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Editorial on the Research Topic

Blood-based cellular and molecular biomarkers in acute ischemic stroke
and hemorrhagic stroke, volume Il

Stroke remains a leading cause of death and disability worldwide, with acute ischemic
and hemorrhagic strokes entailing specific diagnostic and therapeutic challenges. The
search for robust biomarkers and a better understanding of disease mechanisms is crucial
to improve risk prediction, acute treatment and long-term outcomes. This collection of
articles in Frontiers in Neurology is the 2nd volume following the highly successful first
edition and brings together original research and perspectives covering the spectrum from
population-based risk assessment to molecular and genetic mechanisms underlying stroke
subtypes, complications and prognosis.

A particular focus of the submitted contributions is on the differentiation of
hemorrhagic and ischemic strokes, prognostication after stroke, and prediction of
complications. The original papers and reviews cover inflammatory, metabolic and tissue
damage markers that are promising for future clinical application.

Inflammatory biomarkers

Systemic inflammatory processes are crucial in the pathophysiology of ischemic stroke.
The immune response following stroke, particularly in large-vessel occlusion (LVO), is
explored by Ma et al.. Their work reveals that AIS due to LVO rapidly induces peripheral
immune activation, characterized by increased neutrophil-to-lymphocyte ratio and shifts
in T-cell subsets. High-throughput sequencing of T-cell receptors further uncovers unique
repertoire changes, pointing to potential diagnostic biomarkers and new insights into
stroke pathophysiology.
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Xue et al. analyze the Systemic Immune-Inflammation
Index (SII) in over 28,000 adults from the NHANES cohort,
finding a strong positive association between SII and stroke
risk, independent of traditional confounding risk factors. This
underscores the value of composite inflammatory indices for
population-level risk stratification.

At the intersection of inflammation and metabolism, Chen J.
et al. investigated the Hemoglobin, Albumin, Lymphocyte, and
Platelet (HALP) score as a predictor of hemorrhagic transformation
after intravenous thrombolysis in acute ischemic stroke patients.
Their results show that lower HALP scores are strongly associated
with both the risk and severity of hemorrhagic transformation,
suggesting that this composite biomarker could guide risk
stratification and treatment monitoring.

Metabolic biomarkers

Prognostic biomarkers are essential for guiding clinical
decision-making. Vasile et al. review the role of copeptin, a stable
peptide derived from vasopressin, in acute ischemic stroke. Their
systematic overview of the current evidence confirms that copeptin
levels on admission predict both short- and long-term outcomes,
as well as the efficacy of revascularization therapies, supporting its
integration into prognostic models.

Recent advances in epidemiological and genetic research have
identified novel risk factors and biomarker candidates for stroke.
In a large-scale, 10-year prospective cohort study, Li et al. evaluated
the Triglyceride-Glucose (TyG) index as a predictor of stroke
incidence in a Chinese population. Their findings demonstrate that
a higher TyG index, reflecting insulin resistance, is independently
associated with increased risk of total and ischemic stroke, but
not hemorrhagic stroke, underscoring the importance of metabolic
health in stroke prevention.

Arginine derivatives are considered biomarkers of endothelial
(dys-)function. Pihlasviita et al. describe plasma symmetric
dimethylarginine (SDMA) as a metabolite biomarker that
distinguishes severe acute ischemic stroke from hemorrhagic
stroke within the first 90min after symptom onset. Elevated
SDMA levels were also linked to cardioembolic stroke and poor
outcomes, highlighting its promise in diagnostic algorithms and
tailored management.

Zhang et al. use Mendelian randomization to reveal that
specific plasma lipids with different fatty acid side chains
have causal relationships with intracerebral and subarachnoid
hemorrhages. Lipids containing arachidonic acid chains therefore
could be protective, while those with linoleic acid chains
increase risk, offering new mechanistic insights and potential
therapeutic targets.

Finally, Chen H. et al. employ a comprehensive genetic
approach to explore the causality between lipidomic and immune
cell profiles and ischemic stroke subtypes. Their analysis identifies
genetic links between specific lipids, immune cell phenotypes, and
large artery, small vessel, and cardioembolic stroke. Mediation
analyses highlight the role of immune cells in the lipid-stroke
pathway, suggesting new avenues for personalized prevention
and intervention.
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Tissue damage biomarkers

Quality assurance in acute stroke interventions is addressed
by Lieschke and Foerch, who propose serum S100B as a
surrogate marker for astroglial tissue damage after mechanical
thrombectomy. The authors discuss how S100B levels measured
post-intervention correlate with infarct size and functional
outcome, offering a potential objective metric for benchmarking
endovascular therapy success.

Similarly, Freitas et al. demonstrate that neuron-specific
(NSE) measured 48h
is strongly associated with 90-day functional outcomes in

enolase after reperfusion therapy
ischemic stroke patients. Higher NSE levels correlate with worse
neurological disability, suggesting its utility as a prognostic tool for
patient stratification.

Distinguishing hemorrhagic from ischemic strokes is still not
possible without imaging, but would have enormous relevance
for faster process times in stroke therapy. Paul et al. show
that serum glial fibrillary acidic protein (GFAP) is markedly
elevated in intracerebral hemorrhage compared to ischemic
stroke, even in the hyperacute phase. GFAP levels also reflect
the extent of tissue injury and time from onset, supporting
its use in early subtype differentiation and assessment of

tissue damage.

Conclusion

Taken, the work collected in this Research Topic represents
a significant step forward in the quest for reliable blood-based
biomarkers in stroke. From GFAP and S100B to copeptin, NSE,
and beyond, these investigations illuminate new possibilities for
faster diagnosis, more accurate prognosis, and individualized
patient care. As the field continues to advance, the integration
of these biomarkers into clinical practice holds the promise
of transforming stroke management and improving outcomes
for patients worldwide. However, despite the exciting progress
reflected in these studies, challenges remain. A considerable
obstacle in biomarker studies often remains the limited statistical
power and lack of external validation. Therefore, all efforts toward
harmonization in cross-center projects are essential to advance
the field.

We thank all contributing authors for their rigorous and
innovative work and hope this Research Topic will inspire further
research and translation into clinical practice.
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Introduction: Ischemic stroke is a significant global health concern, with
reperfusion therapies playing a vital role in patient management. Neuron-
specific enolase (NSE) has been suggested as a potential biomarker for assessing
stroke severity and prognosis, however, the role of NSE in predicting long-term
outcomes in patients undergoing reperfusion therapies is still scarce.

Aim: To investigate the association between serum NSE levels at admission and
48 h after reperfusion therapies, and functional outcomes at 90 days in ischemic
stroke patients.

Methods: This study conducted a prospective cross-sectional analysis on
consecutive acute ischemic stroke patients undergoing intravenous fibrinolysis
and/or endovascular thrombectomy. Functional outcomes were assessed
using the modified Rankin Scale (mRS) at 90 days post-stroke and two groups
were defined according to having unfavorable (mRS3-6) or favorable (mRSO-
2) outcome. Demographic, clinical, radiological, and laboratory data were
collected, including NSE levels at admission and 48 h. Spearman'’s coefficient
evaluated the correlation between analyzed variables. Logistic regression
analysis was performed to verify which variables were independently associated
with unfavorable outcome. Two ROC curves determined the cut-off points for
NSE at admission and 48 h, being compared by Delong test.

Results: Analysis of 79 patients undergoing reperfusion treatment following
acute stroke revealed that patients with mRS 3—-6 had higher NIHSS at admission
(p<0.0001), higher NIHSS at 24h (p<0.0001), and higher NSE levels at 48h
(p=0.008) when compared to those with mRS 0-2. Optimal cut-off values
for NSE, (>14.2ng/mL) and NSE., (>26.3ng/mL) were identified, showing
associations with worse clinical outcomes. Adjusted analyses demonstrated that
patients with NSE.g,>26.3ng/mL had a 13.5 times higher risk of unfavorable
outcome, while each unit increase in NIHSS,4, score was associated with
a 22% increase in unfavorable outcome. Receiver operating characteristic
analysis indicated similar predictive abilities of NSE levels at admission and 48 h
(p=0.298). Additionally, a strong positive correlation was observed between
NSE g, levels and mRS at 90days (r=0.400 and p<0.0001), suggesting that
higher NSE levels indicate worse neurological disability post-stroke.
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Conclusion: Serum NSE levels at 48 h post-reperfusion therapies are associated
with functional outcomes in ischemic stroke patients, serving as potential tool
for patient long-term prognosis.

KEYWORDS

ischemic stroke, biomarkers, neuron specific enolase, reperfusion therapies,
functional outcome, prognosis, neurological disability

1 Introduction

Prognostication plays an essential role in decision making by
offering patients and their families the necessary information to set
realistic and achievable care goals. It helps determine eligibility for
specific benefits and targets interventions to those who are most likely
to benefit. Prognostication includes three main components: clinicians
estimate the likelihood of a particular outcome over a certain period
using their clinical judgment or other tools; this estimate is shared
with the patient according to their preferred way of receiving
information; and the patient or their surrogate uses this information
to make informed clinical decisions (1).

Age, stroke severity, stoke mechanism, infarct location, comorbid
conditions, clinical findings, and related complications influence
stroke prognosis. Whether reperfusion therapies (fibrinolysis and/or
thrombectomy) are conducted and the quality of stroke unit care
given, including early start of physical rehabilitation and prompt
introduction of secondary prevention measures, also influence the
outcome of ischemic stroke (2).

Patient history, clinical examination and imaging technology have
been the cornerstone in assessing stroke patients, guiding therapeutic
decisions, and monitoring disease progression. Akin to the established
gold standard in Cardiology, where biomarkers such as high sensitivity
troponins have revolutionized the assessment of myocardial infarction
(3), incorporating biomarkers into stroke management holds immense
potential. These biomarkers offer a promising avenue to identify patients
at heightened risk of severe disease, tailor treatment strategies, predict
the response to reperfusion therapies and reasonably predict the overall
prognosis and outcomes. While numerous proteins serve as markers of
brain tissue damage, inflammation and coagulation/thrombosis, their
utility is hindered by a lack of specificity to ischemic stroke, given that
various other diseases processes can also damage the brain tissue (4).

For a biomarker to prove useful in stroke management, it should
meet some basic criteria: be specific to the brain tissue, rise
immediately within hours of a tissue insult, proportionally reflect the
extent of brain damage, and ultimately serve as a reliable prognostic
indicator for the event (5). Numerous biomarkers have been associated
with short-and long-term clinical outcomes after stroke, but most of

Abbreviations: AF, atrial fibrillation; CAD, coronary artery disease; CRP, C reactive
protein; CT, computed tomography; CTA, computed tomography angiography;
DAYLs, disability-adjusted life-years lost; HF, heart failure; Hs-CRP, high sensitivity
C-reactive protein; HTN, hypertension; ICH, intracranial hemorrhage; mRS,
maodified rankin scale; NIHSS, national institutes of health stroke scale; NSE, neuron
specific enolase; ROC, receiver operating characteristic; rtPA, recombinant tissue

type plasminogen activator; TACI, total anterior circulation infarction.
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them have failed to improve the prediction capacities of conventional
clinical variables. Biomarkers of ischemic brain injury include S100
calcium binding protein B (S-100B), neuron-specific enolase (NSE),
myelin basic protein and glial fibrillary acid protein, among others (6).

The NSE is a dimeric intracellular neuronal glycolytic enzyme,
primarily located in the cytoplasm of neurons, cells of the diffuse
neuroendocrine system and erythrocytes. Elevated levels of NSE have
been observed in response to sudden central nervous system events,
such as cerebral infarction, subarachnoid hemorrhage, head injury,
hypoxia, seizures, and cardiac arrest. These conditions are
characterized by the disruption of the blood-brain barrier and
subsequent damage of neuronal cells, leading to a leakage of NSE,
which can be detected in cerebral spinal fluid but also in saliva or
blood samples (7). Several studies propose NSE as a marker of brain
damage following an ischemic event. There is also a correlation
between NSE levels and acute ischemic stroke severity, infarction
volume, extent of brain tissue damage [as clinically measured by the
National Institutes of Health Stroke Scale (NIHSS) score], and poor
functional outcomes (5, 8, 9).

NSE levels change dynamically following symptom onset,
reflecting the necrosis of neuronal cells within the ischemic penumbra.
Lower NSE levels are associated with clinical diffusion mismatch (7),
serving as an alternative indicator for salvageable ischemic tissue that
may be more responsive to interventions such as intravenous
fibrinolysis and/or mechanical thrombectomy. However, high NSE
levels are not exclusive to ischemic stroke and can also be found in
other diseases such as neuroendocrine cell cancers like small cell lung
cancers, neuroblastomas, melanomas and carcinoid tumors (10).

Since its approval by the European Stroke Organization in 2008,
intravenous thrombolysis with alteplase has been a recognized
systemic reperfusion treatment for patients with acute ischemic stroke
(11). The pivotal MR CLEAN study published in 2015 further
solidified the landscape by demonstrating the safety, efficacy and
favorable impact on functional outcomes associated with intraarterial
thrombectomy (12).

Building upon these advancements, our study aimed to evaluate
the relationship between NSE levels at patient admission and 48h
post-reperfusion therapies, and functional outcome in ischemic
stroke patients.

2 Materials and methods
2.1 Participants

This was a prospective cross-sectional study targeting consecutive
patients with acute ischemic stroke admitted do the Stroke Centre of
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Hospital Dr. Nélio Mendonga between March 1st to October 31st of
2023 and treated with recombinant tissue type plasminogen activator
(rtPA) within 4.5h after symptom onset and/or endovascular
treatment with thrombectomy up to 24h after symptom onset.
Endovascular treatment was indicated in patients with large vessel
occlusion after discussion with the interventional neuroradiology
team. Stroke onset was defined as the last time the patient was seen
well, without any neurological deficit. Inclusion and exclusion criteria
for intravenous rtPA were used in accordance with those used in the
ECASS III (13). Patients eligible for thrombolysis received 0.9 mg of
alteplase (Actilyse®, Boehringer Inglheim, Ingelheim am Rhein,
Germany) per kilogram, administered intravenously (with an upper
limit of 90 mg).

Patients eligible for thrombectomy were generally treated with a
guide-catheter (Infinity Plus® by Stryker, Neuronmax® by Penumbra
or Cerebase® by Cerenovus), an aspiration catheter (Catalyst® 5, 6 or
7 or Vecta 74® by Stryker, ACE68® or 4MAX® by Penumbra or
Embovac® by Cerenovus) and a microcatheter (Trevo Trak® or AXS
Offset® by Stryker, 3MAX® by Penumbra or Prowler® by Cerenovus),
guided by a microwire (Synchro-14® by Stryker or Neuroscout® by
Cerenovus); whenever deemed necessary by the interventionalist, a
stent retriever was also used (Trevo NXT® by Stryker or Embotrap®
by Cerenovus).

Informed consent was obtained from patients or their family
members to participate in the study. The study protocol was approved
by the local ethics committee.

2.2 Measures

2.2.1 Demographic and medical history

Upon arrival to the emergency department, all patients were
evaluated by the on-duty stroke physician. Standard neurological
examinations, electrocardiogram, chest radiography, bloodwork and
computed tomography angiography (CTA) scans of the brain,
cerebral arteries, cervical arteries, and aortic arch where performed.
The following clinical data were collected: (1) patient age and gender;
(2) degree of neurological deficit determined by the NIHSS score at
hospital admission and 24h after reperfusion therapies; (3) risk
factors of stroke including history of hypertension (HTN), diabetes
mellitus (DM), hyperlipidemia, current or former smoking (14),
atrial fibrillation (AF) (15), heart failure (HF) (16), previous stroke
(17), coronary artery disease (CAD) and previous myocardial
infarction (18); and (4) prior medical treatments (anti-hypertensives,
anti-diabetics, antiplatelets, direct oral anticoagulants, warfarin
and statins).

2.2.2 Clinical assessment

Stroke severity was assessed by a NIHSS score (19) certified
stroke physician, and was categorized as mild (0-4 points), moderate
(5-15 points) and severe (16-42 points). Furthermore, stroke was
classified according to the Bamford/Oxfordshire Community Stroke
Project Classification criteria (20) in: total anterior circulation
infarction (TACI), partial anterior circulation infarction (PACI),
posterior  circulation infarction (POCI) and lacunar
infarction (LACI).

Clinical outcomes at 90 days were also assessed by certified

investigators using the mRS (21) in a follow-up appointment.
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Outcomes were dichotomized as favorable (mRS score of 0-2
points) and unfavorable (mRS score of 3-6 points). All patients
underwent a CT scan at 24h post-reperfusion therapies or
whenever neurological deterioration occurred to assess for the
presence of ICH. CT scans were reviewed by an experienced
neuroradiologist who was blinded to clinical details and laboratory
data. Symptomatic intracranial hemorrhage (sICH) was defined as
any extravascular blood within the brain or the cranium that was
associated with clinical deterioration, defined by a rise of at least 4
points in the NIHSS score and/or leading to death, and that was
considered to be the predominant cause for neurologic
deterioration. Complications during the stroke unit stay, including
pneumonia, urinary tract infections, sepsis, pulmonary embolism,
deep venous thrombosis, and pressure sore ulcers, were
recorded (22).

2.2.3 Radiological assessment

All patients underwent a CT and CTA scans of the brain, cerebral
arteries, cervical arteries and aortic arch at admission and a brain CT
scan at 24 h after reperfusion therapies.

2.2.4 Laboratory test

All patients had baseline blood samples drawn in the emergency
room to determine: levels of NSE, glucose, HbA,C, hemoglobin and
CRP. NSE levels were measured again in every patient at 48 h post-
reperfusion therapies. Blood samples obtained were collected in
chemistry test tubes. After centrifugation, serum samples were
separated, and kept frozen at —80°C until assayed. NSE analysis was
performed using Cobas® 801 (Roche) and the reference values were
0-17 ng/mL. Glucose and CRP were assessed using Cobas® ¢702
(Roche). HbA,C analysis was performed by a D-100® system
(Biorad). Hemoglobin was assessed using a DxH 800® hematology
analyzer (Beckman Coulter). Since NSE is also present in
erythrocytes, hemolyzed samples were discarded. All laboratory
analyses were carried out in the Clinical Pathology laboratory of the
Hospital Dr. Nélio Mendonga with quality accreditation, from the
national and official model of the Portuguese Ministry of Health,
based on the Agencia de Calidad Sanitaria de Andalucia (ACSA)
Model (international version).

2.2.5 Statistical analysis

Continuous variables were described as mean = SD or median
(minimum-maximum) and compared with Student t-test or Mann—
Whitney U-test, as appropriate. The number of patients and
percentages for categorical variables were given, and compared
using a X* or Fisher exact test, as appropriate. The Spearman
coefficient was applied to verify the correlation between examined
variables. The relative risks of each variable for an unfavorable
outcome were estimated as odds ratios (OR) in a logistic
regression analysis.

A receiver-operating characteristic (ROC) curve in conjunction
with the Youden’s index were applied to determine the cut-off of NSE,
at admission and at 48 h post-reperfusion therapies, that distinguished
between favorable and unfavorable outcome, and compared by
Delong test.

SPSS 25 software (IBM SPSS Statistic) was used to perform
statistical analysis.

A level of p<0.05 was accepted as statistically significant.
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TABLE 1 Baseline characteristics of patients with and without unfavorable outcome (mRS 3-6) at 90 days.

Characteristics

Total (n =79)

10.3389/fneur.2024.1408111

Age, years 69.2+14.4 65.3+15.0 74.0+12.0 0.006
Female, n (%) 40 (50.6) 23 (52.3) 17 (48.6) 0.744
History of hypertension, 1 (%) 44 (55.7) 19 (43.2) 25(71.4) 0.012
History of diabetes mellitus, n (%) 19 (24.1) 10 (22.7) 9 (25.7) 0.758
History of dyslipidemia, n (%) 36 (45.6) 16 (36.4) 20 (57.1) 0.065
Previous stroke, 1 (%) 18 (22.8) 12 (27.3) 6(17.1) 0.286
Smokers, 1 (%) 20 (25.3) 10 (22.7) 10 (28.6) 0.553
History of atrial fibrillation, n (%) 7(8.9) 3(6.8) 4(11.4) 0.693
History of heart failure, n (%) 8(10.1) 1(2.3) 7 (20.0) 0.019
History of coronary artery disease, n (%) 6(7.6) 1(2.3) 6(14.3) 0.083
History of previous medical treatment, n (%) 53 (67.1) 25(56.8) 28 (80.0) 0.029
NIHSS, score 10.0 (0.0-30.0) 7.0 (0.0-21.0) 17.0 (4.0-30.0) <0.0001
NIHSS,4, after reperfusion treatment 8.0 (0.0-32.0) 3.0 (0.0-21.0) 18.0 (1.0-32.0) <0.0001
Time from symptom onset to hospital-door (min) 113.0 (10.0-720.0) 99.5 (10.0-720.0) 130.0 (15.0-720.0) 0914
Time from symptom onset to treatment (min) 165.0 (35.0-900.0) 155.0 (35.0-900.0) 170.0 (45.0-860.0) 0.611
Oxfordshire classification - TACI, n (%) 45 (57.0) 15(34.1) 30 (85.7) <0.0001
Fibrinolysis or Thrombectomy, 1 (%) 59 (74.7) 35(79.5) 24 (68.6) 0.265
Post stroke medical complications, 1 (%) 39 (49.4) 9 (20.5) 30 (85.7) <0.0001
Intracranial hemorrhage (ICH), n (%) 14 (17.7) 6(13.6) 8(22.9) 0.286
Symptomatic intracranial hemorrhage (sICH), 1 (%) 6(7.6) 0(0.0) 6(17.1) 0.006

Notes - values are presented as mean +SD or median (minimum-maximum) for continuous variables, and number (percentages) for categorical variables. NIHSS, National Institutes of Health
Stroke Scale; TACI, total anterior circulation infarct; ICH, intracranial hemorrhage; sICH, symptomatic intracranial hemorrhage; mRS, modified Rankin Scale. Statistical significance (p <0.05)

is represented by bold values.

3 Results

A total of 85 consecutive patients who fulfilled the established
criteria for reperfusion treatment (either thrombolysis, thrombectomy
or both) were included in the study. Of these patients six were
excluded: two patients due to follow-up loss at 90 days post-stroke,
three due to hemolyzed blood samples that invalidated the NSE level
result, and one due to lung cancer history. Consequently, 79 patients
(50.6% female; mean age 69.2+14.4years) were enrolled into the
present study. The median time from symptom onset to hospital door
was 113min and the median time from symptom to reperfusion
treatment as 165 min (when patients underwent both treatments, the
time of rtPA bolus was chosen as the reperfusion treatment time, as it
was the first treatment applied). The median NIHSS score was 10
points (range 0 to 30) before, and 8 points (range 0 to 32) 24 h after
reperfusion therapies. The median NSE level at admission (NSE,) was
16.3ng/mL (4.7-45.1) and the median NSE level at 48h post-
reperfusion therapies (NSE,) was 17.5ng/mL (4.7-117.0). At 90 days
post-stroke, patients were assessed and distributed into two groups
according to the mRS score at that time: 44 (55.7%) were placed in the
favorable outcome group with a mRS score of 0-2 points, and 35
(44.3%) were in placed in the unfavorable outcome group with a mRS
score of 3-6 points. Both groups were compared regarding baseline
characteristics as shown in Table 1. There were no significant
differences between the two groups in terms of sex, history of DM,
hyperlipidemia, AFE, previous stroke, smoking, CAD, time from
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symptom onset to hospital-door, time from symptom onset to
treatment, fibrinolysis or thrombectomy and ICH. However,
compared to favorable outcome group, patients in the unfavorable
outcome group were more likely to be older (p=0.006), have history
of HTN (p=0.012), HF (p=0.019), and history of previous medical
treatment (p=0.029). They also presented a higher NTHSS score both
at admission (p<0.0001) and at 24h (p<0.0001) post-reperfusion
therapies. Lastly, they were also more likely to have suffered a TACI
type-stroke  (p<0.0001), post-stroke medical complications
(p<0.0001) and sICH (p=0.006) (Table 1).

Of the 14 patients with ICH, 8 were asymptomatic, 6 had sSICH
and 1 died of sICH within 7days after treatment. Among the 13
deceased patients, 4 died due to malignant infarct, 4 due to nosocomial
pneumonia, 3 due to sepsis (urinary tract and endocarditis primary
infections), 1 due to sICH and 1 due to hemorrhagic shock
(gastric ulcer).

3.1 Biomarkers and clinical outcome

The biomarkers and hematologic parameters in the two groups are
shown in Table 2. CRP median levels were significantly higher in the
unfavorable outcome group (57.4 vs. 5.5; p<0.0001), as were NSE
levels at 48 h (NSE,g,) (21.0 vs. 15.5; p=0.008). The NSE median levels
at admission (NSE,) were higher in the unfavorable outcome group
(19.0 vs. 15.4), without statistical significance (p=0.059).
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TABLE 2 Biomarkers of patients with and without unfavorable outcome (mRS 3-6) at 90 days.

Biomarkers

Total (n =79)

mRS (0-2) (n = 44)

mRS (3-6) (n = 35)

10.3389/fneur.2024.1408111

Hemoglobin 12.6 (8.7-17.0) 12.9 (8.7-17.0) 5.8 (4.9-8.0) 0.077
HbA1C (%) 5.7 (4.4-9.2) 5.6 (4.4-9.2) 11.9 (9.2-16.7) 0.098
Glycemia 129.0 (88.0-259.0) 130.0 (92-259) 125.0 (88.0-194.0) 0.564
CRP 13.2 (0.6-419.0) 5.5 (0.6-419.0) 57.4 (1.0-279.0) <0.0001
NSE, (ng/mL) 16.3 (4.7-45.1) 15.4 (5.7-45.1) 19.0 (4.7-39.8) 0.059
NSE,g, (ng/mL) 17.5 (4.7-117.0) 15.5 (4.7-63.2) 21.0 (8.4-117.0) 0.008

Notes - values are presented as median (minimum-maximum). HbA1C, hemoglobin A1C; CRP, C reactive protein and NSE; neuron-specific enolase; mRS, modified Rankin Scale. Statistical

significance (p <0.05) is represented by bold values.

TABLE 3 Baseline characteristics and clinical outcome in patients classified according to NSE at admission (NSE,) subgroups.

Characteristics NSE, <14.2 (n = 27) NSE, >14.2 (n =52)

Age, years 67.7+14.7 69.9+14.3 0.529
Female, 1 (%) 13 (48.1) 27 (51.9) 0.750
History of hypertension, 1 (%) 12 (44.4) 32 (61.5) 0.161
History of diabetes mellitus, n (%) 5(18.5) 14 (26.9) 0.407
History of hyperlipidemia, n (%) 10 (37.0) 26 (50.0) 0.273
History of previous stroke, 7 (%) 7 (25.9) 11 (21.2) 0.631
History of smoking, n (%) 11 (40.7) 9(17.3) 0.031
History of atrial fibrillation, n (%) 1(3.7) 6(11.5) 0.412
History of heart failure, n (%) 2(7.4) 6(11.5) 0.564
History of coronary artery disease, n (%) 2(7.4) 4(7.7) 1.000
History of previous medical therapy, 1 (%) 14 (51.9) 39 (75.0) 0.038
NIHSS, 13.0 (2.0-24.0) 10.0 (0.0-30.0) 0.860
NIHSS, 4, 6.0 (0.0-31.0) 10.0 (0.0-32.0) 0.313
Oxfordshire classification — TACI, # (%) 13 (48.1) 32 (61.5) 0.254
Thrombolysis or Thrombectomy, (%) 22 (81.5) 37 (71.2) 0317
Unfavorable outcome 90d - mRS (3-6) 7 (25.9) 28 (53.8) 0.018
Post stroke medical complications, n (%) 11 (40.7) 28 (53.8) 0.269
Intracranial hemorrhage (ICH), n (%) 4(14.8) 10 (19.2) 0.626
Symptomatic intracranial hemorrhage (sICH), 1 (%) 3(11.1) 3(5.8) 0.406
Mortality, n (%) 2(7.4) 10 (19.2) 0.165
Hemoglobin (g/dL) 12.7 (8.7-16.7) 12.5(8.8-17.0) 0.549
HbA1C (%) 5.6 (4.6-7.4) 5.7 (4.4-9.2) 0.149
CRP (mg/dL) 8.0 (0.6-419.0) 19.7 (0.6-302.0) 0.114

Notes - values are presented as mean + SD or median (minimum-maximum) for continuous variables, and number (percentages) for categorical variables. NIHSS, National Institutes of Health
Stroke; TACI, total anterior circulation infarction; mRS, modified Rankin Scale; HbA1C, hemoglobin A1C; CRP, C reactive protein and NSE, neuron-specific enolase. Statistical significance

(p<0.05) is represented by bold values.

3.2 Comparison of baseline characteristics,
biomarker NSE, and NSE.g, and clinical
outcome

The optimal cut-oft value to distinguish unfavorable from
favorable outcomes was calculated for both NSE, and NSE,q,, using
a receiver operating characteristics (ROC) curve in conjunction with
the Youden’s index: NSE, was 14.2 ng/mL, with sensitivity of 80%
and specificity of 45.5%; and NSEg, was 26.3 ng/mL with sensitivity
of 43.3% and specificity of 97.7%. To further estimate the clinical
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importance of the NSE level, all patients were divided into two
subgroups according to the cut-off value of NSE; and NSE;. Low
and high NSE, levels were defined as: <14.2ng/mL and >14.2 ng/
mL, respectively; and NSE, levels as: < 26.3 ng/mL and >26.3 ng/
mL, respectively. Baseline characteristics and clinical outcomes
classified according to NSE, and NSE,g, subgroups are shown in
Tables 3, 4.

Regarding the NSE, group, there were no significant differences
in terms of sex, history of HTN, DM, hyperlipidemia, previous
stroke, HE, AE, NIHSS, and NIHSS,,. Patients in the high NSE,
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TABLE 4 Baseline characteristics and clinical outcome in patients classified according to NSE at 48 h (NSE,s,,) subgroups.

Characteristics NSE s, <26.3 (n =59) NSE g >26.3 (n =14)

Age, years 68.1+14.5 74.1+15.1 0.172
Female, n (%) 30 (50.8) 6 (42.9) 0.591
History of hypertension, # (%) 32 (54.2) 10 (71.4) 0.242
History of diabetes mellitus, # (%) 15 (25.4) 3(21.4) 0.755
History of hyperlipidemia, 1 (%) 25 (42.4) 8 (57.1) 0.318
History of previous stroke, 7 (%) 16 (27.1) 1(7.1) 0.112
History of smoking, n (%) 15 (25.4) 3(21.4) 0.755
History of atrial fibrillation, n (%) 5(8.5) 0(0.0) 0.576
History of heart failure, n (%) 3(5.1) 4(28.6) 0.007
History of coronary artery disease, 1 (%) 2(3.4) 4(28.6) 0.011
History of previous medical therapy, 1 (%) 39 (66.1) 11 (78.6) 0.367
NIHSS, 9.0 (0.0-24.0) 17.5 (6.0-30.0) 0.004
NIHSS, 6.0 (0.0-30.0) 19.5 (3.0-32.0) <0.0001
Oxfordshire classification — TACI, 1 (%) 28 (47.5) 13 (92.9) 0.002
Thrombolysis or Thrombectomy, n (%) 46 (78.0) 8(57.1) 0.110
Unfavorable outcome 90d - mRS (3-6) 17 (28.8) 13 (92.9) <0.0001
Post stroke medical complications, 1 (%) 21 (35.6) 13 (92.9) <0.0001
Intracranial hemorrhage (ICH), n (%) 10 (16.9) 4(28.6) 0.321
Symptomatic intracranial hemorrhage (sICH), n (%) 3(5.1) 3(21.4) 0.080
Mortality, n (%) 4(6.8) 6 (42.9) <0.0001
Hemoglobin (g/dL) 12.8 (8.7-12.8) 11.4 (8.8-14.4) 0.053
HbA1C (%) 5.6 (4.4-9.2) 5.8 (4.7-6.4) 0.661
CRP (mg/dL) 7.4 (0.6-419.0) 116.5 (3.4-302.0) <0.0001

Notes - values are presented as mean + SD or median (minimum-maximum) for continuous variables, and number (percentages) for categorical variables. NIHSS, National Institutes of Health
Stroke; TACI, total anterior circulation infarction; mRS, modified Rankin Scale; HbA1C, hemoglobin A1C; CRP, C reactive protein and NSE, neuron-specific enolase. Statistical significance
(p<0.05) is represented by bold values.

TABLE 5 Relative risks for unfavorable outcome (mRS 3-6) at 90 days in patients with reperfusion treatment.

Variables B S.E. Wald df OR 95% ClI p-value
NIHSS,, 0.200 0.056 12.616 1 1.221 (1.094-1.363) <0.0001
NSE,5 >26.3 ng/mL 2.599 1.231 4.461 1 13.456 (1.206-150.145) 0.035

Notes - variables that did not remain in the equation: hyperlipidemia, heart failure, hypertension, NIHSS at admission, TACI type stroke, hemoglobin, hemoglobin A1C, post stroke medical
complications, NSE > 14.2 ng/mL. B - Beta coefficient; S.E. - Standard error; df - degrees of freedom; OR - Odds ratio; CI, confidence interval; NTHSS - National Institutes of Health Stroke;
NSE - Neuron-specific enolase; statistical significance (p <0.05) is represented by bold values.

subgroup had a higher percentage of non-smokers (p=0.031) and  subgroup. Mortality was also more frequent among the high NSE,q
history of previous medication intake (p=0.038). They also had more  subgroup (p <0.0001) (Table 4).
frequent unfavorable outcomes (p=0.018) than those in the low NSE,
subgroup (Table 3).

Concerning the NSE,, group, there were no significant 3.3 Unfavorable outcome at 90 days in
differences in terms of sex, history of HTN, DM, hyperlipidemia, re perfused patients
previous stroke, smoking and previous medication intake. Patients in
the high NSE,g, group were more likely to have HF (p=0.007) and After multivariate analysis, the variables that were independently
history of CAD (p=0.011). High NSE,q, subgroup was associated  and significantly associated with unfavorable outcome were NIHSS,,
with higher NIHSS at admission (NIHSS,) and NIHSS at 24h  score and NSE,g,
(NIHSS,4,) scores (p=0.004 and p<0.0001). They also had higher Patients with NSE,g, >26.3 ng/mL have a 13.5 higher risk of having
percentage of unfavorable outcomes (p <0.0001), TACI type-strokes ~ an unfavorable outcome (95% CI 1.2-150.1, p=0.035). As the
(p=0.002), post-stroke medical complications (p<0.0001), and  NIHSS,,, increases, the risk of having an unfavorable outcome
higher CRP median levels (p <0.0001) than those in the low NSE,y,  increases by 22% (95% CI 1.1-1.4, p<0.0001) (Table 5).
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3.4 Receiver operating characteristic
analysis of NSE at the different sampling
times

By comparing the two ROC curves of NSE; and NSE g, through
the Delong test, there were no significant differences between the two
curves (p=0.298) regarding unfavorable outcome (Figure 1). The area
under curve at admission and 48h are similar (0.597 and 0.683,
respectively).

3.5 Correlation between NSE,g, and mRS at
90 days

We found highly significant positive correlation between NSE g,
levels and mRS at 90days (r=0.400 and p <0.0001) (Figure 2). The
graph demonstrates that patients with an adverse neurological
disability (higher mRS) had a significant higher release of the marker.

4 Discussion

This study evaluated the predictive value of neuron-specific
enolase (NSE) levels in determining stroke outcomes for patients
undergoing reperfusion therapies. It was found that older age, history
of hypertension (HTN), heart failure (HF), and previous medication
use were significantly associated with unfavorable outcomes (mRS
score of 3-6). Higher NIHSS scores at baseline and 24h post-
reperfusion were linked to worse outcomes and increased mortality.
Notably, the study revealed that higher NSE levels at 48 h post-stroke
were significantly associated with more severe outcomes and greater
neurological disability, while NSE levels at admission showed a
non-significant trend towards worse outcomes.

Clinicians are often expected to predict outcome after stroke,
whether by patient, family, or other healthcare workers. There are a
wide variety of factors that influence stroke prognosis, including age,
stroke severity, stroke mechanism, infarct location, reperfusion
treatments, comorbid conditions, neurological disability, and stroke
complications (23, 24).

The modified Rankin Scale has been used as a measure of stroke-
related handicap and is frequently used as a global measure of the
functional impact of stroke. In addition, the mRS at 90 days after
intravenous thrombolysis or endovascular interventions for acute
ischemic stroke is the proposed “core metric” of most interventional
trials and worldwide comprehensive stroke centers (25). The mRS
score shows moderate correlation with the volume of cerebral
infarction (26).

NSE has predictive value for determining severity and early
neurobehavioral outcomes after stroke (9). However, the role of NSE
in predicting long-term outcomes is still an evolving area, and
evidence regarding its role in ischemic stroke patients undergoing
reperfusion therapies is still scarce.

In this study we demonstrated that risk factors such as older age,
a history of HTN, HF and previous medication were associated with
unfavorable outcomes (mRS score of 3-6 points). Previous studies
(27-29) have shown a clear associated between age, history of HTN
and HF with stroke prognosis. In our study, hyperlipidemia and CAD
showed a non-significant trend to be more prevalent among patients

Frontiers in Neurology

14

10.3389/fneur.2024.1408111

with unfavorable outcomes. Recent study by Chang et al. (30) showed
a poorer outcome in stroke patients with CAD. A study from Menet
etal. (31), mention that hyperlipidemia exacerbate vascular damage
and is importantly associated to an increased risk of mortality in
stroke patients.

According to Muir et al. (32), the NIHSS score offers the best
specificity, sensitivity, and accuracy for predicting prognosis, with
high scores correlating proportionally with higher mortality rates
(33). As was demonstrated by Chalos study et al. (34), our study
showed that higher NIHSS, and NIHSS,, post-reperfusion
therapies are associated with unfavorable outcome and higher
mortality rates.

In Yang’s study (35), TACI type-strokes exhibited worse 3-month
clinical outcomes and higher mortality rates. Similarly, in our study,
patients with ischemic stroke undergoing reperfusion therapies,
we found that the TACI type-stroke was associated with stroke
severity, unfavorable outcomes (85.7%) and mortality (100%) when
compared to non-TACI type-strokes (PACI, LACI and POCI).

Bustamante et al. (36) reported that post-stroke complications
significantly impact stroke outcomes. In our study, stroke complications
were statistically significantly associated with unfavorable outcomes
(p<0.0001). Thirty-nine patients (49.4%) experienced post-stroke
complications, with pneumonia and urinary tract infection being the
most frequent. Although infections commonly occur after stroke and
are strongly associated with an unfavorable outcome in these patients,
effective management strategies for post-stroke infection remain
scarce, presenting a significant challenge for stroke care (37).

Our study demonstrated that the median values of the biomarker
CRP at admission were significantly higher among patients with
unfavorable outcomes. Two studies (38, 39) indicate a strong
association of poor outcomes with high sensitivity (hs)-CRP
measurements at 24-48h and 7days post-stroke, reflecting
impairment of the recovery process due to prolonged inflammation
after ischemic stroke. Similar associations were also observed with
CRP values at admission (40).

Since 2005 (41), we have known that NSE levels are higher in
stroke patients than in controls. However, it was after Zaheer et al. (42)
that a correlation was made between NSE levels on day 1, infarct
volume and functional outcomes at 30 days post-stroke. Consistent
with this, previous studies focusing on stroke patients not-submitted
to reperfusion treatments suggested that the initial NSE level positively
associated with the degree of neurological deficit (41). One single
study (43) reported that NSE values did not differ between patients
who underwent intravenous thrombolysis alone versus conservative
medical treatment.

In our study, the NSE,, levels were statistically significantly
associated with an unfavorable outcome and the NSE, levels were
non-significantly higher in the unfavorable outcome group.
Waunderlich et al. (44) reported that the release pattern of NSE rises
2-3h after stroke onset, then decreases until 12h, followed by a
secondary increase until the last measurement on day 5 after stroke
onset, probably reflecting secondary mechanism of brain damage,
ongoing neuronal cell death or persistent disturbance of the blood-
brain barrier. NSE levels have been shown to change dynamically
after an ischemic stroke. A pathological neurovascular status on
admission resulted in a significantly higher release of NSE from 48 h
onward, although NSE concentrations from 18 h onward were highly
correlated with the severity of the corresponding neurological deficit
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Receiver operating characteristics (ROC) analysis of NSE, and NSE.g.. The area under the curve (AUC) is 0.597 and 0.683 at admission and 48 h,
respectively. There are no significant differences between AUCs, p = 0.298.
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FIGURE 2
Spearman correlation between NSE,g, and modified Rankin Scale at 90 days. R coefficient is positive and significant (r= 0.400; p <0.0001).
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as quantified by the NIHSS. Considering that reperfusion therapies
may increase the odds of vessel recanalization rates, possibly
interfering with NSE levels, we measured the NSE level at admission
(immediately before reperfusion therapies), and at 48h post-
reperfusion therapies.

A previous study (45) showed that the NSE level at 24h post-
intravenous fibrinolysis highly correlated with the severity of the
corresponding neurological deficit as quantified by the NIHSS score
at 24 h post-fibrinolysis.

There are several possible explanations for this finding, but the
explanation that garners the most consensus is related with the
penumbra area involved in the ischemic stroke. Cells in the ischemic
penumbra, as they suffer necrosis, release NSE that passes from the
cerebral spinal fluid to the peripheral blood through an impaired
blood-brain barrier (46). Patients submitted to thrombolysis show
decreased NIHSS scores as the occluded artery recanalizes and the
ischemic penumbra area reperfuses, leading to a decrease in NSE
levels. However, no studies have been conducted with ischemic stroke
patients submitted to thrombectomy. On the other hand, patients who
poorly respond to thrombolysis (considered as no or subpar
recanalization) have larger core and smaller penumbra areas, leading
to a higher NSE release from disrupted neuronal cells and both higher
serum NSE levels and NTHSS scores.

In our study, higher NSE, levels showed a non-significant trend
toward an unfavorable outcome (p=0.059), reflecting the above
correlation between NSE and the penumbra area (42). By the other
hand, higher concentration of NSE,g, were statistically significantly
associated with an unfavorable outcome (p=0.008), reflecting a larger
area of necrosis and infarct core and consequently higher
neurological disability.

Two previous studies (42-45) showed a similar NSE level
threshold for poor functional outcomes. As mentioned before, low
NSE levels might be associated with clinical-diffusion mismatch,
which has been a surrogate for brain tissue at risk of infarct.

By comparing the two ROC curves of NSE; and NSE g, through
the DeLong test, we found no significant differences between the two
curves, leading us to conclude that the NSE, and NSE 4, have identical
predictive value for unfavorable outcome.

Our study shown that NSE,g, and NIHSS,, were independently and
significantly associated with unfavorable outcome, after multivariate
analysis adjusted for other risk factors for unfavorable outcome.

A previous study (9) showed that the NSE levels had high
predictive value for the degree of short-term disability (measured with
NIHSS at day 7). In the current study the NSE,g, levels positively
correlated with the severity of neurological long-term disability (mRS
at 90d), reflecting the NSE utility as a marker for destructive process
in the central nervous system, a marker of neuron loss and
consequently associated with higher disability.

This study has some limitations that must be considered. First, our
data result from hyperacute ischemic stroke treated with reperfusion
therapies, without a control group. Whether reperfusion treatments
interfere with the blood-brain barrier, increasing the serum NSE
concentration is still unknown. Thus, the association between NSE,
especially at 48h, and stroke severity estimated by the NIHSS score
may have been overestimated. Second, a small sample size might have
confounded the results of factors predicting the severity and outcome
of stroke and resulted in wider confidence intervals. The authors are
still recruiting more patients to increase the sample size and further
ascertain this hypothesis. We also note that the titration of NSE levels
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is time consuming and vulnerable to the collecting methods, resulting
in hemolysis and making the interpretation of hemolytic samples
impossible. Eventually, in the future, a saliva NSE sample test could
be more feasible, safe, and economic (47).

In conclusion, our results show that NSE levels at 48h are
associated with patient’s deficits assessed by the mRS. Like NIHSS
score, NSE can be used, on a large scale in clinical practice, as a
valuable tool in clinical management and prognostic estimation in
ischemic stroke patients undergoing reperfusion therapies.

In the future, NSE levels might also be used in combination with
CT perfusion of brain to study the core and penumbra area,
maximizing the sensitivity of both.
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Background and objective: Hemorrhagic stroke, characterized by acute
bleeding due to cerebrovascular lesions, is associated with plasma lipids and
endothelial damage. The causal relationship between genetic plasma lipid levels
and hemorrhagic stroke remains unclear. This study employs a two-sample
Mendelian randomization (MR) analysis to explore the causal relationship
between plasma lipid profiles with different fatty acid chains and the risk
of intracerebral and subarachnoid hemorrhage, the two main subtypes of
hemorrhagic stroke.

Methods: The datasets for exposure and outcome summary statistics were
obtained from publicly available sources such as the GWAS Catalog, IEU
OpenGWAS project, and FinnGen. The two-sample MR analysis was employed
to initially assess the causal relationship between 179 plasma lipid species and
the risk of intracerebral and subarachnoid hemorrhage in the Finnish population,
leading to the identification of candidate lipids. The same methods were applied
to reanalyze data from European populations and conduct a meta-analysis
of the candidate lipids. The Inverse Variance Weighting (IVW) method served
as the primary analysis for causal inference, with additional methods used for
complementary analyses. Sensitivity analysis was conducted to clarify causal
relationships and reduce biases.

Results: Two analyses using Mendelian randomization were performed, followed
by meta-analyses of the results. A causal relationship was established between
11 specific lipid species and the occurrence of intracerebral hemorrhage
within the European population. Additionally, 5 distinct lipid species were
associated with subarachnoid hemorrhage. Predominantly, lipids with linoleic
acid and arachidonic acid side chains were identified. Notably, lipids containing
arachidonic acid chains (C20:4) such as PC 18:1;0_20:4;0 consistently
showed a decreased risk of both intracerebral hemorrhage [p <0.001; OR(95%
Cl)=0.892(0.835-0.954)] and subarachnoid hemorrhage [p=0.002; OR(95%
Cl) =0.794(0.689-0.916)]. Conversely, lipids with linoleic acid chains (C18:2)
were associated with an increased risk of intracerebral hemorrhage.

Conclusion: This study identifies a potential causal relationship between lipids
with different fatty acid side chains and the risk of intracerebral and subarachnoid
hemorrhagic stroke, improving the understanding of the mechanisms behind
the onset and progression of hemorrhagic stroke.
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1 Introduction

Hemorrhagic stroke, marked by acute intracranial bleeding, is
clinically significant despite being less common than ischemic
stroke. It has a higher mortality rate and more severe clinical
outcomes, posing a serious threat to health and quality of life (1).
Hemorrhagic stroke encompasses subtypes such as intracerebral
hemorrhage (ICH) and subarachnoid hemorrhage (SAH). These
subtypes are classified based on bleeding location and have
different etiologies (2). Non-traumatic ICH is mainly caused by
small vessel diseases like hypertension and arteriosclerosis, leading
to ruptured arterioles or microaneurysms (3). In contrast, SAH is
typically due to the rupture of large arterial aneurysms or
arteriovenous malformations (4). Both ICH and SAH involve
endothelial damage and vascular remodeling (2).

Plasma lipids are closely associated with endothelial damage.
Dyslipidemia can contribute to endothelial injury and vascular
remodeling through various mechanisms, accelerating vascular
diseases like atherosclerosis (5). Previous studies have focused on
conventional lipid components such as high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
triglycerides (TG), and total cholesterol (TC). Mendelian
randomization has been used to examine the impact of these
conventional lipids on the incidence of hemorrhagic stroke (6-8).

Modern high-throughput lipidomics technologies have greatly
expanded our understanding of the diversity and complexity of
circulating lipids. Additionally, genome-wide association studies
(GWAS) have transformed our understanding of the genetic
variations influencing lipid levels (9, 10). Research shows that
while diet affects circulating lipids, plasma levels of these
components are heritable, highlighting a significant role of
endogenous regulation in lipid metabolism (11). Notably, genetic
mechanisms do not uniformly regulate all lipid species
within categories.

Exploring the relationship between comprehensive plasma
lipid profiles and hemorrhagic stroke development offers insights
into early screening and prevention while increasing our
understanding of the physiological mechanisms involved. However,
a prospective study directly linking plasma lipid profiles to
hemorrhagic stroke is still lacking, leaving the causal relationship
unclear. Traditional observational studies often have flaws, as data
are typically collected post-stroke. Additionally, patients may
change their lifestyle or medication after cardiovascular events,
altering plasma lipid profiles and further obscuring the
causal relationship.

Mendelian randomization (MR) has become increasingly
popular for studying disease etiology. In the absence of randomized
controlled trials, MR effectively identifies potential disease-causing
factors and provides a reliable strategy for investigating causal
relationships between exposures and outcomes (12). It determines
the causal influence of an exposure on outcomes by using genetic
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variants associated with the exposure as instrumental variables
(IVs), typically derived from single nucleotide polymorphisms
(SNPs) (13). Since SNPs are randomly allocated to offspring during
conception, confounding factors are significantly reduced, allowing
MR to approximate randomized controlled trials to some extent
(14). Moreover, MR studies have been employed in stroke risk
research to identify various pathogenic factors (15, 16).

There is a significant association between plasma lipid levels
and endothelial damage. However, the causal relationship between
comprehensive plasma lipid profiles and hemorrhagic stroke
remains uncertain. To investigate this, this study will utilize a
two-sample MR analysis to evaluate the causal connection between
various plasma lipid profiles containing distinct fatty acid side
chains and the risk of ICH and SAH. The objective is to provide
new strategies and insights for predicting and preventing
hemorrhagic stroke.

2 Materials and methods

2.1 Study design

Mendelian randomization (MR) employs genetic variations as
proxies for risk factors, with effective IVs needing to satisfy three
(1) Genetic
instruments must be directly and strongly associated with the

primary assumptions for causal inference (17):

exposure; (2) Genetic instruments should be independent of potential
confounding factors; (3) Genetic instruments must be unrelated to the
outcome and only influence the outcome through the exposure. The
main MR analyses in this study were performed using R software
(version 4.2.3) with the Two Sample MR and MR_PRESSO packages.
This study’s design was based on the MR study by Yun et al. (18). An
overview of the study is presented in Figure 1.

2.2 Exposure data sources

The plasma lipids data were sourced from a GWAS conducted by
Ottensmann et al., which examined the genetic characteristics of
plasma lipidomics (19). This study analyzed genetic variations in 179
lipid species across 13 lipid categories in 7,174 Finnish individuals
from the GeneRISK cohort. The aim was to identify genetic variants
associated with plasma lipidomic features and assess their impact on
certain diseases. The 13 lipid classes included cholesterol (Chol),
cholesterol esters (CE), ceramides (CER), diacylglycerols (DAG),
lysophosphatidylcholines (LPC), phosphatidylcholines (PC), ether-
linked phosphatidylcholines (PCO), phosphatidylethanolamines (PE),
(LPE), ether-linked
phosphatidylethanolamines (PEO), sphingomyelins (SM), and

lysophosphatidylethanolamines

triacylglycerols (TAG). These classes follow the naming conventions
from Ottensmann et al’s study. The GWAS data for these 179 lipid
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FIGURE 1

Overview of Mendelian Randomization (MR) analysis. Assumption 1. Genetic instruments are directly and strongly associated with the exposure.
Assumption 2: Genetic instruments are independent of potential confounding factors. Assumption 3: Genetic instruments are unrelated to the
outcome and only affect the outcome through the exposure. SNPs, single nucleotide polymorphisms; IVW, inverse variance weighted; LD, linkage
disequilibrium; LOO analysis, leave-one-out analysis; MR-PRESSO, MR-Pleiotropy RESidual sum and outlier; ICH, Intracerebral hemorrhage; SAH,

Subarachnoid Hemorrhage

species were retrieved from the GWAS Catalog. Supplementary Table 1
provides detailed information on lipid types, identifiers,” abbreviations,
and GWAS numbers.

2.3 Outcome data sources

The data for two types of hemorrhagic stroke were initially
analyzed using the tenth release of FinnGen’ in the Finnish
population. FinnGen is a public-private collaboration that integrates
genotype data from Finnish biobanks with digital health records from
the Finnish National Institute for Health and Welfare. We used the
phenotypes labeled “I9_ICH” for ICH, which includes 4,056 cases and
371,717 controls, and “I9_SAH” for SAH, which includes 3,532 cases
and 371,753 controls.

For replication analysis, cross-population meta-analysis data on
intracerebral and subarachnoid hemorrhages (categorized by ICD-10
codes and phecodes) from Saori’s study were employed, utilizing UK
Biobank (UKB) and FinnGen version 3 data (20). The original GWAS
data for ICH (ebi-a-GCST90018870, including 1,935 cases and

1 https://www.ebi.ac.uk/gwas/
2  http://www.swisslipids.org
3 https://www.finngen.fi/en/access_results
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471,578 controls) and SAH (ebi-a-GCST90018923, including 1,693
cases and 471,562 controls) were obtained from the IEU OpenGWAS
project.* Additional information on the GWAS data is available in the
study by Saori et al. (20).

2.4 Selection of IVs

To meet assumption (1), we refined the criteria for selecting IVs
to ensure an accurate and effective assessment of the causal
relationship between plasma lipids and disease risk. Initially, only
single nucleotide polymorphisms (SNPs) with highly significant
associations, specifically those with p-values less than 5e-08, were
included as IVs for both exposure and outcome. Additionally, to
reduce bias from linkage disequilibrium, which can cause a
non-random distribution of alleles across multiple genetic loci,
we applied stringent screening criteria. These criteria involved
selecting SNPs under the conditions of r*=0.001 and a clumping
window of 10,000kb, ensuring the independence of the IVs and
reducing potential biases in subsequent analyses. Only SNPs meeting
both the stringent p-value threshold and effectively countering the

4 https://gwas.mrcieu.ac.uk/
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effects of linkage disequilibrium were included in the exposure
analysis. Furthermore, to avoid bias from weak instruments, the F
statistic was used to assess the correlation strength between each SNP
and the exposure. IVs with an F statistic >10 were deemed strong
instruments, whereas those with F<10 were considered to have
weaker correlations between SNP and exposure. R? and F statistics
were calculated as follows (21):

2 2xB% x MAF x (1 - MAF)
2xB? x MAF x (1- MAF) + 2 (se (B))” x N x MAF x (1~ MAF)

Where p represents the effect size of the target genetic variant,
MAF denotes the minor allele frequency of the SNP, and se(p) denotes
the standard error of the effect size. R* signifies the proportion of
exposure explained by the I'Vs, or the determination coefficient of the
regression equation. N represents the sample size of the exposure, and
k indicates the number of SNPs (IVs). To meet assumption (3), SNPs
associated with the outcome (p < 5e-05) were excluded. Lastly, further
MR analysis was conducted on lipids with two or more SNPs.

2.5 Statistical analysis

Mendelian randomization (MR) is a technique that employs
genetic instruments to investigate causal relationships between
modifiable exposures and outcomes. In this study, the Inverse Variance
Weighted (IVW) method is used to assess the potential causal effects
of plasma lipid profiles on ICH and SAH. The IVW method, preferred
for its efficiency with multiple genetic variations as instrumental
variables (IVs), calculates the weighted average of the causal effects by
integrating the estimates of each genetic variations impact on
exposure and outcomes (22). Additionally, to reduce the risk of false
discoveries from multiple hypothesis testing, the Benjamini and
Hochberg false discovery rate (FDR) correction is applied, setting a
significance threshold of an FDR-adjusted p-value below 0.05 (23). In
the IVW analysis, while certain causal associations exhibit p-values
under 0.05, they do not meet the stricter criterion of an FDR-adjusted
p-value below 0.05 and are thus regarded as only potentially
causal (24).

In this study, in addition to the Inverse Variance Weighted
(IVW) method, we utilized three other techniques: Weighted
Mode, MR-Egger, and Weighted Median. The Weighted Mode
approach addresses correlations between genetic instruments in
scenarios similar to those considered by the IVW, which is crucial
when using a conservative set of genetic instruments (25). The
MR-Egger method conducts weighted regression analysis to
estimate the ratios of genetic variation and assesses the average
pleiotropic effects through a regression line. It assumes that all
genetic variations may exhibit pleiotropic effects, provided these
effects are uncorrelated with the genetic variation exposure (26).
The Weighted Median technique, by calculating the median of ratio
estimates from genetic variations, demonstrates significant
resilience against outliers (27).
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Sensitivity analyses were conducted to evaluate the presence
of horizontal pleiotropy and heterogeneity, which could
compromise MR assumptions. Heterogeneity was assessed using
Cochran’s Q method, with a p<0.05 indicating significant
heterogeneity in the results (28). The MR-Egger intercept test was
employed to evaluate horizontal pleiotropy in SNPs used as
instrumental variables, with the intercept term suggesting
horizontal pleiotropy at p <0.05 (29). Additionally, MR-Pleiotropy
RESidual sum and outlier (MR-PRESSO) was utilized to detect
horizontally pleiotropic SNPs (30). To ensure the robustness of the
results, a leave-one-out (LOO) analysis was performed by
sequentially excluding each SNP to determine if any individual
SNP significantly influenced the results (31). The Steiger test was
also conducted to eliminate biases from reverse causation (25).
Detailed characteristics of the relevant analytical methods are
provided in Supplementary Table 2.

To confirm the robustness of candidate lipids identified in the
initial analysis, a repeat analysis was carried out using an alternative
set of GWAS data, detailed in Supplementary Table 3. The meta-
analysis was conducted based on a random effects model using Review
Manager 5.4.1 software.

3 Results

3.1 Preliminary analysis of plasma lipids and
ICH

Our research findings indicate that by employing the IVW
method with a significance threshold of p < 0.05, we initially identified
16 lipids with potential causal relationships to ICH in the Finnish
population (Figure 2). Of the 13 lipid classes analyzed, 6 lipid classes
were significantly associated with ICH, with PC showing the strongest
relationship. However, after applying FDR correction, none of the
results met the significance threshold, implying that the associated
lipids may have potential causal relationships. To refine our selection
of candidate lipids, we focused on those with significant estimates in
IVW (p<0.05) and assessed their consistency in both direction and
magnitude across IVW, Weighted Mode, MR-Egger, and Weighted
Median methods (Table 1; Supplementary Figure 1). We further
ensured that the selected lipids exhibited no heterogeneity via the
Cochran Q test (p>0.05) and confirmed the absence of horizontal
pleiotropy using the MR-Egger intercept test (p>0.05) and
MR-PRESSO results (p > 0.05). The Steiger test was then conducted to
validate the causal relationships between these lipids and ICH
(Table 1). LOO analysis verified that individual SNPs in candidate
lipids did not bias the Mendelian Randomization analysis
(Supplementary Figure 2). Based on comprehensive sensitivity
analyses, we ultimately identified 11 lipids as candidates associated
with ICH: CE 20:4;0 [p=0.047; OR(95% CI)=0.94 (0.88-0.999)], LPC
20:4;0 [p=0.034; OR(95% CI)=0.91 (0.83-0.99)], PC 16:0;0_20:4;0

[p=0.040; OR(95% CI)=0.93 (0.86-0.996)], PC 17:0;0_18:2;0
[p=0.049; OR(95% CI)=1.16 (1.001-1.35)], PC 18:0;0_18:2;0
[p=0.024; OR(95% CI)=1.17 (1.02-1.34)], PC 18:0;0_20:4;0
[p=0.016; OR(95% CI)=0.92 (0.87-0.99)], PC 18:1;0_20:4;0
[p=0.017; OR(95% CI)=0.91 (0.84-0.98)], PE 16:0;0_18:2;0

[p=0.002; OR(95% CI) =1.14 (1.05-1.24)], PE 16:0;0_20:4;0 [p=0.03;
OR(95% CI)=1.10 (1.01-1.19)], SM 36:2;2 [p=0.003; OR(95%
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Lipid Number of SNPs MR Method OR(95%CI) P value
Sterols (ST)

Cholesterol ester (CE)
CE 20:2;0 3 IVW-MRE B 1.37(1.02-1.86) 0.038
CE 20:4;0* 10 vw I‘ 0.94(0.88-0.999)  0.047
Glycerophospholipids (GP)
Lysophosphatidylcholine (LPC) :
LPC 20:4;0* 4 IVW o3 0.91(0.83-0.99)  0.034
Phosphatidylcholine (PC)
PC 16:0;0_20:4;0* 4 vw L 0.93(0.86-0.996)  0.040
PC 16:1;0_18:1;0 5 IVW . 1.22(1.002-1.48)  0.047
PC 16:1;0_18:2;0 8 IVW - 1.13(1.02-1.25)  0.016
RGN0 ORS00 3 vw - 1.16(1.001-1.35)  0.049
PC 17:0;0_20:4:0 6 VW o 0.91(0.83-0.98)  0.019
PC 18:0;0_18:2;0% 5 IVW - 1.17(1.02-1.34)  0.024
PC 18:0;,0_20:4;0* 7 VW "‘ 0.92(0.87-0.99) 0.016
PC 18:1;0_20:4;0* 7 VW - 0.91(0.84-0.98) 0.017
Phosphatidylethanolamine (PE)
PE 16:0;0_18:2;0* 6 vw —— 1.14(1.05-1.24) 0.002
PE 16:0;0_20:4;0* 5 VW * 1.10(1.01-1.19) 0.030
Sphingolipids (SL) :
Sphingomyelin (SM)
SM 36:2;2* 4 VW . 0.79(0.67-0.93)  0.003
SM 38:2;2* 6 vw + 0.88(0.78-0.99) 0.028
Glycerolipids (GL)
Triacylglycerol (TAG)
TAG 54:3;0 4 IVW 1.18(1.01-1.38)  0.043
0 0.5 1 15 2
FIGURE 2

Forest plot of MR results for ICH in the Finnish population, depicting plasma lipids with different fatty acid chains, based on Inverse Variance Weighted
(IVW) analysis. SNPs, single nucleotide polymorphisms; IVW, Inverse variance weighted; [IVW-MRE, Inverse variance weighted (multiplicative random
effects); OR, odds ratio; Cl, confidence interval. *represents candidate lipids identified in preliminary analysis.

CI)=0.79 (0.67-0.93)] and SM 38:2;2 [p=0.028; OR(95% CI)=0.88
(0.78-0.99)].

3.2 Preliminary analysis of plasma lipids
and SAH

Our research findings indicate that, using the IVW method with
a significance threshold of p <0.05, eight lipids demonstrate potential
causal relationships with SAH in the Finnish population (Figure 3).
Among the 13 lipid categories analyzed, only three showed significant
associations with SAH, with CE demonstrating the strongest causal
relationship. However, after applying FDR correction, no lipids met
the significance threshold, suggesting potential causal relationships.
Consistent with the selection process for candidate lipids in the ICH
group, we ensured the consistency of candidate lipid estimates across
IVW, Weighted Mode, MR-Egger, and Weighted Median methods
(Table 2; Supplementary Figure 3). The MR-PRESSO, Cochran Q test,
and MR-Egger intercept test confirmed the absence of heterogeneity
and horizontal pleiotropy, while the Steiger test validated the causal
relationships between candidate lipids and SAH onset (Table 2). LOO
analysis results also indicated no bias (Supplementary Figure 4).
Comprehensive sensitivity analyses identified six lipids as potential
biomarkers for SAH: CE 16:1;0 [p=0.02; OR (95% CI)=0.86 (0.76-
0.98)], CE 18:1;0 [p=0.049; OR (95% CI)=0.80 (0.64-0.999)], CE
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18:3;0 [p=0.025 OR (95% CI)=0.82 (0.69-0.98)], CE 20:3;0
[p=0.0002; OR (95% CI)=0.77 (0.66-0.88)], PC 18:1;0_20:4;0
[p=0.047; OR (95% CI)=0.82 (0.68-0.997)], and PE 18:0;0_20:4;0
[p=0.017; OR (95% CI)=0.90 (0.82-0.98)].

3.3 Replication and meta-analysis

To improve the reliability of our findings, we replicated the
Mendelian Randomization (MR) analysis using GWAS data on
ICH and SAH from Saori et al’s study, which included 179 lipids.
The repeated analysis, using the IVW method with a statistical
significance threshold of p <0.05, identified causal relationships
between 20 lipids and ICH in the European population, and 13
lipids and SAH (Supplementary Figure 5; Supplementary Table 4).
From the candidate lipids identified in the initial analysis (Sections
3.1 and 3.2), we performed a meta-analysis to compare the results
of the repeated analysis with the initial analysis, further
investigating the role of lipids in hemorrhagic stroke in the
European population. The meta-analysis results showed that the
risk associations of 11 candidate lipids in the ICH group remained
consistent (Figure 4). Specifically, elevated levels of CE 20:4;0
[p=0.006; OR(95% CI)=0.929 (0.881-0.979)], LPC 20:4;0
[p=0.001; OR(95% CI)=0.904 (0.850-0.961)], PC 16:0;0_20:4;0
[p=0.007; OR(95% CI)=0.916 (0.858-0.977)], PC 18:0;0_20:4;0
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TABLE 1 Supplementary and sensitivity analysis of causality between plasma lipids and ICH in preliminary analysis.

MR analysis Heterogeneity Pleiotropy MR-PRESSO Steiger test
Meth OR (95% Cl) Int RSS p P D
Cholesterol ester (CE)
3 ME 0.70(0.12-4.12) 0.76 7.21 0.03 0.148 0.59 NA NA 9.44E-48 T
CE 20:2;0 WME 1.32(1.09-1.61) 0.01
WMO 1.31(1.05-1.65) 0.14
10 ME 0.92(0.82-1.02) 0.16 9.06 0.43 0.01 0.6 9.29 0.63 0 T
CE 20:4;0 WME 0.94(0.88-1.01) 0.08
WMO 0.95(0.89-1.01) 0.13
Lysophosphatidylcholine (LPC)
4 ME 0.99(0.86-1.14) 0.91 3.64 0.30 —0.034 0.28 24.83 0.48 2.37E-227 T
LPC 20:4;0 WME 0.93(0.86-1.01) 0.07
WMO 0.93(0.86-1.01) 0.17
Phosphatidylcholine (PC)
4 ME 0.98(0.85-1.14) 0.85 293 0.40 —0.028 0.45 11.26 0.53 0 T
PC 16:0;0_20:4;0 WME 0.93(0.86-1.01) 0.07
WMO 0.94(0.87-1.01) 0.21
5 ME 0.78(0.49-1.23) 0.36 5.45 0.24 0.071 0.13 7.50 0.34 1.52E-53 T
PC 16:1;0_18:1;0 WME 1.26(1.03-1.54) 0.03
WMO 1.28(1.02-1.62) 0.10
8 ME 0.98(0.82-1.18) 0.87 5.21 0.63 0.031 0.13 7.78 0.63 5.00E-159 T
PC16:1;0_18:2;0 WME 1.10(0.98-1.23) 0.11
WMO 1.09(0.97-1.23) 0.18
3 ME 1.03(0.65-1.62) 0.92 0.86 0.65 0.026 0.68 NA NA 1.31E-67 T
PC 17:0,0_18:2;0 WME 1.15(0.98-1.34) 0.09
WMO 1.14(0.96-1.35) 0.27
6 ME 1.02(0.88-1.18) 0.82 5.88 0.32 —0.048 0.14 23.14 0.45 1.76E-276 T
PC 17:0;,0_20:4;0 WME 0.91(0.84-0.99) 0.02
WMO 0.93(0.85-1.02) 0.18
5 ME 1.21(0.79-1.85) 0.44 1.08 0.9 —0.006 0.88 1.63 0.91 1.86E-82 T
PC 18:0;0_18:2;0 WME 1.16(0.99-1.37) 0.07
WMO 1.20(0.99-1.44) 0.13
(Continued)
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TABLE 1 (Continued)

Meth

MR analysis
OR (95% CI)

Heterogeneity

Q

p

Pleiotropy

Int

p

MR-PRESSO

RSS

p

Steiger test

p

D

ME 0.95(0.86-1.06) 0.43 6.4 0.38 —0.014 0.51 22.98 0.45 0 T
PC 18:0;,0_20:4;0 WME 0.94(0.88-1.01) 0.07
WMO 0.94(0.88-1.01) 0.14
ME 0.99(0.85-1.15) 0.90 4.58 0.6 —0.032 0.24 9.72 0.56 4.72E-258 T
PC 18:1;0_20:4;0 WME 0.92(0.84-1.003) 0.06
WMO 0.93(0.85-1.02) 0.16
Phosphatidylethanolamine (PE)
ME 1.06(0.82-1.39) 0.67 1.43 0.92 0.017 0.63 1.63 0.95 3.05E-183 T
PE 16:0;0/18:2;0 WME 1.13(1.02-1.25) 0.01
WMO 1.13(1.01-1.26) 0.08
ME 1.19(0.98-1.43) 0.18 1.32 0.86 —0.025 0.43 1.52 0.91 5.67E-227 T
PE 16:0;0/20:4;0 WME 1.11(1.01-1.21) 0.03
WMO 1.11(1.01-1.21) 0.09
Sphingomyelin (SM)
ME 0.86(0.49-1.51) 0.65 0.11 0.99 —-0.014 0.8 0.16 0.99 1.07E-59 T
SM 36:2;2 WME 0.79(0.66-0.95) 0.01
WMO 0.79(0.63-0.98) 0.13
ME 0.98(0.68-1.41) 0.92 2.56 0.77 —0.021 0.56 3.75 0.77 6.28E-109 T
SM 38:2;2 WME 0.88(0.76-1.02) 0.08
WMO 0.89(0.75-1.06) 0.24
Triacylglycerol (TAG)
ME 0.86(0.57-1.30) 0.55 2.69 0.44 0.054 0.25 7.56 0.43 9.88E-63 T
TAG 54:3;0 WME 1.24(1.03-1.49) 0.02
WMO 1.04(0.84-1.28) 0.77

N, number of single nucleotide polymorphisms; Meth, methods; ME, MR-Egger; WME, Weighted median; WMO, Weighted mode; CI, confidence interval; OR, odds ratio; Int, MR-Egger intercept; MR-PRESSO, MR-Pleiotropy RESidual sum and outlier; RSS, RSSobs;

D, Direction;T, True; NA, Not available.
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Lipid Number of SNPs MR Method OR(95%CI) P value
Sterols (ST)

Cholesterol ester (CE)
CE 16:1;0* 9 vw . 0.86(0.76-0.98) 0.020
CE18:]1:0% 6 Vw —— 0.80(0.64-0.999)  0.049
CE 18:3;0* 5 vw —— 0.82(0.69-0.98) 0.025
CE 20:3;0* 6 vw —— 0.77(0.66-0.88) 0.0002
CE 20:4;0 10 IVW-MRE Ly 0.90(0.82-0.98) 0.017
Glycerophospholipids (GP)
Phosphatidylcholine (PC)
PC 18:1;0_20:3;0 3 vw — 0.80(0.65-0.99) 0.036
PC 18:1;0_20:4;0* vw — 0.82(0.68-0.997)  0.047
Phosphatidylethanolamine (PE)
PE 18:0;0_20:4;0* 8 vw g 0.90(0.82-0.98) 0.017
0 05 1 15
FIGURE 3
Forest plot of MR results for SAH in the Finnish population, depicting plasma lipids with different fatty acid chains, based on Inverse Variance Weighted
(IVW) analysis. SNPs, single nucleotide polymorphisms; IVW, Inverse variance weighted; IVW-MRE, Inverse variance weighted (multiplicative random
effects); OR, odds ratio; Cl, confidence interval. *represents candidate lipids identified in preliminary analysis.

[p<0.001; OR(95% CI)=0.914 (0.866-0.964)], PC 18:1;0_20:4;0
[p<0.001; OR(95% CI)=0.892 (0.835-0.954)], SM 36:2;2
[p<0.001; OR(95% CI)=0.766 (0.676-0.868)] and SM 38:2;2
[p=0.004; OR(95% CI) =0.859 (0.774-0.954)] were associated with
a reduced risk of ICH. Conversely, high levels of PC 17:0;0_18:2;0
[p<0.001; OR(95% CI) =1.232 (1.092-1.391)], PC 18:0;0_18:2;0
[p=0.002; OR(95% CI)=1.179 (1.065-1.306)], PE 16:0;0_18:2;0
[p<0.001; OR(95% CI) = 1.147 (1.079-1.219)] and PE 16:0;0_20:4;0
[p=0.006; OR(95% CI)=1.088 (1.024-1.155)] were associated with
an increased risk of ICH. In the SAH group, five candidate lipids
exhibited consistent risk associations (Figure 5). Elevated levels of
CE 16:1;0 [p=0.015; OR(95% CI) =0.878 (0.792-0.975)], CE 18:3;0
[p =0.035; OR(95% CI) = 0.848 (0.727-0.989)], CE 20:3;0 [p < 0.001;
OR(95% CI) =0.786 (0.704-0.877)], PC 18:1;0_20:4;0 [p =0.002;
OR(95% CI) =0.794 (0.689-0.916)] and PE 18:0;0_20:4;0 [p =0.003;
OR(95% CI)=0.905 (0.846-0.967)] were associated with a reduced
risk of SAH. However, in the meta-analysis, CE 18:1;0 [p=0.775;
OR (95% CI)=0.951 (0.674-1.342)] did not reach significance in
the SAH group (p <0.05). The most significant lipids identified in
the meta-analysis were plasma lipids containing arachidonic acid
(C20:4), such as PC 18:1;0_20:4;0, which generally had a risk-
reducing effect on ICH and SAH, except for PE 16:0;0_20:4;0.
Lipids containing linoleic acid (C18:2) were most prevalent in ICH
and showed an increased risk of onset.

4 Discussion

Utilizing extensive publicly available genetic data, our study
explored the causal relationships between 179 plasma lipid species and
two subtypes of hemorrhagic stroke within the European population.
Previous MR studies on plasma lipid species have typically provided
a broad overview of associated phenotypes without delving into the
specific impact of plasma lipid species on hemorrhagic stroke subtypes
(11, 19). Our MR analysis examined causal links between lipids with
varying fatty acid chains and hemorrhagic stroke. Through stringent
inclusion criteria and sensitivity analyses, we identified 11 lipids
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causally associated with ICH and 5 lipids with a causal relationship to
SAH in the European population.

In our analysis, lipids of the same class displayed differing
effects on the same disease, likely influenced by the specific fatty
acid chains, particularly polyunsaturated fatty acids (PUFAs),
except for sphingomyelin (SM). For instance, two PCs, PC
18:0;0_18:2;0 and PC 18:0;0_20:4;0, exhibited differing effects on
ICH due to the presence of distinct PUFAs. Conversely, lipids from
different classes with the same PUFA chain tended to exhibit
similar effects. This is illustrated by CE 20:4;0 and PC 18:1;0_20:4;0,
which both demonstrated risk-reducing effects on ICH. This could
be due to the hydrolysis of PUFAs in the related lipids. However,
an exception was noted with PE 16:0;0_20:4;0, which had an
opposite effect on ICH.

In our study, lipids containing arachidonic acid (C20:4) and
linoleic acid (C18:2), both omega-6 PUFAs, were found to be the most
prevalent. Arachidonic acid (AA), a common omega-6 PUFA, is
abundantly present in the phospholipids of cell membranes and is
typically hydrolyzed into its free form by phospholipase A2 (32, 33). It
plays various physiological roles, influencing the functions of
endothelial cells and neurons (34). Lipids containing the AA chain
were most abundant in hemorrhagic stroke subtypes and had
protective effects, lowering the risk of ICH and SAH. This protective
mechanism is possibly due to the reparative effects of hydrolyzed AA
on the vascular endothelium. Previous research highlights AA’ role in
vascular biology via the cytochrome P450 (CYP) pathway (35), with
CYP1B1 being the most prevalent enzyme subtype in brain
microvessels (36, 37). Animal studies indicate that CYP1B1 deficiency
leads to impaired AA metabolism, reducing cerebral microcirculation
and compromising the blood-brain barrier (38, 39). Furthermore, AA
supports vascular repair through 11,12-epoxyeicosatrienoic acid, a
metabolite of CYP 2 ]2, which significantly promotes neovascularization
(40). However, PE 16:0;0_20:4;0 had an adverse effect on ICH, possibly
due to its susceptibility to lipid peroxidation, leading to ferroptosis (41,
42). While a prospective study in China did not find an effect of AA on
ICH (43), previous MR studies have consistently shown that higher AA
levels significantly reduce the risk of ICH (44).
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TABLE 2 Supplementary and sensitivity analysis of causality between plasma lipids and SAH in preliminary analysis.

MR analysis Heterogeneity Pleiotropy = MR-PRESSO  Steiger test
Meth OR(95%CI) p (@] p Int p RSS P p D
Cholesterol ester (CE)
9 | ME 0.79(0.55-1.11) 0.22 8.99 0.34 0.023 0.59 1114 | 038  1.15E-123 T
CE 16:1;,0 WME 0.83(0.71-0.98) 0.03
WMO 0.86(0.71-1.05) 0.18
6 | ME 0.43(0.19-1.01) 0.12 7.36 0.20 0.155 0.21 10.49 0.25 1.58E-51 T
CE 18:1;0 WME 0.80(0.62-1.02) 0.08
WMO 0.77(0.53-1.11) 0.22
5 | ME 0.64(0.40-1.01) 0.15 3.36 0.50 0.042 0.33 4.29 0.61 4.58E-60 T
CE 18:3;,0 WME 0.82(0.66-1.01) 0.06
WMO 0.82(0.66-1.02) 0.15
6 | ME 0.57(0.34-0.98) 0.11 5.01 0.41 0.057 0.33 7.00 048 | 9.02E-83 T
CE 20:3;0 WME 0.81(0.69-0.96) 0.02
WMO 0.82(0.67-0.999) | 0.11
10 | ME 1.03(0.92-1.15) 0.63 17.44 0.04 —0.06 0.02 58.43 0.28 0 T
CE 20:4;0 WME 0.93(0.87-1.01) 0.07
WMO 0.94(0.88-1.02) 0.15
Phosphatidylcholine (PC)
3 | ME 1.07(0.39-2.99) 0.91 0.94 0.63 —0.056 0.67 NA NA 1.24E-40 T
PC 18:1;0_20:3;0 WME 0.75(0.59-0.96) 0.02
WMO 0.74(0.54-1.02) 0.21
4 | ME 0.94(0.40-2.21) 0.89 1.07 0.78 -0.018 0.79 1.60 0.84 | 3.30E-46 T
PC 18:1;,0_20:4;0 WME 0.83(0.66-1.04) 0.11
WMO 0.83(0.65-1.06) 0.24
Phosphatidylethanolamine (PE)
8 | ME 0.83(0.65-1.06) 0.19 5.40 0.61 0.021 0.54 6.26 0.71 | 4.59E-245 T
PE 18:0;0_20:4;0 WME 0.91(0.82-1.02) 0.1
WMO 0.92(0.82-1.02) 0.16

N, number of single nucleotide polymorphisms; Meth, methods; ME, MR-Egger; WME, Weighted median; WMO, Weighted mode; CI, confidence interval; OR, odds ratio; Int, MR-Egger
intercept; MR-PRESSO, MR-Pleiotropy RESidual sum and outlier; RSS, RSSobs; D, Direction; T, True; NA, Not available.

An increasing number of epidemiological studies suggest that AA
plays a critical role in neuroprotection following hemorrhagic stroke
(45, 46). One study reported significantly elevated levels of AA and its
metabolites in patients with ICH compared to healthy individuals,
indicating a protective response (47). This mechanism involves
metabolites from both the cytochrome P450 (CYP) enzyme pathway
and the lipoxygenase pathway. Specifically, lipoxin A4, synthesized via
the lipoxygenase pathway, inhibits inflammation and cell migration
(32). In mouse models, activating the lipoxin A4 receptor has been
shown to decrease neuroinflammation after ICH (48). In the
cyclooxygenase pathway of prostaglandin synthesis, prostaglandin E2,
a derivative of AA, may promote the proliferation of neural stem cells
in the adult brain’s subventricular zone following ICH, thus aiding in
nervous system repair (45).

Linoleic acid (LA) is an omega-6 PUFA and an essential
nutrient necessary for human growth and development, accounting
for 1 to 2% of daily energy intake (49). However, excessive intake of
LA can lead to various diseases (50). In the United Kingdom,
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vegetarians have a higher incidence of hemorrhagic stroke
compared to meat eaters (51), mainly because LA is predominantly
found in vegetable oils. A prospective study in China revealed that
elevated blood LA levels increased the risk of ICH (43). Research
has indicated that LA may reduce blood LDL-C and platelet
aggregation (52), which could increase the risk of hemorrhagic
stroke (53). Our studies also found that lipids with esterified LA
chains are linked to an increased risk of ICH, likely due to the
hydrolysis of these chains. Additionally, LA can increase the
expression of adhesion molecules in endothelial cells, promote
inflammatory cell migration, and inhibit microvascular dilation,
leading to vascular diseases (54, 55). LA exhibits high-affinity
binding to lipocalin-2, a proinflammatory adipokine that causes
vascular inflammation and endothelial dysfunction in mice (56). It
also amplifies TNF-a-induced oxidative stress and inflammatory
mediators, which damage the vascular endothelium (57, 58).
Although LA can be converted into gamma-linolenic acid and
subsequently metabolized into AA, excessive intake results in an
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A B
CE 20:4;0 0dds Ratio LPC 20:4;0 Odds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome  Study OR [95% CI] P value Random effects model
ICH FinnGen 0.940 [0.884,0.999]  0.047 i ICH FinnGen 0.910 [0.834,0.993]  0.034
ICH Sakaue etal. 0.897 [0.808,0.996]  0.042 [ ICH Sakaue etal. 0.897[0.822,0.979] 0.014 — =&
Combined 0.928 [0.881,0.979]  0.006 <> Combined 0.904 [0.850, 0.961]  0.001 et
Heterogeneity: P=0.57: ’=0% 0.808 i Heterogeneity: P=0.82; '=0% 0822 TUE <
C  PC16:0;0 20:4;0 S D PC17:050_18:2;0 0dds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome  Study OR [95% CT] P value Random effects model
ICH FinnGen 0.927 [0.863.0.996]  0.040 ICH FinnGen 1.163[1.001, 1.352]  0.049
ICH Sakaueetal. 0.868 [0.750,1.005] 0.059 — & - | ICH Sakaue etal. 1.316[1.119, 1.548]  0.001 —
Combined  0.916 [0.858,0.977] 0.007 ————xf Combined  1232[1.092,1.391]  <0.001 ——
Heterogeneity: P=0.43: I'=0% 075 1 125 Heterogeneity: P=0.27;T=17% 0.646 ! 15
E  PC18:0;0_18:2;0 Odds Ratio F PC18:050_20:4;0 Odds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome  Study OR [95% CI] P value Random effects model
ICH  FinnGen 1.170[1.021, 1.342]  0.024 ICH  FinnGen 0.925[0.868,0.985]  0.016 i
ICH  Sakaueetal. 1.191[1.021,1.388] 0.026 ICH  Sakaueetal. 0.888[0.805,0.980] 0.018  — -
Combined ~ 1.179[1.065,1306] 0.002 | =—= Combined  0.914[0.866, 0.964] ~ <0.001 P
Heterogeneity: P=0.87; ’=0% on 1 125 Heterogeneity: P=0.50; I"=0% 0.805 11
G  PC18:1;0_20:4;0 Odds Ratio H PE 16:0;0_18:2;0 Odds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome  Study OR [95% CI] P value Random effects model
ICH FinnGen 0.908[0.839, 0.983] 0.017 i ICH FinnGen 1.137 [1.046, 1.236]  0.002
ICH Sakaue etal. 0.857[0.758,0.968] 0.013 S ICH Sakaueetal. 1.158[1.058,1.268] 0.002 —a
Combined 0.892[0.835,0.954] <0.001 = Combined 1.147[1.079, 1.219]  <0.001 =
: 2 L —— ’ 2
Heterogeneity: P=0.61; I"=0% 0.758 1 125 Heterogeneity: P=0.77; I'=0% 0.789 1 125
I PE16:0;0 20:4;0 GRS J SM 36:2;2 0dds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome ~ Study OR [95% CT] P value Random effects model
ICH  FinnGen 1.096 [1.009, 1.190] ~ 0.030 e ICH  FinnGen 0.789[0.673,0.925]  0.003 —=
ICH Sakaue etal. 1.079[0.988,1.178]  0.093 | ICH Sakaue etal.  0.729[0.595, 0.893]  0.002 —
Combined ~ 1.088[1.024,1.155]  0.006 ,_'_$>_\ Combined  0.766 [0.676, 0.868] ~ <0.001 =
Heterogeneity: P=0.80; I’=0% 084 1 11 Heterogeneity: P=0.36; I"=0% 0.504 1 15
K sm3s:2; 0dds Ratio
Outcome  Study OR [95% CI] P value Random effects model
ICH FinnGen 0.875[0.777,0.985]  0.028
ICH Sakaue etal. 0.808 [0.650, 1.005]  0.056
Combined ~ 0.859[0.774,0.954]  0.004 ——=={
Heterogeneity: P=0.53; ’=0% 0.65 1 15
FIGURE 4
Meta-analysis of significantly associated candidate lipids in ICH. OR, odds ratio; 95%Cl, 95% confidence interval.
A e 16:1;0 0dds Ratio B cris10 0dds Ratio
Outcome  Study OR [95% CI] P value Random effects model | Outcome Study OR [95% CI] P value Random effects model
SAH  FinnGen 0.862 [0.761,0.977]  0.020 SAH  FinnGen 0.803 [0.645,0.999] 0.049
SAH Sakaueetal. 0.917[0.760,1.106] 0363 & | SAH Sakaue etal. 1.141[0.885,1.470] 0.309
Combined  0.878[0.792,0975] 0015 ———_ Combined  0951[0.674,1342] 0775  ——p——
Heterogeneity: P=0.59; ’'=0% 076 g g Heterogeneity: P=0.04; ’=76% 0.645 1 15
C  CcE1s:3;0 — D CE20:3;0 0dds Ratio
Outcome  Study OR [95% CI] P value Random effects model Outcome  Study OR [95% CI] P value Random effects model
SAH  FinnGen 0.823 [0.694,0.976]  0.025 T SAH  FinnGen 0.766 [0.665,0.884] <0.001  _ o
SAH  Sakaueetal. 0.961[0.676,1.366] 0.824 SAH  Sakaueetal. 0.815[0.685,0.971] 0.022 e
Combined  0.848[0.727,0.989] 0035 ———rf Combined  0.786[0.704,0.877]  <0.001 = |
Heterogeneity: P=0.44; I’=0% 0.676 112 Heterogeneity: P=0.59; I'=0% 0.665 1 15
E  PC18:1;0_20:4;0 0dds Ratio F PE 18:0;0_20:4;0 Odds Ratio
Outcome Study OR [95% CI] P value Random effects model | Outcome  Study OR [95% CI] P value Random effects model
SAH  FinnGen 0.823[0.679,0.997]  0.047 SAH  FinnGen 0.899 [0.824,0.981]  0.017
SAH  Sakaueetal. 0.760[0.614,0.940] 0.011 SAH  Sakaueetal. 0.912[0.822,1.012] 0.084 R
Combined  0.794[0.689,0916] 0002 ———> 1 Combined  0.905 [0.846,0967]  0.003 _—
Heterogeneity: P=0.58; P=0% 0.614 1 15 Heterogeneity: P=0.83; I'=0% 0822 111
FIGURE 5
Meta-analysis of significantly associated candidate lipids in SAH. OR, odds ratio; 95%Cl, 95% confidence interval.

accumulation of AA-derived pronociceptive lipid mediators (59,  that lipids containing esterified AA and LA have differing effects on
ICH risk, indicating that the stroke risk associated with esterified

LA may not be closely related to AA from a genetic standpoint.

60). However, a systematic review reported no correlation between
LA intake and AA levels in human tissues (61). Our findings suggest
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Some research indicates that omega-3 PUFAs may lower the
risk of coronary heart disease and ischemic stroke (62, 63).
Nevertheless, our study discovered that lipids with esterified
omega-3 PUFA side chains do not show a significant correlation
with hemorrhagic stroke, except for CE 20:3;0 containing alpha-
linolenic acid (ALA), which is relevant to SAH. It has been
suggested that a higher dietary intake of ALA may help prevent
stroke (64), though a cohort study found that while ALA
supplementation was associated with improved overall mortality,
it did not significantly affect the risk of coronary heart
disease and stroke (65). Additionally, no significant association
was observed between plasma phospholipid ALA levels and
these conditions. In our study, ALA did not show a significant
association with ICH risk. Likewise, other omega-3 PUFAs, such
as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), demonstrated no significant causal effects. A meta-
analysis of 29 prospective studies on omega-3 PUFAs and stroke
incidence rates indicated that EPA and DHA were associated
with reduced overall stroke and ischemic stroke risks, but not
hemorrhagic stroke, which aligns with our findings (66).
However, a case-control study in Korea suggested that low
omega-3 PUFAs levels in red blood cells might increase the risk
of acute ischemic and hemorrhagic strokes (67). In conclusion,
more detailed research is necessary to examine the relationship
between omega-3 PUFAs and the risks of ICH and SAH.

This study performed an in-depth analysis of genetic data and
hemorrhagic stroke using the Mendelian randomization method.
It included extensive genetic data containing SNPs information,
combined with thorough MR analysis, effectively removing
confounding factors to establish more accurate causal
relationships. Multiple tests confirmed the robustness and
reliability of the results. However, the study has certain
limitations. First, the Mendelian randomization method relies on
specific assumptions, such as genetic instrumental variables
being unrelated to confounding factors, which may not always
be valid. Second, most of the genetic data originate from
European populations, which may not fully represent the genetic
diversity of the broader human population. Finally, the study
cannot provide precise individual risk predictions but can only
offer general risk trends.

5 Conclusion

This study identified seven lipids that may be causally
associated with an increased risk of ICH in European populations,
and four lipids that may be causally associated with a reduced
risk of ICH. Additionally, five lipids were found to be potentially
causally associated with a reduced risk of SAH. However, no
lipids were found to be associated with an increased risk of
SAH. The effects of these plasma lipids on these diseases may
be related to the lipids themselves, but are more likely associated
with the unsaturated fatty acid side chains they carry. Plasma
lipids with arachidonic acid side chains showed a risk-lowering
effect on both intracerebral and subarachnoid hemorrhages,
while those with linoleic acid side chains were associated only
with an increased risk of intracerebral hemorrhage. These
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findings could contribute to the understanding of the mechanisms
behind the onset and progression of hemorrhagic stroke.
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Background: The incidence of stroke has increased globally, resulting in medical
expenditures and social burdens over the past few decades. We aimed to
explore the relationship between systemic immune inflammatory index (Sll) and
stroke using the National Health and Nutrition Examination Survey (NHANES)
from 2005 to 2018.

Methods: Based on NHANES data, 902 stroke patients and 27,364 non-stroke
patients were included in this study. Sll was the independent variable and stroke
was the dependent variable. Univariate and multivariate logistic regression
analyses were used to explore the association between Sl and stroke. Restricted
cubic spline (RCS) method was used to test the nonlinear association between
SIl and stroke.

Results: Weighted logistic regression analysis showed a significant association
between Sl and stroke (OR: 1.985, 95% CI: 1.245-3.166, p=0.004). The
interaction test showed that the association between Sl and stroke was not
significant between strata (p >0.05). A significant positive association between
Sl and stroke risk (OR >1, p<0.05) was observed in the crude model, model
| and model II. RCS analysis showed no nonlinear positive association between
SIl 'and stroke risk after adjusting for all confounders.

Conclusion: Our study determined that Sl is associated with stroke risk. Given
the inherent limitations of cross-sectional studies, further research is necessary
to validate the causality of this association and to demystify the underlying
mechanisms between inflammation and stroke.

KEYWORDS

NHANES, systemic immune inflammation index, stroke, logistic regression,
cross-sectional study

1 Introduction

Stroke has emerged as a significant global public health concern, with a rising burden that
impacts personal health, family, and societal economics (1). Despite advancements in
diagnostic and therapeutic strategies for stroke over the past decades, data indicates a 2.1%
increase in the global lifetime risk of stroke among adults aged 25 and above in 2016 compared
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to 1990 (2). Stroke encompasses ischemic stroke, which constitutes
approximately 87% of cases, and hemorrhagic stroke, characterized by
higher mortality rates despite its lower prevalence (3). The pathogenesis
of ischemic stroke involves factors such as atherosclerotic plaque
formation, cardiac emboli, thrombosis, vasospasm, and hypoperfusion
(4). On the other hand, hemorrhagic stroke is often linked to weakened
blood vessel walls due to high blood pressure, ruptured aneurysms, or
vascular malformations (5). The underlying mechanisms of stroke are
intricate, influenced by various intrinsic and extrinsic factors. Recent
research underscores the significance of systemic inflammation in
stroke pathogenesis, which is intertwined with both infectious and
non-infectious triggers (6). In ischemic stroke, the instability of
atherosclerotic plaques and subsequent vascular blockages are closely
associated with inflammatory regulation (7). Similarly, the
inflammatory response plays a key role in neurological damage and
prognosis after hemorrhagic stroke (8). In both types of stroke, there
is a robust inflammatory reaction characterized by neutrophil and
macrophage activation, along with the release of inflammatory
mediators like tumor necrosis factor-a (TNF-), interleukin-6 (IL-6),
and C-reactive protein (CRP) (9, 10). These processes contribute to
initial damage and impact subsequent repair and regeneration (9, 10).

Systemic immune inflammation index (SII) is a novel
comprehensive inflammatory index that considers three types of
inflammatory immune cells (lymphocytes, neutrophils, and platelets),
reflecting the balance between immunity and inflammatory status (11).
Initially utilized for predicting tumor prognosis and identifying high-
risk patients, SII has shown associations with disease severity and poor
outcomes in various conditions, including diverse cancer, heart failure,
and cardiovascular diseases (11-13). Recent studies have confirmed the
relevance of SII in cerebrovascular diseases. For instance, Wang’s et al.
(14) research highlighted SII as an independent risk factor for stroke-
associated pneumonia in patients with intracerebral hemorrhage,
correlating with unfavorable results. Furthermore, a cross-sectional
study suggested a connection between SII and cerebral small vessel
disease, providing evidence for the prognostic relevance of SII (15).
Notably, individuals with elevated SII levels were found to be at higher
risk of modified white matter hyperintensity (WMH) burden and basal
ganglia enlarged perivascular spaces (BG-EPVS) (15). The study by
Kelesoglu et al. (16) confirmed that the increase in serum SII is closely
related to the severity of carotid artery stenosis. Specifically, neutrophils
can reinfiltrate the ischemic site within the first hours after stroke and
induce brain tissue damage by activating the inflammatory response
through the release of inflammatory mediators (17). Lymphocytes,
especially T cells and B cells, participate in the repair process after
stroke by regulating immune responses. A decrease in lymphocyte
counts could suggest an immunosuppressed state, impacting the
recovery from stroke (18). Platelets are not only key cells for coagulation,
but also participate in inflammatory reactions, releasing inflammatory
mediators, promoting cerebrovascular inflammation and aggravating
brain tissue damage (19, 20). Consequently, the Systemic Immune-
Inflammation Index (SII), as a biomarker incorporating counts of three
cellular components, provides a more nuanced reflection of the
immune inflammatory landscape, enabling a finer assessment of the
equilibrium between inflammatory and immune states.

While some research has indicated that SII could be a useful
inflammatory markers for diagnosing and predicting stroke outcomes,
there is a lack of large-scale sampling studies. The National Health and
Nutrition Examination Surveys (NHANES) database, with its complex
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multistage probability sampling design, provides a nationally
representative and ethnically diverse cohort. Our study utilized data
from 7 periods of the NHANES database spanning from 2005 to 2018.
We employed weighted logistic regression to develop a model that
accounted for confounding factors and investigated the relationship
between SII and stroke risk.

2 Materials and methods
2.1 Study design and data source

We conducted an observational cross-sectional study using data
from the National Health and Nutrition Examination Survey
(NHANES) to investigate the casual relationship between systemic
immune inflammation indexes (SII) and the risk of stroke. NHANES
is a nationally representative survey project by the U.S. Centers for
Disease Control and Prevention (CDC) aimed at assessing the health
and nutritional status of individuals in the United States (21). The
public can download all NHANES data for free at https://www.cdc.
gov/nchs/nhanes/index.htm. Our study utilized data from seven
survey cycles spanning from 2005 to 2018, totaling 70,190 participants.
Exclusions criteria included: (i) aged <18 or >80 years (n=30,823); (ii)
missing complete blood routine count (n = 3,435); (iii) missing stroke
diagnosis status (n=2,111); (iv) missing covariates data, such as body
mass index (BMI), smoke status, alcohol use status, family income
(n=5,555). After screening, 28,266 participants were selected for
analysis. A detailed recruitment flowchart is provided in Figure 1.

2.2 Definition of Sl

The exposure variable in our study was SII. The SII serves as a
hematologic marker used to quantitatively assess both systemic
inflammation and immune status within patients (22, 23). This index
is calculated by the following formula: SII=PxN/L. Herein, “P”
symbolizes the platelet count, “N” denotes the neutrophil count, and
“L” represents the lymphocyte count (22).

2.3 Stroke assessment

Stroke was defined as a previous diagnosis self-reported by a
physician during a face-to-face interview. In NHANES, participants
who answered the question on the medical conditions questionnaire,
“Has a doctor or other health professional ever told you that you had
a stroke?” where “yes” were considered to have had a stroke. In
addition, although there is a lack of information on stroke type in the
NHANES database, given the relatively high incidence of ischemic
stroke in stroke patients, it is likely that most of the stroke participants
included in this study had an ischemic stroke (24).

2.4 Covariates
Over the past few decades, extensive research has been conducted

on the etiology and risk factors of stroke. We have endeavored to collect
a comprehensive set of covariates that potentially confound the
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National Health and Nutrition Examination Survey
2005-2018 (n =70190)
Aged <18 or > 80 years
(n=30823)
Adult participants (n = 39367)
Participants without SII
data (n = 3435)
Adult participants with SII data (n = 35932)
| Participants without stroke
status data (n = 2111)
Adult participants with stroke status data
(n=33821)
Participants without family income data (n = 2924)
Participants without BMI data (n = 324)
Participants without alcohol use data (n =2307)
Adult participants for the final analysis
(n =28266)
FIGURE 1

Flowchart of the participant selection from NHANES 2005-2018.

relationship with stroke, including age, gender, race/ethnicity, family
income, smoke status, alcohol use, obesity, hypertension, diabetes, and
coronary heart disease, all of which have been implicated in the
occurrence of stroke. Race/ethnicity was categorized into five groups:
non-Hispanic White, non-Hispanic Black, other Hispanic, Mexican
American, and other races. Regarding smoke status, participants were
defined as smokers if they answered “yes” to either the question “Have
you smoked at least 100 cigarettes during your entire life?” or “Do
you currently smoke?” in the questionnaire (25). With respect to alcohol
consumption, participants were classified as drinkers if they responded
“yes” to the question “Have you ever had at least 12 drinks of any type
of alcoholic beverage in your lifetime?” in the survey (26). Hypertension
was defined based on either self-reported prior diagnosis by a physician
or measured blood pressure during the examination. Participants were
considered hypertensive if they met at least one of the following criteria:
(1) average systolic blood pressure (SBP) >130mmHg; (2) average
diastolic blood pressure (DBP) >90 mmHg; (3) self-reported history of
hypertension diagnosis; or (4) current use of anti-hypertensive
medication (27). Body mass index (BMI) is widely used to estimate
overweight/obesity status. Clinically, BMI values greater than 25 and
30kg/m” are generally regarded as the primary diagnostic thresholds for
overweight and obesity, respectively (28). Participants were deemed to
have diabetes if they met at least one of the following conditions: “told
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by a doctor that they have diabetes} “hemoglobin Alc (HbAlc)
concentration >6.5%,” or “fasting plasma glucose (FPG) level >126 mg/
dL (7.0mmol/L)” (29). Concentrations of fasting blood glucose (FBG),
hemoglobin Alc (HbAlc), red blood cell (RBC) count, neutrophil
count, monocyte count, lymphocyte count, and platelet count were all
determined through standardized laboratory assays.

2.5 Statistical analysis

Data processing and analysis in this study were performed using R
statistical software and MEC weights (WTMEC2YR). The NHANES
surveys utilize various intricate sampling designs, thus we incorporated
sample weights for different study periods in our analytical methods to
ensure precise estimates of health-related statistics (30). Continuous
variables are presented as weighted means and standard deviations (SD),
whereas categorical variables are presented as frequencies and
percentages. To identify variances in baseline characteristics between
stroke and non-stroke participants, students t-test was used for
continuous variables and Chi-square test was used for categorical
variables. A p-value <0.05 indicated statistically significant. We use the
“survey” package to construct a weighted logistic regression model.
Multivariable weighted logistic regression models were utilized to
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investigate the relationship between SII and stroke risk. To assess the
correlation and potential non-linear connection between SII and stroke,
the continuous SII variable was categorized into quartiles, and trend p
was calculated. Weighted logistic regression models were constructed
using the survey package, both unadjusted and adjusted for confounders,
with group analyses of confounders based on significant interaction
terms. Initially, an unadjusted crude model was applied, followed by two
multivariable logistic regression models that progressively controlled for
covariates. Model 1 adjusted for age, race, smoking, and drinking status,
while Model 2 adjusted for additional factors including gender, diabetes,
hypertension, and coronary heart disease. The association strength was
evaluated using odds ratios (OR) and 95% confidence intervals (CI).
Furthermore, the restricted cubic splines (RCS) were used to explore the
non-linear relationships. To explore the threshold effect of SII on the
risk of stroke is and to find the inflection point, we used the smooth
curve fitting and generalized additive models.

3 Results
3.1 Baseline characteristics

Details of the baseline characteristics of all participants grouped
by stroke status are provided in Table 1. A total of 28,266 participants
participated in the analysis, of which 50.92% were female and 49.08%
were male. The average age of the sample is 47.57 (16.44). After
classifying the participants according to stroke incidence, a total of
902 participants were identified as stroke patients, accounting for 3.2%
of the total sample. The results showed that there were significant
differences between the stroke group and the non-stroke group in
terms of age, race, family income, BMI, smoking, hypertension,
diabetes, coronary heart disease, platelets, neutrophils, lymphocyte,
WBC count, monocyte, glycohemoglobin and SII (p<0.05).
Specifically, the average age of the stroke group was 62.19 (11.92),
which was significantly higher than the average age of the non-stroke
group, 47.09 (16.44) (p <0.001). The SII of the stroke group was 588.76
(426.56), which was significantly higher than that of the non-stroke
group, 536.25 (366.50) (p <0.001). In addition, there was a significant
difference in glycohemoglobin between the two groups. The
glycohemoglobin in the stroke group was 6.19 (1.37), which was much
higher than that in the non-stroke group 5.72 (1.08) (p <0.001).

3.2 Univariate logistic regression analysis of
stroke

After performing a weighted univariate logistic regression analysis
(Table 2), our results indicate that older age (> 60years), female,
non-Hispanic White, non-Hispanic Black, other race, high BMI (>25),
smoking, hypertension (yes), diabetes (yes) were at increased risk of
stroke (OR >1, p<0.05). However, participants who were other
Hispanic, PIR (<1.3) show a reduced risk of stroke (OR <1, p <0.05).

3.3 Relationship between stroke and Sli

After performing a weighted multivariate logistic regression
analysis (Table 3), our results indicate that a higher SII score is
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associated with an increased risk of developing stroke. This association
was significant in our crude model (OR =1.985; 95% CI=1.245-3.166,
p=0.004) and model 1 (OR=1.728; 95% CI=1.118-2.672, p=0.014).
In the fully adjusted model, the positive association between SII and
stroke remained stable (OR =1.562; 95% CI=1.020-2.394, p=0.040),
indicating that for every unit increase in log-formed SII, the risk of
developing stroke increased by 16%. We further transformed the SII
from a continuous variable into a categorical variable (quartiles) for
sensitivity analysis (Table 3). Compared with the lowest quartile, the
risk of developing stroke in the highest quartile increased by 48%
(OR=1.481;95% CI=1.121-1.958, p=0.006) in the crude model, 39%
(OR=1.394; 95% CI=1.057-1.838, p=0.018) in the model 1 and 34%
(OR=1.348; 95% CI=1.010-1.800, p=0.042) in the model 2. In
addition, there was a significant trend in SII and stroke risk with
quartile (p for trend <0.05).

3.4 Subgroup analysis and interaction test

We also conducted stratified analyses to investigate whether the
association between SII and stroke incidence remained consistent across
different subgroups (Table 4). Our subgroup analyses revealed that the
positive correlation was not significantly altered by stratification
variables including gender (males and females), age (<60, >60), BMI
(<25, 25-30, >30), PIR (<1.3, 1.3-3.5, >3.5), smoking status, alcohol
use, diabetes, and hypertension. There was no statistically significant
difference in the relationship between SII and stroke across these strata,
as indicated by the interaction test p-values >0.05, suggesting that
covariates have no significant effect on this association.

3.5 The nonlinear relationship between
stroke and SlI

In this study, restricted cubic splines (RCS) were employed to
elucidate the nonlinear association between the SII and the risk of stroke
(Figure 2). Covariates adjusted for in the analysis comprised gender, age,
PIR, BMI, diabetes, hypertension, smoking status, and alcohol use.
There was no statistically significant nonlinear relationship between SII
and stroke risk (p>0.05) either in the crude model (Figure 2A) or after
adjustment for multiple confounders (Figure 2B). Of note, a threshold
effect emerged, with a turning point observed at an SII value of 464.47.
Below this critical threshold, the incidence risk of stroke remained
relatively stable or even decreased; conversely, surpassing this threshold
led to a marked escalation in the risk of stroke.

4 Discussion

This study ultimately included 28,266 participants from the
NHANES 2005-2018 cohort for analysis, including 13,873 men and
14,393 women. Among them, 902 patients suffered from stroke. In
baseline data, stroke patients had higher SII levels compared with
normal subjects. The results of weighted univariate logistic analysis
showed that there was a significant effect on the incidence of stroke
among those age >60, BMI >30, diabetic, hypertensive, drinkers, and
smokers. Furthermore, after adjusting for all covariates, we found that
the relationship between SII levels and stroke was no nonlinear. When
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TABLE 1 Characteristics of NHANES participants between 2005 and 2018.

Characteristic Total Non-stroke Stroke p-value
Overall 28,266 27,364 902
Sex, N (%) 0.87
Female 14,393 (50.92) 13,936 (59.93) 457 (50.66)
Male 13,873 (49.08) 13,428 (49.07) 445 (49.33)
Age, (y), mean (SD) 47.57 (16.44) 47.09 (16.44) 62.19 (11.92) <0.001
Race, N (%) <0.001
Mexican American 4,512 (15.96) 4,414 (16.13) 98 (10.86)
Other Hispanic 2,656 (9.39) 2,600 (9.50) 56 (6.21)
Non-Hispanic White 12,038 (42.59) 11,640 (42.54) 398 (44.12)
Non-Hispanic Black 6,000 (21.23) 5,714 (20.88) 286 (31.71)
Other race 3,060 (10.83) 2,996 (10.95) 64 (7.10)
BMI, (kg/m?), N (%) <0.001
<25 7,913 (28.03) 7,716 (28.19) 197 (21.84)
25-30 9,194 (32.53) 8,931 (32.64) 263 (29.16)
>30 11,159 (39.48) 10,717 (39.16) 442 (49.00)
PIR, 1 (%) <0.001
<13 8,804 (31.15) 8,409 (30.73) 395 (43.79)
1.3-3.5 10,511 (37.19) 10,152 (37.10) 359 (39.80)
>3.5 8,951 (31.67) 8,803 (32.17) 148 (16.41)
Smoke, N (%) <0.001
No 15,453 (54.67) 15,130 (55.29) 323 (35.81)
Yes 12,813 (45.33) 12,234 (44.71) 579 (64.19)
Alcohol use, N (%) 0.09
No 7,048 (24.93) 6,802 (24.86) 246 (27.27)
Yes 21,218 (75.06) 20,562 (75.14) 656 (72.72)
Hypertension, N (%) <0.001
No 18,603 (65.81) 18,389 (67.20) 214 (23.72)
Yes 9,663 (34.18) 8,975 (32.80) 688 (76.28)
Diabetes, N (%) <0.001
No 24,743 (87.54) 24,160 (88.29) 583 (64.63)
Yes 3,523 (12.46) 3,204 (11.71) 319 (35.37)
CHD, N (%) <0.001
No 27,319 (96.64) 26,566 (97.08) 753 (83.48)
Yes 9,38 (3.36) 798 (2.92) 149 (16.52)
Platelets, (10° cells/L), mean (SD) 249.36 (66.04) 249.56 (65.61) 243.19 (77.77) 0.015
Neutrophils, (10° cells/L), mean (SD) 4.29 (1.80) 4.28 (1.80) 4.52 (1.78) <0.001
Lymphocyte, (10° cells/L), mean (SD) 2.19 (2.31) 2.19 (2.34) 2.11 (0.79) 0.007
WBC, (10° cells/L), mean (SD) 7.28 (3.28) 7.27 (3.30) 7.49 (2.28) 0.006
Monocyte, (10° cells/L), mean (SD) 0.55 (0.20) 0.55 (0.20) 0.59 (0.23) <0.001
Glycohemoglobin, (%), mean (SD) 5.74 (1.09) 5.72(1.08) 6.19 (1.37) <0.001
SII, mean (SD) 537.93 (368.68) 536.25 (366.50) 588.76 (426.56) <0.001

Continuous and categorical variables are expressed as mean (SD) and 7 (%), respectively. Mean (SD) and 1 (%) have been weighted. BMI, body mass index; PIR, income to poverty ratio; CHD,
coronary atherosclerotic heart disease; WBC, white blood cell; SII, systemic immune inflammation index.

the SII was higher than 464.47, the risk of stroke increased significantly. Many epidemiologic studies have shown that the inflammatory
Multiple imputation sensitivity analysis confirmed the association  response is associated with the stroke. Peripheral blood monocyte to
between SII and stroke. lymphocyte ratio (MLR), neutrophil-to-lymphocyte ratio (NLR),
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TABLE 2 Weight ivariate logisti lysis of stroke. . . .
eighted univariate logistic analysis of stroke platelet-to-lymphocyte ratio (PLR), and SII, as emerging biomarkers

Characteristic OR 95% CI p-value of inflammation, have been associated with prognosis of stroke
Age patients (18, 31-35). In a cross-sectional study involving the
participation of 4,854 patients at high risk for acute nondisabling
<60 ref ref cerebrovascular events, patients with minor strokes were divided into
260 5.306 (4.486, 6.267) <0.001 4 groups based on quartiles of neutrophil count or neutrophil ratio,
Sex 495 of whom had a recurrent stroke after 90 days of follow-up. The
Male rof ref study demonstrated that high levels of neutrophil count and
neutrophil ratio were associated with an increased risk of new stroke,
Female 1.206 (1.011, 1.439) 0.037 . . . . . . . . .
composite events, and ischemic stroke in patients with minor ischemic
Race stroke (31). Additionally, in a study involving 796 patients with acute
Mexican American ref ref ischemic stroke who underwent endovascular thrombectomy, higher
Other Hispanic 0.904 (0.616, 1.326) 0.603 NLR and PLR were significantly associated with adverse outcomes
o ) (33). Ordinarily, an upsurge in platelet and neutrophil counts
Non-Hispanic White 1.573 (1.232, 2.008) <0.001 i X . i
correlates with heightened inflammatory processes, whereas a decline
Non-Hispanic Black 2553 (1.232,2.008) <0.001 in lymphocyte levels can be indicative of immune suppression or
Other race 1.799 (1.172, 2.762) 0.007 exhaustion. As an inflammatory marker containing three cell
BMLI (kg/m?) component counts, a significant elevated SII value may signal a
5 ref ref profound inflammatory reaction or a state of immune dysregulation
(23). This versatile biomarker has found broad applications across
25-30 1.130 (0.879, 1.425) 0334 . . . . .
various domains of clinical research. It plays a crucial role in
230 1.704(1.332,2.182) <0.001 estimating the prognosis of diseases, evaluating disease activity levels,
PIR and tracking therapeutic efficacy. Hu et al. (35) studied the relationship
<13 ref ref between in-hospital mortality and SII in 463 stroke patients. The
results showed that in-hospital mortality was positively correlated
1.3-3.5 0.690 (0.557, 0.856) <0.001 . ) . . .
with SII, but not linearly correlated. High SII was associated with poor
>33 0.301 (0.236, 0.386) <0.001 prognosis in acute ischemic stroke (AIS) patients.
Smoke In ischemic stroke, damaged brain cells produce large amounts of
No ref rof inflammatory cytokines, chemokines, reactive oxygen species (ROS),
and other neurotoxic substances, which mediate blood-brain barrier
Yes 2.105 (1.785, 2.482) <0.001 ) } ) ) e

disruption and inflammatory cascade reactions, while directing
Alcohol use immune inflammatory cells into brain tissue, further mediating
No ref ref secondary neuronal damage and aggravating neurological dysfunction
Yes 1.206 (1.109, 1.149) 0.008 (36). Neutrophils are the initial cells to infiltrate the ischemic brain
- . tissue. Upon arrival at the ischemic site, they release pro-inflammatory

ypertensmn
; ; mediators, proteases, ROS, and extracellular matrix metalloproteinase

N . . . . .
° re re (MMP), leading to secondary damage in the ischemic brain cell (37).
Yes 6.383 (5.282,7.714) <0.001 Monocytes are capable of secreting MMP-9, an enzyme that is
Diabetes involved in extracellular matrix (ECM) remodeling in vivo and is
No ref ref important for tissue repair, inflammatory response, angiogenesis, and
disease progression (38). MMP-9 can infiltrate into infarcted foci and
Yes 4.983 (4.088, 6.073) <0.001

exacerbate brain damage (38). Increased monocyte count has been

TABLE 3 Weighted multivariate logistic analysis log-formed Sll and stroke.

Crude model Model 1 Model 2
OR 95% ClI p-value p-value

Log-formed SIT 1.985 (1.245, 3.166) 0.004 1.728 (1.118, 2.672) 0.014 1.562 (1.020, 2.394) 0.040
Stratified by log-formed SII quartiles

Q1 ref ref

Q2 1.116 (0.845, 1.472) 0.433 1.095 (0.829, 1.447) 0.515 1.189 (0.893, 1.583) 0.231

Q3 1.053 (0.763, 1.451) 0.750 1.021 (0.734, 1.419) 0.898 1.064 (0.767, 1.474) 0.706

Q4 1.481 (1.121, 1.958) 0.006 1.394 (1.057, 1.838) 0.018 1.348 (1.010, 1.800) 0.042

p for trend 0.011 0.033 0.080
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TABLE 4 Subgroup analysis for the association between Sll and stroke.

Characteristic OR 95% ClI p-value p for
interaction

Age 0.197
<60 2.605 (1.296, 5.234) <0.001
>60 1.523 (0.917, 2.530) 0.103

Sex 0.699
Male 2.111 (1.141, 3.906) 0.017
Female 1.775 (0.977, 3.223) 0.059

BMI, (kg/m?) 0.260
<25 2.434 (1.502, 5,580) 0.003
25-30 1.543 (0.559, 4.260) 0.401
>30 1.463 (0.858, 2.495) 0.162

PIR 0.056
<13 3.121 (1.885, 5.165) <0.001
1.3-3.5 2.348 (1.181, 4.669) 0.014
>3.5 0.603 (0.226, 1.607) 0.312

Smoke 0.968
No 1.791 (0.905, 3.542) 0.093
Yes 1.840 (1.073, 3.155) 0.026

Alcohol use 0.916
No 2.057 (0.961, 4.404) 0.063
Yes 1.956 (1.175, 3.256) 0.009

Hypertension 0.219
No 1.019 (0.476, 2.179) 0.960
Yes 1.911 (1.178, 3.101) 0.008

Diabetes 0.218
No 2.063 (1.168, 3.645) 0.012
Yes 1.219 (0.684, 2.172) 0.501

shown to be an independent predictor of poor stroke prognosis (39).
Platelets interact directly with circulating leukocytes to form platelet-
leukocyte aggregates through the alteration of P-selectin and CD40
expression on the cell surface (40). The release of fibrinogen,
fibronectin, platelet factor-4, and other mediators from «-granules in
platelets contributes to platelet adhesion, aggregation, and the
coagulation process, potentially exacerbating thrombosis (41).
Conversely, lymphocytes are believed to play a crucial role in
inflammation-induced neuroprotection and serve as the primary
immunomodulators for brain protection following ischemic stroke
(42). The role of lymphocytes in AIS varies depending on the subtype.
CD4" and CD8" T cells can exacerbate inflammatory reactions and
contribute to neuronal death by producing inflammatory factors like
interferon y and interleukin-17 (IL-17) (43). On the other hand,
regulatory T cells release IL-10 through various signaling pathways,
such as signal transduction, phosphatidylinositol and transcription
activator pathways, phosphatidylinositol-3-kinase pathway, and
mitogen-activated protein kinase pathway, which have neuroprotective
effects (44).

In the context of secondary brain injury following hemorrhagic
stroke (45), immune inflammation can exacerbate cerebral edema,
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enlarge hematoma, raise intracranial pressure, and progressively
deteriorate neurological function (45). This response involves the
release of various inflammatory factors, including IL-6, IL-1f, and
C-reactive protein (CRP) among others (46). These inflammatory
factors can attract immune cells such as neutrophils, monocytes, and
macrophages to accumulate in the affected area, intensifying local
inflammation and tissue damage (47). Additionally, excessive
oxidative stress and excitotoxicity can lead to nerve cell death and
worsen brain injury (48). Luo et al. (49) conducted a study using the
SII to forecast the prognosis of subarachnoid hemorrhage (SAH). The
area under the curve (AUC) of SII in predicting poor prognosis was
0.692, indicating that SII could serve as a novel independent
prognostic indicator for SAH patients in the initial stages of
the condition.

In the clinical management of stroke patients, early detection and
risk stratification can be conducted based on the SII level, allowing for
personalized management and treatment according to the
inflammatory response severity. Monitoring SII levels can also help
evaluate intervention effectiveness and detect potential recurrence or
exacerbation early during long-term follow-up, enabling timely
adjustments in treatment options. The correlation between SII and
stroke has significant implications for clinical guidance in screening,
etiology research, treatment, prognosis evaluation, and also provides
more targeted clinical treatment.

This study, based on the nationally representative NHANES
database, analyzed 28,266 participants from the United States to
determine that SII levels are positively associated with stroke risk. The
use of a weighted logistic regression model in the analysis, adjusting
for covariates, enhanced the accuracy and reliability of the conclusions.
Additionally, the large sample size and subgroup analysis contributed
to the reliability and representativeness of study. The study highlights
the potential value of measuring systemic inflammatory biomarkers
in identifying individuals at risk for stroke, offering new options for
stroke diagnosis and treatment. However, this study has several
limitations. First, the cross-sectional design employed made it
challenging to establish a causal relationship between exposure factors
and outcome variables. Future research should prioritize prospective
studies to elucidate the causal link between SII and stroke to a deeper
understanding of the association. Second, although we adjusted for
covariates, residual confounding factors cannot be ruled out. Notable
examples include hypercholesterolemia, physical activity status, and
family history of stroke. Third, due to limitations in the database,
we were unable to categorize the survey questions regarding alcohol
consumption. Fourth, Q2 and Q3 are not related in all models. In the
fully adjusted model, SIT was associated with stroke in its highest
quartile. It can be seen that SII can be used as a predictor of stroke
only when SII is at the highest level. Since some typical inflammatory
factors (such as TNF-a, IL-6, IL-10, etc.) are not recorded in NHANES,
relevant indicators cannot be included to obtain more comprehensive
results. Lastly, understanding the association between SII and various
stroke subtypes (e.g., large-artery atherosclerotic stroke, cardiogenic
stroke) is also constrained by limitations within the NHANES database.

5 Conclusion

This cross-sectional study based on the NHANES database
demonstrated that SII is associated with stroke risk. Given the
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(A) The non-adjusted relationship between SII and stroke. (B) The full-adjusted relationship between SII and stroke.

inherent limitations of cross-sectional studies, further research is
necessary to validate the causality of this association and to
demystify the underlying mechanisms between inflammation
and stroke.
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Background: Ischemic stroke (IS) is a global healthissue linked to lipid metabolism
and immune cell responses. This study uses Mendelian randomization (MR) to
identify genetic risk factors for IS subtypes using comprehensive genetic data
from lipidomic and immune cell profiles.

Methods: We assessed genetic susceptibility to IS across 179 lipids and 731
immune cell phenotypes using instrumental variables (IVs) from recent genome-
wide association studies. A two-sample MR approach evaluated correlations, and
a two-step MR mediation analysis explored the role of immune cell phenotypes
in the lipid-IS pathway. Sensitivity analyses, including MR-Egger and Cochran Q
tests, ensured robust results.

Results: Genetic Vs for 162 lipids and 614 immune cell phenotypes were
identified. Significant genetic causality was found between 35 lipids and large
artery stroke (LAS), with 12 as risk factors (sterol esters, phosphatidylcholines,
phosphatidylethanolamines) and 23 as protective factors (phosphatidylcholines,
phosphatidylethanolamines, phosphatidylinositols). For small vessel stroke
(SVS), 8 as risk factors (sterol esters, phosphatidylcholines), and 2 as protective
factors (phosphatidylinositol, sphingomyelin). For cardioembolic stroke (CS),
2 as risk factors, and 4 as protective factors. Mediation analysis revealed that
CCR2 on granulocytes, CD11c on CD62L* myeloid dendritic cells, and FSC-A
on granulocytes mediated the lipid-immune cell-LAS pathway, while CD4
on activated CD4 regulatory T cells and CD4 on activated & secreting CD4
regulatory T cells mediated the lipid-immune cell-SVS pathway.

Conclusion: This study identifies genetic links between specific lipids and IS
subtypes, highlights immune cells’ role in IS risk and mediation, suggests new
therapeutic targets, and uncovers IS genetic drivers.

KEYWORDS

ischemic stroke, large artery stroke, small vessel stroke, cardioembolic stroke,
lipidomic, immune cell phenotypes, Mendelian randomization, genetic causality

1 Introduction

Ischemic stroke (IS) is a leading cause of morbidity and mortality worldwide, presenting
a significant public health challenge. The pathogenesis of IS is complex and multifactorial,
involving genetic, environmental, and metabolic factors (1-3). Among these, lipid metabolism
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and immune cell responses are crucial contributors to the onset and
progression of IS (4-6).

Dyslipidemia, characterized by abnormal lipid levels in the blood,
is a well-recognized modifiable risk factor for IS. Traditional lipid
markers such as total cholesterol, triglycerides, low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C)
are commonly used to assess stroke risk (7, 8). However, advances in
mass spectrometry have facilitated the development of lipidomics,
allowing for the simultaneous detection of multiple lipids. This
technological progress has significantly enhanced our understanding
of the role of lipid metabolism in disease processes, including IS (9-11).

Additionally, immune cells are important for the inflammatory
response associated with IS. Immune cell phenotypes, including
granulocytes, dendritic, and T cells, participate in the inflammatory
cascade that exacerbates brain damage following ischemic events (4, 12,
13). The interplay between lipid metabolism and immune cell function
is a burgeoning area of research with important implications for
identifying novel therapeutic targets and improving stroke prognosis.

We utilized Mendelian randomization (MR) techniques to
investigate the genetic basis of lipid metabolism and immune cell
responses in the context of IS. By using genetic variants as instrumental
variables (IVs), MR provides a robust method to infer causality and
mitigate confounding inherent in observational studies (14, 15).
We performed a two-sample MR analysis of 179 lipidomic traits and
three IS subtypes—large artery stroke (LAS), small vessel stroke (SVS),
and cardioembolic stroke (CS)—using genetic data from genome-
wide association studies (GWAS) (16, 17). Additionally, we conducted
a two-step MR (TSMR) mediation analysis to examine whether
immune cell phenotypes mediate the causal relationship between lipid
profiles and IS risk (18, 19).

This study aims to identify specific lipid species and immune cell
phenotypes that contribute to IS risk, elucidate potential causal
pathways, and highlight novel therapeutic targets for the prevention
and management of IS. By integrating comprehensive genetic data
with advanced MR methodologies, we seek to deepen our
understanding of the complex interactions between lipid metabolism,
immune responses and IS.

2 Materials and methods
2.1 Study overview

We performed a two-sample MR analysis utilizing genetic
variants derived from the latest available GWAS of 179 plasma
lipidomic and three subtypes of IS: LAS, SVS, and CS. We used
inverse-variance weighted (IVW) and weighted median (WM)
methods for the MR analyses, complemented by various sensitivity
tests to ensure result robustness. Given the close relationship between
immune cells and IS, we applied TSMR to determine if the identified
effects were mediated through immune cell regulation. The first
two-sample MR analysis examined 731 immune cell phenotypes as
exposures and the three IS subtypes as outcomes. This was followed
by a final two-sample MR analysis, where plasma lipids showing
significant causality were used as exposures, and immune cell
phenotypes with significant MR results in the GWAS were used as
outcomes. The effectiveness of this MR approach depends on three
key assumptions (1): genetic variants must strongly correlate with the
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exposure (2), variants influence the outcome only through the
exposure, and (3) variants are free from confounding variables. The
methodological workflow is depicted in Figure 1.

2.2 GWAS summary statistics

We accessed stroke-related data from the GIGASTROKE
Consortium,' which includes three IS subtypes: LAS with 9,219
cases and 1,496,931 controls, SVS with 13,620 cases and 1,496,931
controls, and CS with 12,828 cases and 1,496,931 controls (17).
Additionally, we utilized GWAS data for 731 immune cell
phenotypes, cataloged from GCST90001391 to GCST90002121
(18), and for 179 lipid traits, spanning from GCST90277238 to
GCST90277416 (see text footnote 1) (16). Each dataset adheres to
the ethical standards of the original studies, ensuring that no
additional ethical approval was required for this secondary
analysis. These datasets are detailed in Supplementary Table S1.

2.3 Selection of instrumental variables

To ascertain causal connections between lipidomic and immune cell
profiles (exposure) and IS subtype outcomes, we employed genetic
proxies, specifically SNPs, associated with these phenotypes. We selected
SNPs associated with lipidomic and immune cell phenotypes using
thresholds (p<5x107%) and applied clumping criteria with an LD
r*>0.001 within a 10,000-kilobase window, based on the 1,000 Genomes
European panel. To assess instrument strength and avoid weak
instrument bias, we calculated the F statistic for each SNP, ensuring it was
above 10, following the method outlined by Pierce and Burgess (20).
Only SNPs exclusively related to the lipidomic and immune cell traits
were included, ensuring no overlap with genes influencing ischemic
stroke risk to adhere to the exclusion restriction criterion.

2.4 Statistical analysis

We initiated our investigation by conducting a two-sample MR
analysis to investigate the causal relationship between lipidomic
phenotypes and IS. The IVW and WM methods were employed for
primary effect estimation. Analyses were conducted using a p-value
threshold <0.05 to ascertain statistical significance, avoiding
Bonferroni adjustments to preserve exploratory study objectives.

We utilized summary statistics of immune cell phenotypes,
covering 731 immune cell levels in the blood, to explore potential
immune cell levels as mediators between lipidomic profiles and
ischemic stroke. We employed TSMR approach to delineate effects
of lipidomic phenotypes and immune cell levels on IS subtypes.
In addition to the estimation of the potential impact of lipidomic
phenotypes on ischemic stroke derived from MR analyses (),
two additional estimates were calculated (1): the causal effect of
731 immune cell levels on ischemic stroke (,), and (2) the causal
effect of exposure (lipid species significantly associated with IS

1 https://www.ebi.ac.uk/gwas/
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FIGURE 1
Assumptions and design of a two-step Mendelian randomization (TSMR) analyses. Firstly, a two-sample MR was performed to investigate the causal
relationships between 179 lipid phenotypes and three distinct ischemic stroke subtypes. Secondly, 731 immune cell phenotypes were selected for
subsequent mediation analyses. Finally, TSMR analysis was conducted to detect potential mediating immune cell phenotypes. TSMR, two-step
Mendelian randomization; SNPs, single-nucleotide polymorphisms; LAS, large artery stroke; SVS, small vessel stroke; SC, cardioembolic stroke.

subtypes) on the mediator (immune cell level species significantly
associated with IS subtypes) (f,). Indirect effect, representing the
causal effect of lipidomic profiles on IS subtypes via mediators,
was estimated using the coefficient product method (5, x 3,).
Mediation ratio was calculated as the “indirect effect/total effect”

([B1x Ba11Bo) (19).

2.5 Sensitivity analyses

For sensitivity analyses, we employed three MR methods: IVW,
WM, and MR-Egger, each based on different assumptions about
pleiotropy to generate effect estimates. Evidence of horizontal
pleiotropy was suggested if the MR-Egger intercept significantly
differed from zero (p-value <0.05). Heterogeneity was evaluated using
the Cochran Q test, where a p-value greater than 0.05 indicated an
absence of heterogeneity (21, 22). To corroborate the conclusions on
causality, we ensured that: (a) the MR-Egger intercept did not show
significant directional pleiotropy, and (b) Cochran’s Q test indicated
no significant heterogeneity.

MR analyses were conducted in R (version 4.3.3; R Foundation for
Statistical Computing, Vienna, Austria) with the “TwoSampleMR”
packages.

3 Results

3.1 Causal associations between lipidomic
profiles and IS subtypes

Our investigation probed the causal relationships between
lipidomic profiles and IS subtypes, specifically focusing on three
subtypes: LAS, SVS, and CS. We commenced by identifying IVs for 179
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lipid species, ensuring each met the criteria for strong correlation and
independence. IVs were successfully established for 162 lipid species,
with F-statistic values ranging from 29.79 to 1946.15, effectively
negating concerns of weak instrumental bias (Supplementary Table 52).
If the number of SNPs is greater than or equal to 3, we evaluated the
data using both the IVW and WM methods; otherwise, only IVW was
used. Our findings indicated that 35 lipid species are genetically causally
associated with LAS; of these, 12 were identified as risk factors including
5 sterol esters, 6 phosphatidylcholines, and 1 phosphatidylethanolamine,
and 23 as protective factors, comprising 16 phosphatidylcholines, 2
phosphatidylethanolamines, and 5 phosphatidylinositols (Figure 2A
and Supplementary Table S3). Furthermore, 10 lipid species were
associated with SVS, with 8 identified as risk factors (2 sterol esters and
6 phosphatidylcholines) and 2 as protective (1 phosphatidylinositol and
1 sphingomyelin) (Figure 2B and Supplementary Table S13).
Additionally, 6 lipids demonstrated a causal association with CS, among
which 2 sphingomyelins were risk factors, and 4 were protective
and 2
phosphatidylinositols (Figure 2C and Supplementary Table $22).

including 1 sterol ester, 1 phosphatidylcholine,

To assess and mitigate potential biases from directional horizontal
pleiotropy in the MR results, Egger’s intercept test was conducted for
phenotypes supported by more than three IVs. The p-values of the
MR-Egger intercept estimates consistently exceeded 0.05, indicating no
significant pleiotropy bias. Moreover, the Cochran Q test, indicating a
p-value greater than 0.05 across all analyses, affirmed the absence of
heterogeneity, thus substantiating the robustness of our causal

inferences (Table 1; Supplementary Tables $4, S5, S14, S15, S23, S24).

3.2 Causal associations between immune
cell phenotypes and IS subtypes

Recognizing the significant involvement of immune cells in the
pathogenesis of IS subtypes, our study sought to investigate the
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FIGURE 2
Significant MR estimates for specific lipids and IS subtypes (LAS, SVS, and CS) were assessed by IVW and WM. (A) The significant causal effect of lipids
on LAS. (B) The significant causal effect of lipids on SVS. (C) The significant causal effect of lipids on CS. The dots colored in red and green indicate IVW
and WM respectively. IS, ischemic stroke, VW, inverse variance-weighted; MW, weighted median; MR, Mendelian randomization; OR, odds ratio; 95%
Cl, 95% confidence interval.

causal association between 731 immune cell phenotypes and IS
subtypes. Employing criteria akin to those used for lipid species,
we meticulously identified instrumental variables for these immune
cell phenotypes. Out of 731 phenotypes, we successfully identified
614 species with eligible IVs, each characterized by F-statistic
10, to 5062.70
(Supplementary Table S6).

values surpassing ranging from 29.85

MR results unveiled genetic causal associations between 12 immune
cell phenotypes and LAS, with 8 showing positive correlations and 4
showing negative correlations (Figure 3A and Supplementary Table S7).
Similarly, 21 immune cell phenotypes were linked to SVS, with 4
exhibiting positive correlations and 17 displaying negative correlations
(Figure 3B and Supplementary Table S16). Furthermore, 16 immune
cell phenotypes demonstrated genetic causal associations with CS, with
4 manifesting positive correlations and 12 exhibiting negative
correlations (Figure 3C and Supplementary Table S25).

Consistently, the p-values of MR-Egger intercept estimates
exceeded 0.05, indicating the absence of significant pleiotropy bias.
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Additionally, the Cochran Q test yielded p-values greater than 0.05
across all analyses, reinforcing the lack of heterogeneity and thereby
affirming the robustness of our causal inferences (see Table 1;
Supplementary Tables S8, S9, S17, S18, S26, S27).

3.3 Immune cell-mediated pathways
linking lipidomic profiles to IS subtypes

To explore the potential role of immune cell phenotypes as
mediators in the causal pathway between lipidomic profiles and
ischemic stroke subtypes, we employed TSMR approach. Specifically,
we focused on lipids associated with LAS, SVS, and CS, and assessed
their MR-estimated effects against immune cell phenotypes robustly
associated with each subtype.

For LAS, our analysis revealed inverse genetic correlations
between three lipid phenotypes (sterol ester (27:1/22:6) levels,
phosphatidylcholine (O-16:0_20:4) levels, and phosphatidylcholine
(18:2_0:0) levels) and CD11c on CD62L* myeloid dendritic cells, as
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TABLE 1 Pleiotropy and heterogeneity assessment for significant results (p < 0.05).

Trait.exposure

Trait.outcome

Directional pleiotropy

10.3389/fneur.2024.1437153

Cochran's Q test
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Egger_intercept p-value (@] p-value
Sterol ester (27:1/16:0) levels —0.016 0.892 3.578 0.167
Sterol ester (27:1/18:0) levels 0.007 0.889 14.309 0.056
Sterol ester (27:1/20:4) levels —0.039 0.118 6.105 0.191
Phosphatidylcholine (15:0_18:2) levels 0.014 0.634 9.290 0.098
Phosphatidylcholine (16:0_18:2) levels 0.026 0.253 8.276 0.219
Phosphatidylcholine (16:0_18:3) levels —0.165 0.870 4.396 0.111
Phosphatidylcholine (16:0_20:2) levels 0.025 0.341 2.585 0.630
Phosphatidylcholine (16:1_18:2) levels 0.016 0.362 2.662 0.850
Phosphatidylcholine (17:0_18:2) levels 0.035 0.566 0.719 0.698
Phosphatidylcholine (18:0_18:2) levels LAS 0.013 0.830 7.725 0.102
Phosphatidylcholine (18:0_20:4) levels —0.009 0.703 2.936 0.402
Phosphatidylcholine (18:1_18:1) levels 0.031 0.571 4.183 0.242
Phosphatidylcholine (18:1_18:2) levels —0.007 0.717 3.478 0.481
Phosphatidylcholine (18:1_20:2) levels 0.009 0.834 1.592 0.451
Phosphatidylcholine (18:2_18:2) levels 0.035 0.466 2.353 0.308
Phosphatidylethanolamine (16:0_18:2) levels 0.020 0.599 5.468 0.361
Phosphatidylinositol (18:0_18:1) levels —0.103 0.317 5.696 0.223
Phosphatidylinositol (18:0_18:2) levels 0.028 0.555 2.435 0.487
Phosphatidylinositol (18:0_20:3) levels —0.013 0.635 1.363 0.714
Sterol ester (27:1/18:3) levels 0.016 0.669 0.552 0.759
Sterol ester (27:1/20:3) levels 0.011 0.812 0.341 0.843
Phosphatidylcholine (18:0_20:3) levels s -0.014 0.770 0.235 0.889
Phosphatidylcholine (O-16:1_20:3) levels 0.004 0.945 0.099 0.952
Sphingomyelin (d32:1) levels 0.001 0.954 0.993 0.803
Sphingomyelin (d40:2) levels « 0.005 0.843 0.167 0.920
Phosphatidylcholine (18:2_0:0) levels FSC-A on granulocyte —0.116 0.663 0.404 0.817
Sphingomyelin (d40:2) levels CD8 on CD39* CD8" T cell 0.064 0.215 7.588 0.180
CD14-CD16-absolute count —0.094 0.449 1.675 0.433
CD3 on naive CD8" T cell —0.006 0.816 0.273 0.965
CD3 on CD45RA* CD4" T cell —0.005 0.855 0.414 0.937
CD40 on CD14* CD16-monocyte HAS —0.007 0.872 1.215 0.545
CD39 on granulocyte —0.014 0.948 1.912 0.384
SSC-A on granulocyte —0.018 0.659 2.121 0.548
CD62L-monocyte %monocyte —-0.036 0.837 2.192 0.334
BAFF-R on IgD* CD38-naive B cell 0.008 0.696 0.456 0.928
BAFF-R on IgD* CD38-unswitched memory B cell —-0.010 0.813 1.424 0.491
BAFF-R on IgD* CD38" B cell 0.001 0.927 0.574 0.966
BAFF-R on IgD* CD38dim B cell 0.008 0.675 0.405 0.939
BAFF-R on IgD-CD24-B cell Svs —0.011 0.530 2315 0.510
BAFF-R on IgD-CD27-B cell —0.011 0.533 2.258 0.521
BAFF-R on transitional B cell 0.009 0.674 0.417 0.937
BAFF-R on B cell 0.007 0.666 0.404 0.982
ill)l:?, on granulocytic myeloid-derived suppressor 0.005 0831 0684 0710
HLA DR on B cell 0.010 0.724 0.494 0.781
(Continued)
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TABLE 1 (Continued)

Trait.exposure Trait.outcome

10.3389/fneur.2024.1437153

Cochran’'s Q test
Q

Directional pleiotropy

Egger_intercept

p-value p-value
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CS
BAFF-R on IgD* CD38" B cell 0.012 0.422 4.228 0.517
BAFF-R on IgD* CD38dim B cell —0.002 0911 2.064 0.840
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FIGURE 3

MR estimates for immune cell phenotypes and IS subtypes (LAS, SVS, and CS) were assessed by IVW. (A) The significant causal effect of immune cell
phenotypes on LAS. (B) The significant causal effect of immune cell phenotypes on SVS. (C) The significant causal effect of immune cell phenotypes
on CS. The dots colored in red indicate significant estimates by IVW (p <0.05).

well as FSC-A on granulocytes (frw: —0.406 to —0.121).
Additionally, phosphatidylcholine (O-18:2_20:4) levels were
positively correlated with CCR2 on granulocytes (fyw: 0.300)
(Figure 4 and Supplementary Table S10). Regarding SVS,
phosphatidylinositol  (18:1_18:2) exhibited positive
correlations with CD4 on activated CD4 regulatory T cells and CD4
on activated & secreting CD4 regulatory T cells, with Sy, values of

levels

0.408 and 0.383, respectively (Figure 5and Supplementary Table S19).
In the case of CS, sphingomyelin (d40:2) levels were inversely
correlated with CD8 on CD39* CD8" T cells (fyw: —0.209).
Furthermore, (0-16:1_20:4)
phosphatidylinositol (16:0_18:2) levels, and phosphatidylinositol
(18:1_18:2) levels showed positive correlations with CD45RA*
CD28-CD8" T cell absolute count and CD28 on CD39* activated
CD4 regulatory T cells (fiyw: 0.343 to 37.991) (Figure 6 and

phosphatidylcholine levels,
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Supplementary Table 528). No pleiotropy bias and heterogeneity
were found by MR-Egger intercept estimates and Cochran Q test
(Table 1; Supplementary Tables S11, S12, S20, S21, S29, S30).

A summary of STMR estimates revealed six robust causal pathways
linking lipid levels, immune cell phenotypes, and IS subtypes. These
pathways exhibited consistent directions of total, direct, and indirect
effects. Three pathways involving phosphatidylcholine (O-18:2_20:4),
phosphatidylcholine (O-16:0_20:4), and sterol ester (27:1/22:6) levels
were positively associated with LAS, mediated by CCR2 on
granulocytes and CDllc on CD62L* myeloid dendritic cells.
Specifically, higher levels of phosphatidylcholine (O-18:2_20:4) and
CCR2 on granulocytes correlated with increased LAS risk. Similarly,
elevated levels of phosphatidylcholine (O-16:0_20:4) and sterol ester
(27:1/22:6), along with lower levels of CD11c on CD62L* myeloid
dendritic cells, were associated with increased LAS risk.
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FIGURE 4

IVW results from MR analyses of lipids significantly causally associated with LAS, and immune cell phenotypes significantly causally associated with LAS.

p-values for both IVW and WM analyses <0.05, marked as *.
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Conversely, other pathways involving phosphatidylcholine (18:2_0:0)
and phosphatidylinositol (18:1_18:2) levels were inversely related to LAS
and SVS, mediated by FSC-A on granulocytes, CD4 on activated CD4

Frontiers in Neurology

47

regulatory T cells and CD4 on activated & secreting CD4 regulatory T
cells. Higher levels of phosphatidylcholine (18:2_0:0) and lower levels of
FSC-A on granulocytes correlated with a decreased risk of LAS. Similarly,
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higher levels of phosphatidylinositol (18:1_18:2) with lower levels of CD4
on activated CD4 regulatory T cells and CD4 on activated & secreting
CD4 regulatory T cells were associated with a decreased risk of
SVS. Detailed /3 values of the MR estimates are provided in Table 2.

In summary, CCR2 on granulocytes, CD11c on CD62L" myeloid
dendritic cells, and FSC-A on granulocytes are identified as potential
mediators in the lipid-LAS causal pathways. Levels of CD4 on
activated CD4 regulatory T cells and CD4 on activated & secreting
CD4 regulatory T cells are identified as potential mediators in the
lipid-SVS causal pathways (Figure 7).
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4 Discussion

We conducted STMR analysis to explore the causal relationship
between lipidomic profiles, immune cell phenotypes, and the risk of
three distinct types of IS. Our investigation revealed that
phosphatidylcholine (O-18:2_20:4), phosphatidylcholine (O-16:0_20:4),
and sterol ester (27:1/22:6) levels are associated with an increased risk
of LAS. These associations are mediated through the CCR2 on
granulocytes and CD11c on CD62L* myeloid dendritic cells. Moreover,
we identified phosphatidylcholine (18:2_0:0) levels as a protective
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FIGURE 6
IVW results from MR analyses of lipids significantly causally associated with CS, and immune cell phenotypes significantly causally associated with CS.
p-values for both VW and WM analyses <0.05, marked as *.

factor against LAS, mediated by FSC-A on granulocytes. Additionally,
phosphatidylinositol (18:1_18:2) levels emerged as a protective factor
against SVS, mediated by CD4 on activated CD4 regulatory T cells and
CD4 on activated & secreting CD4 regulatory T cells. Importantly, our
analyses revealed no significant heterogeneity or evidence of horizontal
pleiotropy in the data.

Frontiers in Neurology

First, our findings establish a robust causal relationship between
specific lipid species and LAS, SVS, and cardioembolic stroke (CS),
with 35 out of 179 lipid species being genetically associated with
LAS. Phosphatidylcholines and sterol esters were significant
contributors to LAS risk. Similarly, 10 out of 179 lipid species were
genetically associated with SVS, primarily phosphatidylinositol
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TABLE 2 Two-step Mendelian randomization analyses of the causal effects between lipidomic, immune cell phenotypes, and ischemic stroke of LAS,

SVS, and CS.
Exposure Mediator Outcome Total effect Direct effect Indirect Proportion
(Bo) (Bo — B1*B.)  effect (B1*f, mediated (%)
Phosphatidylcholine
FSC-A on granulocyte LAS —0.381 —-0.316 —0.065 17.05
(18:2_0:0) levels
Phosphatidylcholine (O-
CCR2 on granulocyte LAS 0.265 0.193 0.072 27.06

18:2_20:4) levels
Phosphatidylcholine (O- CD11c on CD62L* myeloid

LAS 0.181 0.163 0.018 10.05
16:0_20:4) levels Dendritic Cell
Sterol ester (27:1/22:6) CD11c on CD62L" myeloid

LAS 0.312 0.283 0.029 9.34
levels Dendritic Cell
Phosphatidylinositol CD4 on activated CD4 regulatory

SVS —0.156 —0.101 —0.055 35.05
(18:1_18:2) levels T cell
Phosphatidylinositol CD4 on activated & secreting

SVS —0.156 —0.101 —0.055 35.35
(18:1_18:2) levels CD4 regulatory T cell
Phosphatidylcholine (O- CD45RA* CD28-CD8" T cell

CS —0.193 —0.195 0.002 NA
16:1_20:4) levels absolute count
Phosphatidylinositol CD28 on CD39" activated CD4

[N —0.22 —0.255 0.035 NA
(16:0_18:2) levels regulatory T cell
Phosphatidylinositol CD28 on CD39" activated CD4

CS —0.161 —0.201 0.040 NA
(18:1_18:2) levels regulatory T cell
Sphingomyelin (d40:2)
level. CD8 on CD39" CD8" T cell CS 0.132 0.156 —0.024 NA
evels

P, beta; f, is the causal effect of exposure on the outcome; f3, is the causal effect of the mediator on the outcome; f3, is the causal effect of mediator on outcome; indirect effect (f5,%4,) is the effect
of exposure on outcome via corresponding mediator; proportion mediated is calculated as the “indirect effect/total effect”; LAS, large artery stroke; SVS, small vessel stroke; SC, cardioembolic

stroke; NA, data not available.

(18:1_18:2). This observation expands our understanding of lipid
metabolism’s role in IS beyond traditional markers like total
cholesterol, LDL-C, and HDL-C, highlighting specific lipid molecules’
crucial roles in IS development.

Phosphatidylcholines, phosphatidylinositol, and sterol esters
containing different fatty acids have been less emphasized in IS risk
assessment models. However, their significant association with LAS,
SVS, and CS in our study points towards their potential role in IS
pathophysiology. These lipids are critical components of cell
membranes and lipoproteins, and alterations in their composition
have been linked to changes in lipoprotein functionality and signaling
(23-25). Phosphatidylcholine, phosphatidylinositol, and sterol esters
are crucial components of membrane lipids, with many essential
cellular processes depending heavily on their interactions. The
membrane hypothesis suggests that dysfunction in membrane lipids
may contribute to the development of diseases such as schizophrenia,
Alzheimer’s disease, autoimmune disorders, chronic fatigue syndrome,
and cancer. The concept that cell membranes contain transient
microdomains with distinct lipid compositions has led to the
development of selective lipid-targeted therapies, known as membrane
lipid therapy (26, 27). Lipid analogs such as perifosine, plasmalogens,
and edelfosine have been developed for the treatment of solid tumors,
hematological malignancies, and neurodegenerative diseases (28).
Recent evidence suggests that unconventional lipids, including
phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol,
phosphatidylserine, and sphingomyelin, are crucial in IS development
(29-32). Our genetic informatics-driven identification of specific lipid
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profiles associated with IS risk may provide more accurate predictions
due to their effects on inflammation, endothelial function, and
plaque stability.

For the first time, sterol ester and phosphatidylinositol levels were
established as significant causal risk factors for LAS and SVS,
respectively. The risk of LAS increased by approximately 37% for each
unit change in sterol ester (27:1/22:6), while the risk of SVS decreased
by approximately 15% for each unit change in phosphatidylinositol
(18:1_18:2). These unbiased results strengthen the genetic evidence
beyond observational studies, emphasizing the intricate role of lipids
in cerebrovascular disease beyond traditional pathways. While
elevated LDL-C and HDL-C levels are well-established risk factors
for IS, our study suggests that sterol ester (27:1/22:6) and
phosphatidylinositol (18:1_18:2)'s specific role in LAS and SVS
pathogenesis may involve complex interactions with immune cell
pathways. Subclinical inflammation contributes to endothelial
dysfunction and the buildup of immune-active cells in the vessel
walls. These immune cells and lipids are crucial in forming and
growing atherosclerotic lesions, leading to IS (11, 33, 34).

Our investigation into immune cell phenotypes revealed that
CCR2 on granulocytes, CD11c on CD62L* myeloid dendritic cells,
and FSC-A on granulocytes are genetically associated with
LAS. Additionally, CD4 on activated CD4 regulatory T cells is
genetically associated with SVS. Granulocytes, particularly
neutrophils, are crucial in the pathophysiology of ischemic stroke,
where they release neurotoxic agents such as reactive oxygen species
(ROS) and matrix metalloproteinases (MMPs). These agents
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CCR2 on granulocytes, CD11c on CD62L* myeloid dendritic cells, FSC-A on granulocytes, CD4 on activated CD4 regulatory T cells, and CD4 on
activated & secreting CD4 regulatory T cells as immune cell mediators in the lipid-LAS/SVS causal pathways. The arrows represent the direction of
lipids or immune cell levels and the risk effect of IS subtypes. For example, when phosphatidylcholine (O-18:2_20:4) and CCR2 on granulocyte levels
are elevated, LAS risk is increased

contribute to the disruption of the blood-brain barrier, thereby
exacerbating tissue damage. Furthermore, neutrophils form
neutrophil extracellular traps (NETs), which promote thrombosis
and impede thrombolysis, complicating the ischemic injury (35).
Dendritic cells are instrumental in antigen presentation within the
ischemic brain. By presenting central nervous system (CNS) antigens
to T cells, they amplify immune responses and drive inflammation.
The interaction between dendritic cells and T cells, mediated by
molecules such as MHC class II, is critical in the progression of post-
stroke inflammation (36). These findings enrich the current
understanding of immune cells’ role in IS by identifying specific
pathways that may contribute to IS pathogenesis.
Phosphatidylcholine mitigates the adverse effects of immune
cell-mediated neuroinflammation on neuronal differentiation and
the

phosphatidylcholine enhances neuronal survival and proper

plasticity. By modulating inflammatory response,
differentiation, positioning itself as a potential therapeutic agent in
cases of neuronal dysfunction arising from lipid-immune
Additionally,

lysophosphatidylcholine (LPC) play a pivotal role in mediating the

interactions. bioactive  lipids such as
interaction between immune cells and apoptotic cells during
efferocytosis. LPC acts as a “Find-Me” signal, guiding phagocytes
to the site of inflammation, thereby facilitating the efficient

clearance of apoptotic cells, which is crucial for resolving
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inflammation and promoting tissue repair. These findings reinforce
the critical relationship between lipids, immune cells, and ischemic
stroke, highlighting the potential therapeutic implications of
targeting lipid-immune interactions in stroke treatment (9, 37-39).
Based on the results of this study, it can be speculated that the
prognosis of LAS may be improved by reducing the plasma levels
of Phosphatidylcholine (0O-18:2_20:4), Phosphatidylcholine
(0-16:0_20:4), and Sterol ester (27:1/22:6). Conversely, increasing
the levels of Phosphatidylcholine (18:2_0:0) may enhance the
prognosis of LAS. Additionally, of
Phosphatidylinositol (18:1_18:2) could potentially improve the

elevating the levels

prognosis of SVS. Additionally, the prognosis of ischemic stroke
may be improved by modulating the activity of immune cells, such
as granulocytes and myeloid dendritic cells.

The mediation analysis provided intriguing insights into how lipid
levels could influence LAS and SVS risk through immune cell
processes. We identified potential pathways whereby specific lipids
might modulate LAS and SVS risk by altering immune cell counts, such
as granulocytes, myeloid dendritic cells, and T cells. The absence of
evidence for directional horizontal pleiotropy in our results supports
the potential causal relationship between identified lipids and immune
cell phenotypes with LAS and SVS. By using genetic instrumental
variables (IVs) to infer causality, we circumvent the limitations of
observational studies that can be confounded by lifestyle factors and
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reverse causation. This methodological strength enhances the reliability
of our findings and provides a stronger basis for developing
intervention strategies based on genetic susceptibilities (19, 40).

While our study marks a significant step forward, further research
is needed to elucidate the biological mechanisms through which these
identified lipids and immune cells influence LAS and SVS risk.
Experimental studies in cellular and animal models could provide
deeper insights into the pathophysiological processes involved. Our
findings identified immune cell phenotypes that may mediate the
relationship between lipid levels and ischemic stroke subtypes.
However, the mediation analysis was constrained by the available data,
limiting our ability to capture all potential mediators or interactions.
Future research should aim to include a broader spectrum of immune
cell phenotypes. Additionally, clinical trials designed to modulate these
specific lipid and immune cell pathways could validate the therapeutic
potential of our findings. Including populations from diverse ethnic
backgrounds could enhance the generalizability of our findings and
uncover population-specific genetic risk factors for IS.

In conclusion, our study reveals an intricate landscape of genetic
factors influencing LAS and SVS risk, involving specific lipid species and
immune cells. These findings not only advance our understanding of IS
pathogenesis but also point toward novel therapeutic targets that could
transform IS management. As we move towards a more personalized
medicine approach, integrating genetic risk factors with clinical strategies
will be crucial in combating the global burden of ischemic stroke.

5 Conclusion

This study identifies significant genetic associations between
specific lipids—namely phosphatidylcholine, sterol ester, and
phosphatidylinositol—and the risk of LAS and SVS. Additionally,
we identified key immune cell phenotypes that contribute to LAS and
SVS risk and act as mediators in the lipid-LAS/SVS causal pathway.
These findings enhance our understanding of the genetic factors
influencing LAS and SVS pathophysiology and suggest potential
targets for therapeutic intervention. This work advances the current
knowledge by providing new insights into the complex interactions
between lipid metabolism, immune response, and ischemic stroke
risk, highlighting novel avenues for treatment strategies.
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Aim: The Triglyceride-Glucose (TyG) index, an indicator of insulin resistance, has
been proposed as a predictor of cardiovascular diseases. However, its role in
predicting stroke risk, particularly in low-income populations, is not well
understood. This study aimed to investigate the predictive value of the TyG
index for stroke incidence in a low-income Chinese population, with a focus on
gender and age-specific differences.

Methods: This 10-year prospective cohort study included 3,534 participants
aged >45 years from rural areas in northern China. Baseline data on demographic
characteristics, lifestyle factors, and clinical measurements were collected.
Participants were followed for stroke incidence, categorized into ischemic and
hemorrhagic stroke. Multivariate logistic regression models were used to assess
the association between the TyG index and stroke incidence, adjusting for
potential confounders.

Results: During the follow-up period, 368 participants (10.4%) experienced a
stroke, with 327 ischemic and 31 hemorrhagic strokes. TyG index was
significantly associated with total and ischemic stroke incidence but not
hemorrhagic stroke. After adjusting for confounding factors, for every one
standard deviation increase in TyG index, the risk of stroke increased by 32%
for overall stroke (RR: 1.32; 95% Cl: 1.08-1.61; P=0.006) and 39% for ischemic
stroke (RR: 1.39; 95% Cl: 1.12-1.73; P=0.003). The risk of stroke in the highest TyG
tertile levels (tertile 3) increased by 49% (RR: 1.49; 95% CI 1.11-1.99; P=0.007) for
overall stroke, compared to those in the lowest tertile levels (tertile 1). For
ischemic stroke, the risk of stroke increased by 53% (RR: 1.53; 95% CI 1.12-2.11;
P=0.008) in the highest TyG tertile levels (tertile 3) compared to those in the
lowest tertile levels (tertile 1).
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Conclusion: This 10-year prospective cohort study has established the TyG index
as an independent predictor of both total and ischemic stroke incidence in a low-
income Chinese population. The findings indicate that the TyG index is
particularly effective in predicting stroke risk among women and older adults
(>60 years), but not for hemorrhagic stroke. These insights are crucial for
improving clinical practice and stroke prevention strategies.

TyG index, stroke, risk factors, epidemiology, metabolism

Introduction

Stroke is the second leading cause of disability and death
worldwide, particularly affecting individuals over 50 years old,
with ischemic stroke being the most common subtype, accounting
for about 80% of cases (1). In China alone, there were 3.94 million
new stroke cases in 2019, marking an 86.0% increase in incidence
since 1990, reaching 276.7 cases per 100,000 people (2). This trend
is expected to continue, with the American Heart Association
projecting that 3.4 million U.S. adults will have a stroke by 2030,
a 20.5% increase from 2012 (3). This growing burden underscores
the critical need for early identification of stroke risk factors and
targeted prevention strategies.

Recent advancements in stroke research have identified various
risk factors and biomarkers. One such biomarker, the TyG index,
was first proposed in 2008 as a simple, convenient, and low-cost
alternative to assess insulin resistance (IR) (4). Elevated TyG index
levels have been independently associated with an increased risk of
cardiovascular diseases (CVD) and mortality (5-8). Additionally,
emerging evidence suggests a link between higher TyG index levels
and an increased risk of cerebrovascular diseases, including
ischemic stroke (9). However, most studies have focused on
urban populations, leaving a gap in understanding its impact on
low-income rural populations.

Despite these advancements, there remains considerable debate
regarding the TyG index’s predictive value for different stroke
subtypes. Some studies suggest a strong association between
elevated TyG index and ischemic stroke but not hemorrhagic
stroke (10). Moreover, the lack of research focusing on low-
income rural populations, who may have different risk profiles
and healthcare access, highlights a significant gap in the
current literature.

While large-scale studies such as the PURE study by Lopez-
Jaramillo et al. have extensively examined cardiovascular outcomes
across diverse countries and income levels (5), specific attention to
stroke risk in rural, low-income populations remains limited. This
population faces unique challenges, such as limited healthcare
access, low health literacy, and a higher prevalence of untreated
cardiovascular risk factors, all of which can significantly contribute
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to stroke incidence. Therefore, the generalizability of findings from
broader studies to these underrepresented groups may be limited.
Therefore, this study aims to investigate the predictive effect of
the TyG index on stroke incidence risk in a low-income Chinese
population. By focusing on this underrepresented group, we hope to
provide insights that can inform targeted prevention strategies and
ultimately reduce the stroke burden in similar communities.

Methods
Study design and population

This study was a 10-year prospective cohort study, with the
baseline survey conducted from April to June 2014. All participants
were recruited as part of the Tianjin Brain Study, a population-
based surveillance program for cardiovascular and cerebrovascular
diseases (11-13). The study population was drawn from 18
administrative villages, where approximately 95% of participants
were low-income farmers, with a per capita disposable income of
less than $1,600 in 2014 (14). Eligible participants were residents
aged 45 years and older who had no prior history of cardiovascular
or cerebrovascular diseases. The population was characterized by
advanced age, low income, and limited education, as well as low
levels of health awareness. All participants have been continuously
followed since enrollment.

The study protocol was approved by the Tianjin Medical
University General Hospital Ethics Committee (IRB2018-100-01),
and all participants provided written informed consent.

Definition and monitoring of stroke
and CVD

From June 30, 2014, to December 31, 2023, all participants were
followed to identify stroke events, CVD events, and all-cause
mortality. A first stroke event was defined as the rapid onset of
symptoms and signs of focal brain injury, lasting more than 24
hours, and confirmed by imaging evidence. Stroke events were
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identified through three sources: local licensed village doctors
reporting according to a predetermined procedure, medical
records for hospital inpatients, and the all-cause death registry.

CVD events included newly diagnosed coronary atherosclerotic
heart disease, myocardial infarction, and cardiovascular death.
Coronary atherosclerotic heart disease was defined as the
presence of more than 50% narrowing in one or more coronary
arteries, as demonstrated by coronary angiography.

Information on stroke and CVD events came from three
sources as described previously (11, 13). Briefly, local licensed
village doctors (LLVD) reporting according to a predetermined
procedure, medical records for hospital inpatients, and the all
causes of death registry.

Risk factor assessment

Data on gender, age, and years of education were collected from
existing records. Participants were categorized into three age groups
(45-59 years, 60-74 years, and 275 years) and four education groups
(illiterate, 1-6 years, 7-9 years, and 210 years). Smoking status was
defined as smoking more than one cigarette per day for at least one
year and categorized into never smoked, quit smoking, and current
smoking. Alcohol consumption was defined as drinking more than
500 grams per week for at least one year and categorized into never
drank, quit drinking, and current drinking. Additionally, data on
participants’ history of atrial fibrillation and medication use,
including lipid-lowering agents, antiplatelets, and anticoagulants,
were collected through self-reported information.

Clinical measurements and definitions

Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were recorded as the average of two measurements.
Hypertension was defined as SBP above 140 mmHg, DBP above
90 mmHg, or the use of antihypertensive drugs. Diabetes was
defined as fasting blood glucose (FPG) of 7.0 mmol/L or higher,
or the use of insulin or oral hypoglycemic agents. Body mass index
(BMI) was calculated as weight (kg) divided by the square of height
(m?) and categorized into normal weight (18.5 Kg/m* < BMI < 24.0
Kg/m®), overweight (24.0 Kg/m’< BMI < 28.0 Kg/m?), and obesity
(BMI > 28.0 Kg/m?).

Biochemical measurements

Participants were instructed to fast from midnight (after 24:00)
the day before blood collection. Fasting blood samples were
collected at 8:00 a.m. the following morning, ensuring a fasting
period of at least 8 hours. Measurements included complete blood
count, FPG, triglycerides (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C). The TyG index was calculated as Ln[TG
(mg/dL) x FPG (mg/dL)/2] (4). All samples were processed in the
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central laboratory of Tianjin Jizhou People’s Hospital within 2
hours of collection.

Statistical analyses

The normality of continuous variables was tested using the
single-sample Kolmogorov-Smirnov test. For normally distributed
continuous variables, the Student’s t-test was applied to compare
group differences, with results expressed as mean (standard
deviation). For non-normally distributed continuous variables, the
rank-sum test was used, and results were expressed as medians
(25th and 75th percentiles). Categorical variables were expressed as
numbers (percentages), and the chi-square test was used to compare
the distribution difference between groups.

To evaluate the predictive value of the TyG index for stroke
onset, receiver operating characteristic (ROC) curves were
generated, and the area under the curve (AUC) was calculated.
Multivariate logistic regression analysis was employed to examine
the association between stroke and its subtypes, with stroke onset as
the dependent variable, the TyG index as the main independent
variable, and other covariates selected based on statistical
significance in the univariate analysis. The TyG index was
analyzed both as a continuous variable and by tertile grouping to
assess its relationship with stroke risk. Results were reported as
adjusted relative risks (RR) with 95% confidence intervals (95% CI).
Additionally, a restricted cubic spline (RCS) analysis was performed
to explore potential non-linear relationships between the TyG index
and stroke risk. All statistical analyses were conducted using IBM
SPSS Statistics for Windows, version 25.0 (IBM Corp., Armonk,
NY, USA) and R, version 4.2.3 (R Development Core Team,
Vienna, Austria). A two-tailed p-value of <0.05 was considered
statistically significant.

Results

A total of 3992 participants were recruited during study periods,
and 3648 participants met the inclusion criteria after excluded 344
participants with the previous CVD histories. Moreover, the basic
data of TG or FPG in 62 participants was missing, and 52
participants were less than 45 years were excluded. Finally, 3534
participants were analyzed in this study (Figure 1).

Baseline characteristics

The study included 3,534 participants, of whom 1,419 (40.2%)
were men and 2,115 (59.8%) were women. The median age of the
participants was 59.05 years (25th percentile: 51.75, 75th percentile:
65.67), with a mean follow-up period of 9.04 years. Participants
were divided into three groups based on tertiles of the TyG index:
tertile 1 (TyG index < 8.51), tertile 2 (8.51 < TyG index < 9.04), and
tertile 3 (TyG index > 9.04). A total of 19 participants (0.54%) self-
reported taking oral lipid-lowering statins. None of the participants
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A total

of 3992 participants
participated in this survey

62 subjects were excluded from
this study due to lacking

complete data of TG or FPG

52 subjects were excluded

344 subjects were excluded
from this study due to having

from this study becaues they
were less than 45 years

previous CVD histories

Finally, 3534 subjects were
included in this study

FIGURE 1

Flow chat of participants selection. Figure showed that total of 3992 participants were recruited during study periods, and 3648 participants met the
inclusion criteria after excluded 344 participants with the previous CVD histories. Moreover, the basic data of TG or FPG in 62 participants was
missing, and 52 participants were less than 45 years were excluded. Finally, 3534 participants were analyzed in this study.

used antiplatelet drugs or anticoagulants, and no participant had a
history of atrial fibrillation. Compared to those in the lowest tertile,
participants in the higher tertiles were more likely to be female,
obese, hypertensive, or diabetic, and less likely to have a history of
smoking or alcohol consumption. Higher TyG index levels were
associated with elevated SBP, DBP, LDL-C, TC, TG, and FPG levels,
and lower HDL-C levels (Table 1).

Incidence of stroke and CVD

During the 10-year follow-up period, a total of 368 participants
(10.4%) experienced a new stroke, 32 participants (0.9%) were
diagnosed with a new CVD and 406 participants (11.5%) died
from all causes. Of these, 327 were ischemic strokes, 31 were
hemorrhagic strokes, and 10 were unclassified strokes.

The ROC curve for TyG index in predicting stroke incidence is
presented in Figure 2. The AUC for the TyG index was 0.554 (95%
CI: 0.522-0.586; P < 0.001), with a cut-off point of 9.04. These
results suggest that the TyG index serves as an important predictor
of stroke, with stroke risk increasing significantly when the TyG
index exceeds 9.04.

Association of TyG index with stroke
incidence in the univariate study

In univariate analysis, several factors were significantly
associated with stroke onset, including male gender, older age,
smoking, hypertension, diabetes, higher SBP, DBP, FBG, TC,
LDL-C, and TyG index (all P<0.05; Table 2). However, no
significant association was observed between the TyG index and

Frontiers in Endocrinology

CVD incidence in the univariate analysis (P > 0.05; Supplementary
Table S1).

Association of TyG index with stroke
incidence in the multivariate study

TyG index was significantly associated with total and ischemic
stroke incidence but not hemorrhagic stroke. After adjusting for
confounding factors, for every one standard deviation increase in
TyG index, the risk of stroke increased by 32% for overall stroke
(RR: 1.32; 95% CI: 1.08-1.61; P=0.006) and 39% for ischemic stroke
(RR: 1.39; 95% CI: 1.12-1.73; P=0.003).

After adjusting for sex, age group, smoking status, LDL-C, and
history of hypertension, participants in the highest TyG tertile (tertile 3)
had a 49% higher risk of overall stroke (RR: 1.49; 95% CI: 1.11-1.99; P
= 0.007) compared to those in the lowest tertile (tertile 1). Similarly,
after adjusting for sex, age group, BMI, smoking status, LDL-C, alcohol
consumption, and history of hypertension, participants in the highest
TyG tertile (tertile 3) had a 53% higher risk of ischemic stroke (RR:
1.53; 95% CI: 1.12-2.11; P = 0.008) compared to those in the lowest
tertile. No significant association was found between the TyG index
and hemorrhagic stroke incidence (Figure 3).

Association of TyG index with stroke
incidence in the subgroup analysis

Further analysis was stratified by sex and age, with the
univariate results presented in Supplementary Tables S2, S3.

The multivariate analysis revealed that among women, after
adjusting for age, BMI groups, LDL-C, and history of hypertension,
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TABLE 1 Baseline characteristics of the study population according to tertile groups of TyG index .

Characteristic

Tertile 1

TyG index

Tertile 2

10.3389/fendo.2024.1444030

Tertile 3

Case, n (%) 3534 (100) 1177 (33.3) 1178 (33.3) 1179 (33.4)
Gender, n (%) <0.001
Men 1419 (40.2) 573 (40.4) 459 (32.3) 387 (27.3)
Women 2115 (59.8) 604 (28.6) 719 (34.0) 792 (37.4)
Age*, years 59.05 (51.75, 65.67) 59.24 (51.34, 66.07) 59.05 (52.12, 66.02) 58.92 (52.00, 65.04) 0.556
Age groups, n (%) 0.433
45-59 years 1925 (54.5) 620 (32.2) 643 (33.4) 662 (34.4)
60-74 years 1326 (37.5) 456 (34.4) 437 (33.0) 433 (32.7)
>75 years 283 (8.0) 101 (35.7) 98 (34.6) 84 (29.7)
Education groups, n (%) 0.229
0 year 678 (19.3) 208 (30.7) 224 (33.0) 246 (36.3)
1-6 years 1512 (43.1) 526 (34.8) 517 (34.2) 469 (31.0)
7-9 years 1070 (30.5) 354 (33.1) 344 (32.1) 372 (34.8)
=10 years 249 (7.1) 82 (32.9) 82 (32.9) 85 (34.1)
BMI groups, n (%) <0.001
Normal 1225 (34.7) 576 (47.0) 432 (35.3) 217 (17.7)
Overweight 1486 (42.1) 442 (29.7) 498 (33.5) 546 (36.7)
Obesity 817 (23.2) 156 (19.1) 246 (30.1) 415 (50.8)
Smoking status, n (%) <0.001
Current smoking 737 (20.9) 293 (39.8) 232 (31.5) 212 (28.8)
Quit smoking 152 (4.3) 61 (40.1) 49 (32.2) 42 (27.6)
Never smoked 2645 (74.8) 823 (31.1) 897 (33.9) 925 (35.0)
Alcohol consumption, n (%) 0.007
Current drinking 510 (14.4) 196 (38.4) 174 (34.1) 140 (27.5)
Quit drinking 40 (1.1) 18 (45.0) 10 (25.0) 12 (30.0)
Never drank 2984 (84.4) 963 (32.3) 994 (33.3) 1027 (34.4)
Hypertension, n (%) <0.001
Yes 2442 (69.1) 705 (28.9) 822 (33.7) 915 (37.5)
No 1091 (30.9) 472 (43.3) 355 (32.5) 264 (24.2)
Diabetes, n (%) <0.001
Yes 671 (19.0) 74 (11.0) 176 (26.2) 421 (62.7)
No 2863 (81.0) 1103 (38.5) 1002 (35.0) 758 (26.5)
Statins use, n (%) 0.367
Yes 19 (0.5) 6 (31.6) 4(21.1) 9 (47.4)
No 3515 (99.5) 1171 (33.3) 1174 (33.4) 1170 (33.3)
SBP*,mmHg 144.00 (130.33, 160.00) 140.67 (127.67, 157.83) 144.00 (131.00, 159.50) 146.50 (133.00, 162.00) <0.001
DBP*,mmHg 86.00 (79.00, 93.67) 84.00 (77.00, 91.00) 86.50 (79.00, 94.00) 88.00 (81.00, 95.50) <0.001
Hb*, g/L 138.00 (129.00, 147.00) 138.00 (129.75, 148.00) 137.00 (129.00, 146.50) 138.00 (129.00, 147.00) 0.841
(Continued)
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TABLE 1 Continued

TyG index
CRSrSCtEnsHE Tertile 1 Tertile 2 Tertile 3

PIt*, 10°/L 231.00 (197.00, 271.00) 229.00 (198.00, 270.00) 231.00 (195.50, 272.00) 232.00 (197.00, 272.00) 0.925

FPG*, mmol/L 5.60 (5.10, 6.10) 5.30 (4.90, 5.65) 5.60 (5.17, 6.10) 5.93 (5.40, 7.10) <0.001

TC*, mmol/L 4.79 (4.15, 5.50) 4.44 (3.86, 5.06) 4.75 (4.18, 5.44) 5.20 (4.56, 5.99) <0.001

TG*, mmol/L 1.40 (1.01, 2.11) 0.89 (0.73, 1.04) 1.42 (1.25, 1.64) 2.55 (2.09, 3.36) <0.001
HDL-C*, mmol/L 1.39 (1.15, 1.70) 1.54 (1.30, 1.84) 1.39 (1.16, 1.73) 1.25 (1.05, 1.49) <0.001
LDL-C*, mmol/L 2.59 (2.04, 3.22) 2.44 (1.96, 3.00) 2.63 (2.10, 3.27) 2.72 (2.06, 3.39) <0.001

*Continuous variables were expressed as medians (percentile25, percentile75). TyG index, triglyceride-glucose index; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; Hb, hemoglobin; Plt, platelet; FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density

lipoprotein cholesterol.

every one standard deviation increase in the TyG index was associated
with a 76% higher risk of stroke (RR: 1.76; 95% CI: 1.31-2.38; P <
0.001). Compared to participants in tertile 1, the risk of stroke was
significantly increased by 90% (RR: 1.90; 95% CI: 1.21-3.00; P = 0.006)
in tertile 3.

For participants aged 260 years, after adjusting for sex, LDL-C,
and history of hypertension, every one standard deviation increase
in the TyG index was associated with a 33% higher risk of stroke
(RR: 1.33; 95% CI: 1.03-1.74; P = 0.028). In this age group, the risk
of stroke was 59% higher in tertile 3 compared to tertile 1 (RR: 1.59;
95% CI: 1.11-2.29; P = 0.012).

No significant associations were found among men and younger
participants after adjusting for confounding factors (Figure 4).

Non-linear relationship between TyG index
and stroke incidence

We conducted a RCS analysis to assess the potential non-linear
relationship between the TyG index and stroke incidence (Figure 5).
The P-value for non-linearity was 0.02, indicating a statistically
significant non-linear relationship between TyG index levels and
stroke risk in participants aged 60 years and older. A distinct U-
shaped pattern was observed in this age group. Stroke risk initially
decreased as the TyG index increased, up to a threshold of 8.47.
However, beyond this threshold, stroke risk began to rise, becoming
more pronounced at higher TyG index levels. This suggests that
8.47 may represent a critical inflection point in the relationship
between TyG index and stroke risk in older adults.

In contrast, no significant non-linear relationships were
observed between the TyG index and overall stroke, ischemic
stroke, stroke in females, or stroke in individuals aged below
60 years.

Discussion

This is the first studies to explore the predictive value of the TyG
index for stroke and CVD in a low-income rural Chinese
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population. This 10-year prospective cohort study investigated the
predictive value of the TyG index for stroke incidence in a low-
income Chinese population, focusing on gender and age-specific
differences. Both the value of TyG and its tertile grouping were
confirmed to be independent predictors of stroke and ischemic
stroke. Notedly, the association was not found in hemorrhagic
stroke. Moreover, the TyG index was a stronger predictor of stroke
in women and older adults (260 years). However, the relationship
between TyG index and CVD risk was not found in this study.
The relationship between the TyG index and the incidence of
different types of stroke has been previously reported in various
studies. These studies have generally found that the TyG index is a
significant predictor of ischemic stroke, but not hemorrhagic stroke.
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FIGURE 2

ROC curve for TyG index to predict stroke. Figure showed that the
AUC of TyG index in predicting stroke was 0.554 (95% Cl: 0.522-
0.586; P<0.001). The cut-off point was 9.04. It was suggested that
TyG index is an important predictor of stroke, and when TyG index >
9.04, the risk of stroke would increase.
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TABLE 2 The associated factors of stroke onset in the study population by types in univariate analysis.

Characteristic

Ischemic stroke

Hemorrhagic stroke

Yes Yes
Case, n (%) 3166 (89.6) 368 (10.4) — 3207 (90.7) 327 (9.3) — 3503 (99.1) 31 (0.9) .
Gender, n (%) <0.001 <0.001 0.191
Men 1231 (86.8) 188 (13.2) 1252 (88.2) 167 (11.8) 1403 (98.9) 16 (1.1)
Women 1935 (91.5) 180 (8.5) 1955 (92.4) 160 (7.6) 2100 (99.3) 15 (0.7)
Age*, years 58.52 (51.42,64.99) 63.20(58.03,69.79) <0.001 58.65 (51.47, 65.16) 62.82 (57.88, 68.83) <0.001 59.01 (51.71, 65.63) 64.75 (57.53, 69.97) 0.008
Age groups, n (%) <0.001 <0.001 0.058
45-59 years 1800 (93.5) 125 (6.5) 1811 (94.1) 114 (5.9) 1914 (99.4) 11 (0.6)
60-74 years 1130 (85.2) 196 (14.8) 1153 (87.0) 173 (13.0) 1308 (98.6) 18 (1.4)
=75 years 236 (83.4) 47 (16.6) 243 (85.9) 40 (14.1) 281 (99.3) 2 (0.7)
BMI groups, n (%) 0.057 0.030 0.928
Normal 1114 (90.9) 111 (9.1) 1128 (92.1) 97 (7.9) 1215 (99.2) 10 (0.8)
Overweight 1330 (89.5) 156 (10.5) 1349 (90.8) 137 (9.2) 1473 (99.1) 13 (0.9)
Obesity 716 (87.6) 101 (12.4) 724 (88.6) 93 (11.4) 809 (99.0) 8 (1.0)
Smoking status, n (%) <0.001 <0.001 0.289
Current smoking 633 (85.9) 104 (14.1) 645 (87.5) 92 (12.5) 727 (98.6) 10 (1.4)
Quit smoking 131 (86.2) 21 (13.8) 132 (86.8) 20 (13.2) 151 (99.3) 1(0.7)
Never smoked 2402 (90.8) 243 (9.2) 2430 (91.9) 215 (8.1) 2625 (99.2) 20 (0.8)
Alcohol consumption, n (%) 0.102 0.016 0.808
Current drinking 445 (87.3) 65 (12.7) 450 (88.2) 60 (11.8) 506 (99.2) 4(0.8)
Quit drinking 38 (95.0) 2 (5.0) 40 (100) 0 (0)
Never drank 2683 (89.9) 301 (10.1) 2717 (91.1) 267 (8.9) 2997 (99.1) 27(0.9)
Hypertension, n (%) <0.001 <0.001 <0.001
Yes 2111 (86.4) 331 (13.6) 2149 (88.0) 294 (12.0) 2412 (98.8) 30 (1.2)
No 1054 (96.6) 37 (3.4) 1058 (97.0) 33 (3.0) 1090 (99.9) 1(0.1)
Diabetes, n (%) <0.001 <0.001 0.058
Yes 550 (82.0) 121 (18.0) 561 (83.6) 110 (16.4) 661 (98.5) 10 (1.5)
(Continued)
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TABLE 2 Continued

Stroke Ischemic stroke Hemorrhagic stroke
Characteristic

Yes Yes Yes

No 2616 (91.4) 247 (8.6) 2646 (92.4) 217 (7.6) 2842 (99.3) 21 (0.7)
SBP*,mmHg 142.50 (129.00, 158.50) 15500 (142.00, 173.00) <0.001 (129232f:850) 154.33 (141.50, 173.00) <0.001 143.50 (130.00, 160.00) = 155.50 (145.50, 173.00) <0.001
DBP*,mmHg 85.50(78.50, 93.00) 91.33(83.13,99.00) <0.001 85.50 (78.67, 93.00) 91.00 (83.50, 99.00) <0.001 86.00 (79.00, 93.67) 91.67 (81.50, 97.00) 0.014
Hb*, g/L 137.00 (129.00, 147.00)  138.00 (130.00, 147.75) 0.356 137.00 (129.00, 147.00) | 138.00 (130.00, 148.00) 0270 137.50 (129.00, 147.00) = 139.50 (128.75, 147.00) 0.791

Plt*, 10°/L 231.00
(197,00, 273.00) 223.00 (200.00, 258.50) 0255 231.00 (197.00, 272.00) | 223.00 (198.00, 260.00) 0.285 231.00 (197.00, 271.75) | 223.00 (200.25, 259.75) 0.557
FPG*, mmol/L 5.56 (5.10, 6.10) 5.80 (5.30, 6.70) <0.001 5.56 (5.10, 6.10) 5.80 (5.36, 6.77) <0.001 5.60 (5.10, 6.10) 5.60 (5.23, 6.20) 0.650
TC*, mmol/L 477 (4.13, 5.48) 4.95 (4.27, 5.77) <0.001 477 (4.14,5.49 ) 4.94 (4.27, 5.76) 0.002 4.79 (4.15, 5.50) 530 (4.24, 6.07) 0.096
TG*, mmol/L 1.39 (1.01, 2.09) 1.52 (1.01, 2.21) 0.151 1.39 (1.01, 2.09) 1.52 (1.04, 2.21) 0.054 1.40 (1.01, 2.11) 1.39 (0.81, 1.92) 0.402
HDL-C*, mmol/L 1.39 (1.15, 1.70) 1.38 (1.14, 1.67) 0.529 1.39 (1.15, 1.70) 1.36 (1.14, 1.67) 0.430 1.39 (1.15, 1.70) 1.42 (1.13, 1.70) 0.624
LDL-C*, mmol/L 2.57 (2.02, 3.20) 271 (221, 3.37) 0.001 2.58 (2.03, 3.20) 2.70 (220, 3.38) 0.007 2.59 (2.04, 3.21) 2.75 (220, 3.38) 0312
TyG index* 8.75 (8.38, 9.20) 8.88 (8.44, 9.37) 0.001 8.75 (8.38, 9.20) 8.91 (8.45, 9.40) <0.001 8.77 (8.39, 9.22) 8.73 (8.18, 9.30) 0.560
TyG index tertile groups, 20,001 <0.001 0.401
n (%)

Tertile 1 1072 (91.1) 105 (8.9) 1088 (92.4) 89 (7.6) 1164 (98.9) 13 (1.1)

Tertile 2 1073 (91.1) 105 (8.9) 1084 (92.0) 94 (8.0) 1171 (99.4) 7(0.6)

Tertile 3 1021 (86.6) 158 (13.4) 1035 (87.8) 144 (12.2) 1168 (99.1) 11 (0.9)

*Continuous variables were expressed as medians (percentile25, percentile75). BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Hb, hemoglobin; Plt, platelet; FPG, fasting plasma glucose; TG, triglycerides; TC, total cholesterol; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TyG index, triglyceride-glucose.
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Stroke types Reference RR (95%Cl) P
Stroke

TyG index 1.32 (1.08, 1.61) - 0.006
Tertile groups Tertile 1

Tertile 2 0.96 (0.71, 1.30) —a— 0.813
Tertile 3 1.49 (1.11, 1.99) P 0.007
Ischemic stroke

TyG index 1.39 (1.12, 1.73) f—— 0.003
Tertile groups Tertile 1

Tertile 2 1.00 (0.73, 1.38) A 0.990
Tertile 3 1.53 (1.12, 2.11) f——®——  0.008

FIGURE 3

05 1 15 2

Association between the TyG index and stroke onset in multivariate analysis. Figure showed that after adjusting for covariates, for every one standard
deviation increase in TyG index, the risk of stroke increased by 32% for overall stroke and 39% for ischemic stroke. Compared to tertile 1, the risk of
stroke was increased by 49% for overall stroke and 53% for ischemic stroke in tertile 3.

Several notable studies have highlighted the role of the TyG index in
predicting stroke risk. For instance, a study by Wang et al. found
that higher TyG index levels were associated with an increased risk
of both total and ischemic stroke in a general Chinese population,
but no significant association was observed with hemorrhagic
stroke (15). Similarly, Hoshino et al. demonstrated that the TyG
index is a valuable prognostic marker for major adverse
cardiovascular events, including ischemic stroke, in Japanese
patients with a history of ischemic stroke or transient ischemic
attack (TIA) (16). Moreover, a meta-analysis confirmed that
elevated TyG index levels were linked to a higher risk of
cerebrovascular diseases, particularly ischemic stroke, across
various populations (9). In another cohort study observed that

the TyG index was a significant predictor of incident ischemic
stroke, especially in older adults, but did not find a similar
association with hemorrhagic stroke (17). Finally, the Kailuan
study reported that long-term increases in the TyG index were
associated with an elevated risk of ischemic stroke in a hypertensive
population, while no significant link was found with hemorrhagic
stroke (10). Consistent to these previous studies, our findings
demonstrated that the TyG index is an independent predictor of
total and ischemic stroke incidence, but not hemorrhagic stroke, in
a low-income Chinese population. The potential mechanisms
underlying these associations can be attributed to the role of IR in
vascular health. Elevated TyG index levels indicate higher IR, which
leads to oxidative stress, chronic inflammation, endothelial

FIGURE 4

Subgroups Reference RR (95%Cl) P
Sex:

Wen /

Women

TyG index 1.76 (1.31, 2.38) - <0.001
Tertile groups  Tertile 1

Tertile 2 0.97 (0.60, 1.59) +H—=— 0.916
Tertile 3 1.90 (1.21, 3.00) F 0.006
Age groups:

<60 years

TyG index 1.23 (0.90, 1.68) Ee— 0.189
Tertile groups  Tertile 1

Tertile 2 1.01 (0.61, 1.68) e 0.965
Tertile 3 1.22(0.73, 2.04) e 0.440
>=60 years

TyG index 1.33 (1.03, 1.74) —e— 0.028
Tertile groups Tertile 1

Tertile 2 0.94 (0.64, 1.36) = 0.726
Tertile 3 1.59 (1.11. 2.29) L ———— 0.012

Association between the TyG index and stroke onset in sex and age subgroups in logistic models. Figure showed that after adjusting for covariates,
for every one standard deviation increase in TyG index, the risk of stroke increased by 76% among women and 33% among participants aged >60
years. Compared to tertile 1, the risk of stroke was significantly increased by 90% among women and 59% among participants aged >60 years in
tertile 3. No significant associations were found among men and younger participants after adjusting for confounding factors.
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A

5-P for nonlinear=0.06.

TyG=8.47 P for nonlinear=0.07

yhat

shat

P for nonlinear=0.58

FIGURE 5

10.3389/fendo.2024.1444030

P for nonlinear=0.02

yhat

TyG=8.47

Restricted cubic spline analysis to evaluate the potential non-linear relationship between the TyG index and stroke incidence. Figure showed the
potential non-linear relationship between overall stroke incidence (A), ischemic stroke incidence (B), stroke incidence in female subgroup (C), stroke
incidence in <60 years subgroup (D), stroke incidence in >60 years subgroup (E) and the TyG index.

dysfunction, and accelerated atherosclerosis—all contributing
factors to ischemic stroke (18-22). IR also increases thrombotic
potential through enhanced platelet activity and impaired
fibrinolysis, further exacerbating the risk of ischemic stroke (23—
25). The lack of association with hemorrhagic stroke may be due to
different pathophysiological processes involved, as hemorrhagic
stroke is more related to factors such as hypertension and
vascular integrity rather than metabolic disturbances like IR.

The relationship between the TyG index and the incidence of
different types of stroke, particularly its stronger predictive value in
women, has been reported in previous studies. Several studies have
highlighted gender-specific differences in the association between
the TyG index and stroke risk. The Rural Chinese Cohort Study
found that the TyG index was significantly associated with an
increased risk of ischemic stroke in women, but not in men, after
adjusting for traditional risk factors (17). Similarly, a study reported
that higher TyG index levels were more strongly associated with the
risk of ischemic stroke in women compared to men in a large
Chinese cohort (15). Furthermore, Zhao et al. observed that the
TyG index was a significant predictor of stroke, particularly
ischemic stroke, in women, with no significant association found
in men (17). Additionally, a meta-analysis supported these findings,
indicating that the TyG index was a more potent predictor of
cerebrovascular events in women than in men (9). However, the
Kailuan study showed a positive association between the TyG index
and ischemic stroke in hypertensive men, but not in women,
suggesting possible differences in study populations and comorbid
conditions (10). Consistent to these previous studies, our findings
also demonstrate that the TyG index is a stronger predictor of
stroke, particularly ischemic stroke, in women. Several potential
mechanisms may explain why the TyG index is a stronger predictor
of stroke in women. Women generally have higher body fat
percentages and different fat distribution patterns compared to
men, which may influence IR and its metabolic consequences
(18). Hormonal differences, particularly the protective effects of
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estrogen on vascular function and lipid metabolism, may also play a
role. Post-menopausal women, who experience a decline in estrogen
levels, may be more susceptible to IR and its associated vascular
risks, thereby amplifying the predictive value of the TyG index for
stroke (19, 20). Additionally, women may have different lifestyle
factors, such as dietary habits and physical activity levels, that
interact with metabolic risk factors differently than men (21, 22).

Several studies have highlighted age-specific differences in the
association between the TyG index and stroke risk. TyG index was
significantly associated with an increased risk of ischemic stroke in
older adults, particularly those aged 60 years and above, in a large
Chinese cohort (17), higher TyG index levels were more strongly
associated with the risk of ischemic stroke in older adults compared
to younger individuals (15), elevated TyG index levels were linked
to a higher risk of cerebrovascular diseases, particularly in older
populations (9). The Kailuan study showed that long-term increases
in the TyG index were associated with an elevated risk of ischemic
stroke in older adults with hypertension (10). Similar association
was found in this study. Age-related increases in IR are well-
documented, and older adults often exhibit higher levels of IR
due to changes in body composition, decreased physical activity,
and altered metabolic function (18, 19). These factors contribute to
an increased risk of atherosclerosis and other vascular
complications, which are major risk factors for ischemic stroke.
Additionally, the cumulative exposure to cardiovascular risk factors
over time may exacerbate the impact of IR on vascular health in
older adults, making the TyG index a more potent predictor of
stroke in this age group (20, 21). Furthermore, age-related
endothelial dysfunction and increased arterial stiffness, both of
which are associated with IR, may further enhance the risk of
ischemic stroke in older individuals (22). These potential
mechanisms may explain why the TyG index is a stronger
predictor of stroke in older adults.

The association between the TyG index and the incidence of
CVD has been well-documented in several studies, which generally
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indicate that the TyG index is a significant predictor of CVD. For
instance, a cohort study by Laura Sanchez-Iiigo et al. found that the
TyG index could predict the development of cardiovascular events
(6). Similarly, the Kailuan study, which considered longitudinal
changes in the TyG index over time, showed that cumulative TyG
index was associated with an increased risk of CVD (8).
Additionally, the PURE study, which examined populations in
urban and rural areas across five continents, found that the TyG
index was significantly associated with myocardial infarction and
cardiovascular mortality (5). However, in our study, no significant
association was observed between the TyG index and CVD
incidence, including coronary atherosclerotic heart disease,
myocardial infarction, and cardiovascular death. A potential
explanation for this discrepancy is the absence of uniform
coronary angiography in our cohort, which may have led to
missed diagnoses of new coronary heart disease, myocardial
infarction, and cardiovascular death, thereby affecting the
accuracy of our findings.

This study has several limitations that need to be considered
when interpreting the results. First, the study population was
comprised of middle-aged and elderly individuals from low-
income rural areas in northern China, which may limit the
generalizability of our findings to other regions and
socioeconomic groups. While this population is representative of
other low-income rural populations in China, the specific
environmental, lifestyle, and genetic factors in different regions
may influence the association between the TyG index and stroke
risk. The findings may not be directly applicable to urban
populations or those with different socioeconomic backgrounds.
Future studies should include diverse populations from various
regions and socioeconomic statuses to enhance the generalizability
of the results. Second, we assessed the predictive effect of the
baseline TyG index on stroke incidence. Although this approach
provides valuable insights into the initial risk assessment, it does not
account for changes in the TyG index over time. IR and associated
metabolic parameters can fluctuate, potentially altering stroke risk.
The lack of multiple measurements over time may lead to an
underestimation or overestimation of the true association between
the TyG index and stroke risk. Therefore, future research should
incorporate longitudinal measurements of the TyG index to capture
its dynamic changes and better reflect its long-term impact on
stroke incidence. Third, this study focused exclusively on first-time
stroke events and did not investigate the relationship between the
TyG index and recurrent strokes. Secondary stroke prevention is a
critical aspect of managing patients who have already experienced a
stroke, and understanding the role of the TyG index in predicting
recurrent stroke risk is essential. By not including recurrent stroke
events, we may have overlooked important information that could
further elucidate the role of the TyG index in stroke prevention.
Future studies should follow stroke survivors to explore the
association between the TyG index and recurrent stroke risk,
thereby providing a more comprehensive understanding of its
utility in secondary prevention. Fourth, the absence of
longitudinal data on the TyG index and the management of
cardiovascular (CVS) risk factors throughout the 10-year follow-
up period is a significant limitation. Only baseline measurements of
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the TyG index, TG, and FBG were collected, and no data were
obtained on how these risk factors were managed over time, such as
whether participants received treatment or achieved adequate
control. This lack of longitudinal data hinders our ability to fully
assess the dynamic relationship between the TyG index and stroke
risk. For example, it remains unclear whether participants with high
baseline TyG index levels improved their risk profiles through
medication or lifestyle changes, potentially influencing long-term
stroke outcomes. Consequently, this may lead to either an
underestimation or overestimation of the true association between
the TyG index and stroke risk, as the baseline measurement may not
accurately capture the participant’s CVS risk over the 10-year
period. Future studies should incorporate repeated measurements
of the TyG index and other CVS risk factors to better capture how
changes in these parameters over time affect stroke risk.
Additionally, tracking the management of CVS risk factors,
including medication use and lifestyle interventions, would
provide valuable insights into the long-term impact of these
factors on stroke outcomes. Furthermore, we did not collect data
on whether participants with elevated triglyceride or fasting glucose
levels received treatment or achieved optimal control during the
follow-up period. This limitation restricts our ability to evaluate the
effectiveness of managing CVS risk factors in individuals with high
TyG index values, and whether such management mitigated stroke
risk. Without information on the management of CVS risk factors,
it is difficult to determine whether a high TyG index predicts poor
control of these factors (e.g., persistent hyperglycemia or
dyslipidemia) and consequently an increased risk of stroke.
Participants with high baseline TyG index who received
appropriate treatment may have reduced their risk, while those
who remained untreated could have experienced worse outcomes.
This lack of data introduces uncertainty into our interpretation of
the predictive value of the TyG index. Future research should
include detailed data on the treatment and control of CVS risk
factors, including medication adherence and lifestyle modifications.
Such data would provide a more comprehensive understanding of
how managing these factors influences the relationship between the
TyG index and stroke risk over time. Finally, potential confounding
factors such as diet, physical activity, and medication use were not
thoroughly controlled for in this study. These factors can
significantly influence IR and stroke risk, and their omission may
lead to residual confounding. Although we adjusted for several
major confounders in our analysis, more detailed data on lifestyle
factors and comprehensive adjustments are needed in future
research to minimize potential biases and provide more accurate
estimates of the TyG index’s predictive value.

Conclusion

In this 10-year prospective cohort study, we demonstrated that
the TyG index is an independent predictor of both total and
ischemic stroke incidence in a low-income Chinese population.
Our findings revealed that the TyG index was particularly effective
in predicting stroke risk among women and older adults (=60
years), but not hemorrhagic stroke. These findings highlight the
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potential of the TyG index as a valuable tool for stroke risk
assessment. The TyG index, as a simple, cost-effective, and non-
invasive measure of IR, can be readily integrated into routine
clinical practice. Its use can facilitate early identification of
individuals at high risk for ischemic stroke, allowing for timely
intervention and personalized prevention strategies. Given its
particular predictive value in women and older adults, the TyG
index can aid clinicians in targeting these high-risk groups more
effectively. Especially, the TyG index’s ability to predict stroke risk
in a low-income rural population highlights its potential utility in
resource-limited settings. By adopting the TyG index, healthcare
providers in these areas can improve stroke prevention efforts and
reduce the burden of stroke in vulnerable populations.
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Background: Hemorrhagic transformation (HT) after intravenous thrombolysis
(IVT) with rt-PA can precipitate rapid neurological deterioration, poor prognosis,
and even death. The HALP score (hemoglobin, albumin, lymphocyte, and
platelet) is a novel indicator developed to reflect both systemic inflammation
and the nutritional status of patients. The goal of this study was to reveal the
relationship between the HALP score and the risk of HT after IVT in people with
acute ischemic stroke (AIS).

Methods: A total of 753 patients with AIS were included in this study. Patients
were divided into quartiles according to baseline HALP score. The HALP score
was calculated as follows: hemoglobin (g/L) X albumin (g/L) x lymphocytes
(/L)/platelets (/L). Binary logistic regression was used to reveal the connection
between HALP score and HT.

Results: The baseline HALP score were significantly lower in the HT than non-HT
patients (p <0.001). The HALP score were divided into four quartiles: Q1 (<274),
Q2 (274-37.6), Q3 (37.7-49.6), Q4 (>49.6), respectively. Moreover, the severity
of HT increased with decreasing HALP level (p<0.001). In multivariable logistic
regression, taking the Q4 as the reference, the association between Q1 and HT
remained, after adjusting for confounding variables [odds ratio (OR) = 3.197, 95%
confidence interval (Cl) =1.634-6.635, p = 0.003].

Conclusion: The HALP value can predict the HT risk after IVT in patients with
AIS. A lower HALP level was associated with an increased severity of HT post-
IVT.

KEYWORDS

acute ischemic stroke, hemorrhagic transformation, inflammation, nutrition status,
predictor
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1 Introduction

Acute ischemic stroke (AIS) is a main cause of death and
disability worldwide. Currently, in the very early stage of AIS,
(IVT) with
plasminogen activator (rt-PA) is the main method of treatment,

intravenous thrombolysis recombinant tissue
which can effectively improve functional outcomes of patients with
AIS (1). However, despite improving neurological prognosis, IVT
with rt-PA also increases the risk of hemorrhagic transformation
(HT) (2), a common post-IVT complication with a prevalence of
27-37% (3). HT can precipitate rapid neurological deterioration,
poor prognosis, and even death (4). Consequently, the accurate and
convenient assessment of HT risk post-IVT in patients with AIS
is paramount.

After the onset of AIS, inflammatory status plays a pivotal role in
neurologic function injury and protection. Recently, neutrophil to
lymphocyte ratio (NLR), an important inflammatory index, of which
level has been seemed like a substantial risk factor for HT after IVT
(5). In addition, platelet to lymphocyte ratio (PLR) is another
inflammatory measure, is associated with HT and In-hospital
mortality in AIS patients with large-artery occlusion (6). Albumin
level was employed as a primary indicator for the patient’s nutritional
status. In a cohort analysis, researchers discovered a link between low
serum albumin levels and an increased risk of HT post-IVT (7). On
this basis, we aggregated these common indications and explored the
association between them and HT after IVT in this study.

A novel marker, HALP, comprising hemoglobin, albumin,
lymphocyte, and platelet levels, has been developed to reflect both
systemic inflammation and the nutritional status of patients (8-11).
Inflammation is a known pathophysiological mechanism of HT,
especially following reperfusion post-IVT (12, 13). Additionally,
malnutrition is recognized as a risk factor for disability and long-term
mortality in patients with AIS (14). Yet, no studies have examined the
association between the HALP score and HT risk post-IVT in patients
with AIS.

Therefore, this study aimed to investigate the relationship between
HALP score and HT in patients with AIS following IVT treatment.

2 Methods
2.1 Patients

This retrospective study was conducted at the Affiliated Jinhua
Hospital, School of Medicine of Zhejiang University. The study
included all consecutive patients over 18 years who underwent IVT
with rt-PA (0.9 mg/kg, maximum 90 mg) between January 2020 and
January 2024. The study was approved by the Institutional Review
Board and Ethics Committee of the Affiliated Jinhua Hospital, School
of Medicine of Zhejiang University, with informed consent waived due
to the retrospective nature of the study and the anonymity of all data.

AIS diagnosis was confirmed via CT or magnetic resonance
imaging (MRI) upon admission. The IVT with rt-PA was administered
within 4.5h of symptom onset for all suitable participants, strictly
adhering to the ESO guidelines (15). The exclusion criteria were as
follows: (1) data unavailable; (2) absence of follow-up CT or MRI
within 24h; (3) severe diseases, including tumors and trauma; (4)
suffered from infection within 2 weeks before admission.
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2.2 Data collection

Demographic characteristics (age and gender) and medical
history of atrial fibrillation (AF), diabetes mellitus (DM), hypertension,
coronary heart disease (CHD), hyperlipidemia, cigarette smoking, and
alcohol consumption were extracted from medical records. Based on
the National Institutes of Health Stroke Scale (NIHSS), stroke severity
was evaluated upon admission (16). Short-term functional outcome
was assessed by modified Rankin Scale (mRS) and Barthel index (BI)
score at discharge. Trial of ORG 10172 in Acute Stroke Treatment
(TOAST) criteria were used to classify the AIS subtypes (17). Fasting
peripheral venous blood samples were collected within 24h after
admission to obtain laboratory data, including serum albumin,
hemoglobin, lymphocyte, and PLT levels. The HALP score was
calculated as follows: hemoglobin (g/L) x albumin (g/L) x lymphocytes
(/L)/platelets (/L).

2.3 Definition and classification of HT
subtypes

Patients with possible AIS underwent cranial CT examination
prior to IVT, and subsequent cranial CT or MRI was performed
within 24 h post-IVT to screen for HT. In case of clinical symptom
deterioration, an immediate imaging examination was conducted. HT
was radiologically classified into four subtypes based on follow-up
CT/MRISs by two experienced neuroradiologists blinded to the clinical
data, following the criteria of the European Cooperative Acute Stroke
Study (ECASS) (18): hemorrhagic infarction (HI)-1 (small petechiae
along the periphery of the infarct), HI-2 (more confluent petechiae
around the infarcted area without a space-occupying effect),
parenchymal hematoma (PH)-1 (hematoma <30% of the infarcted
area with a mild space-occupying effect), and PH-2 (hematoma >30%
of the infarcted area with a significant space-occupying effect).

2.4 Statistical analyses

Data distribution normality was tested using the Kolmogorov—

Smirnov test. Baseline characteristics were expressed as
mean + standard deviation, those with non-normal distributions as
median with interquartile range, and categorical variables as relative
frequency and percentage. Continuous variables were compared
using the student’s t-test or the Mann-Whitney U test; categorical
variables were compared using the chi-square test or Fisher’s exact
test, as appropriate. Based on the quartiles of the HALP scores, all
patients in the study were divided into four groups. One-way
analysis of variance (ANOVA) or Kruskal-Wallis test was used to
perform statistical comparisons of HALP score stratification for
continuous variables. For significantly different variables,
we employed Tukey’s honestly significant difference (HSD) test as
the post-hoc test. To evaluate whether the HALP stratification was
an independent predictor of HT, a multivariate-adjusted binary
logistic regression was performed after adjusting for conventional
confounding factors and significant variables (p <0.1) identified in
univariate logistic regression analysis. The predictive capacity of the
HALP score in discriminating possible HT was assessed by receiver

operating characteristic curves (ROC). Spearman’s rank correlation
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Eligible Patients
(n=1013)

Excluded for:

1. absence of follow-up CT or MRI within 24h (n =
109)

2. with severe diseases including tumors, trauma (n

Patients finally included
(n=1753)

=32)

3. acute infection within 2 weeks before admission
n=57)

4. data unavailable (n = 62)

l

Patients developed HT
(n=90)

FIGURE 1
Flowchart of patient recruitment.

|

Patients not developed
HT
(n=664)

test was used to analyze the correlations between the HALP score
and ECASS subtypes. Two-sided p <0.05 was considered significant.
All statistical analyses were performed using R for MacOS,
version 4.1.2.

3 Results
3.1 Baseline characteristics

This study included 753 patients with AIS (Figure 1), with a
median age of 70 (59-77) years; 66.7% (503) were male. Among these,
11.8% (89) developed HT, while 88.1% (664) did not.

3.2 Baseline characteristics of patients with
and without HT

Table 1 presents the baseline characteristics and laboratory
findings of the patients with AIS. The HT group had a significantly
lower HALP score (29.8 versus 38.7, p<0.001) compared to the
non-HT group. Significant differences were also observed in age,
baseline NIHSS score, mRS score at discharge, BI score at discharge,
TOAST classification, AF, white blood cell (WBC) count, CRP,
HDL-C, and LDL-C (p<0.05). The HT group also exhibited lower
hemoglobin, albumin, and lymphocyte (p <0.05).

3.3 Baseline characteristics of patients
according to HALP score quartiles

Patients were categorized into four groups based on HALP score
quartiles: Q1 (<27.4), Q2 (27.4-37.6), Q3 (37.7-49.6), Q4 (>49.6).
Table 2 displays demographics, vascular risk factors, clinical
information, laboratory findings, TOAST classifications, and
laboratory signs according to HALP quartiles. Significant differences
were found in age, gender, baseline NIHSS score, mRS score at
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discharge, BI score at discharge, TOAST classification, history of
smoking, HDL, LDL, CRP, hemoglobin, albumin, lymphocytes, and
platelets (p<0.05).

3.4 The relationship between HALP score
and HT after IVT

An analysis of HALP score quartiles according to HT subtype
revealed that the most severe type of HT (PH-2) was significantly
more prevalent in the lowest quartile (Q1) than in other types of HT
or without HT (Figure 2A). The highest HALP score quartile (Q4)
contained the highest proportion of patients without HT. HT severity
increased with decreasing HALP score (p<0.001) (Figure 2B). A
negative association was found between elevated HALP score and HT
severity (Spearman correlation coefficient —0.189, p<0.001)
(Figure 2C). The predictive capacity of the HALP score in
discriminating possible HT was assessed by ROC with an area under
the curve of 0.667 (0.609-0.724) (Figure 2D).

Univariate binary logistic analysis (Table 3) showed that HALP
score quartiles (Q1 and Q2) were significantly associated with the risk
of HT in patients with AIS (Q1: OR=5.206, 95% CI=2.845-10.234,
p<0.001; Q2: OR=3.032, 95% CI=1.600-6.101, p=0.006). Other
factors significantly associated with HT were age, AF, baseline NTHSS,
WBC counts, CRP, and LDL. After adjusting for these variables, the
association between Q1 and HT remained (OR=3.197, 95%
Cl=1.634-6.635, p=0.003) (Figure 3).

4 Discussion

Our study assessed the correlation between the HALP score and
the risk of HT in 753 patients with AIS post-IVT. The findings
indicated a significant increase in HT risk in patients with AIS after
IVT with a low HALP score at admission, even after adjusting for
potential and known confounders. This suggests that a low HALP
score could be a potential risk factor for HT post-IVT.
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TABLE 1 Comparison of baseline characteristics between patients with or without HT.

Variables Non-HT (n = 664) HT (n = 89) p-value
Demographics

Age, years (IQR) 68.0 (58.0-68.0) 76.5 (69.5-83.8) <0.001
Gender (male, %) 441 (66.4%) 62 (68.8%) 0.728
Vascular risk factor

Hypertension, n (%) 536 (80.7%) 74 (82.2%) 0.844
DM, n (%) 151 (22.7%) 21 (23.3%) 1.000
AF, n (%) 109 (16.4%) 39 (43.3%) <0.001
CHD, n (%) 44 (66.3%) 6 (66.7%) 1.000
Hyperlipidemia, n (%) 122 (18.4%) 9 (10.0%) 0.689
History of stroke, n (%) 99 (14.9%) 10 (11.2%) 0.445
History of smoking, 7 (%) 267 (40.2%) 28 (31.1%) 0.122
History of drinking, n (%) 301 (45.3%) 31 (34.4%) 0.066
Clinical information

SBP at admission, mmHg (IQR) 152.0 (136.8-167.0) 158.0 (139.0-170.8) 0.178
DBP at admission, mmHg (IQR) 86.0 (76.0-95.0) 88.0 (73.3-97.0) 0.901
NIHSS at admission (IQR) 3.0 (1.0-5.0) 6(3.0-11.8) <0.001
mRS at discharge (IQR) 2.0 (1.0-3.0) 3.0 (2.0-5.0) <0.001
BI at discharge (IOR) 80 (60-95) 50 (20-70) <0.001
DNT, min (IQR) 38.0 (29.0-50.0) 39.0 (33.5-50.5) 0.257
TOAST classification <0.001
Large artery atherosclerosis, 7 (%) 218 (32.8%) 27 (30.3%)

Cardioembolism, 7 (%) 116 (17.5%) 43 (48.3%)

Small vessel occlusion, 7 (%) 260 (39.2%) 10 (11.2%)

Other determined, 7 (%) 6 (0.9%) 0 (0.0%)

Undetermined, n (%) 64 (9.6%) 9 (10.1%)

Laboratory signs

Hemoglobin, g/L (IQR) 136.0 (125.0-148.0) 129.0 (117.0-141.0) 0.002
Albumin, g/L (IQR) 38.5 (36.5-40.5) 37.6 (34.8-40.4) 0.032
Lymphocyte, 10°/L (IQR) 1.4 (1.1-1.8) 1.1 (0.8-1.4) <0.001
Platelet, 10°/L (IQR) 195.0 (155.0-234.0) 189.0 (141.0-233.0) 0.174
HALP (IQR) 38.7 (28.3-50.8) 29.8 (21.8-39.4) <0.001
WBC, 10°/L (IQR) 6.7 (5.5-8.3) 7.7 (6.3-10.0) <0.001
Neutrophile, 10°/L (IQR) 3.3(2.3-4.7) 5.3(3.8-7.7) <0.001
CPR, mg/L (IQR) 1.2 (0.5-4.2) 6.7 (1.2-14.9) <0.001
Glucose, mmol/L (IQR) 5.1 (4.6-6.1) 5.5 (4.8-6.6) 0.065
LDL, mmol/L (IQR) 2.9 (2.3-3.5) 2.6 (2.1-3.2) 0.004
HDL, mmol/L (IQR) 1.2 (1.0-1.4) 1.3 (1.0-1.4) 0.027

Data are expressed as mean + SD, median (interquartile, range), or n (%) as appropriate. Comparisons among groups were performed using student’ t-test, or Mann-Whitney U test, chi-
square test or Fisher’s exact test, as appropriate. Bold indicates p <0.05. HT, hemorrhagic transformation; DM, diabetes mellitus; AF, atrial fibrillation; CHD, coronary heart disease; NTHSS,
National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; DNT, door to needle time; WBC, white blood count; CPR, C reactive protein; LDL, low density lipoprotein.

HT was identified in 11.8% of all patients with AIS post-IV'T,
aligning with the 10-43% range reported in previous studies (19).

Factors such as age, baseline NIHSS score, WBC count, and AF were

independently associated with HT, corroborating previous findings

(20, 21).
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Initially, the HALP score was a combined scoring system
predicting patient prognosis across various tumors (8-11). Recent
studies have increasingly focused on the relationship between the
HALP score and stroke. A Chinese study suggested that a decreased
HALP score correlated with an increased mortality risk within 90 days
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TABLE 2 Comparison of baseline characteristics between patients according to HALP quartiles.

Variables

Demographics

All Patients
(n =753)

Quartile 1
(n =188)

HALP quartiles

Quartile 2
(n =189)

Quartile 3
(n =188)

10.3389/fneur.2024.1428120

Quartile 4
(n =188)

p-value

Age, years (IQR) 70 (59-77) 74 (65-82) 69 (61-76) 70 (57-77) 66 (54-73) <0.001
Gender (male, %) 503 (66.7%) 114 (60.6%) 122 (64.6%) 125 (64.5%) 142 (75.5%) 0.018
Vascular risk factor

Hypertension, n (%) 609 (80.8%) 155 (82.4%) 160 (84.7%) 145 (77.1%) 149 (79.3%) 0.254

DM, n (%) 171 (22.7%) 38 (20.2%) 45 (23.8%) 44 (23.4%) 44 (23.4%) 0.825

AF, n (%) 148 (19.6%) 43 (22.9%) 41 (21.7%) 38 (20.2%) 26 (13.8%) 0.121

CHD, 1 (%) 50 (6.6%) 11 (5.9%) 13 (6.9%) 11 (5.9%) 15 (8.0%) 0.816

Hyperlipidemia, n (%) 130 (17.2%) 22 (11.7%) 35 (18.5%) 33 (17.6%) 40 (21.3%) 0.093

History of stroke, 7 (%) 109 (14.4%) 34 (18.1%) 28 (14.8%) 27 (14.4%) 20 (10.6%) 0.237

History of smoking, 7 (%) 295 (39.1%) 64 (34.0%) 70 (37.0%) 82 (43.6%) 79 (42.0%) 0.200

History of drinking, 1 (%) 332 (44.0%) 73 (38.8%) 72 (38.1%) 88 (46.8%) 99 (52.7%) 0.012
Clinical information

SBP at admission, nmHg 152.0 (138.0-167.0) 156.0 (138.8-168.0) 152.0 (139.0-166.0) 151.0 (135.0-164.0) 148.0 (137.0-168.0) 0.558

(IQR)

DBP at admission, mmHg 86.0 (76.0-95.0) 83.0 (72.0-94.3) 87.0 (76.0-94.0) 87.0 (76.0-95.3) 87.0 (78.8-96.0) 0.103

(IQR)

NIHSS at admission (IQR) 3.0 (1.0-6.0) 4.0 (1.0-8.0) 3.0 (1.0-6.0) 3.0 (1.8-6.0) 2.0 (1.0-4.5) 0.001

mRS at discharge (IQR) 2.0 (1.0-3.0) 2.0 (1.0-4.0) 2.0 (1.0-3.0) 2.0 (1.0-3.0) 1.0 (1.0-2.0) <0.001
BI at discharge (IQR) 75.0 (50.0-95.0) 60.0 (30.0-86.3) 80.0 (50.0-95.0) 77.5 (55.0-95.0) 85.0 (60.0-95.0) <0.001
DNT, min (IQR) 38.0 (29.5-50.0) 39.5(30.0-50.3) 38.0 (29.0-51.5) 37.0 (29.0-48.5) 37.0 (29.0-50.0) 0.791

TOAST classification 0.001
Large artery atherosclerosis, 245 (32.5%) 73 (38.8%) 54 (28.6%) 69 (36.7%) 49 (26.1%)

n (%)

Cardioembolism, 1 (%) 159 (21.1%) 47 (25.0%) 45 (23.8%) 40 (21.3%) 27 (14.4%)

Small vessel occlusion, n (%) 270 (35.8%) 49 (26.1%) 76 (40.2%) 61 (32.4%) 84 (44.7%)

Other determined, n (%) 6 (0.7%) 1(0.5%) 0 (0.0%) 1 (0.5%) 4(2.1%)

Undetermined, 7 (%) 73 (9.6%) 18 (9.6%) 14 (7.4%) 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>