentially binds to p75NTR, thereby forming a complex that triggers 
neuronal degeneration, impairs synaptic transmission, and elicits neuronal apoptosis.16 The balance between proBDNF 
and mBDNF is critical for maintaining neuronal health and modulating synaptic function. Recent attention has been paid 
regarding the impact of the imbalance between proBDNF and mBDNF covering a spectrum of neuropsychiatric and 
neurodegenerative disorders. Higher proBDNF/mBDNF ratio was associated with lower cognitive performance in the 
pre-clinical stages of Alzheimer’s disease.24 In the diagnosis of Parkinson’s disease, the study by Yi et al suggest that 
mBDNF/proBDNF ratio has better diagnostic value than mBDNF and proBDNF alone.23 It has also been reported that 
the mBDNF/proBDNF ratio has demonstrated clinical utility in differentiating between children with autism spectrum 
disorders and those with intellectual disabilities.26 However, the dysregulation of mBDNF/proBDNF ratio has not been 
examined in the context of stroke or insomnia. In our study, proBDNF levels also decreased in END patients. Despite no 
significant association being observed between proBDNF levels and EOI, the mBDNF/proBDNF ratio exhibited 
a markedly enhanced predictive capacity for EOI. Furthermore, in pre-clinical animal models, the injection of ATP 
into corpus striatum could alleviate cerebral hemorrhage-induced injury by increasing the mBDNF/proBDNF ratio,25 

aerobic exercise could improve depression and increase mBDNF/proBDNF ratio in the ischemic hippocampus,35 and the 
function of neural stem cell-derived exosomes could be improved by BDNF in the treatment of ischemic stroke.20 Our 
research built upon the prior discoveries by suggesting that mBDNF/proBDNF ratio could also serve as a promising 
biomarker for EOI in patients suffering END. Thus, we hypothesize that modulating the balance of mBDNF and 
proBDNF may represent an efficacious and innovative therapeutic approach for managing insomnia and stroke.

Research on the biomarkers associated with insomnia following a stroke remains limited. Zhang et al investigated the 
relationship between the serum expression levels of CCK-8, SP, and 5-HT and post-stroke insomnia. However, their 
findings did not substantiate the involvement of CCK-8, SP, or 5-HT in the pathogenesis of insomnia after stroke.10 
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Additionally, Zhang et al examined the role of glutamatergic hypofunction in post-stroke insomnia, proposing a negative 
correlation between GABA and post-stroke insomnia.11 Nevertheless, due to the limited sample size, the study was 
unable to assess the predictive value of GABA for post-stroke insomnia. Research conducted by Geng et al have 
demonstrated TUR may be severe as a biomarker for post-stroke insomnia, with an AUC of 0.703.12 Furthermore, Xie 
et al explored the role of gut microbiota in post-stroke sleep disorders and found that a predictive model utilizing eight 
operational-taxonomic-unit-based biomarkers achieved a high accuracy in predicting post-stroke sleep disorders, with an 
AUC of 0.768.13 It is important to note that these studies have primarily focused on insomnia occurring 1–3 months after 
a stroke. In contrast, our study is the first to investigate the predictive value of neurotrophic factors for EOI within two 
weeks in patients with END, achieving an AUC of 0.778 for the mBDNF/proBDNF ratio.

The pathogenesis of EOI following stroke is likely multifactorial, involving physiological, psychological, socio-
economic, and environmental factors. Our study showed that patients with EOI exhibit reduced levels of neurotrophins, 
including mBDNF, its precursor (proBDNF), and the mBDNF/proBDNF ratio, thereby underscoring the significant role 
of BDNF in the etiology and progression of EOI. Several potential hypotheses may elucidate this phenomenon. Firstly, in 
a rat model of AIS, zolpidem treatment demonstrated beneficial effects on behavioral recovery, as evidenced by an 
increase in BDNF-stained cells, indicating an upregulation of neuroplasticity.36 Besides, another rat model revealed that 
zolpidem treatment ameliorated circadian rhythm disruptions, alleviated sleep fragmentation, and enhanced sleep depth 
by restoring suprachiasmatic nucleus activity.37 Current evidence suggests that BDNF exhibits circadian rhythmicity.38,39 

We hypothesize that decreased BDNF levels in patients with END may contribute to disturbances in circadian rhythms, 
increased sleep fragmentation, reduced sleep depth, and ultimately, EOI. Secondly, patients experiencing END often 
exhibit emotional responses, such as increased tension and stress. Jeanneteau et al reported that the expression of BDNF/ 
TrkB was downregulated in the corticolimbic system but upregulated in the mesolimbic system following the cessation of 
stressor exposure.40 We propose that this reduction in BDNF expression may enhance neuronal plasticity in the 
mesolimbic region, thereby increasing the susceptibility of END patients to stress and tension, and potentially contribut-
ing to the pathophysiology of EOI.41 Thirdly, the presence of TrkB receptors on GABAergic and glutamatergic neurons 
in the midbrain and brainstem indicates a potential role for the BDNF-TrkB signaling pathway in sleep regulation.42 In 
patients with END, decreased levels of BDNF may influence the rapid eye movement (REM) and non-rapid eye 
movement (NREM) phases,43 potentially leading to EOI. Moreover, proBDNF can activate apoptotic signaling pathways, 
resulting in neuronal cell death, particularly in brain regions responsible for sleep regulation, such as the hypothalamus.44 

In addition, Yang et al have confirmed that proBDNF can upregulate the expression of pro-inflammatory cytokines,45,46 

indicating that a predisposition towards proBDNF post-stroke may exacerbate the inflammatory response. This over-
production of pro-inflammatory cytokines, stimulated by higher levels of proBDNF, has the potential to disrupt sleep 
patterns. In general, a comprehensive understanding of the complex mechanisms that link serum levels of mBDNF and 
its precursor (proBDNF) to EOI could pave the way for the development of more efficacious intervention strategies 
for EOI.

The present study has several limitations that warrant consideration. Firstly, the samples were collected from AIS 
patients experiencing END. For patients receiving intravenous thrombolysis or endovascular treatment, the time frame 
for assessing END is more likely to be within 24 hours,47,48 which differs from the parameters of this study. Besides, both 
thrombolysis and endovascular treatment can increase the likelihood of hemorrhagic transformation,49 potentially 
affecting the expression of BDNF.50 Thus, patients undergoing intravenous thrombolysis or endovascular treatment 
were excluded from the study, which may introduce a selection bias. Secondly, as emphasized in the literature, factors 
such as social support, marital status, economic situation, and family violence may severe as potential confounders for 
EOI.8 These factors, along with environmental and lifestyle elements such as diet, physical activity, and changes in sleep 
patterns, are acknowledged for their potential influence on the development of EOI.51 The lack of investigation into these 
variables in the present study constrains the understanding of their contributions to EOI in stroke patients experiencing 
END. We recognize the significance of these variables and intend to incorporate them in a prospective manner in future 
research to better assess their effects on the development of EOI. Thirdly, in the current study, a constraint was the 
limited number of patients (11 out of 232 subjects) who underwent polysomnography due to its high cost and technical 
complexity. Consequently, the severity of EOI was primarily assessed using PSQI, which may introduce a potential bias 
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into our findings. For future studies, more objective measures of EOI, such as polysomnography or actigraphy, are crucial 
for accurately characterizing sleep patterns and diagnosing sleep disorders. Fourthly, it is known that AIS patients are 
more susceptible to sleep apnea and restless leg syndrome compared to the general population.52,53 We have also to 
consider that EOI could be attributed to undiagnosed sleep apnea or restless leg syndrome, which may manifest as 
insomnia. Therefore, these conditions must be considered as potential bias in the study. Fifthly, the cross-sectional and 
observational design of our study limits the ability to draw definitive conclusions about the causal relationship between 
mBDNF, its precursor (proBDNF), and EOI. Furthermore, the study’s relatively small sample size and the exclusive 
inclusion of Chinese participants highlight a significant limitation. This limitation emphasizes the necessity for future 
research to incorporate larger and more diverse populations, particularly non-Chinese cohorts, to improve the general-
izability of the findings. Finally, our study establishes a pioneering correlation between EOI and decreased levels of 
mBDNF and mBDNF/proBDNF ratio, which is both innovative and beneficial. However, it is imperative to conduct 
further longitudinal research to determine the long-term prognostic significance of neurotrophin levels on post-stroke 
insomnia outcomes.

Conclusions
Our study revealed an association between decreased levels of mBDNF and a diminished mBDNF/proBDNF ratio with 
the occurrence of EOI in patients with END. In addition, the mBDNF/proBDNF ratio may serve as a more informative 
biomarker for EOI than either mBDNF or proBDNF individually. Targeting the mBDNF/proBDNF imbalance through 
therapeutic interventions, such as augmenting mBDNF signaling or inhibiting proBDNF activity, could potentially 
alleviate EOI and influence the comprehensive rehabilitation trajectory of patients with END.
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