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Editorial on the Research Topic
Blood-Based Biomarkers in Acute Ischemic Stroke and Hemorrhagic Stroke

Stroke is one of the leading causes of death and disability worldwide (1). The application
of acute treatment strategies is limited by several factors such as a narrow time window of
reperfusion treatments in ischemic stroke as well as an incomplete understanding of biologic
mechanisms of secondary brain damage; blood-based biomarkers might inform on local and
systemic pathophysiological processes, assist in patient selection for treatments, and thus support
clinical decision-making in the acute phase.

Emerging reperfusion therapies in acute ischemic stroke (AIS) as well as evolving strategies
to reverse anticoagulation in hemorrhagic stroke require early differentiation of stroke type.
Frequently used emergency imaging such as computed tomography (CT) distinguishes ischemic
and hemorrhagic stroke and thereby opens the avenue for recanalization therapies if intracranial
hematoma is absent. Nonetheless, such imaging techniques are typically unavailable in the
prehospital setting; CT-scans are also not sensitive to show ischemic brain lesions in the
hyperacute setting. Experimental investigations proposed microRNA (miRNA) and exosomes as
well as metabolites as markers of cerebral ischemia that might support AIS diagnosis. However,
translational data in humans are sparse.

Prognostication after stroke depends on the interplay between demographic factors (e.g., age,
sex, ethnicity), stroke subtype, and stroke etiology, as well as clinical severity. Persisting disability
following ischemic stroke is a result of neuronal death, network dysfunction, and synaptic loss;
specific markers of neuronal damage showed superiority over others in predicting functional
outcome after stroke (2, 3), whereas cardiac markers indicating comorbidities such as atrial
fibrillation showed only utility in prediction of mortality (4). Moreover, a first ischemic stroke
is associated with increased risk of further cerebrovascular and other events, calling for the
unraveling of stroke etiology in order to select patient-dependent appropriate secondary preventive
medication. The additional consideration of biological information through blood biomarkers
might improve the prognostic assessment as well as etiologic work-up, as compared to routinely
available information, mainly based on purely clinical and imaging information.
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Editorial: Biomarkers in Acute Stroke

Opverall, there is a clear need for experimental as well as
translational research on blood-based molecular and cellular
biomarkers for differentiation of stroke and stroke mimics, stroke
types (AIS vs. hemorrhagic stroke), to guide individual treatment
decisions and provide information to patients and relatives. The
same applies for the determination of stroke etiology and for the
better understanding of secondary neuronal damage in order to
develop new treatment paradigms within the hyperacute phase of
AIS and hemorrhagic stroke.

microRNAs

microRNAs are small non-coding RNAs with a length of ~22
nucleotides that regulate gene expression by destabilizing and
repression translation of complementary mRNAs. They are
characterized by a high expression in mammalian brains and are
involved in modulation of excitotoxicity, microglia polarization,
oxidative stress, neuronal apoptosis, and oxidative stress, all
together mechanisms orchestrating secondary brain damage and
thereby regulating functional recovery following AIS (5, 6).
There is growing evidence from animal models that miRNA-
based treatments with enhancers and inhibitors are able to
penetrate the blood-brain barrier (BBB) using specific carriers
(e.g., exosomes, liposomes, and lentiviruses) (7) and beneficially
modulate brain ischemia. They might therefore be incorporated
in novel therapeutic strategies to improve functional outcome
in stroke patients by targeting detrimental mechanisms in the
hyperacute and subacute phase of stroke.

From a diagnostic point of view, an increasing number of
studies have identified stroke-specific patterns of circulating
miRNAs that were also associated with symptom severity as well
as infarct volume and predicted functional outcome. Patients
with AIS showed higher circulating levels of miR-125a-5p, miR-
125b-5p, and miRNA-143-3p compared to patients with transient
ischemic attack (TIA) or neurologically normal subjects with a
return to control levels 2 days after symptom onset, supporting
the utility of these miRNAs for early stroke diagnosis in the
emergency setting (8). Furthermore, several miRNAs may help
in providing prognostic information for consultations with
patients and relatives; and guide treatment decisions, as they
are associated with functional outcome and mortality following
stroke (9, 10).

In a translational approach, Cepparulo et al. compared
miRNA levels between animal models of ischemic stroke (middle
cerebral artery occlusion—MCAQO) and hemorrhagic stroke
(collagenase-induced hemorrhagic stroke). They demonstrated
upregulation of specific miRNAs as early as 3h after the
procedure in these distinct animal models, pointing toward
a potential clinical usage in differentiating ischemic from
hemorrhagic stroke in the clinical setting.

OMIC-APPROACH

Besides miRNA, “Omics” reflecting specific pathophysiologic
aspects of ischemic as well as hemorrhagic stroke have
been investigated as potential biomarkers for stroke diagnosis,

differentiation of ischemic vs. hemorrhagic stroke, prediction of
functional outcome, and risk of stroke recurrence.

Within this Topic Section collection of articles, Malicek et al.
aimed to unravel potential new candidates for differentiation
of ischemic and hemorrhagic stroke by using an exploratory
proteomic-based pilot study. They identified nine potential
candidates connected with the immune system, the coagulation
cascade and apoptotic processes. These markers now have to
be validated in larger cohorts during the hyperacute phase and
with additional analysis such as ELISA, Western Blot, and Mass
spectrometry. These efforts aim to shorten treatment delay in
stroke patients eligible for recanalization therapies by enabling
prehospital differentiation of stroke subtypes.

In order to improve individualized stroke treatment,
biomarkers enabling assessment of patients’ specific stroke
outcome are needed. In this article collection on blood-based
biomarkers of acute ischemic and hemorrhagic stroke (11),
the usefulness of inflammatory markers (Kirzinger et al; Li et
al.; Sun et al.), markers for oxidative stress (Kuwashiro et al.),
vasoactive peptides (Westphal et al.), and BBB function (Miiller
et al.) are investigated. In addition to these markers reflecting
specific pathophysiologic aspects of ischemic/hemorrhagic
stroke, individual patient outcome is additionally determined by
stroke-associated complications such as infections (Gens et al;
Zhang et al.) and cardiac comorbidities (Lin et al.). Beside their
usefulness in predicting stroke prognosis, markers of cardiac
pathology might also be useful in uncovering stroke etiology, as
it is reported for natriuretic peptides and their role in identifying
patients with atrial fibrillation (12). In addition, by taking
advantage of coagulation cascade assessment via D-Dimer, risk
of in-hospital mortality could be estimated in stroke patients
with concomitant COVID-19 infections as demonstrated by
Kim et al.

Patients suffering from stroke experience a higher rate of
stroke recurrence. Identifying patients with increased risk of
stroke recurrence might help to improve secondary preventive
strategies and to select patients for intensified stroke etiology
work-up and prevention support programs. Pable Hervella et al.
identified soluble tumor necrosis factor-like inducer of apoptosis
(STWEAK) as a marker for endothelial dysfunction, to be
associated with stroke recurrence and progression of cerebral
white matter lesions.

EXOSOMES

Exosomes (30-150nm) belong to the family of extracellular
vesicles, together with shedding microvesicles (or ectosomes
10-1,000 nm) and apopototic bodies (50-5,000 nm). Emerging
evidence underlines a potential role of exosomes as diagnostic,
therapeutic, and prognostic marker in stroke. Exosomes
are endosome-derived vesicles; the following steps describe
their formation: initiation, endocytosis, multivesicular body
formation, and exosome secretion. Exosome secretion means
the final process, in which the previously formed multivesicular
bodies are fused with the plasma membrane and are finally
secreted by their cell of origin. As the intracellular origin of
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secreted exosomes is seldom demonstrated, the term “small
extracellular vesicle” may be more accurate (13), but “exosome”
is nonetheless frequently used (14). After release, exosomes can
interact with recipient cells by different biochemical processes,
such as endocytosis, fusion, and ligand-receptor interaction (15).

Due to the fact that exosomes are abundantly secreted by
most human cells, they play an exceptional role in intercellular
signaling via cell-to-cell communication. Moreover, they are
characterized by a lipid bilayer with an aqueous core, thereby
harboring the ability to cross the BBB and transport various
molecules across the BBB (16). This feature represents a
prerequisite for both, transport of potential treatment to
the target site within the CNS, as well as transport of
markers mimicking pathophysiological CNS processes from CNS
compartments to extra-CNS compartment (e.g., blood stream),
where they can be easily accessed by venous puncture. Altogether,
exosomes are a promising way of enabling the interaction
between components of the neurovascular unit (neurons, glial
cells, brain vessels).

With this in mind, exosome-derived markers might be a
powerful tool for distinction of stroke subtypes and obtaining
information on the pathophysiologic state within the CNS. So
far, multiple exosome-derived miRNAs were associated with
ischemic stroke outcome [e.g., miRNA-223 (17), miRNA-134
(18)] and might be able to identify patients who could benefit
from reperfusion therapies in the hyperacute phase of ischemic
stroke (19), as well as differentiate hemorrhagic from ischemic
stroke patients (20). Exosomes are therefore a promising strategy
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Neurology, University Hospital Basel and University of Basel, Basel, Switzerland, * Department of Endocrinology, Diabetes
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Background and Aims: Endothelins have shown to play a role in the pathophysiology
of ischemic stroke. We aimed at evaluating the incremental prognostic value
of C-terminal-pro-endothelin-1 (CT-pro-ET-1) in a well-described cohort of acute
stroke patients.

Methods: We performed serial measurements of CT-pro-ET-1 in 361 consecutively
enrolled ischemic stroke patients and assessed functional outcome and mortality after
90 days. As we found peak levels of CT-pro-ET-1 and the most prominent association
with mortality on day 1 after admission (n = 312), we focused on this time point for
further outcome analyses. We calculated logistic regression and cox proportional hazards
models to estimate the association of CT-pro-ET-1 with our outcome measures after
adjusting for demographic and clinical risk factors. To evaluate the incremental value of
CT-pro-ET-1, we calculated the area under the receiver operating characteristics (AUC)
curve and the continuous net reclassification index (cCNRI) comparing the model with and
without the biomarker CT-pro-ET-1.

Results: In the univariate analysis CT-pro-ET-1 with a peak on day 1 after admission was
associated with unfavorable outcome with an OR of 1.32 (95% ClI, 1.16-1.51, p < 0.001)
and with mortality with a HR of 1.45 (95% ClI, 1.29-1.63, p < 0.001). After adjusting,
CT-pro-ET-1 remained an independent predictor of mortality with an adjusted HR of 1.50
(95% Cl, 1.29-1.74, p < 0.001), but not for functional outcome. Adding CT-pro-ET-1
to the cox-regression model for mortality, the discriminatory accuracy improved from
0.89 (95% Cl, 0.84-0.94) to 0.92 (95% ClI, 0.88-0.96) p < 0.001, and the cNRI was
0.72 (95% ClI, 0.17-1.13).

Conclusion: CT-pro-ET-1 with a peak level on day 1 was an independent predictor of
mortality adding incremental prognostic value beyond traditional risk factors.

Keywords: stroke, biomarker, C-terminal-pro-endothelin-1, outcome, mortality, risk stratification
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INTRODUCTION

Blood based biomarkers in the setting of acute ischemic stroke
are in demand to optimize risk stratification and treatment
decisions of stroke patients. Endothelins are a group of vasoactive
endogenous peptides existing in three isoforms CT-pro-ET-
1, —2, and —3 (1). CT-pro-ET-1 is expressed in endothelial
cells, vascular smooth muscles and the central nervous system
mediating vaso- and bronchoconstriction with a long duration of
action (1). CT-pro-ET-1-synthesis can be stimulated via humoral
factors, such as cytokines and activated platelets, homeostatic
factors, such as hypoxia and hypovolemia, and also mechanically
via tangential sheering-stress of arteries (1-3). Normal plasma
levels range between 0.4 and 8.1 pg/ml (4). Elevated CT-pro-ET-
1 levels have been shown to be linked to unfavorable outcome in
ischemic stroke in a recent pilot study of 60 patients (5).

We aimed to evaluate the incremental prognostic value of CT-
pro-ET-1 in a well-described, larger and independent validation
cohort of acute stroke patients compared to the above-mentioned
studies. Due to the vasoconstrictive effect of CT-pro-ET-1, we
hypothesized an association of CT-pro-ET-1 with unfavorable
outcome and mortality in acute ischemic stroke.

MATERIALS AND METHODS
Study Design and Setting

This report adheres to the consolidated standards for the
reporting of observational studies. In this prospective cohort-
study we enrolled 361 ischemic stroke patients (6) and measured
CT-pro-ET-1 on admission, day 1, 3, and 5 (see below). Patients
were included with a clinically diagnosed acute ischemic stroke
referring to the World Health Organization criteria (7) and
a symptom onset within 72h. The local Ethics Committee
approved the study protocol. Informed consent was obtained
in all patients. The study was conducted according to the
World Medical Association Declaration of Helsinki. The primary
outcome of the study was defined as favorable functional
outcome after 90 days assessed by the modified Rankin Scale
(mRS) score (8), (0-2 favorable, 3-6 unfavorable outcome),
whereas secondary outcome was defined as death from any cause
within a 90-day-follow-up period.

Clinical Variables and Imaging

On admission to hospital, demographic and clinical data,
laboratory findings, comorbidities assessed by the Charlson
comorbidity index (CCI) and known cardiovascular risk factors
were registered (Table 1). The severity of stroke was assessed
by the National Institutes of Health Stroke Scale (NIHSS)
score (9) performed by a trained stroke physician (0-42 points
with higher scores indicating an increased stroke severity).
We assessed the clinical stroke syndrome by applying the
Oxford Community Stroke Project (10). Stroke causative factors
were included after a cardiovascular work-up according to
the Trial of Org 10172 in Acute Stroke Treatment (TOAST)
classification (11). The assessment of outcome parameters was
performed by two trained medical students blinded to CT-
pro-ET-1 levels with follow-up interviews with the patient or,

if not possible, with the closest relative or family physician.
Magnetic resonance diffusion-weighted imaging (MR-DWI)
lesion volumes were measured by consensus of two experienced
raters unaware of clinical and laboratory findings. A semi-
quantitative method validated for ischemic stroke lesions was
used to calculate the lesion size (12). Lesions were categorized
into three sizes to represent typical stroke patterns: (1) small
lesion with a volume of <10 mm?, (2) medium lesion of 10—
100 mm?, (3) large lesion with a volume of more than 100
mm? (13).

Assays

Blood samples of the acute stroke patients were taken on
admission (i.e., day 0) within 0-72h from symptom onset with
a vast majority of samples (74%, n = 267) taken until 12 h after
symptom onset. Additionally to admission (#n = 335), samples
of CT-pro-ET-1 were taken on day 1 (n = 312), day 3 (n =
264) and day 5 (n = 262). The routine blood analyses were
recorded and plasma stored at —80° Celsius. For the analyses a
single batch with a commercial sandwich immunoluminometric
assay (B.RA.H.M.S LUMItest CT-proAVP, BRAH.M.S AG,
Henningsdorf/Berlin, Germany) was applied as described in
detail elsewhere (12). The assay (mean reference range, 44.3 +
10.6 pmol/l) has an analytical detection limit of 0.4 pmol/l (14).

Statistical Analysis

Discrete variables are summarized as counts (percentages),
continuous variables as medians and interquartile ranges (IQR).
To obtain normal distribution for skewed variables (i.e., CT-
pro-ET-1 concentrations), we transformed the data by taking
the square root. The Fisher's-exact test, respectively the Mann-
Whitney U test were applied for two-group and the Kruskal
Wallis test for multiple group comparisons. For the analysis
of CT-pro-ET-1 and its association with stroke severity defined
by the NIHSS on admission, we dichotomized patients into
NIHSS<6 vs. NIHSS >7 in line with previous publications (6,
13). For the analysis of the association of CT-pro-ET-1 with lesion
size, we conducted a bivariate regression analysis in the subgroup
of patients with available information on lesion size.

We calculated logistic regression and cox proportional
hazards models adjusting for significant outcome predictors. In
the multivariate model analyzing mortality at 90 days after stroke
onset, we adjusted for all risk factors, which where significant in
the univariate analysis after bonferroni correction for multiple
testing. These variables were chosen according to their magnitude
of association with mortality in the univariate analysis and based
on the Bonferroni corrected significance level of p < 0.00217.

To assess the discriminatory accuracy and incremental value
of CT-pro-ET-1 beyond known risk factors, Receiver Operating
Characteristic (ROC) curves and the area under the ROC curve
(AUC) as an overall discriminatory measure were calculated
for the model with and without CT-pro-ET-1 on day 1. The
likelihood ratio test was used to compare the AUCs of nested
vs. whole models. The whole model included all predictors that
remained significant in the multivariate model. In addition, the
cNRI was assessed considering only those changes in estimated
prediction probabilities that imply a change from one risk

Frontiers in Neurology | www.frontiersin.org

12

January 2021 | Volume 11 | Article 629151


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Westphal et al.

C-Terminal-Pro-Endothelin-1 in Stroke Risk Stratification

TABLE 1 | Baseline characteristics of stroke patients, stratified by mortality after 90 days.

Mortality
All Alive Dead p
(n =362) (n=317) (n =44)
Demographic factors
Age, median (IQR) 75 (63-83) 74 (61-82) 83 (78-87) <0.001
Female sex, n (%) 149 (41) 128 (40) 21 (48) n.s.
Risk factors, n (%)
Hypertension 276 (76) 238 (75) 37 (84) n.s.
Atrial fibrillation 75 (21) 57 (18) 18 (41) 0.001
Current smoking 125 (35) 113 (36) 11 (25) n.s.
Diabetes mellitus 1(20) 62 (20) 9 (20) n.s.
Coronary heart disease 1(25) 74 (23) 17 (39) <0.05
Dyslipidemia 3 (26) (26) 35 (25) n.s.
Prior cerebrovascular event 88 (24) 0 (25) 8(18) n.s.
Modified Charlson Index (IQR) 1(0-2) (O 2) 1(0-2) n.s.
Clinical data, median (IQR)
NIHSS on admission 5 (2-10) 4 (2-8) 17 (8-25) <0.001
Laboratory values, median (IQR)
CT-pro-ET-1 day 0 in pg/ml 4 (7.3-9.6) 4 (7.3-9.4) 9.6 (8.3-10.9) <0.001
CT-pro-ET-1 day 1 (*, n = 312) 8.5 (7.7-9.6) 8.4 (7.6-9.4) 10.2 (9.2-11.4) <0.001
CT-pro-ET-1 day 3 () 3(7.6-9.3 8.3 (7.6-9.2) 9.8 (8.4-11.4) <0.001
CT-pro-ET-1 day 5 (%) 2 (7.4-9.4) 1(7.4-9.2) 10.1(7.8-14.2) 0.001
Lesion size on MRI, DWI (n = 198), n (%)
Small (1-10 mm?3) - size 1 136 (69) 131 (70) 4 (36) <0.05
Medium (>10-100 mm?®) - size 2 50 (25) 46 (25) 4 (36) n.s.
Large (>100 mm?®) - size 3 12 (6) 9 (5) 3(27) <0.05
Stroke etiology, n (%)
Large-vessel disease 65 (18) 60 (19) 5(11) n.s.
Cardio-embolic (**) 131 (36) 111 (35) 20 (46) n.s.
Small-artery disease 55 (15) 54 (17) 1(2) <0.01
Multiple causes 17 (5) 15 (5) 1(2) n.s.
Undetermined 94 (26) 77 (24) 17 (39) <0.05

*Data normalization by square root model; **including atrial fibrillation, atrial flutter, congestive heart failure, patent foramen ovale; IQR, Interquartile range; NIHSS, National Institutes of
Health Stroke Scale; MR, Magnetic Resonance; DWI, Diffusion Weighted Imaging; p, p-value; n.s., not significant. The bold values highlight significant values.

category to another. A cut-off was identified by classifying
sensitivity and specificity for CT-pro-ET-1 levels choosing the
cut-off at the highest possible sensitivity for detection with
still enough specificity to predict mortality. For Kaplan-Meier
survival estimates, patients were stratified by the selected cut-off
level for CT-pro-ET-1 of <8.8 pg/ml (57%) and >8.8 pg/ml (43%)
measured on day 1 after admission. Groups were compared by
means of the log-rank test. P-values <0.05 were considered to
be statistically significant. All calculations were performed using
STATA 14.1.

RESULTS

An acute ischemic stroke was diagnosed in 362 patients with
361 completing follow-up. These 361 patients were analyzed for
baseline characteristics and stratified for mortality after 90 days
as shown in Table 1.

CT-Pro-ET-1 Over Time

When assessing CT-pro-ET-1 sequentially on admission (i.e., day
0), day 1, 3, and 5, we observed a nominal increase of CT-
pro-ET-1 over time with a peak on day 1 (8.5 pg/ml, IQR 7.7-
9.6) followed by a gradual decrease over the next days with a
minimum on day 5 (8.2 pg/ml, IQR 7.4-9.4), see Table 1 and
Figure 1. Thus, for further analyses, we concentrated on the
predictive value of CT-pro-ET-1 on day 1 as at this point of time
after stroke the association of CT-pro-ET-1 levels with mortality
within 90 days was most prominent.

CT-pro-ET-1 levels on day 1 were available in 312 out of
362 patients. When conducting a sensitivity analysis between the
original cohort of 361 patients, which was used for the analysis
of baseline characteristics, and the cohort with available CT-pro-
ET-1 measurements on day 1 (n = 312), we found no significant
difference between both cohorts regarding the distribution of
baseline risk factors (data not shown).
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CT-Pro-ET-1 and Its Association With

Baseline Risk Factors for Mortality
CT-pro-ET-1 levels on day 1 were higher in patients suffering
from severe strokes compared to moderate strokes, but this
difference was not statistically significant (NIHSS <6: CT-pro-
ET-1onday 1 8.4 pg/ml, IQR 7.7-9.4, vs. NIHSS >7: 8.8 pg/ml,
IQR 7.6-9.9, p = 0.16).

A moderate to large ischemic lesion (>10 mm?> on MR-DWI)
was associated with higher CT-pro-ET-1 levels compared to small
lesions (<10 mm?>: CT-pro-ET-1 on day 1 8.1 pg/ml, IQR 7.5-8.8,
vs. >10 mm?>: 8.7 pg/ml, IQR 7.6-10.2, p = 0.02) in a subgroup
of patients with available imaging (n = 182).

CT-Pro-ET-1 and Its Association With
Stroke Etiology

We found only a borderline association of CT-pro-ET-1 levels
on day 1 and cardio-embolic stroke etiology according to the
TOAST criteria. However, after adjustment for multiple testing
(comparison of all TOAST subgroups with each other), the
association of CT-pro-ET-1 with cardio-embolic stroke etiology
could not be confirmed (p > 0.05).

Prediction of Functional Outcome and
Mortality After 90 Days

CT-pro-ET-1 on day 1 was associated with an unfavorable
functional outcome with an odds ratio (OR) of 1.32 (95% CI,
1.16-1.51). Adjustment for significant outcome predictors (age,
NHISS on admission and atrial fibrillation) in the multivariate

TABLE 2 | Multivariate analysis: cox proportional hazards model for survival after

90 days.
Predictors Mortality

HR 95% CI P
CT-pro-ET-1 day 1 (%) 1.5 1.29-1.74 <0.001
Age (increase per unit) 1.04 1.01-1.08 0.006
NIHSS (increase per unit) 112 1.09-1.16 <0.001
Atrial fibrillation 0.54 0.24-1.21 0.13

*Data normalization by square root model; HR, hazard ratio; Cl, confidence interval; p,
p-value; NIHSS, National Institutes of Health Stroke Scale. The bold values highlight
significant values.

analysis attenuated the association with an OR of 1.05 (95% CI,
0.88-1.25, p = 0.59).

CT-pro-ET-1 on day 1 was associated with mortality with a
hazards ratio (HR) of 1.45 (95% CI, 1.29-1.63). After adjusting,
CT-pro-ET-1 remained an independent predictor of mortality
with an adjusted HR of 1.50 (95% CI, 1.29-1.74, p < 0.001,
Table 2). CT-pro-ET-1 on day 1 >8.8 pg/ml had a sensitivity of
89% and a specificity of 63% to predict mortality. Adding CT-pro-
ET-1 to the regression model for mortality, the discriminatory
accuracy improved from 0.89 (95% CI, 0.84-0.94) to 0.92 (95%
CI, 0.88-0.96), p < 0.001, see Figure 2. The combination of CT-
pro-ET-1 with the regression model led to a cNRI of 0.72 (95%
CI, 0.17-1.13). Overall, Kaplan-Meier survival curves of patients
stratified according to the above-mentioned CT-pro-ET-1 cut-off
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represents the analysis adding CT-pro-ET-1 on day 1 after admission to the model.

FIGURE 2 | Receiver Operator Characteristic (ROC)-curves based on regression models for mortality within 3 months after stroke with and without CT-pro-ET-1.
Model 1 represents the cox proportional hazards model for mortality within 3 months after stroke including the risk factors age and NIHSS on admission. Model 2

level <8.8 and >8.8 pg/ml differed (p < 0.001, log-rank test)
(Figure 3).

In a bivariate analysis within the subgroup of patients
with available MRI data (n 182) CT-pro-ET-1 on day
1 also remained associated with mortality with an HR of
1.49 (95% CI 1.21-1.84, p < 0.001) after adjusting for
lesion size.

DISCUSSION

This prospective single-center cohort study revealed the
following key findings: CT-pro-ET-1 with peak levels on day
1 after admission was positively associated with unfavorable
outcome and most remarkably and independently with mortality
after 3 months. CT-pro-ET-1 improved the discriminatory
accuracy of the NIHSS alone as well as compared to the
multivariate model without the biomarker as shown by an
increase of the respective AUC and cNRL

Circulating CT-pro-ET-1 levels have been described to be very
low in normal conditions (15). During acute ischemic events
several mechanisms have been discussed leading to an increase of

CT-pro-ET-1. Among these, CT-pro-ET-1 is released as an acute
phase reactant following severe physical stress caused by hypoxia
(16). Furthermore, the hypercoagulability and platelet activation
in ischemic lesions have been described to accelerate pre-
proendothelin production (17). Via activation of inflammatory
cells such as neutrophils, mast cells and macrophages CT-pro-ET-
1 might exert pro-inflammatory effects (18) and thus besides the
potent vasoconstrictive capability this pro-inflammatory aspect
may contribute also to a worse outcome in stroke patients.

CT-pro-ET-1 has been linked particularly to cardiovascular
disease previously. In the Leicester Acute Myocardial Infarction
Peptide (LAMP) Study Khan et al. found increased CT-pro-
ET-1 levels to be independently associated with a higher rate
of heart failure and mortality in a large cohort of 983 acute
myocardial infarction patients (19). In line with our results, peak
plasma concentrations have been described to appear with a little
delay on day 2 after myocardial infarction (19). Adverse outcome
effects in cardiovascular disease have been linked to a reduction
of coronary blood flow (20).

However, regarding the association of CT-pro-ET-1 and
unfavorable outcome in acute ischemic stroke, the available
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Kaplan-Meier survival estimates for CT-pro-ET-1
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FIGURE 3 | Kaplan-Meier survival estimates of patients stratified by CT-pro-ET-1 on day 1 after admission. Kaplan-Meier survival curves of patients stratified per
CT-pro-ET-1 cut-off levels <8.80 and >8.80 pg/ml differed significantly (p = <0.001, log-rank test).

studies remain to some extent controversial. A previous smaller
pilot study consisting of 60 stroke patients has shown higher
CT-pro-ET-1 levels associated with unfavorable outcome and
mortality (5), whereas an older case-control study did not show
a significant difference in CT-pro-ET-1 levels between healthy
controls and ischemic stroke patients (21). Another case-control
study with 30 sex- and age-matched patients found in line
with our results higher CT-pro-ET-1 plasma levels on admission
compared to day 7 after stroke onset and healthy controls, but
could not find any correlation with infarct size, stroke severity or
degree of clinical neurological deficit (22).

The strengths of this study are the prospective study design,
the clinically well-characterized relatively large stroke patient
cohort, a very low lost to follow-up-rate and blinded CT-pro-ET-
1-measures. Additionally, we have shown serial measurements of
CT-pro-ET-1 in the first hours up to 5 days after stroke onset in
order to deduct the best time for measurement after stroke. By
defining a cut-off value for CT-pro-ET-1 with levels > 8.8 pg/ml
representing a 89%-sensitivity and 63%-specificity to predict
mortality, the parameter could be applied for risk stratification
in a clinical setting after external validation of this cut-off.
This additional information beyond traditional risk factors could
help physicians in clinical decision making, specifically to triage
ischemic stroke patients, e.g., for intensified monitoring with
regards to post-stroke complications. As we could also prove
the association of CT-pro-ET-1 with mortality within 3 months
after stroke onset in the subgroup of patients with available
MRI data, the predictive value of CT-pro-ET-1 on mortality
can be considered reliable supporting the independent additive

prognostic information gained by measuring the biomarker.
When compared to other thromboinflammatory biomarkers
from the literature such as S100B, which has been associated with
tissue damage, post-stroke infections and consecutively mortality
(23), CT-pro-ET-1 predicted overall mortality in ischemic stroke
patients independently of known risk factors.

As a limitation of the study, the role of CT-pro-ET-1 in
hyper-acute treatment decisions is at least partly restricted
since the peak of CT-pro-ET-1 was measured on day 1 after
admission. Furthermore, time points of serial blood collections
of CT-pro-ET-1 were classified in days after hospital admission
and not in hours after stroke onset except for the day of
hospital admission (day 0). However, as the majority of blood
samples were taken until 12 h after stroke onset (74%), we can
assume that for subsequent blood samples the days after hospital
admission correspond largely with the days after stroke onset.
Serial measurements of CT-pro-ET-1 levels in stroke survivors
revealed only marginal changes over time (see Table 1), most
likely as these patients had less severe strokes and therefore
less complications over time. Thus, the stimulus of CT-pro-ET-
1 production over time stayed stable in the group of stroke
survivors. Additionally, since we are the first to propose a cut-off,
there is need for an external validation of exactly the proposed
cut off. Yet, as mentioned smaller studies in the past have shown
overall association with mortality after stroke, therefore our
study can also be interpreted as external validation of previous
smaller studies.

In summary, CT-pro-ET-1 can be considered as an
independent predictor of mortality in acute ischemic stroke
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patients. Further studies should assess the suggested cut-off value
in larger and multi-center validation cohorts to prove the benefit
in clinical decision making.
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Background and Aims: YKL-40, an infammatory biomarker, has been reported to
be involved in the process and progression of atherosclerosis. Several studies have
investigated the association between YKL-40 and plaque and suggested YKL-40 might
be a potential biomarker for plaque instability. This study aimed to investigate the
association between YKL-40 and carotid plaque instability.

Methods: Based on a community-based study in Beijing from February 2014 to May
2016, 1,132 participants with carotid plaques were enrolled in this study. Data on
demographics and medical history were collected through face-to-face interviews, and
fasting blood samples were collected and stored. We used ultrasound to evaluate the
presence of carotid plaque and its instability. The level of YKL-40 was measured by
enzyme-linked immunosorbent assay (ELISA). Multivariate logistic regression analysis
was performed to investigate the association between YKL-40 level and carotid
atherosclerotic plaque instability.

Results: The mean age of the 1,132 participants was 58.0 (52.0-64.0) years, and
560 (49.5%) were male. Unstable plaques were detected in 855 (75.53%) participants.
YKL-40 level was classified into four groups according to its quartile: quartile 1:
<25.47 ng/mL, quartile 2: 25.47-39.53 ng/mL, quartile 3: 39.53-70.55 ng/mL, quartile
4: >70.55ng/mL. After adjusting for age, sex, smoking, alcohol drinking, medical history,
triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol,
homocysteine, high-sensitivity C-reactive protein, and plaque thickness, the top quartiles
of YKL-40 level were significantly associated with unstable plaque (quartile 3: OR 2.10,
95% CI 1.29-3.40; quartile 4: OR 1.70, 95% CI 1.04-2.80).

Conclusion: This study found that YKL-40 was associated with carotid plague instability
determined by ultrasound. Individuals with high YKL-40 may have a higher risk of
unstable carotid plaque.

Keywords: YKL-40, plaque instability, association, carotid plaque, atheroscelorsis
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YKL-40 and Carotid Plaque Instability

INTRODUCTION

Stroke has already caused a heavy burden worldwide because
of its high incidence, high disability rate, and high mortality,
especially in China (1, 2). The rupture of a carotid atherosclerotic
plaque could lead to ischemic stroke (3). YKL-40, a new
inflammatory factor, is involved in the pathogenesis of
atherosclerotic plaques (4). It plays a vital role in the process
of matrix remodeling, cell proliferation and differentiation,
new blood vessel formation, anti-apoptosis, and promotion of
tissue fibrosis. Several studies have reported that high YKL-40
is associated with an increased risk of ischemic stroke, but not
myocardial infarction (4-8), suggesting that YKL-40 might be a
promising biomarker of plaque instability (5, 9, 10).

This study aimed to investigate the association between YKL-
40 and carotid atherosclerotic plaque instability in a community-
based population.

MATERIALS AND METHODS
Study Design and Population

We enrolled 1,132 participants with carotid plaques from
a community-based, cross-sectional study in Beijing from
February 2014 to May 2016. The inclusion criteria for the
participants were: (1) age between 24 and 75 years; (2) carotid
atherosclerotic plaques detected using carotid artery color-
ultrasonography; and (3) signed written informed consent was
obtained. Individuals with (1) severe inflammatory diseases
such as acute and chronic infections, rheumatoid arthritis,
osteoarthritis, and liver cirrhosis; (2) a history of stenting,
percutaneous coronary stenting, and coronary artery bypass
grafting; (3) severe clinical conditions including a recent trauma,
surgery, severe heart failure, hepatic and renal insufficiency,
autoimmune diseases, hematologic diseases, cerebrovascular
diseases, and peripheral vascular diseases; and (4) any known
malignant tumors were excluded from the study.

This study was approved by the Beijing Tiantan Hospital
Research Ethics Committee. All participants provided signed
written informed consent to participate in this study.

Data Collection
All participants were interviewed face-to-face with a structured
questionnaire by trained interviewers. The questionnaire
included questions on demographics (sex, age, body mass
index, cigarette smoking, and alcohol consumption), medical
history (diabetes mellitus, hypertension, dyslipidemia, coronary
heart disease, and atrial fibrillation), and medications taken
in the last 12 months. Height, weight, systolic blood pressure,
and diastolic blood pressure were measured using standard
operating procedures.

Fasting venous blood samples were drawn for routine blood
examinations, measurement of lipid, fasting blood glucose,
hypersensitive C-reactive protein (hsCRP), and homocysteine.

Assessment of Carotid Plaque
Ultrasound examinations were performed by trained and
certified sonographers using standard equipment (iU22 xMatrix,

Philips). Bilateral carotid arteries were scanned, focusing on
the near and far walls. The scanning range was 15mm
before and 10mm after the bifurcation of the common
carotid artery. Carotid plaque was defined as a thickness >
1.5mm measured from the media-adventitia interface to the
intima-lumen interface or a focal structure that encroaches
into the arterial lumen for at least 0.5mm or 50% of the
surrounding intima-media thickness (IMT) value (11). Based on
the morphology and echogenicity of the plaques detected by
ultrasound, they were categorized as (1) hypoechoic lipid soft
spots; (2) moderately echogenic fibrous flat plaques abundant
in collagen tissue; (3) strong acoustic echo-like calcified hard
plaques; or (4) ulcerative mixed plaques with different echoes.
In this study, plaques with hypoechoic or heterogeneous echoes
were defined as unstable (12).

Measurement of YKL-40

The serum YKL-40 levels were measured by an enzyme-linked
immunosorbent assay (R&D Systems, China). We used the
mean value of duplicate measurements. The detection limit was
20 ng/mL, while the intra-assay and inter-assay coeflicients of
variation were both <6%.

Statistical Analysis

Continuous variables with normal distribution were expressed as
means =+ standard deviations (SDs). Non-normal variables were
presented as median (inter-quartile range). Categorical variables
were expressed as frequency and percentage. The students -
test and Wilcoxon test were used to evaluate the difference
between groups of continuous variables. Categorical variables
were compared using the x2 tests (the chi-squared tests).
We performed univariate and multivariate logistic regression
analysis to evaluate the association between YKL-40 and carotid
artery plaque instability. While model 1 was unadjusted, model
2 was adjusted for age and sex, and model 3 was adjusted
for the variables in model 2 plus BMI, medical history of
hypertension, diabetes, coronary heart disease, dyslipidemia,
smoking, and alcohol consumption. Model 4 was adjusted
for the variables in model 3 plus fasting blood glucose,
triglyceride, low-density lipoprotein, high-density lipoprotein,
homocysteine, and high-sensitivity C-reactive protein. In Model
5, plaque thickness was added to Model 4. The significance
level was defined as P < 0.05. All statistical analyses were
performed using SAS 9.4 software (SAS Institute Inc, Cary,
North Carolina).

RESULTS

A total of 1,132 participants were recruited in this study.
The mean age of the participants was 58 (52-64) years,
and 560 (49.5%) of them were men. Unstable plaques were
detected in 855 (75.53%) participants. Table 1 summarizes the
characteristics of the participants. Compared to participants with
stable plaques, those with unstable plaques were more likely
to be men, and smokers. The two groups showed significant
differences in plaque thickness, diabetes mellitus, dyslipidemia,
white blood cell count, and levels of fasting glucose, high-density
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TABLE 1 | Comparison of clinical data between stable and unstable plaque groups.

Variable

Total (%) Stable plaque group Unstable plaque group p-value
(n=1132) (n =277) (n = 855)
Age (years) 58.0 (52.0-64.0) 59.0 (52.0-67.0) 58.0 (52.0-64.0) 0.24
Male, n (%) 560 (49.5) 108 (39.0) 452 (52.9) <0.001
BMI (kg/m?) 26.1 (23.8-28.4) 25.1 (23.0-27.5) 26.4 (24.1-28.6) <0.001
<25 417 (36.8) 134 (48.4) 283 (33.1) <0.001
25-30 546 (48.3) 116 (41.9) 430 (50.4)
>30 168 (14.9) 27 (9.7) 141 (16.5)
Smoking, n (%) <0.001
Yes 804 (71.0) 51 (18.4) 277 (32.4)
No 328 (29.0) 226 (81.6) 578 (67.6)
Alcohol consumption, n (%) 0.99
Yes 413 (36.5) 101 (36.5) 312 (36.5)
No 719 (63.5) 176 (63.5) 543 (63.5)
Medical history, n (%)
Diabetes mellitus 167 (14.8) 29 (10.5) 138 (16.1) 0.02
Hypertension 469 (41.4) 117 (42.2) 352 (41.2) 0.75
Dyslipidemia 209 (18.5) 84 (30.3) 125 (14.6) <0.001
Coronary heart disease 67 (5.9) 15 (5.4) 52 (6.1) 0.68
Atrial fibrillation 12(1.1) 5(1.8) 7(0.8) 0.16
Laboratory examination
White blood cell count (x10'2/L) 6.04 (5.17-7.20) 5.60 (4.86-6.85) 6.20 (5.24-7.30) <0.001
Fasting glucose (mmol/L) 5.80 (5.20-6.64) 5.25 (4.60-6.00) 5.96 (5.40-6.86) <0.001
Triglycerides (mmol/L) 1.39 (1.00-1.99) 1.44 (1.03-2.01) 1.38 (0.98-1.96) 0.15
Total cholesterol (mmol/L) 5.23 (4.55-5.90) 5.21 (4.54-5.75) 5.24 (4.58-5.96) 0.06
High-density lipoprotein cholesterol (mmol/L) 1.44 (1.23-1.70) 1.49 (1.28-1.74) 1.43 (1.22-1.68) 0.02
Low-density lipoprotein cholesterol (mmol/L) 3.20 (2.62-3.72) 3.22 (2.67-3.60) 3.18 (2.62-3.75) 0.80
Homocysteine (umol/L) 14.7 (12.3-18.4) 14.9 (12.5-18.2) 14.7 (12.2-18.5) 0.68
High-sensitivity C-reactive protein (mg/ml) 1.7 (1.0-3.2) 1.4 (0.8-3.0) 1.8(1.1-3.2) <0.001
Plaque thickness (mm) 2.20 (1.80-2.70) 1.99 (1.60-2.40) 2.20 (1.80-2.70) <0.001

BMI indicates body mass index, BMI (kg/m?) = weight/height.

lipoprotein cholesterol and high-sensitivity C-reactive protein
(Table 1). YKL-40 levels were stratified into four quartiles:
quartile 1: < 25.47 ng/mL, quartile 2: 25.47-39.53 ng/mL, quartile
3: 39.53-70.55ng/mL, quartile 4: >70.55ng/mL. Participants
with unstable plaques had a higher median concentration of
YKL-40 (40.23 ng/mL) compared to those with stable plaques
(31.44 ng/mL) (Table 2).

The univariate logistic analysis found male sex, history
of diabetes mellitus, dyslipidemia, BMI, and plaque thickness
associated with unstable plaques. Furthermore, YKL-40 levels
(quartile 3: OR 2.51 95% CI 1.70-3.70 and quartile 4: OR 2.11
95% CI 1.41-3.14) were also associated with unstable carotid
plaques (Table 3, Model 1).

The multivariate logistic analysis showed an age- and
sex-adjusted association between YKL-40 and carotid plaque
instability in Model 2 (quartile 3: OR 2.55; 95% CI 1.71-3.81;
quartile 4: OR 2.18 95% CI 1.45-3.29). After adjustment for age,
sex, BMI, medical history of hypertension, diabetes, coronary
heart disease, dyslipidemia, smoking, and alcohol consumption,
YKL-40 level remained significantly associated with carotid

plaque instability (quartile 3: OR 2.71, 95% CI 1.78-4.11; quartile
4: OR 2.14, 95% CI 1.39-3.28) in Model 3. The association
remained statistically significant after adjusting for all variables
in Model 4 (quartile 3: OR 2.53, 95% CI 1.65-3.89; quartile 4: OR
1.97, 95% CI 1.27-3.11), and Model 5 (quartile 3: OR 2.10, 95%
CI 1.29-3.40; quartile 4: OR 1.70, 95% CI 1.04-2.80).

DISCUSSION

This study investigated the association between YKL-40 level and
carotid plaque instability in a community-based population. We
found that high-levels of YKL-40 were associated with carotid
plaque instability.

Recently, several studies have explored the relationship
between YKL-40 and atherosclerotic plaque instability.
Michelsen et al. found that serum YKL-40 was significantly
elevated in patients with carotid atherosclerosis, especially
in symptomatic patients, suggesting it may be a marker of
plaque instability by causing macrophage activation and matrix
degradation (9). However, this study had a small size and lack
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TABLE 2 | Comparison of YKL-40 levels between stable and unstable plaque groups.

Variable Total (%) Stable plaque group Unstable plaque group p-value
(n=1,132) (n =277) (n = 855)
YKL-40 (ng/mL) 37.61 (24.87-62.52) 31.44 (18.96-52.72) 40.23 (26.53-65.93) <0.001
<25.47 207 (26.24) 100 (36.10) 197 (23.04) <0.001
25.47-39.53 302 (26.68) 81 (29.24) 221 (25.85)
39.53-70.55 291 (25.70) 49 (17.69) 242 (28.30)
>70.55 242 (21.38) 47 (16.97) 195 (22.81)
TABLE 3 | Logistic regression analysis of the association between YKL-40 and carotid atherosclerotic plaque instability.
Model 1 Model 2 Model 3 Model 4 Model 5

OR (95% CI) P OR (95% CI) p OR (95% CI) P OR (95% CI) p OR (95% Cl) p
Q1 Reference - Reference - Reference - Reference - Reference -
Q2 1.39 (0.98-1.97) 0.07 1.38 (0.97-1.96) 0.08 1.43 (0.99-2.07) 0.06 1.32 (0.90-1.93) 0.16 1.15(0.74-1.79) 0.54
Q3 2.51(1.70-3.70) <0.001 2.55(1.71-3.81) <0.001 2.71 (1.78-4.11) <0.001 2.53 (1.65-3.89) <0.001 2.10 (1.29-3.40) 0.003
Q4 211 (1.41-3.14) <0.001 2.18 (1.45-3.29) <0.001 2.14 (1.39-3.28) <0.001 1.98 (1.27-3.11) <0.01 1.70 (1.04-2.80) 0.036

Model 1 is unadjusted.
Model 2 is adjusted for age and gender.

Model 3 is adjusted for model 2 and BMI, medical history of hypertension, diabetes, coronary heart disease, dyslipidemia, smoking, and alcohol consumption.
Model 4 is adjusted for model 3 and fasting blood glucose, triglyceride, low-density lipoprotein, high-density lipoprotein, homocysteine and high-sensitivity C-reactive protein.

Model 5 adjusted for model 4 and plaque thickness.

prospective data. Wu et al. evaluated YKL-40 in 168 patients with
carotid atherosclerosis and found thicker carotid intima-media
and more unstable plaques in patients with high serum levels
of YKL-40. However, these findings were limited to patients
with Helicobacter pylori-positive cytotoxic-associated gene A
(CagA), and therefore, the association might have been related
to Helicobacter pylori infection, which needs to be further
verified (13).

It is well-known that the rupture of an unstable carotid
atherosclerotic plaque is one of the leading causes of ischemic
stroke (14, 15). Some studies have been accessed the association
between YKL-40 and ischemic stroke. Kjaergaard et al. detected
plasma YKL-40 in 8,899 general participants and followed them
up for 18 years. They found that increase in YKL-40 led to an
increased risk for ischemic stroke, but not for atherosclerosis
myocardial infarction. The differences in the mechanisms of
ischemic stroke and myocardial infarction indicated that YKL-
40 might play a crucial role in thromboembolism rather than
affecting the formation of local thrombus and atherosclerosis,
suggestive of its association with plaque instability (4, 8). Rathcke
et al. in a 15-years follow-up study of 2,656 Danes reported
similar findings. They found that high levels of YKL-40 were
associated with increased ischemic stroke-related mortality but
were inversely related to the risk of ischemic heart disease
(7). These studies elucidated that YKL-40 plays different roles
in thromboembolism and local thrombosis by macrophage
activation and matrix degradation within the atherosclerotic
lesion. Recently, Hjalmarsson et al. found that patients with
National Institutes of Health Stroke Scale (NIHSS) > 5 had
significantly higher levels of YKL-40 compared to those with
a score < 5, illustrating the significant association of YKL-40
with stroke severity. YKL-40, therefore, might be an important

biomarker of carotid plaque instability and a warning sign for the
pathogenesis and prognosis of acute ischemic stroke (16), which
is consistent with our results.

YKL-40, a biomarker of inflammation, may be involved
in the pathological progression of atherosclerosis (13, 17-19).
Inflammation plays an important role in atherosclerosis and
atherothrombotic events. An in vivo study by Rathcke and
Vestergaard further confirmed the expression of YKL-40 protein
in the smooth muscle cells in human atherosclerotic plaques
(20). YKL-40 regulated angiogenesis and reorganization of the
extracellular matrix by controlling vascularized smooth muscle
cells and vascular endothelial cells. An increase in YKL-40
levels activate endothelial cells to express vascular adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1), further injuring the vascular endothelial cells, and
promoting the development of atherosclerosis (20-23). Boot
et al. and Fach et al. showed an increase in YKL-40 expression
in the macrophages in atherosclerotic plaques (24, 25). YKL-
40 potentially is involved in macrophage activation and matrix
degradation within the atherosclerotic lesion, supporting its role
in thromboembolisms (7).

Our study has several limitations. First is its cross-sectional
design, with no follow-up information on stroke events.
Therefore, only an association and not a causal relationship
between YKL-40 levels and carotid atherosclerotic plaque
instability could be investigated. Second, as all the study
participants were recruited from a community in Beijing, there
may have been a selection bias. These findings, therefore, need to
be verified in a more representative community-based population
study. Third, the sample size was not large enough. Large-
scale, more representative, and prospective studies are needed to
further investigate the role of YKL-40 in carotid atherosclerotic
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plaque formation and obtain higher-level evidence. Fourth, we
did not collect data on medication, which could be a potential
confounder because stain and antiplatelet therapy might affect
the plaques’ features. Fifth, in our study, the prevalence of
unstable carotid plaque was 75.53%, which is a little higher
than in a previous study (26). This discrepancy could be due
to differences in sex distribution and the definition of plaque
instability. Finally, in this study, plaque instability was defined
by ultrasound, which can be largely influenced by the operator’s
skills, limiting the generalizability of our results. However, to
minimize the functional heterogeneity, the ultrasound operators
in this study were required to have more than five years of clinical
experience. We also conducted uniform standardized training for
all ultrasound operators before this study.

In conclusion, this study found that YKL-40 is associated with
carotid plaque instability. High levels of YKL-40 are associated
with a higher risk of carotid plaque instability, suggesting that
YKL-40 is potentially a marker for plaque instability.
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Background: Glycated hemoglobin (HbA1c) has emerged as a useful biochemical
marker reflecting the average glycemic control over the last 3 months, and the values
are not affected by short-term transient changes in blood glucose levels. However,
its prognostic value in the acute neurological conditions such as stroke is still not
well-established. The present meta-analysis was conducted to assess the relationship of
HbA1c¢ with outcomes such as mortality, early neurological complications, and functional
dependence in stroke patients.

Methods: A systematic search was conducted for the PubMed, Scopus, and Google
Scholar databases. Studies, either retrospective or prospective in design that examined
the relationship between HbA1c¢ with outcomes of interest and presented the strength of
association in the form of adjusted odds ratio/hazard ratios were included in the review.
Statistical analysis was done using STATA version 13.0.

Results: A total of 22 studies (15 studies on acute ischemic stroke and seven studies on
hemorrhagic stroke) were included in the meta-analysis. For patients with acute ischemic
stroke, each unit increase in HbA1c was found to be associated with an increased risk
of mortality within 1 year, increased risk of poor functional outcome at 3 months, and an
increased risk of symptomatic intracranial hemorrhage (sICH) within 24 h of admission.
In those with HbA1c > 6.5%, there was an increased risk of mortality within 1 year of
admission, increased risk of poor functional outcomes at 3 and 12 months as well as an
increased risk of symptomatic intracranial hemorrhage (sICH) within 24 h of admission.
In patients with hemorrhagic stroke, each unit increase in HbA1c was found to be
associated with increased risk of poor functional outcome within the first 3 months from
the time of admission for stroke. In those with HbA1c > 6.5%, there was an increased
risk of poor functional outcome at 12 months.

Conclusions: The findings indicate that glycated hemoglobin (HbA1c) could serve
as a useful marker to predict the outcomes in patients with stroke and aid in the
implementation of adequate preventive management strategies at the earliest.

Keywords: glycated hemoglobin, stroke, glycemic control, ischemic stroke, meta-analysis

Frontiers in Neurology | www.frontiersin.org

25 March 2021 | Volume 12 | Article 642899


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.642899
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.642899&domain=pdf&date_stamp=2021-03-31
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zjgudadong@126.com
mailto:gudadong_dr@163.com
https://doi.org/10.3389/fneur.2021.642899
https://www.frontiersin.org/articles/10.3389/fneur.2021.642899/full

Bao and Gu

Glycated Hemoglobin for Stoke Patients

INTRODUCTION

Diabetes mellitus is an increasingly growing medical condition
that is estimated to affect nearly 400 million people globally
as per the year 2015 estimates (1). Studies have predicted that
by the year 2040, around 600 million people would have this
chronic disease (1, 2). It is suggested that a substantial proportion
of patients with stroke may have comorbid diabetes mellitus,
and this is because diabetes is a well-established risk factor for
neurovascular disease (3, 4). A recent meta-analysis found a
significant association of acute hyperglycemia and diabetes with
poor outcomes after stroke, both ischemic and hemorrhagic
(5). Using around 27,000 subjects, a large multi-centric study
found diabetes to be present in one-fifth of patients with acute
stroke, whereas this proportion was less (22%) in those with
no stroke (6). Further, the study also noted a higher magnitude
of association of diabetes with ischemic stroke, as against
hemorrhagic stroke (6).

Studies have shown that the presence of diabetes is associated
with increased death, duration of stay at hospital, rates of
readmission and poorer post-stroke functional and recovery
outcomes (7-10). On the other hand, there are studies that
have observed no substantial variations between subjects with
or without diabetes in post-stroke outcomes (11, 12). Glycated
hemoglobin (HbAlc) has emerged as a useful biochemical
marker reflecting the average glycemic control over the last
3 months or 120 days (13, 14). The added advantage is that
the possibility of misdiagnosis due to stress hyperglycemia is
greatly reduced, and also, the values are not affected by short-
term transient changes in blood glucose levels (13, 14). The
measurement of HbAlc does not require overnight fasting,
and the amount of blood required is also small (14). These
characteristics probably make the testing for HbA1c feasible for
routine screening of diabetes mellitus, particularly in hospital-
based settings.

HbA1lc has been shown to be a biochemical marker and a
good predictor of vascular disruption is patients with diabetes
(15, 16). It has also been shown to associate well with
diabetic complications (15-17). However, its prognostic value
in the acute neurological conditions such as stroke is still not
well-substantiated. Studies have attempted to document the
relationship of HbAlc levels and outcomes of patients with
both ischemic and hemorrhagic stroke. However, the current
understanding is not enough to inform the guidelines. There
is a need for high-quality evidence through pooling of findings
of studies in order to make an informed decision on the use
of HbAlc for prediction of outcomes of stroke patients. With
these considerations, the current meta-analysis was conducted to
assess the relationship of HbAlc and outcomes (mortality, early
neurological and functional) of stroke patients, both ischemic
and hemorrhagic.

MATERIALS AND METHODS

Search Strategy
The study was designed and conducted based on PRISMA
(Preferred Reporting Items for Systematic Reviews and

Meta-analyses) guidelines. A systematic search of English
language papers published until November 30, 2020 was carried
out through PubMed, Scopus, and Google academic databases.
The search strategy included medical topic heading (MeSH)
terminology and free text words. Supplementary Table 1
includes the details of the search strategy used. The literature
search was directed toward identifying studies that reported on
the association of HbAlc levels with mortality and/or functional
outcomes and/or neurological complications in patients with
stroke, either acute ischemic or hemorrhagic.

Selection Criteria and Methods

Two subject experts from the team reviewed the studies identified
on literature search. The titles and abstracts were screened as
a first step, after elimination of the duplicates. The full text of
possible studies was subsequently reviewed. Any disagreements
in the inclusion of the studies were resolved through discussions
between the study authors. Only the studies that complied with
the inclusion criteria were chosen for the meta-analysis. For
additional studies, the bibliographic list of included studies and
related reviews on the subject were reviewed.

Inclusion Criteria

Studies that were either retrospective record-based study or
prospective in design were considered for inclusion. For a study
to be included in the meta-analysis, it should have examined
the relationship between HbAlc with outcomes of interest
(i.e., mortality, functional dependence, symptomatic intracranial
hemorrhage, and neurological complications). Further, the study
should also have reported on the strength of association in the
form of adjusted odds ratio/hazard ratios.

Exclusion Criteria

Studies such as case-reports or review articles were excluded.
Also, those studies that did not provide data on the outcomes
of interest or did not present an adjusted estimate of association
between HbA1lc and the outcomes were excluded.

Data Extraction and Quality Assessment
Two authors separately extracted relevant data from the included
studies using a data extraction sheet. Data extracted from
qualifying studies mainly included the study identifier, i.e., the
name of the first author along with the year the research was
conducted; study setting, i.e., the country where the study was
carried out; and other aspects of the study such as the design,
subject characteristics, overall sample size, exposure variable of
interest, and the main findings. The quality assessment of the
included studies was done through the use of Newcastle-Ottawa
Quality Assessment Scale, which has been adapted for use in
observational studies (18).

Statistical Analysis

This meta-analysis, using STATA version 16.0, reported effect
sizes as pooled odds ratio with 95% CI (confidence intervals).
Analysis was done for acute ischemic stroke and hemorrhagic
stroke separately. Subgroup analysis was done based on different
reported cutoff of HbAlc. I? was used as a measure to denote
heterogeneity, and in instances where the value of I? exceeded
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40%, random effects model was used. For reporting statistical
significance, a p-value of <0.05 was considered. Egger’s test
was employed to assess for presence or absence of publication
bias, and this was further supported by visual inspection of
funnel plots.

RESULTS

Selection of Articles, Study
Characteristics, and Quality of Included
Studies

Using the search strategy and after removal of the duplicates,
overall, 784 citations were obtained (Figure 1). Screening of the
titles led to the removal of 612 studies. Out of the remaining
172 citations, 142 were omitted after reading the abstract. The
remaining 30 papers were reviewed in detail, and finally, 22
articles were included in the meta-analysis with 15 studies on
acute ischemic stroke and seven studies on hemorrhagic stroke
(19-40). Tables 1, 2 present the details of the included studies.
Among the studies that included patients with acute ischemic

stroke, majority were conducted in China (6/15). One study each
was conducted in New Zealand, Taiwan, Italy, India, South Korea,
Sweden, Japan, Germany, and USA. Among these studies, nearly
half (8/15) had a prospective design, while the remaining had a
retrospective design. For studies with acute hemorrhagic stroke
patients, majority were done in China (5/7) and one study each
in USA and Japan. All the studies on acute hemorrhagic stroke
were prospective in design. Almost all the studies were done in
elderly subjects aged above 60 years.

The primary outcomes for this meta-analysis were mortality
and functional dependence. The secondary outcomes were
risk of symptomatic intracranial hemorrhage (sICH), early
neurological complications, and stroke recurrence. Mortality
was reported by studies as within 1 year of stroke, whereas
functional outcomes were reported at or within 3 and 12
months from the onset of stroke. Symptomatic intracranial
hemorrhage and early neurological deterioration/complications
were reported by majority of studies within 24h of stroke
onset. Out of the five studies that reported sICH, four
studied intracranial hemorrhage after recanalization therapies
(20, 28, 31, 32), and one reported hemorrhagic transformation

Total search results after
exclusion of duplicates
(n=784)

Titles screened (n= 784)

Excluded during title screening

(n=612)

Abstracts screened (n=172)

Full text articles assessed for
eligibility

Excluded during abstract screening
(n=142)

Outcomes of interest not assessed: 77
Study not done with strokes patients: 15
Exposure (HbAlc; either continuous or
categorical) not according to the
requirement: 39

Review article/ case reports/ commentary:
11

(n=30)

Studies included in review (n=22)

Excluded during full text screening (n=8)
Outcomes of interest not assessed: 2
Study not done in strokes patients:2
Exposure (HbAlc; either continuous or
categorical) not according to the
requirement: 4

15 studies on acute ischemic
stroke
7 studies on hemorrhagic stroke

FIGURE 1 | Selection process of the studies included in the review.
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TABLE 1 | Characteristics of the studies included in the meta-analysis (for acute ischemic stroke).

References Study design Country Participant characteristics Sample size Exposure variable of Key outcome
interest
Diprose et al. (19) Prospective follow-up New Zealand Patients undergoing endovascular 223 HbA1c as continuous  3-month mortality: OR 1.26 (95% ClI: 1.01,
thrombectomy for ischemic stroke variable 1.67)
Mean (SD) age: 64.5 (14.6) years; 3-month functional dependence: OR 1.32
61% males (95% ClI: 1.04, 1.67)
24-h neurological deterioration: OR 1.16
(95% CI:0.95, 1.41)
Successful reperfusion: OR 1.11 (95% Cl:
0.83, 1.49)
Symptomatic intracerebral hemorrhage:
OR 1.33 (95% Cl: 1.03, 1.71)
Jing et al. (20) Prospective cohort China Ischemic stroke patients enrolled in the 853 (712 with no diabetes;  HbA1c > 6.5% 12-month mortality (N = 853): OR 1.02
study “ACROSS-China” cohort 141 with diabetes (95% ClI: 0.85, 1.22)
Mean (SD) age of participants with no diagnosed as HbA1c > 12-month stroke recurrence (N = 838):
diabetes: 60.6 (12.8) years; 67% male 6.5%) OR 1.03 (95% Cl: 0.86, 1.24)
participants 12-month poor functional outcome
Mean (SD) age of participants with HbA1c (N =2837): OR 1.19 (95% CI:0.74, 1.91)
> 6.5%: 64.2 (11.6) years; 68%
male participants
Wang et al. (21) Prospective follow-up China Patients with first-ever ischemic stroke Overall 408; Low (<5.7%); Moderate HbA1c:
study were enrolled and followed-up for Low HbA1c (1563) moderate (5.7-6.4%) 3-month poor functional outcome
neurological outcome assessment at 3 Moderate HbA1c (126) and high (>6.5%) (N =279): OR 1.79 (95% CI:1.01, 3.21)
months post-stroke. High HbA1c (129) HbA1c values High HbA1c
Total sample of 408 subjects with mean HbA1c as 3-month poor functional outcome
(SD) age of 63.8 (11.5) years and continuous variable (N =282): OR 2.39 (95% Cl:1.20, 4.74)
64% males Continuous HbA1c:
3-month poor functional outcome
(N = 408): OR 1.38 (95% CI:1.08, 1.78)
Zhang et al. (22) Prospective cohort China Patients with acute anterior circulation 426 subjects HbA1c as continuous ~ Symptomatic intracerebral hemorrhage:
stroke; mean age was around 65 years variable OR 1.29 (95% ClI: 1.09, 1.53)
and around 60% subjects were males Poor functional outcome; short term: OR
1.48 (95% CI:1.23, 1.79)
Yang et al. (23) Retrospective Taiwan Patients with acute ischemic stroke 309 subjects HbA1c > 7.0% Mortality: OR 0.42 (95% ClI: 0.16, 1.13)
observational study Mean age was around 64 years and Poor functional outcome: OR 0.83 (95%
around 62% subjects were males Cl: 0.51, 1.35)
Neurological complications: OR 0.60 (95%
Cl: 0.35, 1.03)
Wu et al. (24) Prospective cohort China Patients with acute ischemic stroke; mean Total of 2,186 subjects HbA1C categorized as:  Mortality within 1 year

age of subjects around 65 years and
around 60% males

<5.5%; 5.5-<6.1%;
6.1-<7.2%, and
>7.2%

HbA1c 5.5-6.1% (N = 507): OR 1.07
(95% Cl: 0.57, 2.01)

HbA1c 6.1-<7.2% (N = 579): OR 1.01
(95% Cl: 0.53, 1.86)

HbA1c > 7.2% (N = 560): OR 2.45 (95%
Cl: 1.30, 4.62)
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TABLE 1 | Continued

References Study design Country Participant characteristics Sample size Exposure variable of Key outcome
interest
Poor functional outcome at 3 months
HbA1c 5.5-6.1% (N = 507): OR 1.57
(95% Cl: 1.06, 2.33)
HbA1c 6.1-<7.2% (N = 579): OR 1.30
(95% ClI: 0.87, 1.93)
HbA1c > 7.2% (N = 560): OR 1.36 (95%
Cl: 0.84, 2.19)
Poor functional outcome at 12 months
HbA1c 5.5-6.1% (N = 507): OR 1.05
(95% ClI: 0.63, 1.75)
HbA1c 6.1-<7.2% (N = 579): OR 0.88
(95% Cl: 0.54, 1.46)
HbA1c > 7.2% (N = 560): OR 1.20 (95%
Cl: 0.66, 2.19)
Lattanzi et al. (25) Retrospective cohort Italy Patients with acute ischemic stroke; mean 112 subjects HbA1C categorized as:  Poor functional outcome at 3 months
age of subjects around 70 years and <7.0% and >7.0% HbA1c >7.0%: OR 6.22 (95% Cl:
around 60% males 1.94, 19.98)
Sunanda et al. (26) Prospective case India Patients with acute ischemic stroke; mean 130 subjects HbA1C categorized as:  Poor functional outcome at 3 months
control study (SD) age of subjects 56.7 (12.9) years; <7.0% and >7.0% HbA1c > 7.0%: OR 19.4 (95% Cl:
72% males 5.9, 63.2)
Choi et al. (27) Prospective cohort South Korea Patients with acute ischemic stroke (large 534 subjects HbA1C categorized as:  Poor functional outcome at 3 months

Hjalmarsson et al. (28)

Retrospective analysis
of patient data

Sweden

vessel occlusion) treated with mechanical
thrombectomy; subjects around 69 years
of age and nearly 50% male

Patients with acute ischemic stroke;
subjects around 75 years of age

501 subjects

<6.5% and >6.5%

HbA1C categorized as:

<6.0% and >6.0%
Continuous HbA1C

HbA1c > 6.5%: OR 2.22 (95% Cl: 1.43,
3.45)

Mortality within 3 months

HbA1c > 6.5%: OR 4.32 (95% Cl: 2.41,
7.75)

Symptomatic intracerebral hemorrhage
HbA1c > 6.5%: OR 1.50 (95% ClI: 0.68,
3.30)

Early neurological deterioration

HbA1c > 6.5%: OR 2.11 (95% Cl:

1.31, 3.38)

Mortality within 12 months

HbA1c > 6.0%: OR 3.40 (95% ClI: 1.40,
8.22)

Continuous HbA1c: OR 1.29 (95% Cl:
1.03, 1.62)

Poor functional outcome at 12 months
HbA1c > 6.0%: OR 2.68 (95% Cl:
1.14, 6.03)
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TABLE 1 | Continued

References

Study design

Country

Participant characteristics

Sample size

Exposure variable of
interest

Key outcome

Kamouchi et al. (29)

Rocco et al. (30)

Masrur et al. (31)

Both prospective and
retrospective cohort;
data from multicenter
hospital-based registry

Retrospective
single-center study

Retrospective analysis
using GWTG-stroke
database

Japan

Germany

USA

Patients with acute ischemic stroke; mean
(SD) age of participants 69 (12) years and
37.7% were women

Patients with acute ischemic stroke
Mean age of participants around 68 years
and around 60% subjects were males

Patients with acute ischemic stroke;
Median age of 72 years and 50% females

3,627 subjects

112 subjects

72,909 subjects

HbA1C categorized as:
Excellent (<6.2%)
Good (6.2% to <6.9%)
Fair (6.9% to <8.4%)
Poor (>8.4%)

Continuous HbA1c

HbA1c categorized as
<6.5% and >6.5%

Short term outcomes

Neurological deterioration:

HbA1c > 6.9%: OR 1.65 (95% CI: 1.31,
2.06)

Mortality:

HbA1c > 6.9%: OR 1.20 (95% ClI: 0.79,
1.84)

Poor functional outcome:

HbA1c > 6.9%: OR 1.35 (95% Cl: 1.16,
1.58)

Additional findings:

Neurological deterioration:

HbA1c Good: OR 1.02 (95% CI: 0.70,
1.46)

HbA1c Fair: OR 1.66 (95% ClI: 1.12, 2.43)
HbA1c Poor: OR 2.32 (95% Cl: 1.39,
3.83)

Mortality:

HbA1c Good: OR 1.20 (95% CI: 0.60,
2.64)

HbA1c Fair: OR 1.02 (95% ClI: 0.46, 2.45)
HbA1c Poor: OR 0.46 (95% CI: 0.16,
1.38)

Poor functional outcome:

HbA1c Good: OR 1.16 (95% CI: 0.90,
1.51)

HbA1c Fair: OR 1.26 (95% Cl: 0.94, 1.71)
HbA1c Poor: OR 2.30 (95% CI: 1.56, 3.40)

Symptomatic intracerebral hemorrhage
(within 24 h): OR 10.3 (95% CI: 3.89, 27.3)
3 month-mortality: OR 1.45 (95% CI: 1.25,
1.69)

3 month-poor functional outcome: OR
1.31 (95% Cl: 1.15, 1.46)

Symptomatic intracerebral hemorrhage
(within 24h): OR 1.25 (95% ClI: 1.07, 1.46)
In hospital-mortality: OR 1.36 (95% Cl:
1.21,1.53)

Poor functional outcome at discharge: OR
1.29 (95% CI: 1.19, 1.39)
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TABLE 1 | Continued

References Study design Country Participant characteristics Sample size Exposure variable of Key outcome
interest
Gao et al. (32) Retrospective review of  China Patients with acute ischemic stroke; mean 793 subjects HbA1c categorized as  3-month poor functional outcome
data from age of 62 years and 70% males <5.9%; 5.9-6.7% and  HbA1c 5.9-6.7%: OR 1.63 (95% Cl: 0.89,
hospital-based registry >6.7% 2.98)
HbA1c > 6.7%: OR 2.10 (95% Cl:
1.16, 3.79)
Lei et al. (33) Chengdu stroke China Patients with acute ischemic stroke; mean 1,877 subjects HbA1c categorized as ~ 3-month poor functional outcome
registry with age of 65 years and 60% males 4.7-6.7%; 6.8% to HbA1c 6.8-8.2%: OR 1.22 (95% CI: 0.86,

prospective follow-up

8.2% and >8.2%

1.55)

HbA1c >8.2%: OR 1.43 (95% ClI: 1.15,
2.39)

3-month mortality

HbA1c 6.8-8.2%: OR 1.32 (95% Cl: 0.63,
3.01)

HbA1c >8.2%: OR 1.43 (95% ClI: 1.01,
1.98)

12-month poor functional outcome
HbA1c 6.8-8.2%: OR 1.02 (95% Cl: 0.52,
1.69)

HbA1c >8.2%: OR 1.17 (95% Cl: 1.01,
1.83)

12-month mortality

HbA1c 6.8-8.2%: OR 1.22 (95% Cl: 0.59,
1.65)

HbA1c >8.2%: OR 1.48 (95% Cl:

1.083, 2.30)
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TABLE 2 | Characteristics of the studies included in the meta-analysis (for acute hemorrhagic stroke).

References Study design Country Participant characteristics Sample size Exposure variable of Key outcome
interest
Kang et al. (34) Multicenter prospective  China Patients with spontaneous intracranial 1,515 subjects HbA1c with following 3-month poor functional outcome

Dandapat et al. (35)

Koga et al. (36)

Zhang et al. (37)

Zhang et al. (38)

observational cohort
study

GWTG-Stroke USA
prospective registry of
patients with ICH

Prospective multicenter  Japan
observational study

Nationwide prospective  China
cohort study

Prospective registry China
study

hemorrhage (sICH)

Patients with spontaneous intracranial
hemorrhage (sICH); mean age around 67
years and 45% females

Patients with hyperacute ICH; mean age
of around 65 years with 60% males

Patients with ICH; around 62% males and
mean age of around 60 years

Patients with spontaneous ICH; mean (SD)
age of 59.8 (12.2) and 61% males

75,455 subjects

176 subjects

357

288

cut-offs
<6.0%;
6.0-7.9%; >8.0%

HbA1c with following
cut-offs

<5.7%; 5.7-6.5%;
6.5-8.0%; >8.0%

Continuous HbA1c (per
unit increase)

HbA1c categorized as
<6.5% and >6.5%

Continuous HoA1c (per
unit increase)

HbA1c > 6.0%: OR 0.94 (95% CI: 0.67,
1.32)

HbA1c 6.0-7.9%: OR 0.79 (95% Cl: 0.32,
1.97)

HbA1c > 8.0%: OR 0.69 (95% Cl:

0.14, 3.30)

In-hospital mortality
HbA1c > 6.5%: OR 0.91 (95% ClI: 0.87,

0.95)

HbA1c > 8.0%: OR 0.78 (95% Cl: 0.65,
0.93)

HbA1c 6.5-8.0%: OR 0.73 (95% Cl: 0.62,
0.87)

HbA1c 5.7-6.5%: OR 0.72 (95% ClI: 0.60,
0.87)

Poor functional outcome at discharge
HbA1c = 6.5%: OR 0.96 (95% CI: 0.93,

0.99)

HbA1c > 8.0%: OR 0.78 (95% Cl: 0.57,
1.06)

HbA1c 6.5-8.0%: OR 0.75 (95% Cl: 0.55,
1.02)

HbA1c 5.7-6.5%: OR 0.79 (95% Cl:
0.56, 1.10)

3-month mortality

OR 1.04 (95% Cl: 0.46, 1.97)
3-month functional outcome
OR 1.54 (95% CI: 0.90, 2.94)

12-month mortality

HbA1c > 6.5%: OR 1.08 (95% ClI: 0.85,
1.37)

12-month stroke recurrence

HbA1c > 6.5%: OR 1.15 (95% CI: 0.90,
1.46)

12-month poor functional outcome
HbA1c > 6.5%: OR 1.93 (95% Cl:
1.10, 3.38)

Poor functional outcome at hospital

discharge
OR 1.28 (95% Cl: 1.01, 1.33)
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HbA1c 5.7-6.4%: OR 1.35 (95% Cl:

0.64, 2.84)

1-month poor functional outcome

HbA1c > 6.5%: OR 8.6

HbA1c categorized as
<5.7%; 5.7-6.4%
and >6.5%

150

Patients with spontaneous ICH; mean (SD)
age of 60 years and 40% females

China

Prospective cohort

study

Wang et al. (40)

(95% CI: 1.77,

41.7)

HbA1c 5.7-6.4%: OR 6.17 (95% Cl:

1.40, 27.1)

of the ischemic infarct independently of recanalization
therapies (23).

The results of the quality evaluation of the included studies
are provided in Supplementary Table 2. Overall, the quality of
the included studies was judged to be good. Majority of studies
reported on appropriate selection of participants, ascertainment
of exposure and outcome, and had controlled for baseline
differences in the cohorts.

Findings for Acute Ischemic Stroke

HbA1c as Continuous

Upon pooling of relevant studies, each unit increase in HbAlc
was found to be associated with an increased risk of mortality
within 1 year (OR 1.36; 95% CI: 1.22, 1.52; I* = 0.0%; no. of
studies, N = 3), increase risk of poor functional outcome or
functional dependence at 3 months (OR 1.35; 95% CI: 1.24,
1.48; I = 0.0%; N = 4), and an increased risk of symptomatic
intracranial hemorrhage (sICH) within 24 h of admission (OR
1.89; 95% CI: 1.11, 3.23; I*> = 88.2%; N = 3) (Figure 2). There
was no evidence of publication bias using Egger’s test, for any of
the outcomes considered (P = 0.72 for mortality; P = 0.31 for
poor functional outcome and P = 0.18 for sSICH). Funnel plot is
presented as Supplementary Figures 1-3.

HbA1c as Categorical

The pooled effect sizes for HbAlc > 6.5% indicate increased
mortality within 1 year of admission for stroke (OR 1.42; 95%
CL: 1.12, 1.80; I* = 74.0%; N = 8) and increased risk of poor
functional outcomes at 3 months (OR 1.51; 95% CI: 1.27, 1.79;
12 = 72.0%; N = 10) and 12 months (OR 1.28; 95% CI: 1.06,
1.55; I> = 0.0%; N = 4) after the event of stroke (Figures 3,
4). On subgroup analysis based on the design of the studies,
i.e., prospective or retrospective, a significant association was
found between HbAlc > 6.5%, and risk of mortality when
studies that were prospective in design were pooled (OR 1.59;
95% CI: 1.04, 2.42; I*> = 81.9%; N = 5) but not when studies
done retrospectively were pooled (OR 1.28; 95% CI: 0.89, 1.84;
I? = 60.3%; N = 4) (Supplementary Figure 4). Further, a
significant association was found between HbAlc > 6.5% and
risk of poor functional outcome at both 3 and 12 months when
studies that were prospective in design were pooled (at 3 months:
OR 1.96; 95% CI: 1.29, 3.00; I? = 80.0%; N = 5; at 12 months: OR
1.23; 95% CI: 1.01, 1.50; I> = 0.0%; N = 3). Similar findings for
risk of poor functional outcome were observed when studies that
were retrospective in design were pooled (at 3 months: OR 1.33;
95% CI: 1.13, 1.56; I> = 57.9%; N = 5; at 12 months: OR 2.68;
95% CI: 1.17, 6.16; N = 1) (Supplementary Figures 5, 6).

A significant association was also found between HbAlc
> 6.5% and risk of symptomatic intracranial hemorrhage
(sICH) within 24 h of admission (OR 1.26; 95% CI: 1.08, 1.47;
I? = 0.0% N = 2) (Figure5). There was no signification
association between high HbAlc values (ie., HbAlc > 6.5%)
and risk of early neurological complications (OR 1.31; 95%
CL: 0.71, 2.43; I = 854%; N = 3) (Figure 5). There was no
evidence of publication bias using Egger’s test, for any of the
outcomes considered (P = 0.29 for mortality; P = 0.66 for
poor functional outcome; P = 0.81 for sICH, and P = 0.54 for
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Zhang G (2018)
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FIGURE 2 | Pooled association of glycated hemoglobin (HbA1c) (continuous) with outcomes (mortality, functional dependence, and symptomatic intracranial
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FIGURE 3 | Pooled association of HbA1c > 6.5% with mortality within 1 year of admission for acute ischemic stroke.
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%
Author OR (95% Cl) Weight
12 month poor functional outcome |
Jing J (2016) - 1.19(0.74,1.91) 16.45
Wu S (2014) - 1.36 (0.84,2.19)  16.10
Wu S (2014) = 1.20 (0.66, 2.19) 10.28
Hjalmarsson C (2014) —— 2.68 (1.14,6.03) 5.33
Lei C (2014) — 1.22 (0.59, 1.65) 13.98
Lei C (2014) hg 1.48 (1.03,2.30) 22.91
Wu S (2014) -~ 0.88 (0.54, 1.46)  14.95
Subtotal (I-squared = 0.0%, p = 0.430) [ 1.28 (1.06, 1.55)  100.00
3 month poor functional outcome
Wang H (2018) —— 2.39(1.20,4.74) 4.44
Yang CJ (2017) - 0.83(0.51,1.35) 6.83
Lattanzi S (2016) —+—  6.22(1.94,19.98) 1.91
Sunanda T (2016) —— 19.40 (5.90, 63.20) 1.86
Choi KH (2018) -~ 2.22 (1.43,3.45) 7.57
Kamouchi M (2011) . 1.35(1.16,1.58)  13.34
Masrur S (2015) * 1.29 (1.19,1.39) 14.50
Gao Y (2016) - 2.10(1.16,3.79) 5.42
Gao Y (2016) -~ 1.63(0.89,2.98) 5.28
Lei C (2014) - 1.22 (0.86, 1.55) 10.41
Lei C (2014) - 1.43 (1.15,2.39) 8.94
Wu S (2014) - 1.30 (0.87,1.93) 8.32
Kamouchi M (2011) * 1.16 (0.90,1.51) 11.18
Subtotal (I-squared = 72.0%, p = 0.000 151 (1.27,1.79)  100.00
NOTE: Weights are from random effects|analysis
I I I
.0158 1 63.2
FIGURE 4 | Pooled association of HbA1c > 6.5% with poor functional outcomes at 3 and 12 months after the event of acute ischemic stroke.

early neurological complications). Funnel plot is presented as
Supplementary Figures 7-10.

On subgroup analysis, based on different values of HbAlc,
there was no significant association with mortality within 1 year
of admission for stroke (Supplementary Figure 11). This could
be because of very few studies reporting association between
subgroups based on different HbAlc values and mortality. The
3-month poor functional outcome was significantly associated
with different subgroups based on HbAlc values (HbAlc 5.9-
6.7%: OR 1.24; 95% CI: 1.01, 1.52, N = 3; HbAIc 6.8-8.2%: OR
1.24; 95% CI: 1.00, 1.53, N = 2; HbAlc > 8.2%: OR 1.80; 95%
CI: 1.13, 2.87, N = 2) (Supplementary Figures 12-14). Further,
a dose-response relationship was observed with the magnitude
of association being maximum in the subgroup with HbAlc
>8.2%. Possibly due to very few studies that reported on 12-
month functional outcome within subgroups based on HbAlc,
the pooled association was non-significant.

Findings for Hemorrhagic Stroke

HbA1c as Continuous

Each unit increase in HbAlc was found to be associated with
increased risk of poor functional outcome within the first 3

months from the time of admission for stroke (OR 1.29; 95%
CL: 1.13, 1.48; I> = 0.0%; N = 2) (Figure 6). However, such
significant association was not observed with 3-month mortality
(OR 1.04; 95% CI: 0.50, 2.15; N = 1). The risk of “any”
complication, i.e., either mortality or poor functional outcome,
increased with each unit increase in HbAlc (OR 1.28; 95% CI:
1.12, 1.46; I> = 0.0%; N = 2) (Figure 6). There was no evidence
of publication bias using Egger’s test, for any of the outcomes
considered (P = 0.29 for mortality; P = 0.33 for poor functional
outcome). Funnel plot is presented as Supplementary Figure 15.

HbA1c as Categorical

The pooled effect sizes indicate that among patients with
hemorrhagic stroke, HbAlc > 6.5% is associated with increased
risk of poor functional outcome at 12 months (OR 2.11; 95% CI:
1.40, 3.19; I> = 0.0%; N = 2) but not poor functional outcome
within 3 months (OR 1.08; 95% CI: 0.72, 1.62; I*> = 73.0%;
N = 3) or mortality within 12 months (OR 1.15; 95% CI: 0.82,
1.61; I> = 82.3%; N = 3) (Figure 7). There was no evidence of
publication bias for any of the outcomes considered (P = 0.17 for
mortality; P = 0.25 for poor functional outcomes). Funnel plot is
presented as Supplementary Figure 16.
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FIGURE 5 | Pooled association of HbA1c > 6.5% with early neurological complications and symptomatic intracranial hemorrhage (sICH) within 24 h of admission, in
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FIGURE 6 | Pooled association of continuous HbA1c with mortality and poor functional outcomes at or within 3 months from time of admission for stroke, in patients

with hemorrhagic stroke.
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%
Author OR (95% Cl) Weight
Within 3 month poor functional outcome |
Kang K (2019) ' 3 0.94 (0.67, 1.32) 39.57
Dandapat S (2019) . 0.96 (0.93,0.99) 54.56
Wang Q (2020) ——> 8.60 (1.77, 41.70) 5.87
Subtotal (I-squared = 73.0%, p = 0.025) <> 1.08 (0.72, 1.62) 100.00
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Zhang X (2018) = 1.08 (0.85, 1.37) 37.66
Liu H (2019) — 2.63(1.34,5.15) 16.26
Subtotal (I-squared = 82.3%, p = 0.003) <> 1.15(0.82, 1.61) 100.00
12 month poor functional outcome
Zhang X (2018) = 1.93 (1.10,3.38) 53.72
Liu H (2019) = 2.35(1.28,4.29) 46.28
Subtotal (I-squared = 0.0%, p = 0.640) <> 2.11 (1.40, 3.19) 100.00
NOTE: Weights are from random effects analysis
I T
.024 1 417
FIGURE 7 | Pooled association of HbA1c > 6.5% with functional outcomes and mortality in patients with hemorrhagic stroke.

On subgroup analysis, there was no significant association
with mortality within 1 year as well as functional outcomes at 3
and 12 months in subgroup with HbAlc between 5.7 and 6.4%
(Supplementary Figure 17). In the subgroup of HbAlc between
6.0 and 7.9%, there was a significantly reduced risk of poor
functional outcome within 3 months (OR 0.75; 95% CI: 0.56, 1.01;
I? = 0.0%; N = 2) and mortality within 12 months of stroke
(OR0.73;95% CI: 0.62, 0.86; N = 1) (Supplementary Figure 18).
Similarly, in the subgroup of HbAlc > 8.2%, although not
statistically significant, there was a reduced risk of poor
functional outcome within 3 months (OR 0.78; 95% CI: 0.57,
1.05; I? = 0.0%; N = 2) (Supplementary Figure 19). The risk of
mortality with 12 months of stroke (OR 0.78; 95% CI: 0.65, 0.93;
N = 1) was significantly reduced (Supplementary Figure 19).

DISCUSSION

Glycated hemoglobin (HbA1c) has been shown to be associated
with increased risk of first-onset stroke (41). A systematic
review of 29 articles and around 500,000 participants showed
that compared with HbAlc of <5.7%, HbAlc of >6.5% was
associated with an increased risk of first-ever stroke (hazard
ratio 2.15; 95% CI: 1.76, 2.63). The review also documented
that for every 1% increment in HbAlc, there was a higher
associated risk of first-ever ischemic stroke (hazard ratio 1.49;
95% CI: 1.32, 1.69) (41). So, while we understand well that
increase in HbAlc is associated with increased risk of stroke,

we do not understand the strength and nature of association of
HbAlc with outcomes of stroke. The current meta-analysis was
conducted with the intent to examine the association, if any,
between HbAlc values and outcomes in patients with ischemic
and hemorrhagic stroke. The findings indicate that each unit
increase in HbA1lc (continuous) and HbAlc > 6.5% was found
to be associated with an increased risk of mortality within 1 year,
increased risk of poor functional outcome, and increased risk
of symptomatic intracranial hemorrhage (sICH) in patients with
ischemic stroke. In patients with hemorrhagic stroke, each unit
increase in HbAlc was found to be associated with increased
risk of poor functional outcome, but no significant association
was observed with mortality. Similarly, HbAlc > 6.5% was
associated with increased risk of poor functional outcome but not
with mortality. These findings indicate that glycated hemoglobin
could serve as a useful marker to predict the outcomes in patients
with stroke and consequently, the required management could
be instituted.

Most of the included studies were consistent and showed
high HbAlc to be associated with poor outcomes, yet there
were few studies that reported findings in the opposite direction,
particularly in hemorrhagic stroke patients. The findings of our
subgroup analysis also show similar patterns. We did a subgroup
analysis based on different cutoffs for HbAlc. Among those
with ischemic stroke, no significant association was noted for
any of the HbAlc categories with mortality within 1 year of
admission. This might be because of very few studies reporting
this association. Nonetheless, there was a clear dose-response

Frontiers in Neurology | www.frontiersin.org

March 2021 | Volume 12 | Article 642899


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Bao and Gu

Glycated Hemoglobin for Stoke Patients

relationship between different subgroups based on HbA1lc values
(HbAlIc 5.9-6.7%; HbAlc 6.8-8.2%; HbAlc > 8.2%) and short-
term poor functional outcomes (within 3 months of admission
for stroke). The magnitude of association was maximum in the
subgroup with HbAlc > 8.2%. In those with hemorrhagic stroke,
contrary to the current belief that higher HbAlc values will
be associated with poor outcomes, in the subgroup of HbAlc
between 6.0 and 7.9%, there was a significantly reduced risk of
poor functional outcome within 3 months and mortality within
12 months of stroke. Similarly, in the subgroup of HbAlc >
8.2%, there was a reduced risk of poor functional outcome
within 3 months, and the risk of mortality with 12 months
of stroke was also significantly reduced. Studies have indicated
low HbAlc to be associated with liver disease, low fibrinogen,
and anemia, all of which could be expected to raise the risk of
bleeding and increased hematoma volume (35, 42, 43). With high
HbA1c levels, these might be averted, and this might explain the
observed paradox.

Levels of blood glucose at the time of admission for stroke
has been shown to have a positive association with the levels
of HbAlc (44-46). The effect of uncontrolled blood glucose on
infarct size and severity of the stroke is thought to be mediated
through triggering of inflammatory pathways (44, 46). A poor
glycemic status before and in the hyperacute stage of the stroke
can therefore lead to worsening of the ischemic damage and
consequent poor recovery. The high concentrations of HbAlc
may also be an expression of unattention to a healthy lifestyle
and poor adherence to treatment for coexisting vascular risk
factors and related medical conditions. All these put together
can have a detrimental impact on the outcomes of patients.
The findings of the study serve as a useful evidence to support
clinical programs aimed at better glycemic control in patients
with diabetes as adequate pre-stroke glycemic control was found
to decrease the risk of unfavorable outcomes. The findings also
indicate that measurement of HbAlc could be a good addition
to the decision support tools for endovascular thrombectomy;
however, the efficacy of this approach needs further evaluation.

As discussed above, a major thrust of the current treatment
practice is to focus on intensive and tight glucose control at the
time of admission for a stroke event. While that is important,
care must be instituted that an event of hypoglycemia does not
ensue as this might lead to poor clinical outcomes. Apart from
hyperglycemia and hypoglycemia, there is another important, yet
overlooked, form of dysglycemia known as glycemic variability
(GV) (47). It denotes the degree of fluctuation in the glucose
levels over a period of time. Empirical studies have shown GV
to be associated with poor functional outcomes, particularly
in patients with acute ischemic stroke. However, it must be
acknowledged that currently, there is no harmonized and
universally accepted index to express GV, and until the time,
more data are available on the relationship between GV and
outcomes in stroke patients. It is preferred that continuous
glucose monitoring is included in the management protocol for
stroke (47).

There were some limitations of the study. Studies had
used different cutoffs for categorizing HbAlc, and that posed
difficulty in performing the analysis, particularly the subgroup

analysis. Further, the timing of measurement of HbAlc varied
between different studies and that could also have contributed
to the heterogeneity observed in the meta-analysis. For some
of the outcomes, such as 12-month functional outcome within
subgroups based on HbAlc for patients with ischemic stroke,
there were very limited number of studies (as low as one in
number) that curtailed appropriate pooling of findings and also
led to non-significant pooled estimates. Adjusted odd’s ratios,
as presented in the included studies, were pooled; the variables
adjusted in the model may be different for different studies,
and that may contribute to the heterogeneity in the pooled
findings. Also, quite a few studies included in the analysis had
a retrospective design, which may have led to selection bias.
HbAlc is clinically easy to measure, reflects long-term
glycemic control, and is unaffected by transient changes in blood
glucose levels. The findings of the meta-analysis provide evidence
that HbAlc could be used as a marker to predict poor outcomes
in patients with ischemic or hemorrhagic stroke. The findings call
for regular monitoring and routine HbA1c testing at admission.
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Supplementary Figure 1 | Funnel plot for publication bias with respect to HobA1c
(continuous) and mortality within 1 year of admission for acute ischemic stroke.

Supplementary Figure 2 | Funnel plot for publication bias with respect to HoA1c
(continuous) and functional outcomes in patients with acute ischemic stroke.

Supplementary Figure 3 | Funnel plot for publication bias with respect to HoA1c
(continuous) and symptomatic intracranial hemorrhage in patients with acute
ischemic stroke.

Supplementary Figure 4 | Subgroup analysis for mortality based on
prospective/retrospective studies.

Supplementary Figure 5 | Subgroup analysis for functional outcome based on
prospective/retrospective studies (at 3 months).
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Supplementary Figure 6 | Subgroup analysis for functional outcome based on
prospective/retrospective studies (at 12 months).

Supplementary Figure 7 | Funnel plot for publication bias with respect to HoA1c

(categorical; >6.5%) and mortality within 1 year in patients with acute ischemic
stroke.

Supplementary Figure 8 | Funnel plot for publication bias with respect to HbA1c

(categorical; >6.5%) and functional outcomes in patients with acute ischemic
stroke.

Supplementary Figure 9 | Funnel plot for publication bias with respect to HoA1c

(categorical; >6.5%) and symptomatic intracerebral hemorrhage in patients with
acute ischemic stroke.

Supplementary Figure 10 | Funnel plot for publication bias with respect to
HbA1c (categorical; >6.5%) and early neurological deterioration in patients with
acute ischemic stroke.

Supplementary Figure 11 | Forest plot with respect to subgroups based on
different HbA1c categories and mortality within 1 year in patients with acute
ischemic stroke.

Supplementary Figure 12 | Pooled association between HbA1c value ranging

from 5.9 to 6.7% with functional outcomes at 3 and 12 months after acute
ischemic stroke.

Supplementary Figure 13 | Pooled association between HbA1c value ranging
from 6.8 to 8.2% with functional outcomes at 3 and 12 months after acute
ischemic stroke.
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Objective: To determine the association between serum phosphate level and 1-year
clinical outcomes in patients with acute ischemic stroke and transient ischemic attack.

Methods: We included 7,353 patients with acute ischemic stroke and transient ischemic
attack from the China National Stroke Registry Ill for analysis. Participants were divided
into 4 groups according to serum phosphate quartiles. Composite end point included
recurrent stroke, myocardial infarction, other ischemic vascular events, and all-cause
mortality. Poor functional outcome is defined as modified Rankin Scale score of 3
to 6. Multivariable Cox regression or logistic regression was used to evaluate the
independent association of serum phosphate with 1-year all-cause mortality, recurrent
stroke, composite end point and poor functional outcome.

Results: The mean age of the included 7,353 patients was 62.5 years, and 68.6%
of them were men. Plotting hazard ratios over phosphate levels suggested a U-shaped
association especially for recurrent stroke and composite end point, and therefore the
third quartile group was set as reference group. Compared with the third quartile of
phosphate (1.06-1.20 mmol/L), the adjusted hazard ratios/odds ratios (95% CI) of
the lowest quartile (<0.94 mmol/L) were 0.98 (0.67-1.42) for all-cause mortality, 1.31
(1.05-1.64) for stroke recurrence, 1.26 (1.02-1.57) for composite end point, and 1.27
(1.01-1.61) for poor functional outcome, and the adjusted odds ratio of the highest
quartile (>1.2 mmol/L) was 1.40 (1.11-1.77) for poor functional outcome.

Conclusions: Serum phosphate may be an independent predictor of stroke recurrence,
composite end point and poor functional outcome after ischemic stroke.

Keywords: serum phosphate, stroke, recurrence, mortality, outcome
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Zhang et al.

Serum Phosphate and Stroke Outcome

INTRODUCTION

Phosphorus plays an important role in multiple biological
functions, including cellular signal transduction, mineral
metabolism, and energy exchange. Serum phosphorus mainly
occurs as inorganic phosphate in human body. The level of
serum phosphate is tightly regulated by several pathways
including dietary absorption, bone formation, renal excretion,
and intracellular stores (1-3). The underlying pathological effects
of elevated phosphate on cardiovascular organs include vascular
calcification and endothelial dysfunction (4). Higher phosphate
level is associated with higher rates of cardiovascular events or
cardiovascular disease related mortality in general population
(5-8) and individuals with underlying coronary artery disease
(9), while low serum phosphate level is associated with
hypertension and metabolic syndrome in general population
(10-12). Although studies investigating dialysis patients (10, 13)
focused on the relationships between hyperphosphatemia,
hypophosphatemia and the cardiovascular outcomes in the
beginning, more and more studies (5-9, 11, 12) found the
relationship even within relatively normal ranges.

Current data about the effects of serum phosphate on clinical
outcomes in patients after ischemic stroke is limited. Although
one study showed a U-shaped association between phosphate
and in-hospital mortality with significantly increased risk among
ischemic stroke patients with lower phosphate level (14), another
study found no association between phosphate and 3-month
functional outcome in patients with acute ischemic stroke (15).
To date, no comprehensive study of the association between
serum phosphate and long-term clinical outcomes of ischemic
stroke patients has been investigated.

In this study, we aimed to determine the association between
serum phosphate level and 1-year clinical outcomes including
all-cause mortality, recurrent stroke, composite end point, and
functional outcome, in patients with acute ischemic stroke and
transient ischemic attack (TIA).

METHODS

Study Population

This study was conducted on the basis of the CNSR III study
(China National Stroke Registry IIT), which was a nationwide,
hospital-based, prospective cohort study enrolling patients with
acute ischemic cerebrovascular events between August 2015
and March 2018 in China. Patients were eligible if they met
the following criteria: age 18 years or older; diagnosis within
7 days of the index event of ischemic stroke or TIA. The
design, rationale and baseline patient characteristics of CNSR
IIT study have been published previously (16). 1> A total of 201
study sites participated in this study with a median number
of patients recruited as 55 (minimum, 3; maximum, 321).
Among the 15,166 patients in the registry, 7,353 were analyzed
after excluding patients with missing serum phosphate value
(n = 7,288), missing serum creatinine or lipid value for key
covariates (n 312) and lost during the 1-year follow-up
(n = 213; Figure 1).

Standard Protocol Approvals and Patient

Consents

The CNSR III study was approved by ethics committee at Beijing
Tiantan Hospital (IRB approval number: KY2015-001-01), and
written informed consent was obtained from patients or their
legally authorized representatives. The study complied with the
principles of the Declaration of Helsinki.

Baseline Data Collection

Baseline information of included patients, including
demographics, vascular risk factors, important laboratory
data, treatment and complications were collected by trained
research coordinators at each study center. Fasting blood
samples were drawn within 24h of admission and assessed
as baseline laboratory data. Risk factors contained stroke
history, hypertension, diabetes mellitus, hypercholesterolemia,
coronary heart disease, previous or current smoking, and heavy
alcohol consumption. Hypertension, diabetes mellitus, and
hypercholesterolemia were defined according to (1) documented
or self-reported history or (2) receiving medication for
corresponding diseases or (3) clinical or laboratory examination
(systolic blood pressure >140 mmHg or diastolic blood pressure
>90 mmHg on repeated measurements for a diagnosis of
hypertension (17), fasting glucose level >126 mg/dl or 2-h
plasma glucose >200 mg/dl during oral glucose tolerance
test (75g) or random plasma glucose >200 mg/dl in persons
with symptoms of hyperglycemia or hyperglycemic crisis for
diabetes mellitus (18), total cholesterol>240 mg/dl or serum
triglyceride >200 mg/dl or low-density lipoprotein cholesterol
>160 mg/dl or high-density lipoprotein cholesterol < 40 mg/dl
for dyslipidemia (19)), or (4) new diagnosis at discharge. Heavy
alcohol consumption was defined as consuming >2 standardized
alcohol drinks per day. Estimated glomerular filtration rate
(eGFR) was calculated using the Chronic Kidney Disease
Epidemiology Collaboration creatinine equation with adjusted
coefficient of 1.1 for the Asian population (20, 21).

Serum Phosphate Testing

Fasting blood samples were drawn within 24h of admission,
and serum phosphate levels were assessed with an ammonium
molybdate assay using unfrozen samples in each center.
Briefly, the phosphate ions react with ammonium molybdate
and then reduced to blue molybdenum which is finally
colorimetric measured.

Clinical Outcome Assessment

Patients were followed up over telephone at 12-month after
disease onset by trained research coordinators who were
blinded to baseline clinical status. Data on clinical outcomes
were collected. We defined adverse clinical outcomes as
recurrent stroke, all-cause mortality, and poor functional
outcome. Recurrent stroke includes ischemic stroke, intracranial
hemorrhage, and subarachnoid hemorrhage. Composite end
point was comprised of recurrent stroke, myocardial infarction,
other ischemic vascular events, and all-cause mortality. Poor
functional outcome is defined as modified Rankin Scale (mRS)
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Patients enrolled in CNSR 11T
(n=15166)
Serum phosphate value missing
(n=7288)
Patients with serum phosphate levels
(n=7878)
Key covariates missing including
serum creatinine and lipid value
(n=312)
Loss to one-year follow-up
(n=213)
Patients included in this study
(n=7353)
Serum phosphate quartiles (mmol/L)

<0.94
(n=1828)

0.94-1.06
(n=1730)

1.06 — 1.20
(n=1904)

>1.20
(n=1891)

FIGURE 1 | Patient flow diagram. CNSR |Il, China National Stroke Registry |Il.

score of 3 to 6 [mRS score ranges from 0 (no symptoms)
to 6 (death)].

Statistical Analysis

Proportions were used to describe the categorical variables;
means with SD or median with the interquartile range (IQR)
were used for continuous variables. We used x2 test for
categorical variables; 1-way analysis of variance or Kruskal-
Wallis test were adopted for continuous variables. Univariate
and multivariable Cox regression models were performed to
estimate the association between serum phosphate and all-
cause mortality, recurrent stroke and composite end point,
with third quartile of serum phosphate as reference group
(14), while univariate and multivariable logistic regression
models were performed to estimate the association between
serum phosphate and poor functional outcome. Odds ratios
(ORs) or hazard ratios (HRs) with their 95% CIs were
reported. Variables included in the multivariable model were
selected based on baseline characteristics differences between
different quartile groups or based on previous studies. These
variables were age, sex, history of stroke, hypertension, diabetes
mellitus, hypercholesterolemia, coronary heart disease, current
or previous smoking, heavy drinker, body mass index (BMI),
National Institutes of Health Stroke Scale (NIHSS) score
at admission, hemoglobin, serum calcium, serum potassium,
serum albumin, estimated glomerular filtration rate, serum
creatinine, total cholesterol, triglycerides, mRS at discharge,
antihypertensive drugs, lipid-lowering drugs, hypoglycemia
drugs, and pneumonia during hospitalization. In addition, we
further explored the pattern of association between serum

phosphate levels and risk of stroke outcomes using a logistic
regression model with restricted cubic splines for serum
phosphate adjusting for covariates with 5 knots (at the
5th, 25th, 50th, 75th and 95th percentiles). Furthermore, C
statistics, net reclassification index, and integrated discrimination
improvement were used to evaluate the incremental prognostic
value of serum phosphate levels beyond conventional risk factors
(22). All analyses were conducted with SAS version 9.4 software
(SAS institute), and 2-tailed P-values of <0.05 were considered
to be statistically significant.

RESULTS

Baseline Characteristics

Compared to patients excluded (n = 7,813), the patients
included in this analysis were slightly older and more likely
to have diabetes history, to be a heavy drinker, and to have
lower mRS score at discharge (Supplementary Table 1). Baseline
characteristics of included patients are summarized in Table 1. Of
the total 7,353 patients, the mean age was 62.5 years, and 68.6%
were men. Patients with higher quartiles of serum phosphate
were younger, and there were more females, more patients
with history of diabetes mellitus, hypercholesterolemia while
less smokers. They also had slightly higher BMI and lower
NIHSS score. The levels of serum calcium, serum potassium,
serum albumin, eGFR, total cholesterol, low-density lipoprotein
cholesterol and triglycerides increased along with the levels of
serum phosphate, while the levels of hemoglobin and serum
creatinine decreased. History of stroke, hypertension, coronary
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TABLE 1 | Baseline characteristics of the patients according to quartiles of serum phosphate level.

Characteristics Overall Serum phosphate level, mmol/L P-value
(n =7,353)

Q1 (<0.94) Q2 (0.94-1.06) Q3 (1.06-1.20) Q4 (>1.20)

(n =1,828) (n =1,730) (n =1,904) (n =1891)
Age (mean + SD), y 62.5+11.4 64.7 £11.2 63.5+11.0 61.6+11.3 60.4 +11.6 <0.0001
Male sex, n (%) 5046 (68.6) 1488 (81.4) 1278 (73.9) 1244 (65.3) 1036 (54.8) <0.0001
Risk factors, n (%)
Previous stroke 1577 (21.5) 422 (23.1) 378 (21.9) 404 (21.2) 373 (19.7) 0.09
Hypertension 4647 (63.2) 1147 (62.8) 1090 (63.0) 1197 (62.9) 1213 (64.2) 0.80
Diabetes mellitus 1764 (24.0) 380 (20.8) 397 (23.0) 467 (24.5) 520 (27.5) <0.0001
Hypercholesterolemia 589 (8.0) 114 (6.2) 139 (8.0) 167 (8.8) 169 (8.9) 0.01
CHD 777 (10.6) 208 (11.4) 188 (10.9) 179 (9.4) 202 (10.7) 0.24
Current or previous smoking 3514 (47.8) 949 (561.9) 840 (48.6) 915 (48.1) 810 (42.8) <0.0001
Heavy drinker 1084 (14.7) 280 (15.3) 248 (14.3) 294 (15.4) 262 (13.9) 0.45
BMI (mean =+ SD) 247 £ 3.4 244 £32 246 £33 248+ 35 249+ 35 <0.0001
NIHSS score at admission, median (IQR) 3(1-6) 4(2-7) 3(1-6) 3(1-6) 3(1-6) <0.0001
Laboratory parameters, (mean + SD)
Hemoglobin, g/L 141.0+ 171 1431 £16.9 1411 £ 16.5 140.8 £ 16.5 138.9 + 18.1 <0.0001
Serum phosphate, mmol/L 1.07 £0.21 0.82 £ 0.09 1.00 £ 0.03 1.12 £0.04 1.33+£0.17 <0.0001
Serum calcium, mmol/L 2.2+ 0.1 22+0.2 22+ 01 2.3+0.1 2.3+0.1 <0.0001
Serum potassium, mmol/L 39+04 39+04 39+04 39+04 40+04 <0.0001
Serum albumin, g/L 40.5+ 4.1 401 £4.2 40.4 £4.0 40.7 £ 3.9 40.7 £ 4.4 <0.0001
Kidney function
eGFR, mL/min/1.73 m2 90.7 +£30.8 89.2 +£29.7 89.6 + 28.5 91.6+27.5 92.4 + 36.5 0.003
Serum creatinine, pmol/L 741 +28.4 75.7 £22.9 75.1 £26.0 724 £249 73.4+37.3 0.001
Lipid status (mean + SD), mmol/L
Total cholesterol 43+1.2 42+1.2 43+1.2 4.4 +13 44+£13 <0.0001
LDL cholesterol 26+ 1.1 25+1.0 26+1.0 26+1.1 27+£11 0.0001
HDL cholesterol 1.1+£03 1.1+£03 1.1+03 1.1+03 1.1+£03 0.30
Triglycerides 16+ 1.1 1.56+0.9 1.6+1.0 1.7+13 1.8+12 <0.0001
mRS score at discharge, n (%)
0-2 5977 (81.6) 1415 (77.7) 1421 (82.4) 1578 (83.2) 1563 (82.9) <0.0001
3-5 1351 (18.4) 406 (22.3) 304 (17.6) 319 (16.8) 322 (17.1)
Medication during hospitalization, n (%)
Antihypertensive drugs 3412 (46.4) 846 (46.3) 805 (46.5) 862 (45.3) 899 (47.5) 0.58
Hypoglycemia drugs 1897 (25.8) 399 (21.8) 429 (24.8) 515 (27.1) 554 (29.3) <0.0001
Lipid-lowering drugs 6964 (94.7) 1734 (94.9) 1638 (94.7) 1797 (94.4) 1795 (94.9) 0.88
Pneumonia during hospitalization 432 (5.9) 143 (7.8) 111 (6.4) 96 (5.0) 82 (4.3) <0.0001

BMI, body mass index; CHD, coronary heart disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein;
mRS, modified Rankin Scale score; NIHSS, National Institutes of Health Stroke Scale; Q, Quartiles.

heart disease, alcohol consumption, and level of high-density
lipoprotein cholesterol were not significantly different among
the quartiles.

One-year Outcomes Among Patients
Grouped by Quartiles of Serum Phosphate

The 1-year incidences of clinical outcomes are shown in Table 2.
The 1-year rates of recurrent stroke, composite endpoint and
poor functional outcome were lowest in third quartile group
(p = 0.03 for recurrent stroke; p = 0.03 for composite end
point; p < 0.0001 for poor functional outcome). There was

no significant difference in all-cause mortality among groups
(p = 0.06). In the lowest serum phosphate quartile, the incidence
rates of outcomes including all-cause mortality, recurrent stroke,
composite endpoint, and poor functional outcomes were 4.4,
10.8, 11.6, 17.6%, respectively.

Association of Serum Phosphate Levels
With Adverse Clinical Outcomes

Crude and adjusted ORs or HRs with 95% CIs of serum
phosphate levels for adverse clinical outcomes are presented
in Table 3. Compared with the third quartile of phosphate
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TABLE 2 | Rates of 1-year outcomes according to quartiles of serum phosphate level.

Serum phosphate level, mmol/L

Outcomes Overall Q1(<0.94) Q2(0.94-1.06) Q3(1.06-1.20) Q4(=>1.20) P-value
All-cause mortality, n (%) 266 (3.6) 81 (4.4) 51 (3.0) 60 (3.1) 74 (3.9) 0.06
Recurrent stroke, n (%) 674 (9.2) 197 (10.8) 155 (9.0) 154 (8.1) 168 (8.9) 0.03
Composite end point, n (%) 723(9.8) 212 (11.6) 164 (9.5) 168 (8.8) 179 (9.5) 0.03
Poor functional outcome, n (%) 1087 (14.8) 321 (17.6) 261 (15.1) 225 (11.9) 280 (14.9) <0.0001

Q, quartiles.

TABLE 3 | Association between serum phosphate level and clinical outcomes.

Unadjusted Age- and sex-adjusted Multivariable-adjustedf

OR/HR (95% CI) P-value OR/HR (95% CI) P-Value OR/HR (95% CI) P-value
All-cause mortality
Q1 (<0.94 mmol/L) 1.41 (1.01-1.97) 0.04 1.17 (0.83-1.64) 0.37 0.98 (0.67-1.42) 0.90
Q2 (0.94-1.06 mmol/L) 0.93 (0.64-1.36) 0.72 0.83 (0.57-1.20) 0.32 0.78 (0.52-1.18) 0.24
Q3 (1.06-1.20 mmol/L) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q4 (>1.20 mmol/L) 1.25(0.89-1.75) 0.21 1.32(0.94-1.87) 0.11 1.28 (0.87-1.86) 0.21
Recurrent stroke
Q1 (<0.94 mmol/L) 1.36 (1.10-1.67) 0.005 1.34 (1.08-1.66) 0.008 1.31 (1.05-1.64) 0.02
Q2 (0.94-1.06 mmol/L) 1.11(0.89-1.39) 0.35 1.10 (0.88-1.38) 0.40 1.13(0.90-1.43) 0.31
Q8 (1.06-1.20 mmol/L) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q4 (>1.20 mmol/L) 1.11 (0.89-1.38) 0.37 1.11 (0.89-1.38) 0.37 1.11 (0.88-1.40) 0.37
Composite end point
Q1 (<0.94 mmol/L) 1.34 (1.09-1.64) 0.005 1.30 (1.06-1.60) 0.01 1.26 (1.02-1.57) 0.038
Q2 (0.94-1.06 mmol/L) 1.08 (0.87-1.34) 0.49 1.06 (0.85-1.32) 0.60 1.08 (0.87-1.36) 0.48
Q8 (1.06-1.20 mmol/L) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q4 (>1.20 mmol/L) 1.08 (0.88 —1.33) 0.48 1.09 (0.88-1.34) 0.44 1.09 (0.87-1.35) 0.46
Poor functional outcome
Q1 (<0.94 mmol/L) 1.59 (1.32-1.91) <0.0001 1.42 (1.17-1.72) 0.0003 1.27 (1.01-1.61) 0.04
Q2 (0.94-1.06 mmol/L) 1.33(1.09-1.61) 0.004 1.24 (1.02-1.51) 0.038 1.24 (0.98-1.57) 0.07
Q8 (1.06-1.20 mmol/L) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q4 (>1.20 mmol/L) 1.30 (1.07-1.57) 0.007 1.36 (1.12-1.65) 0.002 1.40 (1.11-1.77) 0.005

T in multivariable analysis, adjusted variables included age, sex, history of stroke, hypertension, diabetes mellitus, hypercholesterolemia, coronary heart disease, current or previous
smoking, heavy alcohol, National Institutes of Health Stroke Scale score at admission, modified Rankin Scale score at discharge, body mass index, hemoglobin, serum calcium, serum
potassium, serum albumin, estimated glomerular filtration rate, serum creatinine, total cholesterol, triglycerides, antihypertensive drugs, lipid-lowering drugs, hypoglycemia drugs, and

pneumonia during hospitalization.
Cl, confidence interval; HR, hazard ratios; OR, odds ratios; Q, quartiles.

(1.06-1.20 mmol/L), the adjusted ORs/ HRs (95% confidence
interval) of the lowest quartile (<0.94 mmol/L) were 0.98
(0.67-1.42) for all-cause mortality, 1.31 (1.05-1.64) for stroke
recurrence, 1.26 (1.02-1.57) for composite end point, and 1.27
(1.01-1.61) for poor functional outcome, and the adjusted
ORs/HRs of the highest quartile (>1.20 mmol/L) was 1.28
(0.87-1.86) for all-cause mortality, 1.11 (0.88-1.40) for stroke
recurrence, 1.09 (0.87-1.35) for composite end point, and 1.40
(1.11-1.77) for poor functional outcome. Further analyses using
restricted cubic spline regression showed a U-shaped relationship
between serum phosphate levels and poor functional outcome
and that low serum phosphate levels were significantly associated
with increased risk of recurrent stroke and composite end
point (Figure 2).

In patients with recurrent stroke (n = 674), 64 (9.5%) patients
had hemorrhage stroke (Supplementary Table2). Analyses
for association between serum phosphate levels and 1-year
hemorrhage stroke did not show statistical significance among
groups (Supplementary Table 3).

Further analysis for association of serum phosphate levels
with one-year all-cause mortality and poor functional
outcome in patients without recurrent stroke (n = 6,679)
did not show statistical difference between serum phosphate
quartiles after adjusting for age, sex and other covariates.
(Supplementary Table 4).

We further investigated whether adding serum phosphate
to conventional risk factors improved the risk prediction of
stroke recurrence, composite endpoint and poor functional
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FIGURE 2 | Adjusted dose—response association between serum phosphate levels and adverse clinical outcomes. (A), All-cause mortality. (B), Recurrent stroke. (C),
Composite end point. (D), Poor functional outcome.

outcome (Supplementary Table 5). Adding serum phosphate Previous studies have demonstrated that both high and
to a model containing conventional risk factors significantly — low serum phosphate levels could be associated with adverse
improves risk reclassification for stroke recurrence (categorical  cardiovascular events and related mortality (5-7, 9), and

net reclassification index was 8.9%, p = 0.03), composite especially high serum phosphate received more attention (4,
end point (8.7%, p = 0.03) and poor functional outcome  23). However, the relationship between serum phosphate and
(14.3%, p < 0.001). adverse outcomes in patients with ischemic stroke has not

been elucidated. Kim et al. (15) found that there is no
DISCUSSION association between serum phosphate levels and 3-month

functional outcome in 1,034 patients with acute ischemic stroke.
In this large observational study of patients with ischemic stroke ~ Zhong et al. (14) reported a U-shape relationship between
and TIA, we found lower serum phosphate levels were associated ~ serum phosphate and all-cause mortality in 2,944 acute ischemic
with higher risk for stroke recurrence, composite end point and stroke patients, and their results indicated that lower serum
poor functional outcome after stroke, even after adjusting for ~ phosphate levels are associated with increased risk of in-
potential covariates. Besides, higher serum phosphate levels were ~ hospital all-cause mortality. Our results also showed U-shaped
associated with higher risk for poor functional outcome. Our  relationships between serum phosphate and outcomes. We found
results provide new evidence for the relationship between serum  that lower serum phosphate levels are associated with increased
phosphate levels and clinical outcomes after stroke. risk of 1-year stroke recurrence, composite end point and
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poor functional outcome, while higher serum phosphate levels
are associated with increased risk of poor functional outcome.
However, the association between serum phosphate levels and
poor functional outcome lost significance when we further
tested the relationship in patients without recurrent stroke. We
speculated that the association between serum phosphate levels
and poor functional outcome could be influenced by stroke
recurrence since patients with recurrent stroke usually have
poorer functional outcome (24).

The potential pathophysiological mechanisms about the
association between low serum phosphate and adverse outcomes
after stroke are unclear. There are several possible explanations.
Lower serum phosphate levels may affect brain vascular biology
considering phosphate as a component of cell membranes and
it is important in mediating intracellular signaling (25). In
addition, low serum phosphate is a manifestation of malnutrition
and low physical activity (10-12). Therefore, further studies are
warranted to determine whether the effect of serum phosphate on
ischemic stroke outcomes is directly or it is just a manifestation
of malnutrition in acute ischemic stroke patients. Furthermore,
low phosphate was suggested to be related with hypertension,
reduced insulin sensitivity, and metabolic syndrome (10, 26),
which might help, although not directly, explain the relationship.
More studies are needed to investigate the mechanism underlying
the relationship between low phosphate and adverse outcomes.
Previous studies considered the underlying pathological effects
of elevated phosphate on cardiovascular organs involved vascular
calcification and endothelial dysfunction (4, 27). Although
restricting dietary phosphate intake was recommended for the
benefit of cardiovascular interests (28), our results suggest that
maintaining the serum phosphate within an appropriate level,
instead of achieving a low phosphate level target, is important to
help prevent stroke recurrence, composite end point and poor
functional outcome. Further studies are needed to identify the
most appropriate range of serum phosphate level.

The study had some limitations. First, this is an observational
study. Although several important potential covariates had
been adjusted in multivariable regression models, we could not
rule out the possibility of residual confounding. For example,
we could not adjust for pre-morbid nutrition status since
our dataset did not measure pre-morbid function, nutrition
intake or “frailty.” In addition, due to the fluctuation of
serum phosphate with dietary intake, a single admission blood
sample might not be representative of the serum phosphate
profile over months and therefore interval samples depicting
serum phosphate profiles are needed to clarify the relationship
in the future study. Second, serum phosphate testing was
performed at each study site. However, the results would be
comparable because the same method based on the formation
of ammonium phosphomolybdate using unfrozen samples was
employed. Third, given that we excluded patients lacking serum
phosphate value which partly depends on the clinical practice at
individual participating hospitals, key covariate value and follow-
up information, the selection bias might occur. Fourth, although
the metabolism between serum phosphate and other serum
electrolytes was closely related, due to that a large proportion
of centers in our cohort did not test these variables such as

serum magnesium routinely, we cannot further adjust for these
variables. Finally, our study focused on Chinese population and
the results might not be generalized to other populations with
ischemic stroke.

CONCLUSIONS

In summary, in patients with ischemic stroke and TIA, low serum
phosphate levels were associated with increased risk of stroke
recurrence, composite end point and poor functional outcome
while high serum phosphate levels were associated with increased
risk of poor functional outcome. Serum phosphate might serve as
a predictor for stroke outcomes after ischemic stroke.
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Background: The relationship between glycosylated hemoglobin (HbA1c) and
prognosis of spontaneous intracerebral hemorrhage (SICH) patients has not been fully
elucidated. This study aimed to reveal the relationship between HbA1c levels and
short-term mortality after patient admission with SICH.

Methods: It was a large-scale, multicenter, cross-sectional study. From August 1, 2015,
to July 31, 2019, a total of 41910 SICH patients were included in the study from the
Chinese Stroke Center Alliance (CSCA) program. Finally, we comprehensively analyzed
the data from 21,116 patients with SICH. HbA1c was categorized into four groups by
quartile. Univariate and multivariate logistic regression analyses were used to assess the
association between HbA1c levels and short-term mortality in SICH patients.

Results: The average age of the 21,116 patients was 62.8 + 13.2 years; 13,052
(61.8%) of them were male, and 507 (2.4%) of them died. Compared to the higher
three quartiles of HoA1c, the lowest quartile (<5.10%) had higher short-term mortality. In
subgroup analysis with or without diabetes mellitus (DM) patients, the mortality of the Q3
group at 5.60-6.10% was significantly lower than that of the Q1 group at <5.10%. After
adjustment for potential influencing factors, the ROC curve of HbA1c can better predict
the short-term mortality of patients with SICH (AUC = 0.6286 P < 0.001).

Conclusions: Therefore, we concluded that low or extremely low HbA1c levels
(<5.10%) after stroke were associated with higher short-term mortality in SICH patients,
with or without DM.

Keywords: HbA1c, glucose, diabetes, intracerebral hemorrhage, mortality

INTRODUCTION

Spontaneous intracerebral hemorrhage (SICH) accounts for 20-30% of all strokes. As a disabling
type of stroke with poor prognosis, SICH contributes to an increase in the global burden of the
disease (1, 2). The 30-day mortality rate of ICH was 35-52% (3). Half of the deaths occurred in the
acute phase, especially in the first 2 days (4, 5).
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Data from several studies suggested that hyperglycemia
is associated with severe neurological impairment and poor
prognosis in SICH patients (6-14). It is recommended that
blood glucose levels should be measured and closely monitored
to avoid hyperglycemia (15). However, in patients with SICH
(16-18), subarachnoid hemorrhage (19), and ischemic stroke
(20), early intensive insulin hypoglycemic therapy did not
improve functional prognosis. Recent studies demonstrated that
hyperglycemia is only the result of severe nervous system
damage, which may be caused by a stress response, mainly
adrenergic stress, and relative insulin deficiency (21, 22). Thus,
it suggests that blood glucose level measured after the onset of
SICH is not an ideal prognostic indicator for stroke patients.
In contrast, glycosylated hemoglobin (HbAlc) is a measure of
average blood glucose across 2-3 months before stroke. HbAlc
possesses a high stability than random blood glucose after stroke,
without the need to be measured or compared in a specific time
(23, 24). Therefore, HbAlc could be considered as a potential
biomarker for the prognosis of SICH. Some studies revealed
that HbAlc is a better predictor of adverse outcomes in patients
with SICH (25-27). However, a study showed that HbAlc is not
associated with clinical outcome in patients with SICH (28). The
relationship between HbA1c and the prognosis of SICH patients
is not yet fully elucidated.

Therefore, our study aimed to investigate the relationship
between HbA1clevels and short-term mortality in SICH patients.

METHODS

Study Population
From August 1, 2015, to July 31, 2019, a total of 1,006,798 patients
diagnosed with cerebral hemorrhage, subarachnoid hemorrhage,
acute ischemic stroke, or transient ischemic attack were included
in the Chinese Stroke Center Alliance (CSCA) program. The
patients were over 18 years old within 7 days of symptom
onset. In the CSCA program, there was no follow-up after
discharge, and only in-hospital information was recorded. We
comprehensively analyzed the data from SICH patients enrolled
in the CSCA. We included all the SICH patients. Spontaneous
intracerebral hemorrhage refers to intracerebral hemorrhage
caused by spontaneous rupture of the cerebral artery, vein, and
capillary, excluding traumatic cerebral hemorrhage. We excluded
patients with (1) history of previous stroke events; (2) history of
abnormal liver function and renal function; (3) bleeding history
or tendency; (4) lack data of death; and (5) lack data of HbAlc.
The study was conducted in accordance with guidelines from
the Helsinki Declaration. All participating hospitals of CSCA had
the right to collect data without informed consent of patients or
a waiver of authorization and exemption from their institutional
review board.

Clinical Information
During the hospital admission of the selected patients for this
study, the following information was collected: demographic

in CSCA

41910 patients with SICH

16480 Excluded
16457 history of previous stroke

> events

23 Abnormal liver or renal function
and bleeding history or tendency

Eligible 25430 patients

4314 Excluded
65  Lack data of death

A4

> 4249 Lack data of HbAlc

Enrolled 21116 patients

| :

) ,

HbAlc level HbAlc level
< 5.10% 5.10-5.60%
(N=5691) (N=5641)

HbAlc level HbAlc level
5.60-6.10% = 6.10%
(N=4825) (N=4959)

FIGURE 1 | Study population flowchart.
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information, medical history [atrial fibrillation, coronary heart
disease, hypertension, diabetes mellitus, dyslipidemia, peripheral
vascular disease, chronic obstructive pulmonary disease (COPD),
drinking, smoking, body mass index (BMI), medication history
(hypotension, hypoglycemia, anticoagulation, antiplatelet agent),
systolic blood pressure (SBP), and diastolic blood pressure
(DBP)]. A history of diabetes is defined as a patient who was
definitely diagnosed with diabetes before admission.

Baseline Neurological Assessment

The Glasgow Coma Scale (GCS) and National Institutes of Health
Stroke Scale (NIHSS) were used to assess neurological deficit at
admission. The GCS score was divided into mild coma (13-15)
or moderate to severe coma (<12). The NTHSS score was divided
into mild to moderate disability (<16) or severe disability (>16).

Laboratory Examinations

Venous blood was collected in a vacuum EDTA collection
tube, and plasma was separated. HbAlc was assessed within
7 days after admission. Patients with SICH were divided into
four groups according to the quartile of HbAlc: Q1, HbAlc
<5.10%; Q2, HbAlc 5.10-5.60%; Q3, HbAlc 5.60-6.10%; and
Q4, HbAlc >6.10%. The quartile was based on the data available
in the study. There were significant differences in HbAlc levels
among different quartile groups. Compared with the previously
published data, the quartile level of HbAlc determined in this
study is generally low.

Other laboratory tests, including FBG, bun, creatinine, low-
density lipoprotein cholesterol (LDL-C), serum homocysteine
(HCY), and international normalized ratio (INR) were
also collected.

Clinical Outcomes

We analyzed the relationship between HbAlc levels and adverse
outcome in patients with SICH. Adverse outcomes were defined
as death during hospitalization.

Statistical Analysis

Continuous variables were expressed as mean =+ standard
deviation; categorical variables were presented as count
(percentage). The median and quartile range expressed ordinal
variables. Group differences were analyzed by the independent
sample t-test or the Mann-Whitney U-test for continuous
variables and by the chi-squared test for categorical variables.
Logistic regression was used to analyze the relationship between
different glycosylated hemoglobin levels and short-term
mortality. The receiver operating characteristic (ROC) curve
was used to evaluate the prognostic value of HbAlc. Sensitivity
analysis was used to estimate the effects of potential unmeasured
or uncontrolled confounding variables. First, we coded patients
who lacked the NIHSS score or GCS score. Then, we analyzed
patients with SICH who had NIHSS and GCS scores to determine
if the results were similar. Odds ratios (ORs) and 95% confidence
interval (95% CI) were expressed for the results and probability
values. A two-sided value of P < 0.05 was considered statistically

TABLE 1 | Baseline characteristics of SICH patients according to HbA1c quartiles.

Variables Q1: <5.10% (N = 5,691) Q2:5.10-5.60% (N = 5,641) Q3:5.60-6.10% (N =4,825) Q4: >6.10% (N =4,959)  P-value
Age, years 61.1+£13.7 62.5+13.4 63.8+12.8 640+ 12.4 <0.001
Male 3,621 (63.6) 3,566 (63.2) 2,951 (61.2) 2,914 (58.8) <0.001
BMI 23.7 £ 5.0 23.7 +3.8 23.8 +3.7 243+5.2 <0.001
Systolic BP (mmHg) 163.4 +£29.4 164.0 £27.9 164.0 £ 28.2 164.5 +28.8 0.102

Diastolic BP (mmHg) 95.4 +17.3 95.0 +17.1 94.2 + 16.8 94.0 £ 171 <0.001
Atrial fibrillation 70 (1.2) 87 (1.5) 102 (2.1) 118 (2.4) <0.001
Myocardial infarction 41 (0.7) 40 (0.7) 49 (1.0) 70 (1.4) <0.001
Hypertension 3,567 (62.7) 3,620 (64.2) 3,145 (65.2) 3,534 (71.3) <0.001
Diabetes mellitus 150 (2.6) 114 (2.0) 201 (4.2) 1,498 (30.2) <0.001
Dyslipidemia 151 (2.7) 125 (2.2) 129 (2.7) 260 (5.2) <0.001
Peripheral vascular disorder 25(0.4) 29 (0.5) 25 (0.5) 52 (1.0) 0.001

COPD 72 (1.3) 87 (1.5) 77 (1.6) 89 (1.8) 0.168

Antiplatelet 180 (3.2) 188 (3.3) 186 (3.9) 271 (5.5) <0.001
Anticoagulation 76 (1.3) 69 (1.2) 53 (1.1) 81 (1.6) 0.009

Antihypertensive 2,098 (36.9) 2,208 (39.1) 1,982 (41.1) 2,447 (49.3) <0.001
Diabetic medication 101 (1.8) 68 (1.2) 132 (2.7) 1,099 (22.2) <0.001
Current smoking 1,263 (22.2) 1,304 (23.1) 975 (20.2) 884 (17.8) <0.001
drinking 1,628 (26.8) 1,518 (26.9) 1,176 (24.4) 1,183 (23.9) <0.001
NIHSS 6.0 (2.0-12.0) 6.0 (2.0-12.0) 5.0 (2.0-12.0) 6.0 (2.0-14.0) <0.001
GCS 13.0 (7.0-15.0) 14.0 (8.0-15.0) 14.0 (8.0-15.0) 13.0(7.0-15.0) <0.001
Hypoglycemic treatment 114 (2.0) 87 (1.5) 158 (8.3) 1,685 (32.0) <0.001

Continuous variables were expressed as mean + SD; categories variables were expressed as n (%). BMI, body mass index; COPD, chronic obstructive pulmonary disease; NIHSS,
National Institutes of Health Stroke Scale; GCS, Glasgow Coma Scale. Proportion of NIHSS missing (39.8, 38.0, 39.3, and 40.4%). Proportion of GCS missing (47, 46.4, 46, and 48.5%).

Frontiers in Neurology | www.frontiersin.org 51

April 2021 | Volume 12 | Article 648907


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Luetal.

Glycosylated Hemoglobin and Short-Term Mortality

significant. All statistical analyses were performed using SAS
software, version 9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Baseline Characteristics

From August 1, 2015, to July 31, 2019, a total of 41,910 SICH
patients were included in the study from the CSCA program.
We excluded patients with history of previous stroke events,
abnormal liver function, renal function, and bleeding history or
tendency. A total of 25,430 patients with SICH were enrolled,

TABLE 2 | Baseline characteristics between valid and missing HoA1c.

Variables Missing Valid P-value
(N = 4,244) (N =21,116)

Age, years 61.7 £ 13.6 62.8 +13.2 <0.001
Male 2,619 (61.7) 13,052 (61.8) 0.902
BMI 23.8+4.8 23.9+45 0.638
Systolic BP (mmHg) 163.3 £30.7 163.9 + 28.6 0.021
Diastolic BP (mmHg) 949 +17.5 94.7 £17.1 0.381
Atrial fibrillation 67 (1.6) 377 (1.8) 0.359
Myocardial infarction 47 (1.1) 200 (0.9) 0.608
Hypertension 2,607 (61.4) 13,866 (65.7) <0.001
Diabetes mellitus 205 (4.8) 1,963 (9.3) <0.001
Dyslipidemia 90 (2.1) 665 (3.1) 0.002
Peripheral vascular 17 (0.4) 131 (0.6) 0.125
disorder

COPD 61(1.4) 325 (1.5) 0.621
Antiplatelet 104 (2.5) 825 (3.9) <0.001
Anticoagulation 50 (1.2) 279 (1.3) 0.281
Antihypertensive 1,536 (36.2) 8,735 (41.4) <0.001
Diabetic medication 148 (3.5) 1,400 (6.6) <0.001
Current smoking 952 (22.4) 4,426 (21.0) <0.001
Drinking 1,044 (24.6) 5,405 (25.6) 0.394
NIHSS 7.0 (38.0-14.0) 6.0 (2.0-12.0) <0.001
GCS 13.0 (7.0-15.0) 13.0 (8.0-15.0) 0.002
Hypoglycemic treatment 162 (3.8) 1,944 (9.2) <0.001

Continuous variables were expressed as mean + SD; categories variables were expressed
as n (%). BMI, body mass index; COPD, chronic obstructive pulmonary disease; NIHSS,
National Institutes of Health Stroke Scale; GCS, Glasgow Coma Scale; NIHSS and GCS
in valid data of HbA1c were partially missing (39.3 and 47.0%).

and 21,116 (83.0%) patients of them had valid data of HbAlc
and death while the data for others were missing (Figure 1).
The average age of the patients having valid data was 62.8 +
13.2 years; 13,087 (61.8%) of them were male, and 507 (2.4%)
of them died. Age, atrial fibrillation, myocardial infarction,
hypertension, diabetes, and hyperlipidemia in patients with
HbAlc stratification of >6.10% were larger than in patients
with HbAlc stratification of <5.10%. With regard to sex, the
highest quartile group presented relatively few males. Patients
with higher HbAlc levels were less likely to drink or smoke
and more likely to be obese. Tablel shows the baseline
characteristics of 21,116 patients with different HbAlc levels.
Due to the missing HbAlc in more than 15%, a comparison of
baseline characteristics between valid and missing HbAlcs was
conducted. This comparison revealed significant differences in
GCS and NIHSS scores between valid and missing HbAlc. We
observed that GCS was relatively low and NIHSS was relatively
high in the group lacking HbA1lc data (Table 2).

Logistic Regression Analysis

Among the patients with different HbAlc levels, the univariate
logistic regression analysis showed that in the HbAlc
stratification of 5.10-5.60% and 5.60-6.10% of patients, the
short-term mortality rate after admission was drastically lower
than that of patients in the <5.10% group (OR respectively 0.74
95% CI P = 0.014 and 0.66 95% CI P = 0.002). However, no
significant association was found in the >6.10% group compared
with the <5.10% group (OR: 1.15 95% CI, P = 0.244). The
results were consistent after the imbalance factors were adjusted
(Table 3).

Subgroup Analysis

A stratified analysis of the association between HbA1c levels and
short-term mortality after admission in patients of SICH with or
without DM was performed. In univariate analysis of the patients
with DM, a significant difference of the short-term mortality
was found in the 5.60-6.10% group compared with the <5.10%
group (P > 0.05). However, there was no significant correlation
between HbAlc 5.10-5.60% and >6.10% groups compared with
the <5.10% (P > 0.05) group. In the patients without DM, there
was a significant correlation between the HbAlc 5.10-5.60% and
5.60-6.10% groups compared with <5.10% (P < 0.05). However,
compared with the <5.10% group, no significant association was

TABLE 3 | Association between HbA1c quartiles with mortality after intracerebral hemorrhage.

HbA1c N Death, n (%) Univariate analysis Multivariate analysis*
P-value OR (95%Cl) P-value aOR (95%Cl)

<5.10% 5,691 154 (2.71) - -

5.10-5.60% 5,641 113 (2.00) 0.014 0.74 (0.568-0.94) 0.006 0.70 (0.55-0.90)

5.60-6.10% 4,825 87 (1.80) 0.002 0.66 (0.51-0.86) 0.001 0.63 (0.48-0.83)

>6.10% 4,959 153 (3.09) 0.244 1.15(0.91-1.44) 0.925 0.99 (0.77-1.27)

The multivariate model* was adjusted for age, sex, BMI, diastolic blood pressure, atrial fibrillation, myocardial infarction, hypertension history, diabetes history, lipid metabolism disorder,
peripheral vascular disease, antiplatelet drugs, antihypertensive drugs, hypoglycemic drugs, smoking history, drinking history, and hypoglycemic therapy after the onset of the disease.

GCS and NIHSS are not included.
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aOR (95%Cl)
0.73 (0.57-0.95)
0.68 (0.51-0.89)
1.03 (0.79-1.35)

Multivariate analysis*

P-value
0.017
0.005
0.812

Non-DM

OR (95%Cl)
0.76 (0.59-0.98)
0.70 (0.53-0.91)
1.11 (0.86-1.43)

Univariate analysis

P-value
0.034
0.009
0.438

145 (2.62)
111 (2.01)
85 (1.84)
100 (2.89)

Death, n (%)
5,541
5,527
4,624
3,461

aOR (95%Cl)
0.28 (0.06-1.35)
0.13 (0.03-0.64)
0.50 (0.24-1.07)

Multivariate analysis*

P-value
0.112
0.012
0.074

DM

OR (95%Cl)
0.28 (0.06-1.32)
0.16 (0.03-0.74)
0.58 (0.28-1.19)

Univariate analysis

P-value
0.108
0.019
0.136

Death, n (%)
9 (6.00)
2(1.75)

2 (1,00)
53 (3.54)

50
114
201

1,498

1

The multivariate model* was adjusted for age, male, BMI, diastolic blood pressure, atrial fibrillation, myocardial infarction, hypertension history, diabetes history, lipid metabolism disorder, peripheral vascular disease, antiplatelet drugs,

antihypertensive drugs, hypoglycemic drugs, smoking history, drinking history, and hypoglycemic therapy after the onset of the disease. GCS and NIHSS are not included.

TABLE 4 | Stratified analysis of association between HbA1c levels and short-term mortality after admission in patients of SICH with or without DM.

HbA1c
<5.10%
5.10-5.60%
5.60-6.10%
>6.10%

found in the >6.10% group (P > 0.05). The conclusions were
consistent after adjusting the imbalance factors (Table 4).

The ROC Curve

The AUC was 0.5596 (P < 0.001). In addition, the ROC curve of
HbAlc combined with age, male, BMI, diastolic blood pressure,
atrial fibrillation, myocardial infarction, hypertension history,
diabetes history, lipid metabolism disorder, peripheral vascular
disease, antiplatelet drugs, antihypertensive drugs, hypoglycemic
drugs, smoking history, drinking history, NIHSS score, GCS, and
hypoglycemic therapy after the onset of the disease can better
predict the short-term mortality of patients with SICH (AUC =
0.6286 P < 0.001).

DISCUSSION

In this large, multicenter, cross-sectional study, we concluded
that low or extremely low HbAlc after the stroke is associated
with higher short-term mortality after SICH, regardless of
whether patients have DM or not.

In accordance with the present results, previous studies
have shown that very low HbAlc (<5.0 or <4.0%) is an
independent risk factor for all-cause mortality (29, 30). The
mechanism between low or very low HbAlc and higher short-
term mortality after SICH has not been fully elucidated, which
will be speculated as follows. Accounting for 20% of the total
body energy consumption, brain energy consumption is mainly
through sugar to provide energy. In light of the limited energy
storage material, it is easy to be affected by the decrease
of substrate supply (31). The increase of blood glucose is
regulated by glucagon, adrenaline, and other hormones, of which
glucagon and epinephrine mainly act on the liver, promoting the
decomposition of liver glycogen into the blood and increasing the
gluconeogenesis. Low HbAlc represents that the blood glucose
level before stroke is at a low level for a long time, which
transfers the blood glucose threshold of adrenaline to a low
plasma glucose level, reducing the response level of elevated
blood glucose and slowing the response of glucagon (32). It may
lead to “brain energy crisis” (18, 33-35) when SICH occurs in
this group of people by virtue of the low blood glucose threshold
of adrenaline and the slow response of glucagon, hereby resulting
in the increase of brain anaerobic metabolism and increasing the
short-term mortality. It is found that the metabolic demand is
the highest on the third day of intracranial injury (36, 37). If
the patient has liver fibrosis or cirrhosis at the same time, the
ability of the liver to regulate glucose will be affected. In this
case, intrahepatic gluconeogenesis and glycogen decomposition
will be further reduced, which will aggravate intracranial glucose
deficiency. At the same time, the levels of procoagulant factor
and anticoagulant factor were decreased and vitamin K was
deficient in patients with abnormal liver function, which may
generate larger hematoma volume and higher risk of rebleeding
for patients with SICH.

Low or extremely low HbA 1c after stroke may be related to the
following aspects. To begin with, low or extremely low HbAlc
may be associated with potential liver disease (38). Although we
excluded patients with a history of liver dysfunction that had been
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diagnosed before admission, potential liver dysfunction or liver
vulnerability may exist in the included population. Additionally,
a very low HbAlc level may indicate the long-term weakness
and malnutrition before the onset of SICH. Finally, long-term
intensive glycemic control may be about low or extremely low
HbA1lc after SICH. Regular health monitoring should be carried
out for people with low or very low HbAlc levels, and the causes
of abnormal HbA ¢ levels should be identified. HbAlc detection
at least twice a year is recommended for patients with high risk
of ICH, which may benefit them with early intervention. Early
intervention refers to the following: (1) It is needed to improve
the liver function examination early, being alert for potential liver
dysfunction. On the basis of other studies, it has been shown that
there is a lag in the increase of liver enzymes after liver function
injury. Albumin dysfunction can be adopted as a new potential
indicator of liver function injury (39). (2) We should look for
malabsorption problems such as eating disorders or celiac disease
to improve the nutritional status. (3) Being alert for severe
hypoglycemia, we attempt to use appropriate antidiabetic drugs
for individualized treatment. Previous randomized controlled
trials revealed that intensive glycemic control does not reduce
the cardiovascular risk in patients with diabetes (40-42).
Meanwhile, strict glycemic control increased the risk of severe
hypoglycemia, and the incidence of severe hypoglycemia events
related to intensive treatment was two to three times higher
than that of the non-intensive treatment group (43-45). From
this point of view, long-term blood glucose should not be
overcontrolled in diabetic patients with a high risk of SICH
(46). Likewise, routine monitoring and routine HbAlc detection
at admission are of great significance for patients with SICH
to possibly prevent severe damage. At 3 months, the blood
glucose threshold of symptoms and neuroendocrine response
returned to normal with the recovery of glucagon response
(47). For SICH patients with a low HbAlc level, it may
be necessary to ensure enough brain energy and actively
give non-surgical interventions including hypertonic drugs,
antihypertensive drugs, and surgical interventions such as
craniotomy or minimally invasive surgery (MIS).

HbAlc is a biomarker used to monitor blood glucose, which
can evaluate the average blood glucose status within 2 to 3
months. Compared with other diabetes detection (such as fasting
blood glucose or glucose tolerance test), HbAlc measurement
does not need fasting, has high stability, is less affected by
acute physiological disorders, and is more convenient for clinical
application (23, 24). Some studies have shown that HbAlc is
related to poor prognosis in patients with SICH (48, 49). These
results are consistent with earlier studies indicating that patients
with newly diagnosed diabetes based on the HbA1lc criteria have
a poor long-term prognosis after acute cerebral hemorrhage (50).
Small cohort studies suggested that HbA1lc is a better predictor of
adverse outcomes in patients with SICH (25-27). Besides, HbAlc
can better predict the symptomatic hemorrhagic transformation
of acute ischemic stroke after thrombolysis (26, 51). These
findings support the results of a large cohort study showing a
J-type relationship between HbAlc and the risk of SICH. The
lowest risk observed in HbAlc was 6.5% (52). Taken together,
HbAlc levels might affect the incidence and prognosis of an

acute cerebral hemorrhage, which is consistent with our findings.
However, our outcome is contrary to a previous study showing
that HbAlc was not associated with clinical outcome in patients
with SICH (28).

At the same time, our study showed that when HbAlc
was 5.60-6.10%, compared with patients without DM, DM
patients with reasonable pre-stroke glycemic control had a lower
mortality rate after SICH, but there was no statistical difference
(1.00 vs. 1.84%, p = 0.543). This positive relationship could
be linked to speculations that basement membrane thickening
and endothelial cell proliferation caused by long-term diabetes
before stroke reduce the risk of rebleeding after cerebral vascular
rupture. In diabetic patients, increased levels of coagulation
and plasminogen activator inhibitors are associated with the
decreased fibrinolytic activity, as well as reduced bleeding volume
and risk of rebleeding (53). However, this evidence contradicts
previous studies that diabetes is a predictor of poor outcome after
SICH (7, 54, 55).

There are several limitations in our current research. First
of all, there is no follow-up data in this study, so long-term
prognosis data are not available. At the same time, there were no
imaging data and blood samples. The volume and location of the
hematoma were not recorded. Secondly, in this study, patients
without or with HbAlc measurement presented major baseline
differences (Table 1). At the same time, the correlation between
HbAlc and mortality was not statistically significant in the
sensitivity analysis among patients with GCS and NIHSS scores
(full details are given in Appendices 1,2). The reason may be
that patients with missing values have more severe neurological
deficits and higher mortality, leading to possible selection bias.

CONCLUSION

In summary, this study mainly discusses the effect of low HbAlc
on the prognosis of patients with SICH and expounds the possible
mechanism. This study demonstrates that low or extremely low
HbAlc is proportionally related to higher short-term mortality
after SICH, regardless of whether patients have DM or not.
Low or extremely low HbAlc may be associated with liver
disease, long-term malnutrition, and excessive glycemic control
in diabetes. It is very important for clinical decision-making to
find the cause of low or extremely low HbAlc. These findings
and their clinical significance need to be evaluated by future
randomized clinical trials.
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Background: The inverse association between obesity and outcome in stroke patients
(known as the obesity paradox) has been widely reported, yet mechanistic details
explaining the paradox are limited. The triglyceride glucose (TYG) index has been
proposed as a marker of insulin resistance. We sought to explore possible associations
of the TYG index, body mass index (BMI), and stroke outcome.

Methods: \We identified 12,964 ischemic stroke patients without a history of diabetes
mellitus from the China National Stroke Registry and classified patients as either
low/normal weight, defined as a BMI < 25 kg/m?, or overweight/obese, defined as a
BMI > 25 kg/m2. We calculated TYG index and based on which the patients were
divided into four groups. A Cox or logistic regression model was used to evaluate the
association between BMI and TYG index and its influence on stroke outcomes, including
stroke recurrence all-cause mortality and poor outcome (modified Rankin Scale score of
3-6) at 12 months.

Results: Among the patients, 63.3% were male, and 36.7% were female, and the
mean age of the patient cohort was 64.8 years old. The median TYG index was
8.62 (interquartile range, 8.25-9.05). After adjusting for multiple potential covariates,
the all-cause mortality of overweight/obese patients was significantly lower than that
of the low/normal weight patients (6.17 vs. 9.32%; adjusted hazard ratio, 0.847; 95%
Cl 0.732-0.981). The difference in mortality in overweight/obese and low/normal weight
patients with ischemic stroke was not associated with TYG index, and no association
between BMI and TYG index was found.

Conclusion: Overweight/obese patients with ischemic stroke have better survival than
patients with low/normal weight. The association of BMI and stroke outcome is not
changed by TYG index.

Keywords: triglyceride glucose index, stroke, prognosis, body mass index, insulin resistance 3
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TYG Index, BMI, and Stroke Prognosis

INTRODUCTION

Stroke is a leading cause of death and disability worldwide
(1). Obesity is known to raise the risk of stroke (2). However,
numerous reports have shown an inverse association between
obesity and outcome in stroke patients, which is in contrast to the
general population and is known as the stroke-obesity paradox
(3-5). Although it is unknown if the stroke-obesity paradox is
related to insulin sensitivity/resistance (IR), IR has been theorized
to contribute to this phenomenon (6).

IR is a physiologic state in which a normal amount of insulin
produces a subnormal physiologic response (7). IR is closely
associated with obesity (8) and is an independent risk factor
for mortality and major disability after stroke (9-11). Several
mechanisms have been proposed to explain this association,
including enhanced local inflammatory and prothrombotic
responses and accelerated atherosclerotic development (12).
The gold standard for measuring IR is the euglycemic
hyperinsulinemia clamp (13). However, this method is difficult
to apply in large population studies and clinical settings because
of its costly, time-consuming and complex nature. In response to
this limitation, large-scale epidemiological studies have resorted
to the homeostasis model assessment of IR (HOMA-IR) index
(9, 14), while the application of HOMR-IR is limited by the need
for the fasting immunoreactive insulin.

A potential surrogate method of measuring IR has been
developed, known as the triglyceride glucose (TYG) index (15).
TYG index can be used in large-scale observational and/or
interventional cohorts by comparing with the hyperinsulinemia-
euglycemic clamp (16). Previous studies have shown that TYG
index is positively correlated with ischemic stroke, and ischemic
stroke patients with a high TYG index have a higher risk of dying
or poorer outcome (17). Therefore, the aim of our study is to
evaluate if the association between body mass index (BMI) and
stroke outcomes is modified by TYG index.

METHODS

Study Population

Launched in 2012 by the Chinese Ministry of Health, the China
National Stroke Registry IT (CNSR 1II) is a prospective cohort
study conducted nationwide aimed at establishing a reliable
national stroke database for evaluating stroke care delivery in
clinical practice (18). The criteria for site selection in China
National Stroke Registry I (CNSR I) have been previously
published (19) and were replicated in the CNSR II study.
Patient’s included in the study must have met the following
criteria: age > 18 years old, diagnosed within 7 days of
the index event of ischemic stroke, transient ischemic attack
(TIA), spontaneous intracerebral hemorrhage, or subarachnoid
hemorrhage confirmed by brain imaging, or direct hospital
admission from a physician’s clinic or emergency department. Of
the 25,018 patients in the CNSR 1I, 15,544 were diagnosed with
ischemic stroke without a history of diabetes mellitus. Ultimately,
12,964 were analyzed after excluding patients without necessary
clinical data including weight, height, fasting triglyceride or

fasting glucose at admission (n = 848), as well as those who were
lost to follow-up at 12 months (n = 1,732; Figure 1).

The study was approved by the central Institutional Review
Board at Beijing Tiantan Hospital and prior to the enrollment, all
patients were provided written informed consent.

Data Collection and Management

Patient baseline data were collected by trained research
coordinators at each study center including basic patient
characteristics, laboratory data, vascular risk factors, prior
diagnoses and treatments. Vascular risk factors included
stroke history, diabetes mellitus, hypertension, coronary
heart disease, atrial fibrillation and prior/current smoking
history. Past medication history included antihypertensive,
antiplatelet ~ drugs, anticoagulation, lipid-lowing, and
hypoglycemic drugs.

BMI was measured by trained nurses at each clinical center
at the time of patient enrollment. The delineation between
low/normal and overweight/obese patients was set at 25 kg/m?,
based on World Health Organization standards (20). Fasting
blood samples were collected for all participants within 24 h of
admission. Using an automated enzymatic method, triglyceride
and glucose levels were tested at each research center. TYG
index was calculated as In[fasting triglycerides (mg/dl) x fasting
glucose (mg/dl)/2] (21).

Patient Follow-Up and Outcome

Assessment

The primary outcomes of this study were stroke recurrence,
all-cause mortality, and modified Rankin Scale (mRS) score,
which were obtained by trained research coordinators that
were blinded to the patients’ baseline characteristics. Instances
of recurrent stroke included ischemic stroke, intracranial
hemorrhage, and subarachnoid hemorrhage. Poor functional
outcomes were defined as a modified Rankin Scale score
of 3-6. Modified Rankin Scale scores range from 0 (no
symptoms) to 6 (death). At 3, 6, and 12 months after stroke,
trained research personnel contacted patients by telephone
following standard scripts, and collect information on death,
stroke recurrence, and disability. During the follow-up,
to ensure reliable diagnosis, stroke recurrences associated
with rehospitalization were sourced to the corresponding
hospitals. Adjudication was performed by the research
coordinators together with the principal investigator in
case of a suspected recurrent cerebrovascular event without
hospitalization. Follow-up procedures for this study performed
as previously described (22).

Statistical Analysis

Continuous variables are presented as mean =+ standard
deviation or median with interquartile range (IQR). Categorical
variables are presented as frequencies and percentages. We used
a student’s t-test to compare groups with normally distributed
parameters, a Wilcoxon test for non-normally distributed
parameters, and a x? test for categorical variables. A Cox
proportional hazard analysis was conducted to estimate the
hazard ratio (HR) and the 95% confidence interval (CI) of death
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FIGURE 1 | Patients selection flow diagram.
and stroke recurrence. Odds ratios (OR) with 95% CIs were RESULTS

calculated for poor functional outcomes at 12 months and were
estimated using a logistic regression model. Adjusted variables
for HR with 95% CIs were sex, age, NIHSS score at admission,
IV thrombolytic administration, prior/current smoking history,
medical history (i.e., myocardial infarction, atrial fibrillation,
hypertension, hyperlipidemia), medications (from the previously
listed categories), and laboratory examination (i.e., total
cholesterol, high density lipoprotein, low density lipoprotein).
The impact of BMI and IR status on the risk of developing
poor outcomes was also tested using Cox or logistic regressions.
Kaplan-Meier analyses were used to assess survival from time
of initial diagnosis until stroke recurrence during the 12-month
follow-up period and a log-rank test was used to compare groups.
We also examined the potential impact of age on the association
between BMI and outcomes by separating patients into two
groups using a cutoff of >65 years old. We assessed interactions
between weight status in each age category using weight status x
age category in multivariable models.

Statistical analyses were performed using SAS software
(version 9.4, SAS Institute Inc, Cary, NC). Results were deemed
statistically significant at a two-sided (p < 0.05).

Baseline Patient Characteristics

Twelve thousand nine hundred sixty-four patients were included
in the study, with an average age of 64.83 £ 12.2 years old and
the gender distribution was 65.17% male and 34.83% female.
The median TYG index was 8.62 (IQR, 8.25-9.05). We separated
patients into four groups based on TYG index. Other baseline
patient characteristics are summarized in Table 1. In comparing
to low/normal patients, obese/overweight patients were typically
younger, more likely to have a history of hypertension and
received the treatment for hypertension prior to admission.
Within the overweight/obese cohort, patients with a high TYG
index were more likely to have a history of hyperlipidemia.
Significant differences in the sex, NIHSS score, and history of
anticoagulation therapy were also observed within groups.

Association of BMI With Outcome

One thousand seventy-nine patients died in the 12 months
following their initial stroke occurrence, including 832 (9.32%)
overweight/obese and 247 (6.12%) low/normal weight patients.
The prognosis of patients with ischemic stroke at 12 months in
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TABLE 1 | Baseline characteristics of patients stratified by TYG index and BMI status.

Characteristic

TYG Q1(n = 3,237)

TYG Q2(n = 3,245)

TYG Q3(n = 3,236)

TYG Q4(n = 3,246)

BMI<25 BMI>25 P-value BMI<25 BMI>25 P-value BMI<25 BMI>25 P-value BMI<25 BMI>25 P-value
kg/m? kg/m? kg/m? kg/m? kg/m? kg/m? kg/m? kg/m?
Age (years) mean £+ SD 68.28 + 64.70 + < 0.0001 66.32 + 11.8 64.21 + < 0.0001 65.19 + 61.83 + < 0.0001 634111 61.0+11.4 < 0.0001
12.09 13.08 12.44 12.01 11.83
Male, n (%) 1,836 (70.79) 425 (65.38) 0.0055 783 (33.66) 353 (38.41) 0.0106 1,338 (64.36) 772 (62.40) 0.2678 1204 (62.22) 814 (62.09) 0.9392
NHISS score median (IQR) 4 (2-7) 3.5 (2-6) 0.0043 4 (2-7) 4 (2-6) 0.4723 4 (2-7) (2-6) 0.0557 4 (2-7) 42 0.0029
thrombolysis (%) 54 (2.09) 3(0.46) 0.0048 36 (1.55) 5(1.63) 0.8616 19 (0.91) 26 (2.25) 0.0019 35 (1.81) 4(1.07) 0.0894
Prior/current smoker (%) 1,257 (48.59) 302 (46.46) 0.3318 1,070 (46.00) 387 (42.11) 0.0447 984 (47.33) 521 (45.03) 0.2086 887 (45.84) 595 (45.39) 0.7986
Medical history (%)
Myocardial infarction 57 (2.20) 7 (1.08) 0.0652 48 (2.06) 24 (2.61) 0.3397 37 (1.78) 9 (2.51) 0.1610 38 (1.96) 26 (1.98) 0.9689
Atrial fibrillation 245 (9.47) 65 (10.00) 0.6817 148 (6.36) 75 (8.16) 0.0681 148 (7.12) 57 (4.93) 0.0141 115 (5.94) 68 (5.19) 0.3593
Hypertension 1,382 (563.42) 408 (62.77) < 0.0001 1,390 (569.76) 626 (68.12) < 0.0001 1,270 (61.09) 837 (72.34) < 0.0001 1201 (62.07) 945 (72.08) < 0.0001
Hyperlipidemia 203 (7.85) 61 (9.38) 0.2004 199 (8.56) 03 (11.21) 0.0191 189 (9.09) 36 (11.75) 0.0157 216 (11.16) 184 (14.04) 0.0146
Mediation History Prior to Stroke Hospitalization (%)
Antihypertensive drugs 904 (34.84) 280 (43.08) < 0.0001 886 (38.09) 433 (47.12) < 0.0001 841 (40.45) 576 (49.78) < 0.0001 800 (41.34) 620 (47.29) 0.0008
Antiplatelet drugs 456 (17.63) 128 (19.69) 0.2208 413 (17.76) 187 (20.35) 0.0865 330 (15.87)  215(18.58) 0.0484 304 (15.71) 220 (16.78) 0.4160
Anticoagulation drugs 37 (1.43) 2(0.31) 0.0190 25 (1.07) 4(1.52) 0.2907 5(0.72) 2(1.04) 0.3441 12(0.62) 1(0.84) 0.4657
Lipid-lowing drugs 140 (5.41) 36 (5.54) 0.8986 134 (5.76) 57 (6.20) 0.6303 97 (4.67) 70 (6.05) 0.0880 101 (5.22) 77 (5.87) 0.4221
Laboratory examination
TG (mg/dL) 66.38 69.03 0.0031 99.12 (87.62- 100.01 0.0246 136.29 138.06 0.1134 212.40 221.25 0.0027
(55.76-76.00) (57.52-79.65) 111.51) (89.39- (119.48- (120.36- (176.12— (179.66—
113.28) 155.76) 157.53) 271.70) 285.86)
TC(mg/dl) 168.12 1568.51 0.9872 171.26 174.36 0.3158 180.54 183.25 0.2714 194.46 195.23 0.9685
(135.70- (136.08— (148.84- (149.23- (157.35— (169.67- (168.94— (170.10-
182.86) 181.70) 196.00) 196.39) 208.76) 209.15) 225.77) 223.45)
HDL(mg/dl) 48.71 46.39 < 0.0001 46.01 44.07 0.0024 44.07 42.53 0.0382 41.37 40.98 0.8380
(40.98-58.38) (39.82-54.51) (38.27-54.90) (38.27-52.58) (36.73-51.80) (36.34-51.03) (35.18-49.48) (35.18-49.10)
LDL(mg/dl) 91.62 95.49 (76.93- 0.0074 104.00 107.86 0.0006 110.57 113.66 0.0210 114.43 114.43 0.4526
(73.07-11.34) 115.21) (85.44- (88.53- (88.92— (92.40- (91.62- (98.17-
124.49) 127.58) 133.76) 134.54) 139.56) 139.18)
FBG (mg/dL) 86.58 88.20 0.0912 92.88 (84.60- 91.98 (84.42— 0.1875 102.6 103.1 0.5167 108.18 108.00 0.4949
(79.20-95.40) (80.10-95.40) 102.60) 102.60) (91.3-121.9)  (90.9-121.1) (95.04- (95.22—
136.80) 132.48)

TYG index, triglyceride glucose index; NIHSS, National Institutes of Health Stroke Scale; BMI, body mass index; TG, Triglyceride; FBG, Fasting blood glucose; TC, total cholesterol; HDL, high density lipoprotein; LDL, low density
lipoprotein; Q1-Q4, TYG index quartiles; SD, standard deviation, IQR, interquartile range.
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TABLE 2 | Outcomes at 12 months follow up of ischemic stroke, stratified by BMI.

Outcome BMI n (%) of Events Crude HR/OR (95% CI) Adjusted HR/OR (95% CI)* P-Value

Stroke recurrence BMI < 25 kg/m? 609 (6.82) 1 1 0.3078
BMI > 25 kg/m? 286 (7.08) 0.6219 (0.900-1.912) 1.079 (0.932-1.248)

2Poor outcome BMI < 25 kg/m? 2,064 (23.12) 1 1 0.2738
BMI > 25 kg/m? 749 (18.55) 0.757 (0.690-0.832) 0.941 (0.843-1.049)

Death BMI < 25 kg/m? 832 (9.32) 1 1 0.0269
BMI > 25 kg/m? 247 (6.12) 0.647 (0.562-0.746) 0.847 (0.732-0.981)

TYG index Inffasting triglycerides (mg/dl) x fasting glucose(mg/ dl)/2]; BMI [weight in kilograms divided by height in meters squared].
*adjusted for sex, age, NIHSS score at admission, IV thrombolysis, smoking, medical history (Diabetes, Myocardial infarction, Atrial fibrillation, Hypertension, Hyperlipidemia), medication
(Antihypertensive drugs, Antiplatelet drugs, Anticoagulation drugs, Lipid-lowing drugs, Hypoglycemic drugs), Laboratory examination (TG, TC, HDL, LDL, FBG).

apoor outcome, modiified Rankin Scale score 3-6.

TABLE 3 | Association between BMI and stroke outcomes stratified by TYG index.

Outcome TYG index n (%) of Events Crude HR/OR Adjusted P-Value P-Value for
(95% CI) HR/OR (95% CI)* interaction
BMI< 25 kg/m?  BMI > 25 kgm?
Stroke recurrence Q1 173 (6.69) 55 (8.46) 1.280 (0.945-1.733) 1.333 (0.974-1.824) 0.0726 0.2449
Q2 153 (6.58) 60 (6.53) 0.987 (0.732-1.330) 1.049 (0.772-1.425) 0.7593
Q3 135 (6.49) 5 (6.48) 0.992 (0.748-1.315) 1.083 (0.810-1.450) 0.5895
Q4 148 (7.65) 6 (7.32) 0.952 (0.737-1.231) 0.962 (0.735-1.258) 0.7758
aPoor outcome Q1 675 (26.09) 140 (21.54) 0.778 (0.632-0.956) 0.997 (0.785-1.267) 0.9819 0.7887
Q2 546 (23.47) 194 (21.11) 0.872 (0.725-1.050) 0.981 (0.790-1.219) 0.8651
Q3 472 (22.70) 211 (18.24) 0.759 (0.634-0.910) 0.905 (0.733-1.118) 0.3546
Q4 371 (19.17) 204 (15.56) 0.777 (0.644-0.937) 0.958 (0.768-1.196) 0.7042
Death Qi 277 (10.71) 52 (8.00) 0.740 (0.550-0.995) 0.892 (0.658-1.208) 0.4590 0.7542
Q2 219 (9.42) 63 (6.86) 0.717 (0.542-0.948) 0.859 (0.643-1.147) 0.3021
Q3 190 (9.14) 64 (5.53) 0.594 (0.448-0.789) 0.827 (0.617-1.107) 0.2015
Q4 146 (7.55) 68 (5.19) 0.683 (0.512-0.910) 0.853 (0.631-1.154) 0.3039

TYG index Inffasting triglycerides (mg/dl) x fasting glucose(mg/ dl)/2]; BMI [weight in kilograms divided by height in meters squared].
*adjusted for sex, age, NIHSS score at admission, 1V thrombolysis, smoking, medical history (Diabetes, Myocardial infarction, Atrial fibrillation, Hypertension, Hyperlipidemia), medication
(Antihypertensive drugs, Antiplatelet drugs, Anticoagulation drugs, Lipid-lowing drugs, Hypoglycemic drugs), Laboratory examination (TG, TC, HDL, LDL, FBG).

apoor outcome, modified Rankin Scale score 3-6.

each of the BMI categories was shown in Table 2. Compared
to patients classified as low/normal weight, overweight/obese
patients had a lower risk of death at 12 months after adjusting
for potential covariates (9.32 vs. 6.12%; adj. HR 0.847, CI 95%
0.732-0.981). No significant association was found between
being overweight/obese and poor functional outcome or stroke
recurrence (p = 0.2738 and 0.3078). There was an interaction
effect of age group by BMI for the risk of stroke or death
(p = 0.0431 and 0.0173, respectively; Supplementary Table 1).
An inverse relationship between BMI and stroke mortality
(obesity paradox) was observed in patients older than 65
years, whereas no association between them was observed in
young patients.

Association Between BMI and Stroke
Outcome in Patients Stratified by TYG
Index

Patients were divided into quartiles according to TYG index:
Q1 (TYG<8.33), Q2 (TYG 8.34-8.73), Q3 (TYG8.74-9.20), Q4
(TYG>9.21). Overweight and obese patients had a lower risk

of death in all groups (Q1, crude HR 0.740, CI 95% 0.550-
0.995; Q2, crude HR 0.717, CI 95% 0.542-0.948; Q3, crude
HR 0.594 CI 95% 0.448-0.789; Q4, crude HR 0.683 CI 95%
0.512-0.910; Table 3, Figure 2), with no significant correlation
after adjusting for all potential covariates (Q1, adj HR 0.892,
CI 95% 0.658-1.208; Q2, adj HR 0.859, CI 95% 0.643-1.147;
Q3, adj HR 0.827 CI 95% 0.617-1.107; Q4, adj HR 0.853 CI
95% 0.613-1.154). Similar results were found for the endpoints
indicating a poor outcome. No significant association was found
between BMI and stroke recurrence in the four groups. There
was also no interaction between BMI and TYG index on the
risk of stroke recurrence (p = 0.2449), mortality (p = 0.7887)
and poor functional outcome (p = 0.7452; Table 3). In the
analyses of continuous TyG index, BMI was associated with
stroke mortality (adj HR 0.841, CI 95% 0.725-0.974, p = 0.0210),
and there was no interaction between TYG index and BMI
on stroke outcome (Table 4). Multivariate analysis of stroke
outcomes by BMI and TYG index showed that overweight and
obese patients had a lower risk of death at 12 months, and TYG
index was associated with poor stroke outcomes (p = 0.0237,
p = 0.0260; Table 5).
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FIGURE 2 | Kaplan-Meier time-to-event curves and log-rank tests for 1-year mortality in each BMI group, stratified by TYG index. (A-D) represent TYG = Q1, TYG =
Q2, and TYG = Qg, respectively.

TABLE 4 | Influence of TYG index as a continuous variable on the relationship between BMI and stroke.

Outcome BMI Crude HR/OR Adjusted HR/OR P-Value P-Value for
(95% CI) (95% CI)* interaction
Stroke recurrence BMI< 25 kg/m? 1 1 0.4270 0.2529
BMI > 25 kg/m? 1.026 (0.890-1.184) 1.061 (0.916-1.229)
aPoor outcome BMI < 25 kg/m? 1 1 0.3935 0.9176
BMI > 25 kg/m? 0.798 (0.726-0.877) 0.953 (0.854-1.064)
Death BMI < 25 kg/m? 1 1 0.0210 0.9359

BMI > 25 kg/m? 0.680 (0.589-0.785)

0.841 (0.725-0.974)

TYG index Inffasting triglycerides (mg/dl) x fasting glucose(mg/ dl)/2]; BMI [weight in kilograms divided by height in meters squared].
*adjusted for sex, age, NIHSS score at admission, IV thrombolysis, smoking, medical history (Diabetes, Myocardial infarction, Atrial fibrillation, Hypertension, Hyperlipidemia), medication
(Antihypertensive drugs, Antiplatelet drugs, Anticoagulation drugs, Lipid-lowing drugs, Hypoglycemic drugs), Laboratory examination (TG, TC, HDL, LDL, FBG).

apoor outcome, modif.

DISCUSSION

We found that overweight/obese stroke patients had a
remarkably lower mortality compared to patients with
normal/low BMI. There is an interaction between age and
BMI. We found that association between BMI and stroke
outcome was modified by age. However, we found no difference
in outcomes in overweight/obese and normal/low-weight

stroke patients that were stratified by TYG index and we did
not observe an association between BMI and TYG index in
ischemic stroke patients. A previous study examined IR using
HOMA-IR suggested that the obesity paradox for mortality exists
in insulin-resistant patients but not insulin-sensitive patients
(6), suggesting IR may be part of the underlying mechanism
of the obesity-stroke paradox. In this study, however, we did
not observe a relationship between IR and the obesity-stroke
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TABLE 5 | Multivariate analysis of BMI and TYG index on stroke outcome.

Variable Stroke recurrence 2Poor outcome Death

HR (95% CI) P-Value OR (95% CI) P-Value HR (95% CI) P-Value
BMI>25 kg/m? 1.065 (0.920-1.233) 0.4001 0.954 (0.854-1.064) 0.3972 0.844 (0.728-0.978) 0.0237
TYG index Q2 0.974 (0.803-1.180) 0.7844 0.971 (0.849-1.111) 0.6682 1.059 (0.897-1.249) 0.4982
TYG index Q3 0.970 (0.794-1.185) 0.7648 0.930 (0.806-1.072) 0.3158 1.038 (0.870-1.239) 0.6770
TYG index Q4 1.176 (0.957-1.446) 0.1228 0.838 (0.717-0979) 0.0262 1.071 (0.879-1.304) 0.4954
Age 1.022 (1.015-1.028) <0.0001 1.070 (1.065-1.076) <0.0001 1.072 (1.065-1.079) <0.0001
Male, 1.009 (0.853-1.193) 0.9167 1.117 (0.990-1.260) 0.0715 0.957 (0.826-1.109) 0.5578
NHISS score median (IQR) 1.043 (1.034-1.059) <0.0001 1.172 (1.160-1.830) <0.0001 1.091 (1.085-1.098) <0.0001
thrombolysis 0.867 (0.509-1.475) 0.5980 1.066 (0.742-1.531) 0.7303 0.697 (0.423-1.149) 0.1571
Prior/current smoker (%) 1.067 (0.907-1.256) 0.4330 0.958 (0.847-1.071) 0.4180 1.014 (0.876-1.174) 0.8519
Myocardial infarction 1.559 (1.088-2.233) 0.0156 1.038 (0.755-1.427) 0.8171 1.413 (0.996-2.004) 0.0526
Atrial fibrillation 1.804 (1.475-2.206) <0.0001 1.211 (1.025-1.454) 0.0250 1.804 (1.475-2.206) <0.0001
Hypertension 1.365 (1.138-1.637) 0.0008 1.292 (1.132-—1.474) 0.0001 1.365 (1.138-1.637) 0.0008
Hyperlipidemia 1.047 (0.762-1.438) 0.7767 0.685 (0.526-0.892) 0.0050 1.047 (0.762-1.438) 0.7767
Antihypertensive drugs 0.897 (0.755-1.065) 0.2141 0.827 (0.727-0.941) 0.0039 0.897 (0.755-1.065) 0.2141
Antiplatelet drugs 1.147 (0.958-1.347) 0.1347 1.303 (1.140-1.490) 0.0001 1.147 (0.958-1.374) 0.1347
Anticoagulation drugs 0.928 (0.506-1.704) 0.8096 1.214 (0.753-1.957) 0.4258 0.928 (0.506—-1.704) 0.8096
Lipid-lowing drugs 0.977 (0.647-1.475) 0.9115 1.348 (0.965-1.881) 0.0796 0.977 (0.647-1.475) 0.9115
TC(mg/dl) 1.001 (0.999-1.003) 0.4254 1.001 (0.999-1.002) 0.5651 1.001 (0.999-1.003) 0.4254
HDL(mg/dl) 1.0083 (0.998-1.007) 0.2232 0.999 (0.996-1.003) 0.6850 1.003 (0.998-1.007) 0.2232
LDL(mg/dl) 1.000 (0.998-1.002) 0.9268 1.001 (1.000-1.003) 0.0891 1.000 (0.998-—1.002) 0.9268

TYG index Inffasting triglycerides (mg/dl) x fasting glucose(mg/ dl)/2]; BMI [weight in kilograms divided by height in meters squared].

aPoor outcome, modified Rankin Scale score 3-6.

paradox. Possible explanations for this result include that obesity
is a fundamental risk factor for the onset and development of
insulin resistance, and the majority of the population with IR is
obese or overweight. IR results in excessive release of free fatty
acids (FFAs) into circulation by unrestrained lipolysis (23). The
increased flux of FFAs increases triglyceride synthesis in the liver
and the synthesized triglyceride is then released into plasma,
which raises the risk of hypertriglyceridemia and subsequent
metabolic syndrome (23). When the storage capacity of adipose
tissue reaches full capacity, the energy surplus presenting in
obese patients leads to an increased efflux of FFAs and an ectopic
accumulation of fat in the liver (24). As such, numerous studies
have demonstrated that the TYG index is highly associated
with the incidence of non-alcoholic fatty liver disease (NAFLD)
(25-27). An epidemiological survey of a Chinese population
also found that an elevation of the TYG index might predict an
increased incidence of NAFLD (28). A high TYG index is more
likely to reflect metabolic abnormalities after the occurrence
of the IR. Previous studies have also shown that visceral fat
(VAT) rather than subcutaneous fat (SAT) is correlated with
the occurrence of cardiovascular diseases (29). Kim et al. found
that a low VAT proportion is associated with favorable and
excellent outcomes in acute ischemic stroke patients treated with
intravenous thrombolysis (30). Another study found that better
clinical outcomes in obese patients are associated with a lower
proportion of VAT (30). Conversely, higher visceral and liver fat
amounts have been found in IR obesity (31), suggesting that IR

may counteract the paradoxically protective effects of obesity in
stroke patients. Second, the presence of metabolically healthy
obese (MHO) individuals, a previously identified subset of obese
subjects without metabolic abnormalities (including IR and a
proatherogenic lipoprotein profile) may also be responsible for
the controversial results. Although MHO criteria have not been
clearly defined, normal glucose and lipid metabolism parameters,
in addition to the absence of hypertension, is considered typical
MHO diagnostic criteria (32). For example, Sdnchez-Iiigo
et al. found that metabolically unhealthy obese/non-obese
(MUNO/MUO) individuals exhibit a greater risk of ischemic
stroke than metabolically healthy non-obese, in which the TYG
index is used to define a metabolically healthy state (MUNO,
HR 1.55, CI 95% 1.36-1.77; MUO, HR 1.86, CI 95% 1.57-2.21)
(33). Last, TYG index does not fully represent IR. Many studies
have suggested that TYG index can be used as a surrogate
of insulin resistance in otherwise healthy-appearing patients
(15, 21, 34, 35). However, these findings lack consistency and
a systematic review deemed the evidence for the usefulness
of the TYG index as a surrogate biochemical marker of IR as
“moderate-to-low quality.”

We identified the obesity paradox in all four groups before
the covariates were adjusted, but the results were no longer
significant after adjustment. Indeed, whether or not the obesity
paradox is a true phenomenon is still the subject of much
debate. Some have proposed that the paradox is caused by
physiological factors that reduce risk in obese participants
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(36), whereas others suggested that it is an artifact resulting
from selection bias in observational studies (37). From clinical
and epidemiological observations, many contributing factors
have been identified that lead to lower mortality, such as
demographic characteristics (e.g., age, sex, educational status)
and physical conditions (e.g., severity and duration of heart
disease, initial neurological severity, and cachexia). In the
present study, we found that overweight/obese patients are more
likely to use antihypertensive, lipid-lowering, and antiplatelet
drugs at baseline. We adjusted for patient characteristics that
include sex, age, NIHSS score at admission, IV thrombolytic
therapy, smoking, medical history (i.e., myocardial infarction,
atrial fibrillation, hypertension, hyperlipidemia), and medication
(i.e., antihypertensive, antiplatelet, anticoagulation, lipid-lowing,
and hypoglycemic drugs). Despite the adjustments for these
potentially confounding factors, the obesity paradox remained,
with an adjusted HR for overall mortality in the overweight/obese
group being 0.847 (0.732-0.981). A previous study including a
cohort of 21,884 patients from the Danish National Indicator
Project registry, found that post-stroke mortality in the 5-year
follow-up period is lower in overweight (BMI 25.0-29.9 kg/m?)
and obese (BMI 30.0-34.9 kg/m?) patients compared to those
with normal weight (BMI 18.5-24.9 kg/m?) and underweight
(BMI<18.5 kg/mz) (5). We also identified a BMI-age interaction
since obese or overweight stroke patients older than 65 have a
lower mortality rate, while the interaction is not presented in
patients younger than 65. In contrast to our results, Vemmos
et al. found that the protective effect of BMI on mortality
decreases with increasing age (3). However, a post-hoc analysis of
a randomized controlled trial in China (Clopidogrel in High-risk
patients with Acute Non-disabling Cerebrovascular Events) did
not identify the obesity paradox or observe an influence of age
on the association of weight status with the prognosis of stroke
(38). In a national wide representative survey of U.S. adults, an
effect of age among stroke survivors was discovered, whereby a
higher BMI was associated with a marginally increased mortality
in younger individuals that reduced linearly with increasing age.
This is similar to our findings (39).

We acknowledge several limitations with our findings. In
particular, as a post-hoc analysis, several variables of interest
were not accessible for analysis because they were not recorded.
Additionally, a comparison of BMI with the waist-to-hip ratio
cannot be evaluated. Our findings also use baseline BMI, fasting
triglyceride and glucose, which may have confounding effects
on the results as the collection of consecutive data about body
weight, fasting glucose, and triglyceride at the 12 months follow-
up is unavailable. Measurement errors across multiple centers
may also slightly impact patients’ fasting triglyceride and glucose
levels, yet the laboratory values of these studies should still be
comparable as the measurement techniques in all centers are
based on the recommendation of the International Federation of
Clinical Chemistry and Laboratory Medicine. A final limitation
of our study is the relatively short follow-up period of 12 months.
Several other studies have tracked patients much longer. For
example, Korean Stroke Registry included 2,317 patients with

ischemic stroke with 7.5-year follow-up (40) and the Prospective
investigation of Greece included 2,785 first-ever acute stroke
patients with a 10-year follow up (3).

In conclusion, we found that overweight and obese stroke
patients have significantly lower mortality compared to patients
with normal BMI, in line with previous reports of the stroke
obesity paradox. Additionally, our findings suggest that age may
influence the relationship between BMI and stroke prognosis.
Stratification by TYG index eliminated the presence of the obesity
paradox in this patient cohort, and thus TYG index, or its
correlate IR, may not be beneficial in understating the metabolic
mechanisms responsible for the stroke obesity paradox.

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following
licenses/restrictions: The datasets generated for this study
are available on request to the corresponding author.
Requests to access these datasets should be directed to
YW, yongjunwang@ncrcnd.org.cn.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Central Institutional Review Board at Beijing
Tiantan Hospital. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

ZH, YP, YY, XY, and YoW contributed to the conception and
design of the study. YiW and XZ assisted with data acquisition
and interpretation. ZL and XM coordinated the study. YP and
XX conducted the statistical analysis. ZH contributed to drafting.
YoW is the guarantor for this paper. All authors read and
approved the final manuscript.

FUNDING

This study was funded by the National Key R&D Program
of China (2017YFC1310901 and 2016YFC0901002) and the
National Natural Science Foundation of China (81870905
and U20A20358).

ACKNOWLEDGMENTS
We thank all the CNSR II participating hospitals, physicians,
nurses, research coordinators, and CNSR II steering

committee members.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.630140/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org

64

April 2021 | Volume 12 | Article 630140


mailto:yongjunwang@ncrcnd.org.cn
https://www.frontiersin.org/articles/10.3389/fneur.2021.630140/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hou et al.

TYG Index, BMI, and Stroke Prognosis

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Vemmos

. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M,

Bennett DA, et al. Global and regional burden of stroke during 1990-2010:
findings from the global burden of disease study 2010. Lancet. (2014) 383:245-
54. doi: 10.1016/S0140-6736(13)61953-4

. Bazzano LA, Gu D, Whelton MR, Wu X, Chen CS, Duan X, et al. Body mass

index and risk of stroke among Chinese men and women. Ann Neurol. (2010)
67:11-20. doi: 10.1002/ana.21950

K, Ntaios G, Spengos K, Savvari P, Vemmou A,
Pappa T, et al. Association between obesity and mortality after
acute first-ever stroke: the obesity-stroke paradox. Stroke. (2011)
42:30-6. doi: 10.1161/STROKEAHA.110.593434

. Oesch L, Tatlisumak T, Arnold M, Sarikaya H. Obesity paradox in

stroke - Myth or reality? A systematic review. PLoS ONE. (2017) 12:
€0171334. doi: 10.1371/journal.pone.0171334

. Olsen TS, Dehlendorff C, Petersen HG, Andersen KK. Body mass

index and poststroke mortality. (2008)  30:

93-100. doi: 10.1159/000118945

Neuroepidemiology.

. Xu J, Wang A, Meng X, Jing J, Wang Y, Wang Y. Obesity-stroke paradox

exists in insulin-resistant patients but not insulin sensitive patients. Stroke.
(2019) Strokeahal18023817. doi: 10.1161/strokeaha.118.023817. [Epub ahead
of print].

. Kernan WN, Inzucchi SE, Viscoli CM, Brass LM, Bravata DM, Horwitz

RI. Insulin resistance and risk for stroke. Neurology. (2002) 59:809-
15. doi: 10.1212/WNL.59.6.809

. Martinez KE, Tucker LA, Bailey BW, LeCheminant JD. Expanded

normal weight obesity and insulin resistance in US adults of the
national health and nutrition examination survey. J Diabetes Res. (2017)
2017:9502643. doi: 10.1155/2017/9502643

. Ago T, Matsuo R, Hata ], Wakisaka Y, Kuroda J, Kitazono T, et al. Insulin

resistance and clinical outcomes after acute ischemic stroke. Neurology. (2018)
90:e1470-7. doi: 10.1212/WNL.0000000000005358

Jing J, Pan Y, Zhao X, Zheng H, Jia Q, Mi D, et al. Insulin resistance
and prognosis of nondiabetic patients with ischemic stroke: the ACROSS-
China study (Abnormal glucose regulation in patients with acute stroke
across China). Stroke. (2017) 48:887-93. doi: 10.1161/STROKEAHA.116.
015613

Deng XL, Liu Z, Wang C, Li Y, Cai Z. Insulin resistance in ischemic
stroke. Metab Brain Dis. (2017) 32:23-34. doi: 10.1007/s11011-017-
0050-0

Fitzgibbons TP, Czech MP. Emerging evidence for beneficial macrophage
functions in atherosclerosis and obesity-induced insulin resistance. ] Mol Med.
(2016) 94:267-75. doi: 10.1007/s00109-016-1385-4

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol. (1979) 237:E214-
23. doi: 10.1152/ajpendo.1979.237.3.E214

Li S, Yin C, Zhao W, Zhu H, Xu D, Xu Q, et al. Homeostasis
model assessment of insulin resistance in relation to the poor functional
outcomes in nondiabetic patients with ischemic stroke. Biosci Rep. (2018)
38:3. doi: 10.1042/BSR20180330

Simental-Mendia LE, Rodriguez-Mordn M, Guerrero-Romero F. The product
of fasting glucose and triglycerides as surrogate for identifying insulin
resistance in apparently healthy subjects. Metab Synd Relat Disord. (2008)
6:299-304. doi: 10.1089/met.2008.0034

Mohd Nor NS, Lee S, Bacha F, Tfayli H, Arslanian S. Triglyceride glucose
index as a surrogate measure of insulin sensitivity in obese adolescents with
normoglycemia, prediabetes, and type 2 diabetes mellitus: comparison with
the hyperinsulinemic-euglycemic clamp. Pediatr Diabetes. (2016) 17:458-
65. doi: 10.1111/pedi.12303

Zhou Y, Pan Y, Yan H, Wang Y, Li Z, Zhao X, et al. Triglyceride glucose
index and prognosis of patients with ischemic stroke. Front Neurol. (2020)
11:456. doi: 10.3389/fneur.2020.00456

Li Z, Wang C, Zhao X, Liu L, Wang C, Li H, et al. Substantial progress
yet significant opportunity for improvement in stroke care in China. Stroke.
(2016) 47:2843-9. doi: 10.1161/STROKEAHA.116.014143

Wang Y, Cui L, Ji X, Dong Q, Zeng J, Wang Y, et al. The China National
Stroke Registry for patients with acute cerebrovascular events: design,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

rationale, and baseline patient characteristics. Int J Stroke. (2011) 6:355-
61. doi: 10.1111/j.1747-4949.2011.00584.x

Obesity: Preventing and Managing the Global Epidemic. Report of a
WHO Consultation. Geneva: World Health Organization Technical Report
Series (2000).

Guerrero-Romero F Simental-Mendia LE, Gonzilez-Ortiz M, Martinez-
Abundis E, Ramos-Zavala MG, Hernédndez-Gonzilez SO, et al. The product of
triglycerides and glucose, a simple measure of insulin sensitivity. Comparison
with the euglycemic-hyperinsulinemic clamp. J Clin Endocrinol Metab. (2010)
95:3347-51. doi: 10.1210/jc.2010-0288

Gu HQ, Li ZX, Zhao XQ, Liu LP, Li H, Wang CJ, et al. Insurance
status and 1-year outcomes of stroke and transient ischaemic
attack: a registry-based cohort study in China. BMJ Open. (2018)
8:€021334. doi: 10.1136/bmjopen-2017-021334

Neuhauser HK. The metabolic syndrome. Lancet. (2005) 366:1922-3; author
reply 1923-4. doi: 10.1016/S0140-6736(05)67782-3

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun ], Boldt MD, Parks
EJ. Sources of fatty acids stored in liver and secreted via lipoproteins in
patients with nonalcoholic fatty liver disease. J Clin Invest. (2005) 115:1343-
51. doi: 10.1172/JCI23621

Kitae A, Hashimoto Y, Hamaguchi M, Obora A, Kojima T, Fukui M. The
triglyceride and glucose index is a predictor of incident nonalcoholic fatty liver
disease: a population-based cohort study. Can J Gastroenterol Hepatol. (2019)
2019:5121574. doi: 10.1155/2019/5121574

Lee SB, Kim MK, Kang S, Park K, Kim JH, Baik SJ, et al. Triglyceride glucose
index is superior to the homeostasis model assessment of insulin resistance for
predicting nonalcoholic fatty liver disease in Korean adults. Endocrinol Metab.
(2019) 34:179-86. doi: 10.3803/EnM.2019.34.2.179

Zhang S, Du T, Zhang J, Lu H, Lin X, Xie J, et al. The triglyceride and
glucose index (TyG) is an effective biomarker to identify nonalcoholic fatty
liver disease. Lipids Health Dis. (2017) 16:115. doi: 10.1186/s12944-017-
0409-6

Zheng R, Du Z, Wang M, Mao Y, Mao W. A longitudinal
epidemiological study on the triglyceride and glucose index and the
incident nonalcoholic fatty liver disease. Lipids Health Dis. (2018)
17:1262. doi: 10.1186/s12944-018-0913-3

Neeland IJ, Poirier P, Després JP. Cardiovascular and metabolic heterogeneity
of obesity: clinical challenges and implications for management.
Circulation. (2018) 137:1391-406. doi: 10.1161/CIRCULATIONAHA.117.0
29617

Kim JH, Choi KH, Kang KW, Kim JT, Choi SM, Lee SH, et al
Impact of visceral adipose tissue on clinical outcomes after acute
ischemic stroke. Stroke. (2019) 50:448-54. doi: 10.1161/STROKEAHA.118.0
23421

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity
to insulin resistance and type 2 diabetes. Nature. (2006) 444:840-
6. doi: 10.1038/nature05482

Blither M. Metabolically healthy obesity. Endocr Rev. (2020) 41:405-
20. doi: 10.1210/endrev/bnaa004

Sanchez-Inigo L, Navarro-Gonzélez D, Ferndndez-Montero A, Pastrana-
Delgado ], Martinez JA. Risk of incident ischemic stroke according
to the metabolic health and obesity states in the Vascular-Metabolic
CUN cohort. Int ] Stroke. (2017) 12:187-91. doi: 10.1177/17474930166
72083

Almeda-Valdés P, Bello-Chavolla OY, Caballeros-Barragin CR, Gomez-
Velasco DV, Viveros-Ruiz T, Vargas-Vizquez A, et al. [Indices para la
evaluacion de la resistencia a la insulina en individuos mexicanos sin diabetes].
Gac Med Mex. (2018) 154:(Suppl. 2):S50-5. doi: 10.24875/GMM.180
04578

Qu C, Zhou X, Yang G, Li L, Liu H, Liang Z. The natural logarithm of zinc-
a2-glycoprotein/HOMA-IR is a better predictor of insulin sensitivity than the
product of triglycerides and glucose and the other lipid ratios. Cytokine. (2016)
79:96-102. doi: 10.1016/j.cyto.2015.12.024

Kastorini CM, Panagiotakos DB. The obesity paradox: methodological
considerations based on epidemiological and clinical evidence-new insights.
Maturitas. (2012) 72:220-4. doi: 10.1016/j.maturitas.2012.04.012

Banack HR, Kaufman JS. The “obesity paradox” explained. Epidemiology.
(2013) 24:461-2. doi: 10.1097/EDE.0b013e31828c776¢

Frontiers in Neurology | www.frontiersin.org

April 2021 | Volume 12 | Article 630140


https://doi.org/10.1016/S0140-6736(13)61953-4
https://doi.org/10.1002/ana.21950
https://doi.org/10.1161/STROKEAHA.110.593434
https://doi.org/10.1371/journal.pone.0171334
https://doi.org/10.1159/000118945
https://doi.org/10.1161/strokeaha.118.023817
https://doi.org/10.1212/WNL.59.6.809
https://doi.org/10.1155/2017/9502643
https://doi.org/10.1212/WNL.0000000000005358
https://doi.org/10.1161/STROKEAHA.116.015613
https://doi.org/10.1007/s11011-017-0050-0
https://doi.org/10.1007/s00109-016-1385-4
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.1042/BSR20180330
https://doi.org/10.1089/met.2008.0034
https://doi.org/10.1111/pedi.12303
https://doi.org/10.3389/fneur.2020.00456
https://doi.org/10.1161/STROKEAHA.116.014143
https://doi.org/10.1111/j.1747-4949.2011.00584.x
https://doi.org/10.1210/jc.2010-0288
https://doi.org/10.1136/bmjopen-2017-021334
https://doi.org/10.1016/S0140-6736(05)67782-3
https://doi.org/10.1172/JCI23621
https://doi.org/10.1155/2019/5121574
https://doi.org/10.3803/EnM.2019.34.2.179
https://doi.org/10.1186/s12944-017-0409-6
https://doi.org/10.1186/s12944-018-0913-3
https://doi.org/10.1161/CIRCULATIONAHA.117.029617
https://doi.org/10.1161/STROKEAHA.118.023421
https://doi.org/10.1038/nature05482
https://doi.org/10.1210/endrev/bnaa004
https://doi.org/10.1177/1747493016672083
https://doi.org/10.24875/GMM.18004578
https://doi.org/10.1016/j.cyto.2015.12.024
https://doi.org/10.1016/j.maturitas.2012.04.012
https://doi.org/10.1097/EDE.0b013e31828c776c
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hou et al.

TYG Index, BMI, and Stroke Prognosis

38. Chen W, Pan Y, Jing J, Zhao X, Liu L, Meng X, et al. Association of
body mass index and risk of stroke after acute minor stroke or tia: a post
hoc analysis of a randomized controlled trial. Neurotox Res. (2019) 36:836—
43. doi: 10.1007/512640-019-00056-4

39. Towfighi A, Ovbiagele B. The impact of body mass index on mortality
after stroke. Stroke. (2009) 40:2704-8. doi: 10.1161/STROKEAHA.109.5
50228

40. Choi KM, Cho HJ, Choi HY, Yang SJ, Yoo HJ, Seo JA, et al. Higher
mortality in metabolically obese normal-weight people than in metabolically
healthy obese subjects in elderly Koreans. Clin Endocrinol. (2013) 79:364-
70. doi: 10.1111/cen.12154

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hou, Pan, Yang, Yang, Xiang, Wang, Li, Zhao, Li, Meng and
Wang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

66

April 2021 | Volume 12 | Article 630140


https://doi.org/10.1007/s12640-019-00056-4
https://doi.org/10.1161/STROKEAHA.109.550228
https://doi.org/10.1111/cen.12154
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

1' frontiers
in Neurology

ORIGINAL RESEARCH
published: 04 May 2021
doi: 10.3389/fneur.2021.661689

OPEN ACCESS

Edited by:
Robert G. Kowalski,
University of Colorado, United States

Reviewed by:

Christian Fung,
Universitatsklinikum

Freiburg, Germany

Nikoloz Tsiskaridze,

Pineo Medical Ecosystem, Georgia

*Correspondence:
Dae Young Hong
kuhemhdy@gmail.com

Specialty section:

This article was submitted to
Stroke,

a section of the journal
Frontiers in Neurology

Received: 31 January 2021
Accepted: 09 April 2021
Published: 04 May 2021

Citation:

Jung HM, Paik JH, Kim SY and
Hong DY (2021) Association of
Plasma Glucose to Potassium Ratio
and Mortality After Aneurysmal
Subarachnoid Hemorrhage.

Front. Neurol. 12:661689.

doi: 10.3389/fneur.2021.661689

Check for
updates

Association of Plasma Glucose to
Potassium Ratio and Mortality After
Aneurysmal Subarachnoid
Hemorrhage

Hyun Min Jung, Jin Hui Paik’, Sin Young Kim? and Dae Young Hong?*

! Department of Emergency Medicine, Inha University School of Medicine, Incheon, South Korea, 2 Department of Emergency
Medicine, Konkuk University School of Medicine, Seoul, South Korea

Objectives: Hyperglycemia and hypokalemia are common problems in patients with
aneurysmal subarachnoid hemorrhage (@SAH). The aim of this study was to determine
whether the plasma glucose to potassium ratio (GPR) predicts mortality due to aSAH.

Methods: We prospectively recruited aSAH patients and healthy controls between
March 2007 and May 2017. Clinical outcomes included mortality and poor outcome
(modified Rankin scale score of 3-6) after 3 months. Multivariable analysis was used to
determine the association between plasma GPR and 3-month mortality in aSAH patients.

Results: A total of 553 patients were recruited, and the mortality rate was 11%.
The GPR was significantly elevated in aSAH patients compared with controls, in
patients with a poor outcome than with a good outcome and in non-survivals than in
survivals. Multivariable analysis showed that the plasma GPR was an independent factor
associated with 3-month mortality. The area under the curve of the GPR was 0.747 in
predicting 3-month mortality.

Conclusion: The plasma GPR on admission has potential as a predictor of 3-month
mortality in patients with aSAH.

Keywords: aneurysmal subarachnoid hemorrhage, biomarkers, glucose, potassium, prognosis

INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) has a poor prognosis despite significant advances
in early diagnostic modalities and treatment (1). aSAH counts for ~5% of all acute stroke cases and
has a high mortality rate of 32-44% (2). Assessment of the severity of aSAH and predicting patients’
prognosis are required for the optimal treatment of aSAH. Multiple clinically based risk prediction
scales are currently used to classify the severity of aSAH; the Hunt and Hess (HH) and the World
Federation of Neurological Surgeons (WENS) scale are commonly used scales for predicting the
prognosis of aSAH.

Biomarkers may help clinicians to make therapeutic decisions when considering the severity
of aSAH and in being able to predict whether a patient will have a poor prognosis, which may
improve outcomes. Numerous biomarkers such as D-dimer, lactate, and C-reactive protein (CRP)
have been reported to be the most promising biomarkers in aSAH patients (1, 3, 4). In addition,
some clinical studies have reported that hyperglycemia is related with the risk of poor outcome
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FIGURE 1 | Study population flow chart.

and delayed cerebral ischemia (DCI) after aSAH (5, 6). Recent
reports have suggested that the glucose to potassium ratio (GPR)
is significantly correlated with cerebral vasospasm and functional
outcome (7, 8). The purpose of the present study was to calculate
the plasma GPR in patients with aSAH and to determine whether
this ratio is associated with the risk of 3-month mortality.

MATERIALS AND METHODS
Study Population

This was observational study undertaken from March 2007 to
May 2017 in the emergency department (ED) at tertiary hospital,
an 835-bed institution in Seoul with ~58,000 ED visits annually.

The inclusion criteria were age > 19 years and non-traumatic
aSAH patients who were admitted to the ED within 24h of
symptom onset. Age- and sex-matched healthy individuals
who visited our medical center for a medical examination
were enrolled as the control group. The control group were
checked for the absence of acute or chronic illness via a health
questionnaire and a medical examination. The exclusion criteria
were age of <19 years, a history of neurological disease including
hemorrhagic or ischemic stroke and trauma, diabetes mellitus,
acute kidney injury or chronic kidney disease, and concurrent
systemic comorbidities including malignancy and liver
cirrhosis (Figure 1).

Treatment for enrolled patients was performed according
to protocols from the Korean Society of Cerebrovascular
Surgeons, which included prevention of rebleeding and the
management of vasospasm, delayed cerebral ischemia, seizure,
and other medical complications (9). Treatment modalities

included endovascular coiling or surgical clipping, as judged by
both experienced endovascular specialists and neurosurgeons,
which were determined based on the patients- and facility-related
factors. Plasma glucose levels were checked four times per day.
When the glucose level was persistently > 200 mg/dl, the patients
was managed using a sliding-scale insulin protocol.

The protocol of this study was approved by the Institutional
Review Board of our hospital, and individual informed consent
was waived owing to the routinely measured laboratory data
during the process of the diagnosis and treatment in the ED.

Data Collection and Endpoints

Peripheral venous blood samples were collected within 30 min
of admission. The plasma glucose and potassium levels were
measured using a TBA-200FR Neo (Toshiba Medical Systems,
Tokyo, Japan). There was no equipment replacement during the
study period. The reference range of the plasma glucose level
in our institutions was 70-99 mg/dl, and the reference range
of the plasma potassium level was 3.5-5.5 mmol/l. The patients
with hypokalemia were classified as mild hypokalemia (3.1-3.4
mmol/l), moderate hypokalemia (2.5-3.0 mmol/l), and sever
hypokalemia (<2.5 mmol/l).

Patients demographic characteristics, clinical features, and
laboratory data were collected. Clinical severity of aSAH on
ED admission was evaluated according to the HH scale. We
defined severe aSAH as HH scale score 4-5. The primary
endpoint of interest was death within 3 months. The secondary
endpoint was poor functional outcome at 3 months following
ED admission; poor functional outcome was assessed using
the modified Rankin scale (mRS score of 3-6). To assess the
outcomes after 3 months, a review of the medical records or
a telephone interview were conducted by a physician who was
blinded to the clinical information.

Statistical Analysis

IBM SPSS Statistics 25 (IBM, Armonk, NY, USA), R version
3.6.3 (The R foundation, Vienna, Austria), and MedCalc version
16.4.3 (MedCalc Software, Ostend, Belgium) were used for
all statistical analysis. Categorical variables were expressed as
numbers and percentages, and proportions were compared with
the %2 test. Non-normally distributed continuous variables were
expressed as median and interquartile range (IQRs) and were
analyzed using the Mann-Whitney U-test and Kruskal-Wallis
test for intergroup differences. The Spearman’s Coefficient test
was performed to assess the relationships between GPR and white
blood cell (WBC) count, HH score, Glasgow Coma Scale (GCS)
score, and time from symptom onset to ED admission.

The aSAH patients were divided into four groups according
to their plasma GPR quartile, and overall survival was evaluated
until 3 months using the Kaplan-Meier survival curves. A
receiver-operating characteristics (ROC) curve was applied to
identify an optimal cutoff of plasma GPR for predicting 3-
month mortality, and the area under the curve (AUC) and 95%
confidence interval (CI) were reported.

A multivariable regression analysis was carried out to identify
independent prognostic variables for 3-month mortality in
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TABLE 1 | Characteristics and outcomes of the study population.

TABLE 2 | Clinical features according to GPR quartiles.

Characteristics N = 553 Q1 (n=138) Q2 (n =138) Q3 (n =136) Q4 (n = 141)
Age (years) 54 (46-63) Age (years) 51 (43-61) 56 (47-64) 56 (46-63) 55 (46-66)
Female (no.) 318 (57.5) Female (no.) 75 (54.3%) 84 (60.9%) 78(57.4%) 81 (57.4%)
Time from onset to ED admission (min) 120 (49-280) Hunt and Hess scale 2 (1,2)°¢d 2 (2)2cd 2 (2,3)abd 3 (2,4)aPc
Hunt and Hess score Modified Fisher scale 2 (1,3)°¢d 3(2,3)2d 3 (8)d 3 (3,4)aPc
Non-severe (1-3) 419 (75.8) GCS score 15 (15)2¢d  15(14,1529  15(13,152 13 (9,15)2P
Severe (4-5) 134 (24.2) Poor outcome (o) 20 (14.5%)°9 32 (23.2%)¢ 43 (31.6%)7 58 (41.1%)%P
Modified Fisher scoreGCS score 3(3-4) 14 (12-15) 146 (125-171)  3-Month mortality (n0.) 2 (1.4%)°¢ 8 (5.8%)°0 22 (16.2%) 20 29 (20.6%)>°

Laboratory results

WBC (x10%/pl) 10.6 (8.2-14.3)
Glucose (mg/dl) 146 (125-171)
Hypoglycemia (<70) 0(0)
Normoglycemia (70-99) 9(1.6)
Hyperglycemia (>99) 544 (98.4)
Potassium (mmol/l) 3.7 (3.4-4.0)
Hypokalemia (<3.5) 144 (26.0)
Normokalemia (3.5-5.5) 406 (73.4)
Hyperkalemia (>5.5) 3(0.5)

Glucose/potassium ratio 38.7 (32.6-46.6)

Hemoglobin (g/dl) 13.5 (12.7-14.7)

PLT (x10%/pl) 231.0 (194.5-271.0)
CRP (mg/dl) 0.09 (0.04-0.24)
Treatment modality (no.)

Endovascular coiling 285 (51.5)
Neurosurgical clipping 237 (42.9)
RBC transfusion 170 (30.7)
Functional outcome

Good (MRS 0-2) 399 (72.2)
Poor (MRS 3-6) 154 (27.8)
3-Month mortality rate 61 (11.0)

Data are presented as median with interquartile ranges or number (%).
GCS, Glasgow Coma Scale; WBC, white blood cells; PLT, platelet count; CRF, C-reactive
protein; RBC, red blood cell; mRS, modified Rankin scale.

patients with aSAH. All statistical testing was two-sided, and
p < 0.05 was considered statistically significant mortality.

RESULTS

Baseline Characteristics
During the study period, 553 aSAH patients were admitted to the
study in accordance with the inclusion criteria. Simultaneously,
553 age- and sex-matched control were recruited. The median
(IQR) plasma glucose levels were remarkably increased in
patients with aSAH compared with controls: 146 (126-172) vs.
96 (88-105) mg/dl, respectively (p < 0.001). Plasma potassium
concentrations were lower in aSAH patients than in healthy
controls: 3.7 (3.4-4.0) vs. 4.2 (3.9-4.5) mmol/l, respectively (p <
0.001). The plasma GPR at ED admission was significantly higher
in patients with aSAH than controls: 38.9 (32.8-47.2) vs. 22.8
(20.5-26.3) (p < 0.001).

The demographic characteristics, clinical features, and
laboratory data of enrolled subjects are summarized in Table 1.

Data are presented as median with interquartile ranges or number (%).
GPR, glucose to potassium ratio; Q, quartile; GCS, Glasgow Coma Scale.
p < 0.05, vs. Q1.

bp < 0.05, vs. Q2.

°p < 0.05, vs. Q3.

9p < 0.05, vs. Q4.

The median age was 54 (46-63) years, there were 235 (42.5%)
males and 318 (57.5%) females. The median time from symptom
onset to ED admission was 120 (49-280) min for all patients.
The median time from symptom onset to ED admission was
significantly shorter in the non-survivors than in survivors
[60 (30-197) vs. 120 (56-286) min, respectively; p = 0.048].
Among all aSAH patients, the severe group (HH score 4-5)
accounted for 24.2%. A total of 285 (51.5%) patients underwent
endovascular coiling for the aneurysm, 237 (42.9%) patients
underwent neurosurgical clipping, and 170 (30.7%) patients
were transfused with packed red blood cells.

A total of 544 (98.4%) patients had an elevated plasma glucose
level (>99 mg/dl) on ED admission. Hypokalemia was present in
144 (26.0%) patients, but hyperkalemia was detected in only three
(0.5%) patients. A lower percentage of patients suffered moderate
hypokalemia (3.7%) than mild hypokalemia (22.8%), and none of
patients fell into the severe hypokalemia. The plasma glucose and
GPR were significantly higher in the severe group than they were
in the non-severe group (180 vs. 138 mg/dl, p < 0.001, and 50.3
vs. 36.2, p < 0.001, respectively). The potassium concentration
was significantly higher in the non-severe group than it was in
the severe group (3.8 vs. 3.5 mmol/l, p < 0.001).

3-Month Functional Outcomes
and Mortality

All enrolled subjects were categorized into four groups according
to their plasma GPR quartile (Q): (1) Q1 (<32.7), (2) Q2 (32.7-
38.8), (3) Q3 (38.9-47.2), and (4) Q4 (>47.2). The patients’
characteristics and clinical features are presented according to
GPR quartile in Table 2. Severity of aSAH, poor functional
outcome, and 3-month mortality were significantly higher in the
Q4 group than in the Q1 group.

The survival analysis showed that the higher GPR quartile
group (Q4) at ED admission had the worst 3-month survival rate
whereas the lower GPR quartile group (Q1) had the best 3-month
survival rate. The 3-month mortality in Q4 (GPR > 47.2) was
20.6% whereas the 3-month mortality in Q1 (GPR < 32.7) was
1.4% (Figure 2).
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FIGURE 2 | The Kaplan-Meier survival analysis based on the glucose/potassium ratio.
TABLE 3 | Comparison of glucose and potassium levels and other biomarkers according to outcome.
Functional outcome Survival
Good Poor P-value Survivors Non-survivors P-value
WBC (x103/pul) 10.0 (8.1-13.5) 11.6 (8.7-16.1) 0.058 10.2 (8.1-13.4) 14.0 (10.5-19.4) <0.001
Hemoglobin (g/dl) 13.6 (12.8-14.6) 13.2 (11.9-14.1) 0.066 13.5(12.8-14.5) 12.4 (11.3-16.2) 0.048
CRP (mg/dl) 0.07 (0.04-0.16) 0.15 (0.05-0.25) <0.001 0.08 (0.04-0.21) 0.08 (0.05-0.23) 0.105
D-dimer (ig/mi) 0.99 (0.55-2.30) 1.16 (0.61-2.69) 0.366 1.13(0.57-2.51) 0.65 (0.35-1.22) 0.034
Glucose (mg/dl) 142 (121-165) 158 (137-194) <0.001 142 (122-167) 182 (1561-219) <0.001
Potassium (mmol/l) 3.7 (3.5-4.0) 3.7 (3.3-4.0) 0.028 3.7 (3.4-4.0) 3.6 (3.2-4.0) 0.087
Glucose/potassium ratio 37.5(31.4-45.8) 42.8 (36.7-54.1) <0.001 37.8 (31.8-46.2) 46.7 (41.3-61.1) <0.001

Data are presented as median with interquartile ranges.

The Spearman rank correlation test of the relationships
between plasma GPR, HH score, GCS score, and WBC count
produced correlation coefficients of 0.383 (GPR and HH score),
—0.339 (GPR and GCS score), 0.250 (GPR and WBC count),
and —0.320 (GPR and time from symptom onset to ED
admission) (all p < 0.001). The plasma potassium level and
glucose level at ED admission produced a correlation coefficient
of —0.303 (p < 0.001).

Sixty-one (11.0%) patients died, and 154 (27.8%) patients had
poor functional outcome. The median time from ED admission
to death was 4 (IQR 2-8, range 2-78) days. The initial median
glucose concentration, potassium concentration, GPR, and other
biomarkers are presented in Table 3.

The plasma glucose concentration and GPR were significantly
increased in the poor outcome group compared with the good

outcome group. The median glucose concentration and GPR
were significantly increased in the non-survival patients than in
the survival patients (p < 0.001). The potassium concentration
differed significantly between the good outcome group and
poor outcome group (p = 0.028); however, the potassium
concentration did not significantly differ between the non-
survivors and survivors (p = 0.087).

Regarding the ROC curve for predicting 3-month mortality,
the AUC for GPR was 0.747 (95% CI 0.709-0.783). The suitable
cutoff of GPR for predicting mortality was determined to be 37.8
(sensitivity, 90.2%; specificity, 51.0%; negative likelihood ratio,
0.19; positive likelihood ratio, 1.84) (Figure 3).

Age, sex, HH score, modified Fisher score, GCS score, WBC
count, hemoglobin level, D-dimer level, glucose level, potassium
level, and GPR were included in the logistic regression analysis.
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In univariable analysis revealed that age, HH score, modified
Fisher score, GCS score, hemoglobin level, glucose level, and GPR
were significantly related to 3-month mortality. In multivariable
analysis, independent predictors for 3-month mortality were as
follows: GPR (OR 1.070, 95% CI 1.047-1.093; p < 0.001), and
GCS score (OR 0.644, 95% CI 0.544-0.763; p < 0.001) (Table 4).

We evaluated the incremental benefit of adding the GCS score
to the GPR by calculating the AUC; adding the GCS score to the
GPR improved the predictive value for 3-month mortality (AUC
= 0.925, 95% CI 0.888-0.963; p < 0.001).

Sensitivity

100-Specificity

FIGURE 3 | Receiver operating characteristic curve of the plasma glucose to
potassium ratio for 3-month mortality of patients with aneurysmal
subarachnoid hemorrhage.

Discussion

This study investigated the association of plasma GPR with
mortality among patients with aSAH. The plasma GPR on ED
admission was significantly higher in non-survivors and was
an independent predictor for 3-month mortality. Therefore,
the plasma GPR was useful for predicting mortality in
these aSAH patients.

Many factors stimulate the sympathetic nervous system in
aSAH patients. Sympathetic activation leads to an increased
release of catecholamine and cortisol into the systemic
circulation, which begins a few minutes after an aSAH
and can last for up to 10 days. These hormones stimulate
gluconeogenesis, glycogenolysis, lipolysis, and proteolysis, which
lead to glucose overproduction (10).

Previous studies have suggested that hyperglycemia is
related with poor outcome in aSAH patients. Beseoglu and
Steiger reported that hyperglycemia correlated with the initial
neurological status and unfavorable outcome after 6 months
(11). In the study by McGirt et al., patients with persistent high
blood glucose levels were seven-fold more likely to have a poor
prognosis than patients with good glucose control, although an
isolated hyperglycemic event was not predictor for poor outcome
(12). In our study, the plasma glucose level at ED admission was
significantly higher in patients with a poor outcome and non-
survivors; however, it was not an independent predictor for 3-
month mortality. Unfortunately, our study did not evaluate the
effect of glucose management on the prognosis of patients with
aSAH during hospitalization.

A previous study reported that the difference in the risk of
unfavorable outcomes between patients in the lowest and highest
quartiles of glucose level was more than double (13). We found
a 2.8-fold difference in the risk of poor outcomes and a 14.7-fold
difference in mortality between the lowest GPR (<32.7) and the
highest GPR (>47.2) quartiles.

Various factors such as systemic inflammatory response
syndrome, sepsis, metabolic crisis, and insulin treatment may

TABLE 4 | Variables associated with 3-month mortality identified by logistic regression analysis.

Univariable Multiple

Odds ratio 95% CI P-value Odds ratio 95% CI P-value
Age 1.043 1.021-1.065 <0.001 1.026 0.970-1.085 0.364
Sex 0.994 0.580-1.703 0.983
Time from onset to ED admission 0.997 0.994-1.001 0.108
Hunt and Hess score 6.153 3.966-9.546 <0.001 1.655 0.360-7.616 0.518
Modified Fisher score 5.782 3.122-10.711 <0.001 1.291 0.370-4.503 0.688
GCS score 0.632 0.573-0.699 <0.001 0.644 0.544-0.763 <0.001
Glucose 1.021 1.014-1.027 <0.001 1.033 0.995-1.072 0.094
Potassium 0.652 0.362-1.173 0.153
Glucose/potassium ratio 1.052 1.035-1.069 <0.001 1.070 1.047-1.093 <0.001
WBC 1.000 1.000-1.011 0.652
Hemoglobin 0.802 0.659-0.975 0.027 0.820 0.584-1.236 0.395
D-dimer 0.715 0.428-1.194 0.200

GCS, Glasgow Coma Scale; WBC, white blood cell.
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influence glucose control in patients with SAH (14). A previous
study found that the infection rate was significantly lower
in patients who were treated with intensive insulin therapy
than it was in those without such treatment, but neurological
outcome and mortality were not affected by intensive insulin
therapy (15). Implementation of strict glucose control lowered
the average glucose levels and incidence of hyperglycemia
in patients compared with those without such control, but
had no effect on hospital mortality (16). By contrast, good
glucose management significantly reduced the incidence of poor
outcome compared with that in patients with poor glucose
management (17). Whether, control of hyperglycemia improves
outcomes, including hypoglycemia, which can occur due to the
control of hyperglycemia, or increases mortality remains unclear.
Therefore, control of blood glucose levels above 180 mg/dl is
currently recommended (18).

Hypokalemia is common electrolyte imbalance in aSAH
patients. It is believed that hypokalemia associated with aSAH
is induced by a catecholamine surge. A high catecholamine
level causes overactivation of the Nat/K*-ATPase pump, which
causes a shift in potassium ions from extracellular to intracellular
spaces (19). Previous research found that about 50% of SAH
patients had hypokalemia (20). In the study by Zhang et al., the
prevalence of hypokalemia among aSAH patients was 35% (21).
In our study, 26% of patients had hypokalemia, but this rate
did not differ significantly between survivor and non-survivors.
Only 20 patients in our study had moderate hypokalemia
and no patients with severe hypokalemia. Tam et al. found
that neither hypokalemia nor hyperkalemia were independent
predictors for poor outcome at 3 months after SAH onset (22). By
contrast, others found that only 2% of the patients included were
hypokalemic on ED admission, and hypokalemia in the subacute
phase (days 7-10) correlated with poor outcome at 3 months after
discharge (23). The effect of a low potassium level on the outcome
in aSAH patients remains controversial.

Recently, Fujiki et al. reported that serum GPR, glucose and
potassium level at admission were significantly correlated with
poor outcome at 3 months (7). Our results do not entirely
coincide with their results. Interestingly, our study showed that
plasma glucose was significantly higher in non-survivors than in
survivors, but it was not an independent predictor of 3-month
mortality in aSAH patients. These differences in results may
be due to differences in study protocol and enrolled criteria,
particularly the different severity of patients with aSAH. In the
study by Fujiki et al., patients with various onset times from 1h
to 16 days were included, and 42.1% patients were classified as
severe aSAH. On the other hand, our study included only aSAH
patients whose onset time was within 24 h, and the proportion of
severe patients was 24.2%.

The pathophysiological mechanism for the relationship
between high plasma GPR and mortality in aSAH patients
remains unclear. Hyperglycemia after SAH is associated with
cardiac dysfunction, pulmonary edema, brain stem compression,
bloodstream infection, and an increased risk of death (24).
Furthermore, hyperglycemia induced intracellular acidosis,
mitochondrial dysfunction, formation of free radicals, and brain
edema (25). Severe hypokalemia increases the risk of cardiac
arrhythmias, especially tachyarrhythmias. High GPR has been

shown to be associated with the severity of SAH (7). In
accordance with previous findings, our data also demonstrated
that plasma GPR was significantly elevated in patients with severe
aSAH compared with patients with non-severe aSAH. Whether,
hyperglycemia and hypokalemia are factors that adversely affect
the outcome of patients with aSAH or are simply surrogate
markers of underlying etiological factors for poor outcome in
clinical course remains controversial.

However, the plasma GPR was significantly elevated in non-
survival patients and was an independent predictor for 3-
month mortality. The relationship between 3-month mortality
and glucose level on ED admission was weaker than that of
the GPR and was no longer significant after multiple logistic
regression analysis.

In our study, the AUC of the plasma GPR ranged from 0.709
to 0.783. For a cutoft value of 37.8 for the GPR, the sensitivity
and specificity for predicting 3-month mortality were 90.2 and
51.0%, respectively. The Kaplan-Meier survival curves for 3-
month mortality showed that patients in the group with the
highest GPR (>47.2) had a significantly shorter overall survival
time than those in the group with the lowest GPR (<32.7).

Our study has several limitations. First, glucose level can be
influenced by catecholamine, cortisol, and glucagon levels, but
we did not measure these. Second, glucose and potassium levels
may be influenced by various factors such as a timing of last
meal, use of beta-blockers, or potassium wasting diuretics, but
we did not consider these factors. In addition, the effects of the
management of glucose and potassium during hospitalization
were not considered. Third, the plasma GPR was calculated only
once based on the initial values obtained on admission to the
ED, and it remains unclear whether serial measurement of GPR
may provide additional prognostic information. In addition, the
present data represents only a single tertiary hospital, and no
post-hoc analysis was performed. Therefore, the outcomes cannot
be generalized to all aSAH patients. Further prospective large-
scale studies are required to confirm the relationship between
GPR and mortality in aSAH patients.

In conclusion, plasma glucose and potassium level tests are
inexpensive measures that are readily available from the routine
blood analysis obtained at the time of admission to the ED. The
plasma GPR was significantly higher in aSAH non-survivor than
in survivor and has potential to be a prognostic predictor of
3-month mortality in aSAH patients.
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de Compostela, Spain, ? Neuroscience and Cerebrovascular Research Laboratory, La Paz University Hospital, IdiPAZ, UAM,
Madrid, Spain, ° Stroke Unit, Department of Neurology, Health Research Institute of Santiago de Compostela (IDIS), Hospital
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Aim: The purpose of this study was to investigate clinical and neuroimaging factors
associated with stroke recurrence in reperfused ischemic stroke patients, as well as the
influence of specific biomarkers of inflammation and endothelial dysfunction.

Methods: We conducted a retrospective analysis on a prospectively registered
database. Of the 875 patients eligible for this study (63.9% males; mean age 69.6 +
11.8 years vs. 46.1% females; mean age 74.9 4+ 12.6 years), 710 underwent systemic
thrombolysis, 87 thrombectomy and in 78, systemic or intra-arterial thrombolysis
together with thrombectomy was applied. Plasma levels of interleukin 6 (IL-6) and tumor
necrosis factor alpha (TNFa) were analyzed as markers of inflammation, and soluble
tumor necrosis factor-like inducer of apoptosis (STWEAK) as an endothelial dysfunction
marker. The main outcome variables of the study were the presence and severity of
leukoaraiosis (LA) and stroke recurrence.

Results: The average follow-up time of the study was 25 4+ 13 months, during which
127 patients (14.5%) showed stroke recurrence. The presence and severity of LA was
more severe in the second stroke episode (Grade Il of the Fazekas 28.3 vs. 52.8%; p <
0.0001). IL-6 levels at the first admission and before reperfusion treatment in patients with
and without subsequent recurrence were similar (9.9 + 10.4 vs. 9.1 + 7.0 pg/mL, p =
0.439), but different for TNFa (14.7 £ 5.6 vs. 15.9 + 5.7 pg/mL, p = 0.031) and sTWEAK
(5,970.8 £+ 4,330.4 vs. 8,660.7 = 5,119.0 pg/mL, p < 0.0001). sSTWEAK values >7,000
pg/mL determined in the first stroke were independently associated to recurrence (OR
2.79; Cl 95%: 1.87-4.16, p < 0.0001).

Conclusions: The severity and the progression of LA are the main neuroimaging
factors associated with stroke recurrence. Likewise, STWEAK levels were independently
associated to stroke recurrence, so further studies are necessary to investigate STWEAK
as a therapeutic target.

Keywords: MRI, prognosis, stroke prevention-primary & secondary, leukoaraiosis, stroke recurrence
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INTRODUCTION

Since the implementation of the new approach to stroke as
a neurological emergency, which has led to the progressive
creation of Stroke Units and the development of new reperfusion
therapies, short-term outcome has improved in developed
countries (1-4) both in terms of mortality and functional
outcome. The new guidelines, however, have focused mainly on
patient care in the acute phase, but we have not seen many
developments in post-hospital care, or secondary prevention,
and some data suggest an increase in late disability in stroke
patients (2).

A large part of early, medium and late morbimortality is
associated with stroke recurrence, which affects 40% at 5 years
and 50% at 10 years after the first cerebrovascular episode,
both ischemic and hemorrhagic (5-9). The control of vascular
risk factors, antiplatelet agents and statins has not significantly
modified therapeutic strategy, although direct oral anticoagulant
drugs have fundamentally demonstrated fewer hemorrhagic
complications (10, 11).

The influence of reperfusion therapies in acute phase on stroke
recurrence has not been well-established. It seems, however,
that in patients undergoing mechanical thrombectomy early
recurrence is lower, but in patients that receive intravenous
thrombolysis medium and long-term recurrence is similar. In
both cases, reperfused patients seem to have a better long-term
progress as compared to non-reperfused patients (1, 12-14).

On the other hand, there is clinical evidence that moderate
to severe leukoaraiosis ((LA) or white matter lesions) presence
may be related with endothelial dysfunction and blood brain
barrier (BBB) damage (15-18). LA presence is known to
contribute to long-term functional decline, morbidity, and death
in independent outpatients and in stroke patients (19). We have
recently identified an endothelial dysfunction marker, the soluble
tumor necrosis factor-like inducer of apoptosis (sSTWEAK), as a
possible biomarker independently associated with hemorrhagic
transformation and poor functional outcome in patients with
IS undergoing reperfusion therapies through the presence of
LA (20). sSTWEAK is constitutively expressed by monocytes,
tumor cell lines, and endothelial cells. Via binding to fibroblast
growth factor-inducible 14 [Fn14]), sSTWEAK can function as an
inflammatory cytokine. In this line, previous studies have shown
that patients with IS had high sSTWEAK levels. However, no
correlation was found between sSTWEAK and an ischemic area
volume during acute stroke (21, 22).

At present, the primary goal of secondary prevention
strategies after IS is to reduce the risk of recurrent stroke,
and information on stroke recurrence and survival is useful to
assess the effect of secondary prevention and risk factors for
recurrence and death. In this scenario, it would be useful to
identify biomarkers that could become therapeutic targets for
developing future treatments or diagnostic indicators for stroke
recurrence prevention; which would allow more accurate post-
hospital follow-up/care, as this would lead to lower disability and
mortality in medium and long-term outcome.

We hypothesized that elevated serum levels of sSTWEAK
might be involved in a higher frequency of stroke recurrence

through the presence of LA. In the present study, we intend
to investigate the possible relationship among sSTWEAK—LA—
stroke recurrence in reperfused IS patients; compare results
with other inflammation biomarkers and evaluate the functional
outcome at 3 months.

MATERIALS AND METHODS

Patient Screening

For this study, we enrolled the stroke patients admitted to the
Stroke Unit of the Hospital Clinico Universitario of Santiago
de Compostela (Spain), who were prospectively registered in
an approved data bank (BICHUS), and received reperfusion
therapies (both intravenous and endovascular) during the acute
phase. All patients were treated by expert neurologists according
to national and international guidelines. Exclusion criteria for
this analysis were: (1) latency time (from the onset of symptoms
to hospital care) >4.5h; (2) previous modified Rankin scale
(mRS) >1; (3) history of chronic inflammatory diseases; (4) lack
of at least two neuroimaging studies in the 1st week; (5) lost to
follow-up patients (personal interview or telephone) at 3 months.
The analysis of the data for this study was retrospective, using the
period between September 2007 and September 2017.

For the estimation of stroke recurrence (ischemic stroke
(IS) or intracerebral hemorrhage (ICH) patients) after the first
ischemic stroke, the same database (BICHUS) was used in
patients re-admitted to the same Stroke Unit. All the patients
under care in Galicia (Spanish region on the northwest of the
Iberian Peninsula) by the Servizo Galego de Saude (SERGAS)
are registered in a computer medical history (IANUS) that was
used for patients who presented recurrence and who were seen
by primary care doctors or other hospitals in the public network.
Patients treated in private centers or outside Galicia were not
registered and consequently excluded.

Clinical Variables and Neuroimaging
Studies

The registry includes demographic variables, vascular risk
factors, time from stroke onset to reperfusion therapies,
comorbidities and associated treatments, axillary temperature
and blood pressure, blood count and coagulation test, and
biochemical variables. The clinical picture was evaluated by
certified neurologists using the National Institute of Health
Stroke Scale (NIHSS) at admission, every 6 h during the 1st day,
and every 24h during hospitalization; modified Rankin Scale
(mRS) was used to evaluate functional outcome at discharge and
at 3 months. Effective reperfusion was defined as <8 points in the
NIHSS during the first 24 h. Poor outcome was defined as mRS
> 2 at 3 months. Stroke diagnosis was made using the TOAST
classification (23).

In the first episode, Computed Tomography (CT) was
performed in all patients and Magnetic Resonance Imaging
(MRI) in selected patients at admission. Follow-up CT scan after
fibrinolysis or thrombectomy was performed in all patients at
24h, and CT at 48 h or at any time if neurological deterioration
(increase >4 points in the NTHSS) was detected; and between the
4th and 7th day. The presence and severity of LA was assessed
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using Fazekas scale (24) with a total score of 0 to 6 (Fazecas
I or Grade I, 1-2; Fazecas II or Grade II, 3-4; Fazecas III or
Grade III, 5-6) by MRI/CT. Hemorrhagic transformation was
defined according to ECASS II criteria (25). All neuroimaging
tests were analyzed by a neuro-radiologist supervised by the same
researcher (JMP). The neuroimaging study was completed in 786
(89.8%) patients. In the recurrence episode, in 94 (74.0%) patients
only one CT was performed at admission and in 68 (53.5%)
patients a further study was performed between the 4th—7th day.

Biomarkers

We used plasma levels of interleukin 6 (IL-6) and tumor necrosis
factor alpha (TNFw) as markers of inflammation, and soluble
tumor necrosis factor-like inducer of apoptosis (STWEAK) as
marker of endothelial dysfunction (26, 27). The blood sample
to measure biomarkers was collected before the administration
of the reperfusion treatment in the first stroke, and in the case
of a recurrent stroke, in the 1st h following admission to the
Stroke Unit of the Hospital Clinico Universitario of Santiago
de Compostela. In the first episode, IL-6 measurements were
performed in 843 patients (96.3%), TNFo in 828 (94.6%) and
STWEAK in 869 (99.3%). In the recurrences, the percentage of
patients with a sample to measure biomarkers was lower (IL-6
71.6%; TNFa 56.7%; and sSTWEAK 67.7%).

Biochemistry, hematology, and coagulation tests were assessed
in the central laboratory of the Hospital Clinico Universitario of
Santiago de Compostela blinded to clinical and neuroimaging
data. IL-6, TNFa and sSTWEAK measurements were performed
in the Clinical Neurosciences Research Laboratory by researchers
blinded to clinical and neuroimaging data. Serum levels of IL-6
and sSTWEAK were measured by enzyme linked immunosorbent
assay (ELISA) technique following manufacturer’s instructions.
IL-6 ELISA kit (BioLegend, San Diego, USA) minimum assay
sensitivity was 1.6 pg/ml with an intra- and inter-assay coefficient
of variation (CV) of 5.0 and 6.8%, respectively. sSTWEAK
Kit (Human TWEAK ELISA Kit (Elabscience, Texas, USA)
minimum assay sensitivity was 4.69 pg/mL with an intra- and
inter-assay CV of 5.06 and 5.21%, respectively. TNFa was
measured using an immunodiagnostic IMMULITE 1000 System
(Siemens Healthcare Global, Los Angeles, USA). Minimum assay
sensitivity was 1.7 pg/mL, with an inter-assay CV of 6.5% and
intra-assay CV of 3.5%. Biomarkers were evaluated within the
first 3 months after blood sample collection.

Endpoints

The main outcome variables were stroke recurrence and the
presence and severity of LA evaluated by neuroimaging within
the first 48 h after an episode. Secondary endpoints were the
association between stroke recurrence and plasma levels of IL-6;
TNFa, and sSTWEAK.

Statistical Analysis

For the descriptive study of the quantitative variables we used the
mean =+ one standard deviation or the median [range] according
to the type of distribution determined by the Kolmogorov-
Smirnov test for a sample with the significance correction of
Lilliefors. The significance of the differences was estimated using

the student’s t-test or the Mann-Whitney U test. One-sided
analysis of variance (ANOVA) was used to compare differences
between more than two groups. The qualitative variables were
expressed as percentages and for the differences the chi-square
test and, if applicable, the uncertainty coefficient were used. The
estimation of the independent variables associated with stroke
recurrence was carried out using multiple regression models,
identifying the continuous or categorical variables determined in
the first stroke. First, we carried out logistic regression models
including all variables with significant differences in univariate
studies grouped according to demographic and background data,
clinical and progression data and neuroimaging data. With the
variables selected, a new logistic regression model was developed,
which finally included the results of the biomarker analysis. To
detect the ability of biomarkers to classify the values associated
with stroke recurrence, ROC (Receiver Operating Characteristic)
curves were developed, converting continuous variables into
categorical ones for a value that offers maximum sensitivity and
specificity. The results were expressed as odds ratio (OR) with
95% confidence intervals (95% CI). Significant values of p < 0.05
were considered. Analyzes were performed with IBM SPSS v.25
for Mac.

RESULTS

The first patient was enrolled in January 2008 and until the
end of the enrollment period (December 2017) 986 reperfused
IS patients were registered. Figure 1 lists flowchart of patient
groups. We excluded 27 patients who died during the first
24h and 84 patients for whom no follow-up through either
personal interview or IANUS was available. Of the 875 patients
eligible for this study (53.9% males; mean age 69.6 £ 11.8 years
vs. 46.1% females; mean age 74.9 £ 12.6 years), 710 patients
underwent intravenous thrombolysis, 87 endovascular therapy
(intraarterial thrombolysis or mechanical thrombectomy) and
78 underwent both intravenous and endovascular therapy.
According to the TOAST classification, 206 patients were
classified as atherothrombotic (23.5%), 381 as cardioembolic
(43.5%), 11 as lacunar (1.3%) and 277 as undetermined (31.7%).
Symptomatic hemorrhagic transformation (HT) was noted in
280 (32%) patients during the first admission; of which, 127
suffered stroke recurrence.

The average follow-up time of the study was 25 & 13 months,
during which 127 patients (14.5%) showed stroke recurrence. In
the second stroke, 24 patients were classified as atherothrombotic
(19.3%), 74 as cardioembolic (59.0%), 25 as undetermined
(19.5%) and 3 intracerebral hemorrhages (2.2%). Recurrence
was lower in patients with effective reperfusion (4.5 vs. 10.0%,
p < 0.0001), and in patients undergoing endovascular treatment
(6.9%), than in those who received intravenous thrombolysis
(14.9%) or those who received both reperfusion therapies (19.2%,
p < 0.0001). Functional outcome after the second stroke was
worse than after the first stroke (mRS at 3 months after the
first stroke 1[0, 3] vs. 4 [3, 6] after the second, p < 0.0001).
Consequently, rates of poor functional outcome (26.1 vs. 85.8%,
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FIGURE 1 | Flowchart of patient groups and LA.

TABLE 1 | Univariate analysis of demographic variables obtained in the first
admission among patients who presented or not a stroke recurrence (n = 875).

No recurrence Recurrence p-value
(n=748) (n =127)

Demographic variables
Age, years 714 +£12.7 75.7 £10.7 <0.0001
Female gender, % 46.3 441 0.700
Arterial hypertension, % 62.0 74.0 0.009
Diabetes, % 22.6 24.4 0.649
Smoking, % 24.5 11.0 0.001
Alcohol consumption, % 4.7 11.2 0.026
Hyperlipidemia, % 38.6 43.3 0.327
Peripheral arterial disease, % 6.3 9.4 0.183
Ischemic heart disease, % 131 10.2 0.470
Atrial fibrillation, % 21.1 33.1 0.004
Heart failure, % 4.0 6.3 0.240
Carotid disease, % 0.8 0.8 1.000
Latency time, min* 162.1 +61.2 160.5 + 61.5 0.786
Previous antiaggregants, % 25.1 47.2 <0.0001
Previous Anticoagulants, % 6.3 19.7 <0.0001

*Time between the onset of symptoms and the onset of reperfusion treatment.

p < 0.0001) and mortality (7.1 vs. 28.3%, p < 0.0001) at 3 months
were higher after the second stroke.

Primary Endpoints: The Percentage of

Stroke Recurrence and the Severity of LA
The univariate analysis of variables obtained at the first admission
among patients who did not present with stroke recurrence are

expressed in Tables 1, 2. The relationship between the percentage
of recurrence (84.2%) and the severity of LA (53.9%) is especially
significant (Figure 2A). In the second stroke, the presence of LA
was more severe. Grade III of the Fazekas scale went up from
28.3% in the first study to 52.8% in the second (p < 0.0001)
(Figure 2B). The multivariate model shows that those patients
treated with anticoagulant drugs (OR: 3.55; CI 95%: 1.01-6.40;
p < 0.0001), those with a higher white blood cell count (OR:
1.08; CI 95%: 1.01-1.15; p = 0.015) and a greater severity of LA
(OR:23.31; CI 95%: 11.29-48.13; p < 0.0001) were independently
associated with higher probability of stroke recurrence (Table 3).

Secondary Endpoints: IL-6, TNFo and

sTWEAK

IL-6 levels analyzed in the blood sample collected at the first
episode at admission and before reperfusion therapies in patients
with and without stroke recurrence were similar (9.9 + 10.4
pg/mL vs. 9.1 &+ 7.0 pg/mL, p = 0.439), but different for TNF«
(14.7 &£ 5.6 pg/mL vs. 159 + 57 pg/mL, p = 0.031) and
STWEAK (5,970.8 =+ 4,330.4 pg/mL vs. 8,660.7 £ 5,119.0 pg/mL,
p < 0.0001). Biomarker levels were similar in different types
of stroke, both in patients with and without stroke recurrence.
ANOVA tests were performed for IL-6 (p = 0.532 vs. p = 0.943),
for TNFa (p = 0.422 vs. p = 0.857) and for sSTWEAK (p =
0.461 vs. p = 0.441). sSTWEAK levels were higher in all types
of recurrent strokes, but similar for IL-6 and TNF« (Figure 3).
In recurrent strokes, biomarker measurements were similar in
the sample collected in the first and in the second episode (IL-
6, 9.1 £ 6.9 pg/mL vs. 9.4 £ 7.5 pg/mL, p = 0.330; TNFa,
15.8 + 5.8 pg/mL vs. 16.0 & 7.0 pg/mL, p = 0.168; STWEAK,
8,763.4 £ 5,167.3 pg/mL vs. 8,767.3 & 4,126.0 pg/mL, p = 0.992).
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TABLE 2 | Univariate analysis of clinical, neuroimaging variables, and molecular
markers obtained in the first admission among patients who presented or not a
stroke recurrence (n = 875).

No recurrence Recurrence p-value
(n =748) (n=127)

Clinical, Neuroimaging variables
Previous mRS 010, 0] 010, 1] <0.0001
NIHSS at admission 17 (12, 22) 18 (14, 22) 0.041
Early neurological 46.3 30.7 0.001
improvement, %
Early neurological 8.5 18.5 0.002
deterioration, %
mRS at 3 months 110, 8] 210, 3] <0.0001
Axillary temperature at 36.4 +£0.7 36.8 £ 0.7 <0.0001
admission, °C
Stroke volume, mL 45.9 + 70.1 81.0 +£98.4 <0.0001
Leukoaraiosis, % 53.9 84.3 <0.0001
Leukoaraiosis degree <0.0001
- No, % 46.1 16.7
- Grade |, % 37.7 29.1
- Grade ll, % 138.0 26.8
- Grade Ill, % 3.2 28.3
Hemorrhagic transformation <0.0001
- No, % (patients) 71.1 (532) 49.6 (63)
- IH1, % 21.5(161) 20.5 (26)
- 1H2, % 3.9 (29) 13.4 (17)
- PH1, % 1.9 (14) 9.4 (12)
- PH2, % 1.6 (12) 7.109
TOAST 0.744
- Atherothrombotic, % 23.4 24.4
- Cardioembolic, % 43.6 43.3
- Lacunar, % 1.5 -
- Undetermined, % 31.6 32.3
Molecular markers
Blood glucose, mg/dl 136.4 + 53.3 149.3 £ 67.2 0.020
Leukocytes, x10%/mL 8.2 £ 3.1 9.6 £67.2 0.020
Platelets, x10%/mL 204.3 + 66.8 197.0 £69.9 0.257
Fibrinogen, mg/dl 415.3 + 102.1 438.5 +92.6 0.017
C-reactive protein, mg/I| 39+42 49+ 46 0.048
Microalbuminuria, mg/24 h 53+4.2 7.7+£9.4 0.003
LDL-cholesterol, mg/dl 109.6 + 40.5 98.4+£41.0 0.123
HDL-cholesterol, mg/dl 417 £14.6 416 +£16.7 0.971
Triglycerides, mg/dl 115.4 £ 53.3 102.3 +£41.0 0.028
Erythrocyte sediment, mm 18.3 £20.4 22.3+18.3 0.041

Modified Rankin scale (mRS); National Institute of Health Stroke Scale (NIHSS).

We demonstrated a correlation between sSTWEAK levels and
the severity of LA at the first admission (Spearman’s coefficient
p < 0.0001) (Figure4A) that does not exist with the other
biomarkers, and that the levels of STWEAK measured in the
second episode at admission increased in those patients in whom
the severity of LA progressed between the two or more episodes
as shown in Figure 4B (Spearman’s coeflicient p < 0.0001).

The ROC curve analysis of STWEAK for stroke recurrence
shows an area under the curve of 0.651; CI 95%: 0.596-0.705;
p < 0.0001. For a cut-off point of 7,000 pg/mL, sensitivity is 63%
and specificity 64%. In a logistic regression model adjusted for all
biomarkers, only the sSTWEAK values >7,000 pg/mL measured
in the first stroke were independently associated with stroke
recurrence (OR: 2.79; CI 95%: 1.87-4.16; p < 0.0001).

When the sSTWEAK categorized variable was introduced into
the logistic regression model, but not LA, sSTWEAK multiplied
the risk of recurrence by 2.48 (Table4, Model A). It was
demonstrated that if we include LA as a simple categorical
variable, levels of sSTWEAK, measured at the onset of the first
stroke, >7,000 pg/mL multiplies by 1.62 the risk of presenting a
recurrent stroke (Table 4, Model B). Importantly, however, if we
include the different degrees of LA severity, the value of STWEAK
>7,000 pg/mL as a predictor of recurrence risk is no longer
independent and is subrogated to LA severity (Table 4, Model C).

DISCUSSION

Stroke recurrence is the first cause of increased mortality and
non-motor sequelae, and this complication persists in patients
undergoing reperfusion treatments (1, 5-9, 12-14, 28). In our
series of patients with acute IS, who received the best possible
treatment according to management guidelines, recurrence was
14.5% for an average follow-up time of 2 years. The outcome
of patients with recurrence was poor in 86% of cases, with a
mortality of 28%. Recurrence in our study is similar to that
obtained by several authors (29), but higher than that referred
in other studies. This may be explained by the fact that our
follow-up time was longer, and the age of our patients was
higher. Mortality, however, was similar in all the studies reviewed
(6,12, 30, 31).

The type of stroke did not influence the frequency of
recurrence, although the second episode led to the reclassification
of almost 50% of the undetermined strokes into cardioembolic,
and three patients with cardioembolic strokes recurred as
intracerebral hemorrhage. Recurrence has been significantly
lower in patients undergoing thrombectomy than in the case of
systemic thrombolysis, and much lower than when the procedure
was combined. Previously published data are uneven (1, 12-
14, 32, 33). In our cases, these results were not influenced by the
time between the onset of symptoms and treatment (p = 0.108),
or follow-up time (p = 0.424, data not shown). However, patients
in whom an effective reperfusion was achieved presented with
lower recurrence rates. In a previous research work, we found
that the treatment with tPA without reperfusion is associated with
a worse patient progression, possibly due to the toxic effect of the
drug in these cases (34).

In our study, oral anticoagulation and white blood cell count
in the first stroke were independent factors associated with
stroke recurrence. Although in the first episode the frequency
of cardioembolic subtype was similar in both groups, in the
second episode half of undetermined strokes were reclassified
into cardioembolic, which implies an undervaluation of the
initial diagnosis of cardioembolic. The platelet count was similar
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FIGURE 2 | (A) Percentage of patients with recurrence according to degree of LA in the initial MRI study. (B) Degree of LA in patients who did not present a new
stroke; in those who presented a new stroke at the time of the first and in the study conducted following the second stroke.

TABLE 3 | Logistic regression analysis including anticoagulants, leukocytes, effective reperfusion, and leukoaraiosis degree.

Not adjusted Adjusted
OR Cl1 95% P-value OR C195% P-value
Anticoagulants 3.65 2.16 - 6.20 <0.0001 3.55 1.01 -6.40 <0.0001
Leukocytes 1.14 1.07 -1.20 <0.0001 1.08 1.01-1.15 0.015
Effective reperfusion 0.51 0.34-0.77 0.001 0.97 0.60 - 1.58 0.921
Leukoaraiosis degree
- Grade | 2.26 1.18-3.99 0.005 2.28 1.28-4.06 0.005
- Gradelll 6.05 3.33-10.98 <0.0001 5.11 2.71-9.66 <0.0001
- Grade lll 25.87 13.04-51.36 <0.0001 23.31 11.29-48.13 <0.0001
Dependent variable: Stroke recurrence.
B No-Recurrent stroke M Recurrent stroke
25 25 - 1.6x10 < 0.0001 p< 0.0001
- | | p=0.001
20 =
=20 £ 1.2x10%
=15 |- [ € >
£ I > e I
210 S5 L x 8.0x10%F
< g | |
= 5 z = I I
10 = 4.0x10°% T
0 (2]
L p=0586 p=0953 p=0311 [ p=0.068 p=0.129 p=0.557 r
-5 5 0.0
Atherothrombotic Lacunar Atherothrombotic Lacunar Atherothrombotic Lacunar
Cardioembolic Undetermined Cardioembolic Undetermined Cardioembolic Undetermined
FIGURE 3 | Levels of biomarkers (IL-6, TNFa, and sSTWEAK) analyzed in the sample collected during the first stroke, according to the different stroke types, both in
those who did not recurred and in those who subsequently recurred.

in both groups and functional situation before stroke was worse
in the patients who recurred, although this data did not reach
independence in the multivariate model (13).

Itis interesting that LA has been the strongest factor associated
with stroke recurrence, and this association is directly related to
the severity and extent of the white matter lesion. Despite the

differences in the neuroimaging study and the method to quantify
LA, this association is widely reported in the literature (35-41).
There are, however, some differential data: (1) the association
with lacunar infarctions (35) (in our series, only in reperfused
patients, and none in the 11 lacunar infarctions recurred), and
(2) the relationship with cardioembolic infarctions, which is
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FIGURE 4 | (A) Relationship between sTWEAK levels and LA severity at first admission. (B) Relationship between sTWEAK levels measured in the last stroke and the
variation between the degree of LA found in the last stroke in relation to the first.

TABLE 4 | Multivariate analysis including biomarkers, leukoaraiosis and leukoaraiosis degree. Dependent variable: Recurrence.

Not adjusted Adjusted

OR Cl1 95% p value OR Cl 95% p value
MODEL A
Anticoagulants 3.65 2.16-6.20 <0.0001 3.64 2.09 - 6.31 <0.0001
Leukocytes 1.14 1.07 -1.20 <0.0001 1.11 1.06-1.17 <0.0001
Effective reperfusion 0.51 0.34-0.77 0.001 0.64 0.42 -0.98 0.041
STWEAK > 7,000 pg/mL 2.89 1.96 - 4.27 <0.0001 2.48 1.65-3.72 <0.0001
MODEL B
Anticoagulants 3.65 2.16-6.20 <0.0001 3.64 2.08 - 6.41 <0.0001
Leukocytes 1.14 1.07-1.20 <0.0001 1.10 1.04-1.17 0.001
Effective reperfusion 0.51 0.34-0.77 0.001 0.68 0.44 -1.05 0.083
Leukoaraiosis 4.58 2.78-7.54 <0.0001 3.34 1.94-5.76 <0.0001
STWEAK > 7,000 pg/mL 2.89 1.96 - 4.27 <0.0001 1.62 1.04 - 2.53 0.032
MODEL C
Anticoagulants 3.65 2.16-6.20 <0.0001 3.52 1.96 - 6.34 <0.0001
Leukocytes 1.14 1.07 -1.20 <0.0001 1.08 1.02-1.15 0.014
Effective reperfusion 0.51 0.34-0.77 0.001 0.96 0.59 - 1.56 0.872
Leukoaraiosis degree
- Grade | 2.26 1.18-3.99 0.005 2.42 1.34-4.383 0.003
- Grade ll 6.05 3.33-10.98 <0.0001 6.20 291-13.17 <0.0001
- Grade lll 25.87 13.04 - 51.36 <0.0001 29.33 12.25-69.75 <0.0001
STWEAK > 7,000 pg/mL 2.89 1.96 - 4.27 <0.0001 0.76 0.43-1.35 0.350

not found in any study (38, 39). In our case, the association  11.8 years, lacunar 67.3 & 11.8 years and undetermined 71.8 &

between LA and recurrence was similar in atherothrombotic, = 12.9 years). Aside from theses discrepancies, LA is currently an
cardioembolic and undetermined strokes (p = 0.383). A possible  important factor of poor outcome after a stroke.
explanation for this discrepancy might be that in our series Of the determined inflammatory markers (white blood

the patients with cardioembolic strokes had a more advanced  cells, fibrinogen, C-reactive protein, sedimentation rate, IL-
age (atherothrombotic 69.6 £ 12.6 years, cardioembolic 73.8 £ 6 and TNFa), only white blood cells and TNFa maintained
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statistical significance in the first regression models but they
lost it when including all clinical factors and of neuroimaging.
However, sSTWEAK (levels > 7,000 pg/mL) was associated
independently with an increased risk of stroke recurrence. The
strong relationship between the sSTWEAK levels in the first stroke
and the severity of LA suggests that sSTWEAK is a surrogate
marker for LA, and thus, when we included the severity of LA in
the regression model, sSTWEAK disappeared as an independent
recurrence factor (Table 4, Model B).

STWEAK is a type II transmembrane glycoprotein of the
TNF (tumor necrosis factor) superfamily that acts by binding to
Fn14 which is a small transmembrane type I protein. TWEAK-
Fnl4 is expressed in all cells that act in the Neurovascular
Unit and overexpresses within a few hours of establishing
a cerebral ischemia (42-45). TWEAK-Fnl4 overexpression
induces an inflammatory profile in brain endothelial cells with
increased secretion of proinflammatory cytokines, production
and activation of matrix metalloproteinases that will participate
in the disruption of the blood-brain barrier and expression
of intercellular adhesion molecules involved in the union of
white blood cells to the endothelium (46, 47). This maintained
expression could condition the development and progression of
LA and could be the molecular marker associated with white
matter disease associated with chronic cerebral ischemia. This
hypothesis, however, remains to be demonstrated.

From a clinical point of view, the importance of sSTWEAK
as predictor of LA progression associated with the increase of
stroke recurrence does not seem preferred, since neuroimaging
is more sensitive and specific, at least with the method used
(we have exclusively determined sSTWEAK, and no sTWEAK-
Fn14). However, the possibility of blocking the activation of the
STWEAK-Fn14 system (anti-sTWEAK or anti-Fn14 monoclonal
antibodies, or through sSTWEAK-Fn14 fusion blockade) makes
this marker a hopeful therapeutic target that could decrease the
progression of LA and stroke recurrence (48, 49).

This study has some limitations. First, our study presents
the weaknesses of any retrospective study, even if its origin is
prospective. Bias in the enrolment of patients was reduced as
we enrolled all those registered in our hospital and followed-
up in any hospital of the public system (in Galicia, the network
of private hospitals is small). Second, sSTWEAK measurements
were not simultaneous and were made by different researchers,
although measurements were always blind to the clinical and
neuroradiological data and supervised by the same senior
researchers, and the same is true of clinical and neuroradiological
data. Three, it is important to note that LA is a gradual disease
affected by different risk factors, and not associated with a unique
pathological process (16, 50). There is the possibility that LA
may be associated with factors in the study population other
than stroke. It is known that in regions corresponding to LA
on neuroimaging, the wall of penetrating arteries is thickened
and hyalinized, and there is often narrowing, elongation, and
tortuosity of small vessels, potentially leading to reduced cerebral
blood flow, and permanent BBB damage. Furthermore, after
the first stroke, Wallerian degeneration (WD) could develop
and cause new white matter hyperintensities related with LA
progression (51). Four, serum levels of STWEAK do not represent

a specific marker of a particular process; patients with multiple
sclerosis, heart failure, or atherosclerosis show also variations
in the sTWEAK levels (52). However, we investigate the
possible relationship among sTWEAK—LA—stroke recurrence
in reperfused IS patients. The strong points of this work are the
unbiased screening of individuals, the high number of enrolled
patients, and the large number of biomarkers assessed.

CONCLUSION

Stroke recurrence is associated with increased mortality, non-
motor sequelae. Currently, preventive efficacy is limited. The
presence of an advanced degree of LA, as well as its progression, is
the main neuroimaging factor associated with stroke recurrence.
STWEAK (> 7,000 pg/mL) is a biomarker correlated with
the progression of LA and stroke recurrence. STWEAK could
become a diagnostic boimarker and a potential therapeutic
target in reducing stroke recurrence but further studies will
be necessary.
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Background: A high Neutrophil-to-Lymphocyte ratio (NLR) in patients with acute
ischemic stroke (AIS) has been associated with post-stroke infections, but it’s role as
an early predictive biomarker for post-stroke pneumonia (PSP) and urinary tract infection
(UTI) is not clear.

Aim: To investigate the usefulness of NLR obtained within 24 h after AIS for predicting
PSP and UTl in the first week.

Methods: Clinical and laboratory data were retrieved from the University Hospital
Brussels stroke database/electronic record system. Patients were divided into those who
developed PSP or UTI within the first week after stroke onset and those who didn’t.
Receiver operating characteristics (ROC) curves and logistic regression analysis were
used to identify independent predictors.

Results: Five hundred and fourteen patients were included, of which 15.4% (n = 79)
developed PSP and 22% (n = 115) UTI. In univariate analysis, NLR was significantly
higher in patients who developed PSP (4.1 vs. 2.8, p < 0.001) but not in those who
developed UTI (3.3 vs. 2.9, p = 0.074). Multiple logistic regression analysis for PSP
showed that NLR, male gender, dysphagia, and stroke severity measured by the National
Institutes of Health Stroke Scale (NIHSS), were independent predictors of PSP. For NLR
alone, the area under the curve (AUC) in the ROC curve was 0.66 (95% Cl = 0.59-0.73).
When combining NLR > 4.7 with age >75 years, male gender, NIHSS > 7, and
dysphagia, the AUC increased to 0.84 (95% CI = 0.79-0.89).

Conclusion: The NLR within 24 h after AIS appears to have no predictive value for
post-stroke UTI, and is only a weak predictor for identifying patients at high risk for PSP Its
predictive value for PSP appears to be much stronger when incorporated in a prediction
model including age, gender, NIHSS score, and dysphagia.

Keywords: acute ischemic stroke, post-stroke pneumonia, post-stroke urinary tract infection, post-stroke
infections, neutrophil-to-lymphocyte ratio
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NLR: Predictor of Post-stroke Pneumonia

INTRODUCTION

Pneumonia and urinary tract infections (UTI) are the most
common infectious complications after acute ischemic stroke
(AIS), with an incidence of 12 and 16%, respectively (1). Post-
stroke infections have been associated with poor outcome and
mortality (2, 3). Therefore, there is an interest in finding early
predictors of these post-stroke infections, which may help to
select high-risk patients to start interventions in time. Most
prediction scoring models for post-stroke pneumonia (PSP) are
based on clinical features including age, gender, stroke severity
measured by the National Institutes of Health Stroke Scale
(NIHSS) (4) and the presence of dysphagia (5-9). A recent meta-
analysis showed that age, female gender and post-void residual
volume >100 ml were predictors of post-stroke UTI (10).

Next to clinical factors, a number of inflammatory parameters
including C-reactive protein (CRP), white blood cell count,
procalcitonin and copeptin (11), interleukin-13 and interferon-y
(12), elevated monocyte count and interleukin-10 (13), and high
circulating natural killer cell count within the first hours after
stroke followed by a drop in all lymphocyte subsets (14) have been
associated with post-stroke infections. However, it is unclear how
these parameters should be applied in clinical practice.

A biomarker, which has gained interest over the last years,
is the Neutrophil-to-Lymphocyte Ratio (NLR). It is a marker of
inflammation that is simply calculated from blood cell counts
obtained on admission in every AIS patient. Nam et al. (15)
found that a higher NLR in patients with AIS who were admitted
within 7 days of symptoms onset independently predicted PSP
during that 7-day period. Wang et al. (16) found that the NRL
at multiple time points with a peak at 36 h after stroke onset
was independently associated with PSP but not with UTIL. The
NLR on admission was not used separately in their study. Three
other studies in patients with AIS in whom blood was collected
within 24 h of symptom onset did not discriminate between PSP,
UTL and other infections. Two of them found that a higher NLR
was independently associated with post stroke infections (17, 18),
whereas the third study could not confirm this association (19).

Since most of these infections already manifest within the first
days after AIS, we wanted to investigate the predictive value of
NLR obtained on admission within 24 h after stroke onset for PSP
and UTI separately.

MATERIALS AND METHODS

Patients and Assessment Procedures

We extracted the data of 1,457 patients admitted to the Stroke
Unit of the University Hospital Brussels (Belgium), which were
prospectively collected in a database over a 6-year period.
We included all patients with AIS, who had routine blood
sampling within 24h after stroke onset. AIS was defined as
“a sudden onset of loss of global or focal cerebral function”
(20) caused by brain ischemia of any origin, confirmed on
cerebral computed tomography, or magnetic resonance imaging.
Exclusion criteria were previous hematologic, inflammatory
or autoimmune disorders, current cancer, infections preceding
stroke, use of antibiotics <24h before admission, use of

immunosuppressants on admission, recent surgery, and stroke
related death and/or palliative care started <48h after stroke
onset. A study population flowchart is shown in Figure 1.
Demographic data (age, gender), medical history, use of beta-
blockers prior to admission, pre-stroke modified Rankin Scale
(mRS), NIHSS on admission, level of consciousness (LOC,
determined by NIHSS subitem 1a) and information concerning
intravenous thrombolysis (IVT) and endovascular therapy (EVT)
were retrieved from the database. Dysphagia objectified by a
professional speech therapist, nasogastric tube feeding, urinary
catheter placement, and results of baseline blood measures
(absolute neutrophil count, absolute lymphocyte count and CRP)
were retrieved from the electronic record system.

Standard Protocol Approval

The study protocol was approved by the Ethics Committee
of the University Hospital of Brussels (reference number
B.U.N. 143201733949).

Neutrophil-to-Lymphocyte Ratio

The NLR was defined as the ratio of the absolute neutrophil
count to the absolute lymphocyte count, which were counted in
the peripheral blood sample on admission by use of fluorescent
flowcytometric measurements (CELL-DYN Sapphire, Abbott
Diagnostics, Abbott Park, IL) (14, 21).

Post-stroke Pneumonia

PSP during the first week after stroke onset was retrospectively
diagnosed using Modified criteria of the US Center for Disease
Control and Prevention: “at least one of the former and one of
the latter criteria fulfilled: (A) abnormal respiratory examination,
pulmonary infiltrates on chest x-rays; (B) productive cough
with purulent sputum, microbiological cultures from lower
respiratory tract or blood cultures, leukocytosis, elevated CRP”
(14, 22).

Post-stroke UTI

UTI during the first week after stroke onset was retrospectively
diagnosed and defined as having at least 2 of the 4 following
criteria: urine sample positive for nitrite, urine culture with
>100.0000 colonies/ml, urine culture with >25 white blood
cells/pl or body temperature >38°C (22).

Statistics

Statistical analyses were performed using SPSS version 27.0
software package. Patients were divided into those who developed
PSP/UTI and those who didn’t. Normality was checked by
using the Kolmogorov-Smirnov test and visual interpretation
of histograms and Q-Q plots. Skewed variables were log-
transformed to reach normality. Differences were detected
using the Independent-Samples Student T-test (with back-
transformation of the results, if applicable) and the Mann-
Whitney U-test for continuous variables. The y2- or Fisher
Exact-test were used for categorical variables. Age and NIHSS
on admission were dichotomized by using the values of
the 50% percentile as cut-off. For NLR, the 75% percentile
was used. Variables of clinical interest were enrolled in
multiple logistic regression analysis (MLRA). The stepwise
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Stroke Database

UZ Brussel
1457 patients
ﬁxclusion criteria [n] \ (lnclusion criteria
- Unclear time of onset with last-seen-well - Acute ischemic stroke
unknown: 84 - Routine blood sampling
- Last-known-well > 24h: 353 L < 24 h after onset
- Previous hematologic disorder: 23

- Previous inflammatory disorder: 53

- Previous autoimmune disorder: 20

- Infections preceding stroke: 64

- Antibiotics <24h before admission: 41

- Use of immunosuppressive medication: 72
- Current cancer: 79

- Stroke mimics: 63

- Transient ischemic attack: 20

- Recent surgery: 31

- Incomplete file: 4

- Stroke related death and/or palliative care
Q‘ted < 48 hours after stroke onset: 36 /

[ 514 eligible patients ]

/\

/Pneumonia modified diagnostic criteria \ / \

At least one of the 1 and one of the 2™ criteria Urinary tract infection diagnostic criteria

(1) Abnormal respiratory examination, pulmonary At least 2 of the 4 following criteria: urine
infiltrates on chest X-ray sample positive for nitrite, urine culture with >

(2) Productive cough with purulent sputum, 100.0000 colonies/ml, urine culture with > 25
microbiological cultures from lower respiratory white blood cells/pl or body temperature > 38°C
tract or blood cultures, leukocytosis, elevated

N AN j
/]\

[ PSP (n=79) ] [ No PSP (n=435) ] [ UTI (n=115) ] [ No PSP (n=399) ]

FIGURE 1 | Study population flowchart. CRP, C-reactive protein; PSP, post-stroke pneumonia.

Backward Wald method and ROC curves were used to identify ~PoOst-stroke Pneumonia
independent predictors. Variables most accessible on admission  In univariate analysis, age, male gender, NIHSS, altered LOC,

were combined to create a prediction model. treatment with IV'T, dysphagia, tube feeding and urinary catheter
placement were associated with PSP (p < 0.05). Patients who
RESULTS developed PSP had significantly lower lymphocyte counts on
admission. CRP, neutrophil count, and NLR within 24 h after
Baseline Characteristics stroke onset were significantly higher in patients with vs. without

Five hundred and fourteen patients met the selection criteria, =~ PSP. The NLR was not significantly different between patients
of whom 15% (n = 79) developed PSP and 22% (n  who developed PSP during the first 3 days (71% of PSP cases)
= 115) developed UTI (Figurel). Table1l presents the of admission and those who developed PSP between day 4
baseline characteristics of patients with PSP vs. without and 7 (29% of cases) of admission (4.29 £ 2.07 vs. 3.59 +
PSP, and of patients with post-stroke UTI vs. without  1.99 respectively, p = 0.320). Of all patients, 145 patients were
post-stroke UTT. discharged before day 7. The mean length of their hospital stay
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TABLE 1 | Baseline characteristics of study population (n = 514).

Variables Post-stroke pneumonia Post-stroke UTI

PSP (n =79) No PSP (n = 435) p-value UTI (n = 115) No UTI (n = 399) p-value
Age, years? 79 (69-86) 74 (62-83) 0.005 79 (74-87) 72 (61-82) < 0.001
Gender, male® 54 (68.4) 223 (51.3) 0.005 32 (27.8) 245 (61.4) < 0.001
Known AHT? 62 (78.5) 313 (72.0) 0.230 89 (77.4) 286 (71.7) 0.224
Use of B-blockers® 36 (45.6) 166 (38.2) 0.215 50 (43.5) 152 (38.1) 0.298
Known DMP 19 (24.1) 86 (19.8) 0.385 25 (21.7) 80 (20.1) 0.692
NIHSS? 16 (8-21) 5(2-12) < 0.001 10 (5-18) 5 (2-14) < 0.001
Altered LOC (NIHSS subitem 1a > 0)° 23 (29.1) 27 (6.6) < 0.001 18 (16.2) 32 (8.4) 0.017
Dysphagia® 47 (59.5) 90 (20.7) < 0.001 47 (41.6) 90 (23.1) < 0.001
VTP 39 (49.4) 120 (27.6) < 0.001 34 (29.6) 125 (31.3) 0.719
EVTP 4(6.9) 24 (5.5) 0.789 5(5.1) 23 (5.8) 0.783
Tube feeding® 42 (83.2) 40(9.2) < 0.001 31(27.2) 51 (12.8) < 0.001
Urinary catheter 27 (34.2) 63 (14.5) < 0.001 33(28.9) 57 (14.9) < 0.001
#Lymphocytes (/mmq)° 1598 £ 1.7 1869 + 1.6 0.344 1746 £ 1.6 1848 +1.6 0.245
#Neutrophils (/mm?3)° 6503 + 1.55 5251 + 1.53 < 0.001 5796 + 1.6 5319+ 1.5 0.064
NLR® 41 +£21 28+1.9 < 0.001 33+22 29+19 0.074
CRP (mg/I? 3.2 (1.6-11.1) 2.6 (1.2-5.8) 0.035 2.9 (1.2-6.3) 2.9 (1.3-6.4) 0.703

Results are expressed as mean + standard deviation (SD), median (interquartile range (IQR)) or n (%) when appropriate. PSP, post-stroke pneumonia; NIHSS, National Institutes of Health
Stroke Scale; AHT, arterial hypertension; DM, diabetes mellitus; IVT, intravenous thrombolysis; EVT, endovascular therapy; NLR, Neutrophil-to-Lymphocyte Ratio; CRF, C-reactive protein.

aMann-Whitney U-test.
by o test,
C¢Independent-Samples Student t-test.

was 4.75 £ 1.2 days, which exceeded the mean time to onset
of PSP of 2.9 & 1.7 days for the entire study population. The
mean time to event did not significantly differ between patients
who had a hospital stay of 7 days or more vs. those who were
discharged before day 7 (3.0 & 1.8 vs. 2.4 £ 1.2 days, p = 0.301).

Post-stroke UTI

In univariate analysis, age, female gender, pre-stroke mRS,
NIHSS, dysphagia, tube feeding, altered LOC, and urinary
catheter placement were associated with post-stroke UTI (p <
0.05). NLR within 24 h after stroke onset was not significantly
higher in patients with post-stroke UTI compared to patients
without post-stroke UTI. The NLR was not predictive in both
patients discharged before day 7 and those who stayed for 7 days
or more.

Multiple Logistic Regression

Since NLR was not significant in univariate analysis for UTI,
we opted to perform multivariate analysis for PSP only.
The following variables were enrolled in MLRA: age, gender,
smoking, chronic obstructive pulmonary disease (COPD),
diabetes mellitus (DM), NIHSS, LOC, dysphagia, and NLR. The
results indicated that NLR, next to age, male gender, NIHSS
on admission, and dysphagia, was an independent predictor of
PSP (Table 2). To create a more easy-to-use prediction model,
we dichotomized “NIHSS on admission” and “age” by using the
50% percentile values as cut-offs, which were >7 and >75 years,
respectively. The cut-off for NLR was determined by the 75%
percentile value, which was >4.7. Based on the results of the first
multivariate analysis and the clinical usefulness of the variables,

we repeated MLRA using the following variables: age > 75 years,
male gender, dysphagia, NIHSS > 7 and NLR > 4.7, which shows
a significant predictive value for each of these variables when
using this model (Table 2).

ROC Curve Analyses

For NLR, age, NIHSS, and male gender, AUC was to 0.66 (95% CI
= 0.59-0.73), 0.60 (95% CI = 0.53-0.66), 0.75 (95% CI = 0.68—
0.81) and 0.59 (95% CI = 0.52-0.66), respectively (see Figure 2).
For the dichotomized variables, NLR > 4.7, age > 75 years, and
NIHSS > 7, AUC was 0.64 (95% CI = 0.56-0.71), 0.58 (95%
CI = 0.50-0.65), and 0.68 (95% CI = 0.62-0.75), respectively
(Figure 2). For a 5-item prediction model, which combines age
> 75, male gender, dysphagia, NIHSS > 7, and NLR > 4.7, AUC
was 0.84 (95% CI = 0.79-0.89) (Figure 2).

DISCUSSION

Previous studies have shown that NLR is a predictor of poor
functional outcome and mortality after AIS, but the underlying
mechanisms remain unclear (20, 23-26). Two studies found a
link between the NLR and post-stroke infections but they lack
information about the location of the infection (17, 18). A study
by Nam et al. (15) found that a NLR cut-off value >2.43, which
was based on the median of their cohort, was an independent
predictor of PSP. However, NLR was determined within 7 days
of stroke onset instead of 24 h. In another study, a higher NLR at
different time points post-stroke, with a peak value at 36 h, has
also been associated with post-stroke infection, and more specific
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TABLE 2 | Stepwise MLRA for PSP (model 1a and 1b).

Variables OR 95% CI p-value
Including continuous Age 1.08 1.00-1.05 0.047
variables Male gender 4.40 2.27-8.54 < 0.001
Dysphagia 5.20 2.71-9.97 < 0.001
NIHSS 1.08 1.04-1.13 < 0.001
NLR 112 1.04-1.21 0.003
Prediction model Age > 75 years 2.45 1.31-4.58 0.005
Male gender 4.14 2.16-7.93 < 0.001
Dysphagia 6.40 3.36-12.20 < 0.001
NIHSS > 7 2.54 1.29-5.01 0.007
NLR > 4.7 2.89 1.60-5.22 < 0.001

MLRA, multiple logistic regression analysis; PSR, post-stroke pneumonia;, OR, odds
ratio; Cl, confidence interval; NIHSS, National Institutes of Health Stroke Scale; NLR,
Neutrophil-to-Lymphocyte ratio.
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FIGURE 2 | ROC curve analysis for NLR > 4.7, age > 75 years, NIHSS > 7,
male gender, dysphagia, and a 5-item prediction model (NLR > 4.7, age > 75
years, dysphagia, NIHSS > 7, male gender). ROC, receiver operating
characteristics; NLR, neutrophil-to-lymphocyte ratio; NIHSS, National
Institutes of Health Stroke Scale.

PSP (16). A study of van Gemmeren did not show an independent
predictive value of the 24 h NLR for PSP, but because numbers
were small the study was likely underpowered to detect such an
effect (19).

Our results provide additional evidence for NLR as a
significant and independent predictor for PSP, although, its
predictive value appears to be quite weak. ROC curve analysis of
NLR alone showed an AUC of 0.66 (95% CI = 0.59-0.73). This
could be explained by the fact that immunological changes are
only one of the mechanisms leading to PSP. Our results further
showed that age, male gender, dysphagia, and stroke severity

(NIHSS) were, albeit also weak, independent predictors of PSP,
which is in line with previous studies (5-9, 27-29). Because of
its rather low predictive value for PSP, we reperformed MLRA
with only dichotomized variables, to make it more clinically
useful. Based on the results of our first multivariate analysis
and the immediate availability upon admission of the enrolled
clinical variables, we created a 5-item prediction model using
NLR > 4.7, age > 75 years, male gender, dysphagia, and NIHSS
> 7. In this model, the AUC increased to 0.84 (95% CI =
0.79-0.89), indicating that NLR is especially useful in predicting
PSP when incorporated into a model with these four clinical
predictive factors.

The NLR was not significantly different in patients who
developed PSP within 3 days of admission and those who
developed PSP during day 4-7 after admission, suggesting that
a high admission NLR is not solely due to an inflammatory
response caused by aspiration, or a pneumonia, that was already
started on admission.

Our study found that NLR within 24 h after stroke onset was
not a significant predictor of UTI. This confirms the findings
of Wang et al. (16) who also did not find a significantly higher
NLR in patients with post-stroke UTI, although, they did not
use the NLR on admission. A plausible explanation why NLR
is predictive for PSP but not for UTIL is that the underlying
mechanisms of these infections are at least partially different.
After AIS, neutrophil counts increase and lymphocyte counts
decrease (28, 30, 31) as part of the post-stroke immunodepression
phenomenon, activated by the sympathetic nervous system and
hypothalamic-pituitary-adrenal axis (30, 32). This may be a
mechanism to prevent further damage by reducing local brain
inflammation. The role of neutrophils and lymphocytes seems
to be dual, with both beneficial and harmful effects (3, 14,
31, 33). The NLR could be used to estimate the degree to
which this post-stroke immunodepression occurs, with a higher
NLR suggestive of a more pronounced immunodepression. Since
both NLR and pneumonia have been associated with poor
prognosis after ischemic stroke (20, 24, 34-36), we hypothesize
that a higher degree of immunodepression makes patients
more susceptible to systemic infections, such as pneumonia,
leading to a worse outcome. Preclinical evidence shows that
mice subjected to ischemic stroke were more susceptible to
spontaneous bacteriemia and pneumonia compared to mice
who underwent sham procedure (37). An explanation might
be that the post-stroke immunodepression phenomenon favors
bacterial translocation and dissemination of commensal bacteria
from the host gut microbiota, leading to systemic infections
(38). Whereas, these mechanisms might contribute to PSP,
the occurrence of post-stroke UTI seems to rather depend
on other factors. Urinary tract infections, which can be seen
as rather local than systemic infections, seem to be mainly
explained by mechanical factors such as bladder dysfunction
causing urinary retention (39), use of urinary catheter (29, 40)
and the presence of a short urethra (female predominance). In
addition, they are less clearly associated with worse prognosis
after ischemic stroke, since although preventive antibiotics
reduced UTI frequency in the PASS-study, no effect was seen
on outcome (36).
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It has been hypothesized that sympathetic nervous system
activation might be one of the underlying mechanisms of
post-stroke immunodepression, and that therefore beta-blockers
might theoretically prevent post-stroke infections (32). In mice,
blockade of the sympathetic pathways by beta-blockers reduced
post-stroke infections and improved stroke outcome (41).
However, in human studies, results have been conflicting. Sykora
et al. (42) reported that pre-stroke and on-stroke beta-blocker
treatment reduced PSP frequency. On the other hand, Maier and
coworkers reported that beta-blocker exposure had no effect on
PSP frequency, but that it reduced UTI rates (43, 44). Dromerick
etal. (45) found the use of beta-blockers to be a predictor of post-
stroke UTL. In our study, we did not find an association between
beta-blocker use prior to AIS and PSP or UTL.

There are some limitations to this study. First, although
data were gathered prospectively, the diagnosis of PSP and
UTI was checked retrospectively, which could have caused
some diagnostic errors. By using the modified CDC criteria for
retrospective diagnosis of pneumonia, a positive chest x-ray was
not necessary to reach diagnostic criteria. Therefore, diagnosis
could also be made based on clinical features only, which might
have decreased diagnostic accuracy. Second, the NLR was only
investigated for its predictive role regarding PSP/UTIL It is
possible that patients developed other infectious or inflammatory
complications that might have influenced NLR. Third, we did
not intend to exclude patients discharged before day 7, as we
wanted to explore the role of NLR and the subsequent combined
model in a situation consistent with real-life in which we do
not know in advance how long patients will stay. We may have
missed a number of cases with PSP and UTI in patients who
were discharged before day 7. However, because the majority of
patients (72%) was hospitalized for 7 days or more, it is unlikely
that this will affect our main conclusions. In addition, for UTT, the
NLR was not predictive in both patients discharged before day 7
and those who stayed for 7 days or more. For PSP, we found that
the mean length of hospital stay for those discharged before day
7 exceeded the mean time to onset of PSP, which is usually within
the first 2 to 3 days after stroke onset.

Prospective studies are required to investigate whether our
proposed prediction model, which incorporates NLR, too can,
with a high degree of certainty, identify patients prone to develop
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Background and Purpose: The systemic immune—inflammation index (Sll) is a novel
prognostic index in various diseases. We evaluated the predictive value of Sll in patients
with intracerebral hemorrhage (ICH).

Methods: Patients with primary spontaneous ICH were enrolled. Sll was constructed
based on peripheral platelet (P), neutrophil (N), and lymphocyte (L) and defined as P*N/L.
In addition to admission testing, acute phase Sll was collected to analyze the potential
dynamic change. Poor outcome was defined as modified Rankin Scale of more than 3
at 90 days.

Results: We included 291 patients; 98 (34%) achieved favorable functional outcomes.
Day-1 Sl was higher and was more related to poor outcome than was admission
SIl. Median time of day-1 Sl was 29h from onset. Day-1 Sl had an OR in outcome
(MRS >3) 1.74 (95% ClI = 1.03-3.00, p = 0.04). The binary cutoff point of SlI
calculated using the area under the curve (AUC) method was 1,700 x 109/L, AUC 0.699
(95% Cl = 0.627-0.774) (sensitivity 53.3%, specificity 77.3%) (OR = 2.36, 95% CI =
1.09-5.26, p = 0.03).

Conclusions: Sll, especially day-1 SlI, was highly associated with 90-day functional
outcome in patients with ICH and could be used to predict outcomes.

Keywords: stroke, prognosis, blood platelets, intracerebral hemorhage, neutrophils lymphocyte ratio

INTRODUCTION

Spontaneous intracerebral hemorrhage (ICH) is associated with high mortality and poor outcome
(1). Studies found various indicators for predicting outcome following ICH (2-4); however,
few of these involve biochemical tests. The brain injury after ICH includes the primary injury,
which is the mechanical damage of the adjacent tissues by hematoma within the first hours
after ICH, and the secondary injury, which is initiated by the extravasation of blood products
into the brain parenchyma (5). Mounting preclinical evidence has shown that inflammation
after ICH plays an important role in the secondary brain injury (6). Furthermore, clinical
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laboratory results that reflect inflammation have been reported to
predict ICH outcome. Platelet (PLT) counts have been associated
with growth edema (7), which predicts ICH outcome (8).
The neutrophil-lymphocyte ratio (NLR) was reported (9, 10),
as were PLT-lymphocyte ratio (PLR) (11), and lymphocyte-
monocyte ratio (LMR) (12). These studies showed that levels of
inflammation are highly related to the clinical outcome following
ICH (13).

The systemic immune-inflammation index (SII), which was
calculated as peripheral platelet*neutrophil/lymphocyte, was first
reported as a prediction tool in cancers such as hepatocellular
carcinoma (14-16). In 5,602 coronary artery disease patients after
coronary intervention, SII was shown to have a better prediction
for major cardiovascular events than traditional risk factor (17).
In acute ischemic stroke, SII was reported as an independent
risk factor for stroke severity (18). Moreover, dynamic changes
of SII was suggested as a promising prognostic predictor for
cancer patients such as colorectal cancer and hepatocellular
carcinoma (19, 20). A recent study confirmed the value of SII for
predicting short-term outcome following ICH (21). Nevertheless,
the role of SII in predicting long-term outcome following
ICH is unknown.

In the present study, we investigated acute phase SII
and favorable outcome of ICH in recovery. We also studied
dynamic changes of SII to identify a more precise way to
predict outcome.

METHODS

The data and code that support the findings of this study
are available from the corresponding author upon reasonable
request. The study was approved by the local ethic committee.

We retrospectively collected data from patients admitted
to West China Hospital, Sichuan University (Sichuan, China)
from February 2018 to February 2019. The inclusion criteria
were as follows: (1) over 18 years of age; (2) admission
diagnosis of ICH based on brain CT scans; (3) <24h from
onset to admission; (4) available clinical data including at least
one laboratory test of platelets, neutrophils, lymphocytes and
monocytes; and (5) neuro-image to evaluate the characteristics of
the hematoma. Exclusion criteria were as follows: (1) secondary
ICH (aneurysm, vascular malformation, or tumor); (2) possible
disease that may affect laboratory results (leukemia, lymphoma,
or thrombocytopenia); and (3) unavailability of outcome data;
(4) patients with coagulopathy or anticoagulant therapy; and (5)
patients with active infection or autoimmune disease.

We recorded age, sex, clinical record, previous medical
history, laboratory results (PLT), absolute neutrophil
count (ANC), absolute lymphocyte count (ALC), absolute
monocyte count (AMC), baseline CT imaging characteristics,
and surgical information if available. ICH volume was
measured based on the ABC/2 method (22). We collected
all laboratory test results during hospitalization. SII was defined
as platelet*neutrophil/lymphocyte.

The primary outcome was modified Rankin scale (mRS) at
90 days from onset. mRS was measured at outpatient visit or by

telephone using a structured interview (23). We defined favorable
outcome as mRS 0-3, and unfavorable outcome was mRS 4-6.

All statistical analyses were performed using R software
(Version 4.0.2, R Core Team, Vienna, Austria). Continuous
variables were tested using the Student’s ¢ test or Mann-Whitney
test and were expressed as mean (standard deviation) or median
(interquartile range) depending on their distribution. Categorical
variables were defined as numbers and were analyzed using
the ¥? test or Fisher exact test. Receiver operating curves
(ROCs) were generated and the area under curve (AUC) was
calculated to estimate the ability of the SIIT and other factors to
predict poor outcomes. The optimal cutoff point was calculated
using the Youden’s Index. Boxplots were performed to describe
the distribution of admission and day-1 SII in ordinal mRS.
Multivariate logistic regression analysis was used to analyze the
association between factors and prognosis. Variables included in
the model were selected based on the result of univariate analysis.
Two-tailed p < 0.05 was considered significant.

RESULTS

We enrolled 291 patients (Supplementary Figure 1). Of these,
98 (34%) achieved favorable outcomes at 90 days. The poor
outcome group included more females (38 vs. 23%, p = 0.02),
older patients (59 & 14 vs. 55 £ 13, p = 0.0002), lower Glasgow
Coma Scales [8 (6-13) vs. 13 (13-15), p < 0.0001], larger ICH
volumes [32 (14-59) vs. 12 (4-24), p < 0.0001], and more
intraventricular hematomas (64 vs. 27%, p < 0.001) (Table 1).
Admission ANC and day-1 ANC were significantly higher in
patients with unfavorable outcome, and they tended to have a
lower ALC on day-1. Admission SII and day-1 SII both showed
significant differences between outcome groups (Table1 and
Supplementary Table 1). The interval of the day-1 test in the full
cohort was 29 (13-51) h from the onset; no difference was found
between both groups.

The multivariate analysis was carried out considering factors
including SII, sex, age, ICH volume (logarithm), IVH extension,
hematoma location, and craniotomy. In multivariate analysis,
day-1 SII independently predicted 90-day poor outcome (OR
1.74, 95% CI = 1.03-3.00, p = 0.04), while admission SII did
not (OR 1.19, 95% 0.81-1.75, p = 0.37) (Table 2). Receiver
operating characteristics yielded a cutoff of 1,315 x 10°/L
for admission SII (AUC 0.726, sensitivity 83.7%, specificity
56.9%) and 1,700 x 10°/L for day-1 SII (AUC 0.699, sensitivity
53.3%, specificity 77.3%) with corresponding maximum Youden
index for predicting 90-day outcome (Supplementary Figure 2).
Multivariate analysis revealed that Dayl-SIT > 1,700 x 10°/L
(OR 2.36, 95% CI = 1.09-5.26, p = 0.03), but not admission
SII > 1,315 x 10°/L (OR 1.42, 95% CI = 0.72-2.82, p =0.31),
was significantly associated with poor 90-day functional outcome
(Supplementary Table 2). Moreover, age, GCS, ICH volume, and
location were also found as an independent predictor [detailed
in(Supplementary Table 2)].

We performed a fitting curve based on the binary functional
outcome and their individual ANC, ALC, PLT, and SII to display
the trends (Figure 1). A peak of SII occurred at 24-48h after
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TABLE 1 | Baseline comparison between 90-day outcome groups.

Full cohort Favorable outcome Poor outcome P-value
(n =291) (n =98) (n=193)

Age, years 57 (14) 55 (13) 59 (14) 0.0002*
Male sex 194 (67%) 75 (77%) 119 (62%) 0.02f
Onset to admission time, h 5(3-8) 6 (3-10) 5(3-8) 0.20%
Admission SBP, mmHg 166 (143-183) 163 (144-181) 166 (142-184) 0.71%
Admission DBP, mmHg 94 (82-109) 95 (82-111) 93 (81-108) 0.41%
Admission GCS 13 (7-14) 13 (13-15) 8 (6-13) <0.0001*
Admission SlI, x10%/L 1298 (658-2244) 989 (570-1867) 1440 (792-2422) 0.004*
Day—1 SlI, x10%/L 1467 (884-2485) 969 (685-1564) 1833 (1170-2955) <0.0001*
Craniotomy 63 (22%) 12 (12%) 51 (26%) 0.008"
ICH volume, ml 24 (9-47) 12 (4-24) 32 (14-59) <0.0001%
Intraventricular hematoma 145 (50%) 22 (27%) 1283 (64%) <0.0001%
Lobar hematoma 52 (18%) 20 (12%) 32 (17%) 0.52f
Infratentorial hematoma 58 (20%) 16 (16%) 42 (22%) 0.35"

Data are mean (standard deviation) or median (interquartile range) for continuous variables, and n (%) for categorical variables. SBFR, systolic blood pressure; DBFR, diastolic blood
pressure; GCS, glasgow coma scale; Sli, systemic immune—inflammation index; ICH, intracerebral hemorrhage.

*y.2 test or Fisher exact test.
TTvvo-samp/e Student’s t test.
fann-Whitney test.

TABLE 2 | Relationship of Sl and SlI threshold with 90-day predicting poor outcome.

Unadjusted Adjusted*
OR 95% CI P-value OR 95% ClI P-value
Admission SIIf 1.47 1.12-1.96 0.007 1.19 0.81-1.75 0.37
Day-1 SIIf 2.87 1.91-4.54 <0.0001 1.74 1.03-3.00 0.04
Admission Sl >1315 x 109/L 214 1.31-3.55 0.003 1.42 0.72-2.82 0.31
Day-1 Sl >1700 x 10%/L 4.51 1.21-4.44 <0.0001 2.36 1.09-5.26 0.038

SlI, systemic immune—inflammation index; *Adjusted by sex, age, admission Glasgow Coma Scale, logarithm intracerebral hematoma volume, intraventricular hematoma occurrence,

hematoma location and craniotomy; 7LLogazr/thm,

stroke, and an obvious gap was identified after 24 h from ICH
onset. ANC showed the same trend as SII, and ALC showed an
inverse curve. PLT did not show a significant difference on the
fitting curve. Furthermore, boxplots of admission and day-1 SII
stratified by ordinal mRS revealed different distribution of SII,
especially day-1 SII, in each mRS category (Figure 2).

DISCUSSION

We described the dynamic change of the SII in ICH patients and
detected a peak at 24-48 h after ICH onset. The admission SIT and
day-1 SII was found to be associated with 90-day poor outcome.
In the multivariate analysis, only day-1 SII independently
predicted 90-day functional outcome with an optimal cutoft at
1,700 x 10°/L. These findings suggest that the SII might serve
as a new important indicator for prognosis prediction and risk
stratification in ICH patients. To our knowledge, this was the
first study that reported the dynamic change of SII following ICH
and evaluated the predicting value of SII in long-term functional
outcome in ICH patients.

There is accumulating evidence that inflammatory indices
calculated based on routine blood count such as neutrophils
and lymphocytes can provide valuable prognostic information
in various diseases including ICH and ischemic stroke (9, 24—
26). Since these inflammatory indices are easily obtainable and
widely accessible, they could be added as simple predictive tools
for risk stratification during clinical estimation. Meanwhile, the
increase of these inflammatory indices might also reflect the
acute inflammatory response to the primary and secondary
brain injury.

After ICH occurs, plasma-derived factors (i.e., thrombin and
vitronectin) and components released following erythrocyte lysis
(i.e., hemoglobin, peroxiredoxin 2, and carbonic anhydrase 1)
can activate macrophage/microglia and trigger the inflammatory
cascade (27, 28). Activated macrophages/microglia further
release pro-inflammatory cytokines and chemokines and
promote infiltration of peripheral inflammatory cells (29).
Neutrophils are the earliest white blood cells recruited from
peripheral blood to the brain in response to acute inflammatory
immune response (10). In animal models, neutrophil infiltration

Frontiers in Neurology | www.frontiersin.org

94 May 2021 | Volume 12 | Article 628557


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Lietal

Systemic Index and Hemorrhage Stroke

A 3000 _B
= 14 =
2500 = =
§f %) =
22000 ¥ ) = g 16 : %
3 =0 E &80 £
T 1500€ Figr s T : g / K e 3 =
AT - i = < 6§ § - . B
.. . 5 ¥ =
500¢ 4= B L& =
£ = ; =
0 T2 -
0 1 2 3 4 5 6 74 0 1 2 3 4 5 6 7
Days from ICH Onset Days from ICH Onset
D
4.0 350
3.57 - =
~ B 300 B =
3.01 = n E
g 2. 5_: % g 250 g g
2 . w2 = =
20 & | = ¥ 200 I
- m
(&) E - =
=g § SN i & 150 =
1.0 “,_“&. — 0 ~ > » I
o.F - il Taeg 100 H
059 # » . [= . =
0.0 50 =
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Days from ICH Onset Days from ICH Onset
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unfavorable outcomes, and blue indicates patients with favorable outcomes. Right-side rungs indicate Sl distribution in the first 12 h from onset; the left side indicates
SlI distribution 24-48 h from onset.

was observed around the hematoma within 4h and reached
a peak in 1-3 days after ICH (6, 30). By analyzing the tissues
surrounding the hematoma in patients with ICH, there was
neutrophil infiltration within 8h that further increased within
1 day (31). Neutrophils induce neurotoxicity by releasing
pro-inflammatory cytokines (i.e., TNF-a and IL-1P), further
contributing to increased capillary permeability, blood-brain
barrier destruction, and aggravation of brain edema (32). In
preclinical research, targeting neutrophil inhibition alleviated
myelin fragmentation and axonal damage, further improving
functional outcomes after ICH (33).

Platelets are an integral component of the hemostatic system
(28). The balance of platelet aggregation is broken after ICH. The
increase of platelet counts in the peripheral circulation induces a
hypercoagulable state, which increases the risk of poor outcomes
(34). Activated platelets release a series of potent chemical
mediators (i.e., adenosine diphosphate, serotonin, thromboxane

A2, and TGF B), all of which may potentially play important roles
in brain damage and unfavorable prognosis (28).

In the acute phase after ICH, the sympathetic system and
hypothalamic-pituitary-adrenal axis are overactivated and the
levels of catecholamines and steroids increase, which contribute
to systemic immunosuppression and further induce functional
inactivation and apoptosis of peripheral lymphocytes (35).
Lymphocytes play a crucial role in immune regulation and
host defense against pathogens (10). Decreases in lymphocyte
numbers reduces the immune capacity, increases the risk of
infection after ICH, and may have an impact on functional
outcomes (34, 36).

Based on previous studies, the inflammatory immune
response may not be reflected in laboratory tests within the first
few hours of onset (31). In our cohort, the median onset to
admission time was 5 h, which is substantially shorter than that of
a previous report (21); as a result, the immune response may not

Frontiers in Neurology | www.frontiersin.org

95

May 2021 | Volume 12 | Article 628557


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Lietal

Systemic Index and Hemorrhage Stroke

1 2 3
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fully reach the ultra-acute phase, giving rise to a different result.
A more precise observation of inflammatory immune markers in
stroke patients may be needed in the future.

There are some limitations in our study. A single-center
retrospective cohort has potential biases. Other inflammatory
markers such as edema volume and interleukins were not
collected, and the interaction with other infective complications
were not studied. The strengths of our report include the dynamic
change of the immune-inflammation index. A previous study
focused on the admission time point but did not consider the
actual time from onset of stroke (21). We also had a relatively
wide enrollment of patients with ICH, including all locations of
hematoma and surgical patients.

CONCLUSION

SIT is an easily calculated index that showed decent ability
to predict outcome following ICH. Further investigations may
increase the understanding of immune-inflammation processes
in ICH and may guide clinical practice.
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Background: Acute stroke treatment is a time-critical process in which every minute
counts. Laboratory biomarkers are needed to aid clinical decisions in the diagnosis.
Although imaging is critical for this process, these biomarkers may provide additional
information to distinguish actual stroke from its mimics and monitor patient condition and
the effect of potential neuroprotective strategies. For such biomarkers to be effectively
scalable to public health in any economic setting, these must be cost-effective and
non-invasive. We hypothesized that blood-based combinations (panels) of proteins might
be the key to this approach and explored this possibility through a systematic review.

Methods: We followed the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analysis) guidelines for systematic review. Initially, the broader search for
biomarkers for early stroke diagnosis yielded 704 hits, and five were added manually.
We then narrowed the search to combinations (panels) of the protein markers obtained
from the blood.

Results: Twelve articles dealing with blood-based panels of protein biomarkers for
stroke were included in the systematic review. We observed that NR2 peptide (antibody
against the NR2 fragment) and glial fibrillary acidic protein (GFAP) are brain-specific
markers related to stroke. Von Willebrand factor (VWF), matrix metalloproteinase 9
(MMP-9), and S1008 have been widely used as biomarkers, whereas others such as
the ischemia-modified albumin (IMA) index, antithrombin Il (AT-1Il), and fibrinogen have
not been evaluated in combination. We herein propose the following new combination
of biomarkers for future validation: panel 1 (NR2 + GFAP + MMP-9 + vWF + S1008),
panel 2 (NR2 4+ GFAP + MMP-9 + vWF + IMA index), and panel 3 (NR2 + GFAP + AT-lI
+ fibrinogen).

Conclusions: More research is needed to validate, identify, and introduce these panels
of biomarkers into medical practice for stroke recurrence and diagnosis in a scalable
manner. The evidence indicates that the most promising approach is to combine different
blood-based proteins to provide diagnostic precision for health interventions. Through
our systematic review, we suggest three novel biomarker panels based on the results in
the literature and an interpretation based on stroke pathophysiology.

Keywords: stroke, diagnosis, biomarker panels, serum biomarkers, neuroprotection
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Baez et al.

Biomarker Panels for Stroke Diagnosis

BACKGROUND

Stroke remains to be the second leading cause of death
worldwide, with a yearly death toll of 5.5 million (1, 2).
Furthermore, approximately 116.4 million people are reportedly
disabled because of stroke, resulting in stroke being one
of the most important causes of disability in older people
(3). Consequently, cerebrovascular diseases have substantial
economic impact and significant social consequences. This
impact is exacerbated in lower- and middle-income countries.
Evidence suggests that this situation is due to insufficient and
non-optimal strategies for the prevention of cerebrovascular
diseases and due to reduced availability of equipment for the
diagnosis and treatment in medical centers (4).

Many of the shortcomings in managing stroke and related
diseases are due to the heterogeneity of these pathologies. The
main subtypes of stroke are ischemic and hemorrhagic stroke.
Ischemic stroke is characterized by a lack of blood supply to
a part of the brain, whereas hemorrhagic stroke refers to a
cerebral bleed due to a blood vessel’s rupture (5). Ischemic
stroke in turn comprises different subtypes such as transient
ischemic attack (TIA), which is transitory and reversible in
nature. We followed the classification system: Trial of Org 10172
in Acute Stroke Treatment (TOAST) developed by Adams et al.
(6), and we further distinguished large-artery atherosclerosis,
cardioembolic (CE), lacunar, undetermined etiology, and other
determined etiology.

Several studies have shown that subjects with TIA have a
much higher probability of future strokes than the general
population (7-9). In fact, the recurrence estimated by the
Oxfordshire Community Stroke Project varies between 8 and
12% at 7 days, 11 and 15% at 1 month, and 15 and 19%
at 3 months (8). Notably, recurrent events tend to become
more disabling or fatal than the first stroke or TIA (9).
Therefore, the first occurrence of TIA constitutes a warning
signal for future stroke, offering a unique opportunity for early
interventions and stroke prevention, including neuroprotective
strategies (Figure 1). As one of the reviewers have highlighted,
“acute stroke treatment is a time-critical process where every
minute counts.”

Unfortunately, physicians may neglect these warning signals
for recurrent future cerebrovascular events. In addition,
misdiagnosis and untimely discharge are also relatively frequent
(10). A TIA is a predictive factor for recurrence (11), and
therefore, there is a strong need to determine the predictors
of recurrence after the first TIA event. Early identification of
patients at a higher risk for stroke recurrence may offer critical
insights for urgent management and recurrence prevention.

Abbreviations: AIS, acute ischemic stroke; IS, ischemic stroke; ICH, intracerebral
hemorrhage; TIA, transient ischemic attack; SAH, subarachnoid hemorrhage;
VCAM, vascular cell adhesion molecule; vWE, von Willebrand factor; BNGE
B-type neurotrophic growth factor; CRP, C-reactive protein; SRAGE, soluble
receptor for advanced glycation end products; MMP-9, matrix metalloproteinase
9; BNP, brain natriuretic peptide; TIMP-4, metalloproteinase inhibitor-4; UCH-
L1, ubiquitin C-terminal hydrolase 1; CE, cardioembolic stroke subtype; LVD,
large-vessel disease stroke subtype; SVD, small-vessel disease; UDE, undetermined
etiology; ELISAs, enzyme-linked immunosorbent assay.
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FIGURE 1 | Changing risks of stroke recurrence in a population. Schematic
diagram of the risk of stroke recurrence in the general population. There are
mainly two groups: those with low risk (without any disease apparently) and
those with high risk (people with prior cardiovascular diseases, diabetes, and
hypertension). The probability of experiencing a transient ischemic attack (TIA)
was higher in the high-risk group than that in the low-risk group. In addition, a
TIA event increases the probability of recurrent stroke. Recognition of this risk
structure provides a unique opportunity for early health interventions and
stroke prevention.

Stroke onset in patients requires additional factors that, ideally,
are differentiation from stroke mimics, classification of stroke
subtypes, and monitoring patient progression.

Early identification of such aspects is the goal of precision
medicine for all diseases. This approach leverages disease
progression models whose stages are identifiable using
biomarkers (12, 13). In this framework, a biomarker is
a parameter that may indicate the likelihood of disease
progression or clinical events in subjects with a specific medical
condition (14).

Regrettably, stroke remains to be a condition without well-
established biomarkers, which, alone or in combination, are
precise enough for a useful prediction. This situation seems
contradictory, as an increasing number of biomarker candidates
are continuously being proposed (15). However, selecting specific
stroke biomarkers remains challenging for several reasons.

Stroke, as mentioned before, is a heterogeneous disease
that involves diverse mechanisms that affect the specificity
and sensitivity of potential biomarkers (16, 17). These
mechanisms include disruption of the blood-brain barrier,
thrombus  formation, neuronal death, excitotoxicity,
mitochondrial dysfunction, and immune system activation
[(18); Figure 2]. Biomarkers may be sensitive to different facets
of pathophysiology and may change over time.

Stroke diagnosis depends crucially on neuroimaging;
computed tomography (CT) remains an essential component of
stroke management, although it is not always available. Some
areas of stroke management have been neglected, such as using
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FIGURE 2 | Stroke pathophysiology. The clot formation process starts with disrupting the blood-brain barrier due to a rupture of the endothelial cell layer, exposing the
blood vessel’s inner collagen layer. Collagen exposure is recognized by circulating platelets in the bloodstream, which initiates the process of aggregation. Fibrinogen
is released from the liver to the bloodstream and is cleaved by thrombin at the damaged site, resulting in fibrin formation. Fibrin is one of the main constituents of
blood clots, providing remarkable biochemical and mechanical stability. The blood clot is also composed of neutrophils and leukocytes that arrive at the injured site
and form a solid structure that obstructs or reduces blood flow. The reduction in blood flow leads to a decrease in oxygen and glucose levels. These conditions favor a
shift in the neuron’s metabolic conditions, mitochondrial dysfunction, excitotoxicity, ion imbalance, and neuronal death. Figure was drawn using Biorender.com.
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biomarkers to predict stroke after TIA, and only a few studies
have evaluated the risk of recurrent events in TIA subjects.
Consequently, there is no clinical setting in which the use of a
biomarker might help an individual patient. Acute stroke therapy
is guided by the severity of the clinical symptoms and imaging.

A preliminary study of the literature also indicated that single
biomarkers achieved relatively low diagnostic accuracy.

To summarize, the use of biomarkers for stroke diagnosis
is a challenging issue because, unlike for myocardial infarction,
cerebral imaging remains the gold standard for stroke diagnosis.
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Therefore, expectations regarding the use of biomarkers in stroke
patients should be realistic. We suggest that the primary use of
biomarkers in stroke patients is to provide additional laboratory
information to effectively distinguish between actual stroke and
its mimics and to monitor patient condition and the effect of
potential neuroprotective strategies.

To highlight promising directions, we present a systematic
review of the literature on stroke biomarkers for the purposes
mentioned above. This review comprises the following:

1. A preliminary review of the literature indicated that
combinations of stroke biomarkers (“panels”) showed
increased diagnostic accuracy. Thus, we focused on panels of
biomarkers instead of isolated determinations.

2. We limited our attention to only those studies that
reported the area under the receiver operating characteristic
(ROC) curve (AUC). This choice allowed for quantitative
comparisons of accuracy.

3. Because of the paucity of studies reported in the literature
on subtype classification of stroke through biomarker
combinations, we narrowed our search to the small-vessel-
disease subtype of stroke.

4. We also focused our review on blood-based biomarkers as
they seem to offer several advantages in terms of cost and ease
of scalability (12).

As a consequence of our review, we propose new combinations
that highlight the pathophysiological processes related to the
selected biomarkers.

Overall, we adopted this scope for our review because of
the geographical distribution of stroke. The highest incidence
of stroke has been reported in high-income countries. Better
reporting and shifting demographics place the onus on the
developing world, with an increase of 91.4 million disability-
adjusted life-years and 4.85 million deaths in proportion to all
global causes (4, 19). Thus, technologies that are deployable
without advanced analytical or imaging technologies need to
be explored in more detail. Blood-based biomarker panels may
therefore contribute in providing valuable information for the
management of stroke.

METHODS
Article Search

We developed a search strategy with assistance from a
research committee formed by neurologists, molecular biologists,
mathematicians, and bioinformaticians. The search strategy was
established using a combination of standardized MeSH (Medical
Subject Headings) terms and keywords, including but not limited
to (-cerebrovascular disorder or brain vascular disorders or
vascular diseases, intracranial or intracranial vascular disease
or cerebrovascular occlusion or cerebrovascular accident or
intracranial embolism, and thrombosis or cerebrovascular
insufficiencies) AND (- ischemia or Stroke or infarction or
brain infarction or hypoxia-ischemia or brain ischemia or
ischemic attack) AND (-intracerebral hemorrhage, cerebral
hemorrhage, or intracranial hemorrhage) AND (- biological
marker or biomarker or biologic marker or marker, biological,

or biomarker panel) AND (- blood plasma sample, serum
plasma sample, cerebrospinal fluid, blood proteins, plasma,
blood, marker, serum, or serum marker or laboratory markers)
AND (- diagnoses or diagnostic or examinations). The search
encompassed studies conducted between 1966 and June 2020
for studies in patients with suspected stroke; the inclusion and
exclusion criteria are provided below. The PubMed search was
conducted on October 10, 2020, at 12:48:21 P.M.

Eligibility Criteria

The studies that were included met the following criteria: (1)
case—control studies; (2) patients aged >18 years; (3) magnetic
resonance imaging or CT performed to confirm the clinical
diagnosis of ischemic stroke; (4) a blood or serum biomarker
assessed within 0-24h after symptom onset; (5) the study
reported the relationship between biomarker level and diagnostic
accuracy; (6) the study included two or more biomarkers
because the use of a biomarker panel improved the sensitivity
and specificity for identifying cases of stroke in comparison
with a single biomarker (20); and (7) the study reported
the sensitivity, specificity, and AUC for the model for stroke
diagnosis. We selected articles written in English or Spanish.
Reviews, conference abstracts, and editorial letters were excluded.
Mendeley was the reference management software used for the
identification, elimination of duplicates, and screening purposes.
The studies were selected based on the title and abstract for one
author in the first phase (SB). In the second phase, we read the
full text of the preselected articles and included studies matching
the eligibility criteria (Figure 3). Disagreements were resolved
by consensus.

Data Extraction

One of the authors (SB) extracted all the data needed to meet
the review goals, including publication year, first author, sample
size (n), biomarkers used, assays used to measure the biomarker,
biomarker cutoff value used (if available), blood draw time,
and the values of AUC, sensitivity, and specificity. This review
followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines for a systematic
review (21).

RESULTS
Search Results

A total of 704 articles emerged from the initial search process
as potentially relevant records, and five were added manually
based on the author’s recommendations; 698 studies remained
after the manual removal of duplicates. The screening process
ruled out 645 articles based on abstract and title for the
following reasons: articles related to cardiovascular diseases or
other diseases (pulmonary embolism, Alzheimer disease, renal
disorders, and others); articles evaluating the risk of stroke;
and reviews and meta-analyses involving outcome and mortality
and being related to genetic biomarkers. Finally, 53 full reads
were selected and assessed for eligibility, and 41 were eliminated
because of evaluating individual biomarkers, drawing blood after
24 h, and not reporting AUGC, sensitivity, or specificity. Finally, 12
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FIGURE 3 | PRISMA diagram. Flow diagram of the search and screening process. PubMed research yielded 704 articles at baseline, and five were added manually.

articles were included in the systematic review. A PRISMA flow
diagram describing the search and screening process is shown in
Figure 3.

An example of a systematic review that was not included
in our evaluation because of a lack of statistical measures
of diagnostic accuracy was a recent meta-analysis evaluating
several biomarkers (25). Most of the biomarkers evaluated in
this study are reported in the literature and are reviewed as
potential candidates and are added in several panels below;
however, von Willebrand factor (vWF) and NR2 were omitted.
Note that glial fibrillary acidic protein (GFAP) was the most
promising biomarker in the study of separate ischemic stroke
(IS), intracerebral hemorrhage (ICH), and healthy controls.
The same study mentions D-dimer, matrix metalloproteinase 9
(MMP-9), brain natriuretic peptide (BNP), and protein S100-8
(S100B) derived from the meta-regression analysis as significant
markers to be evaluated within 6 and 24 h of symptom onset (22).

Study Characteristics

The main features of the selected studies are listed in Table 1.
Regarding sample characteristics, all the studies were case-
control, which included control participants (without stroke),
patients with acute IS (AIS), ICH, TIA, mimics, closed-head

injuries (CLHs), or subarachnoid hemorrhage (SAH). All the
studies involved subjects aged >18 years, and in the majority,
immunoassays were used to evaluate the levels of biomarkers.
Most of them reported their values of sensitivity, specificity,
or AUC obtained within the first 6h of symptom onset using
multivariate or univariate regression logistic analyses.

Biomarker Analysis Based on Selected
Studies

One of the biomarker panels frequently evaluated for the
identification of AIS is composed of four proteins: BNP, D-dimer,
$1008, and MMP-9 (23-25). The results of previous studies have
been mixed as follows:

e Laskowitz et al. (23) showed that combining these four
proteins outperformed other biomarkers in differentiating
mimics from intracranial hemorrhage cases, with ¢ = 0.76.
This result was validated in a study of 293 subjects, 361
mimics, and 197 TIA with a validation cohort of 343
suspected stroke cases. The study’s global results to classify
stroke cases exhibited a high sensitivity of ~90% but a low
specificity of ~45%, and 91% sensitivity and 45% specificity
for differentiating specific IS.
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TABLE 1 | Summary of the 12 articles included in the systematic review.

Biomarker panel Sample size (n)/groups Time Essays Cut off Specificity Sensitivity Area under the References
curve

BNP, D-dimer, MMP-9, and  n = 946 subjects 0-3h Triage Stroke MMP-9: 25-1,300 ng/mL Stroke vs. mimics:  Stroke vs. mimics:  Stroke vs. mimics:  (23)
S1008 293 (IS), 95 (ICH), 197 (TIA), 3-6h Panel D-dimer: 150-5,000ng/mL ~ 45% 90% 0.75
ICH vs. mimics and 361 (mimics) (fluorescence S1008: 100-8,000 pg/mL ICH vs. ICH vs. ICH vs.

343 subjects for the immunoassay) BNP: 10-5,000 pg/mL mimics: 38% mimics: 88% mimics: 0.81

validation cohort: 87 (IS), 64

(ICH), 40 (TIA), and 152

(mimics)

ICH vs. mimics
BNP, D-dimer, MMP-9, n = 139 subjects <6h Triage® Meter MMP-9: 25-1,300 ng/mL 21.5% 91.0% 0.714 (24)
S1008, and multimarker 89 (AIS), 11 (ICH), and 39 (Biosite Inc.) D-dimer: 150-5,000 ng/mL
index (MMX) (brain disorders) fluorescence S1008: 100-8,000 pg/mL

AIS vs. others (control, immunoassay BNP: 10-5,000 pg/mL

brain diseases)
BNP, D-dimer, MMP-9, n = 174 subjects <6h Triage® Stroke — 33% 86% 0.59 (25)
S1008, and multimarker 100 (IS), 49 (mimics), and Panel
index (MMX) 25 (TIA)

IS vs. mimics
Eotaxin, EGFR, S100A12, n = 167 subjects <24h — — 84% 90% 0.97 (26)
TIMP-4, and prolactin 57 (1S), 32 (ICH), 41 (TIA), IS vs. mimics (c

and 37 (mimics) =0.92)

IS + ICH vs. mimics
D-dimer, caspase-3, n = 1,005 subjects <6h ELISA Caspase-3: 1.962 ng/mL 63% 84% 0.810 27)
sRAGE, MMP-9 chimerin, 776 (IS), 139 (ICH), and 90 immunoassays D-dimer: 0.275 ug/mL (0.757-0.863)
and secretagogin (mimics) sRAGE: 0.91 ng/mL

IS vs. mimics chimerin: 1.11 ng/mL

secretagogin: 0.24 ng/mL
MMP-9: 199 ng/mL

S1008, MMP-9, VCAM, and  n = 80 subjects <6h Biosite Inc. - 90% 90% — (28)
VWF 44 (IS), 21 (controls), 13 6-24h

(TIA), 1 (syncope), 1 other

conditions

Stroke vs. controls
S1008, BNGF, VWF, n = 274 subjects <6h ELISA- — 93% AlS: 91.7% — (29)
MMP-9, and MCP-1 82 (ISCH), 65 (SAH), 38 immunoassays ICH: 80%

(ICH), 38 (closed head

injuries, CLH), and 51 (TIA)

AIS vs. other groups

ICH vs.other groups
IMA index n = 52 subjects <6h Albumin-cobalt 91.4 U/mL 96.4% 95.8% 0.990 (30)
IMA 28 (IS) and 24 (No-Stroke) binding (ACB) test (0.970-1.000)

IS vs. no stroke

(Continued)
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TABLE 1 | Continued

Biomarker panel Sample size (n)/groups Time Essays Cut off Specificity Sensitivity Area under the References
curve
AT-NII n = 198 subjects 4.5h AT-III: AT-lll: 210% AT-1I:93.62% AT-lIl: 97.37% - (31)
Fibrinogen 152 (IS) and 46 (mimics) chromogenic Fib: 4 g/L F: 82.61% F: 96.05%
IS vs. no stroke assay
Fib:
immunoturbidimetry
assay
Ab NR2 and GFAP n = 124 subjects <12h GFAP: ELISA kit — 91% 94% - (32)
49 (IS), 28 (ICH), 52 controls AB NR2: Gold Dot
NR2 Antibody
IS vs. ICH Assay kit (ELISA)
GFAP/UCH-L1 n = 184 subjects <4.5h ELISA GFAP: 0.34 ng/mL — — 0.875 (33)
GFAP 45 (ICH), 79 (IS), 5 (SAH), 3 immunoassays — — 0.71 (ISvs. C)
(TIA), and 57 controls 0.95 (ICH vs. C)
IS vs. controls 0.86 (IS vs. ICH)
ICH vs. controls
IS vs. ICH
ApoC-lil, NT-proBNP, and n = 1,308 subjects <6h ELISA — — - IS vs. mimics (34)
Fasl 941 (IS), 193 (mimics) and immunoassays 0.742

(21 biomarkers)

174 (hemorrhagic)
767 validation cohort
IS vs. mimics

IS vs. ICH

(0.686-0.797)
IS vs. ICH
0.757 (0.691—
0.829)

ROC analysis includes clinical variables selected by the authors. Bold values indicate groups compared in the studies analyzed by Receiver Operating Curve analysis (ROC).
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e Kim et al. (24) validated the previous biomarker panel using
the composite multimarker index (MMX), which combines
the individual marker values into a single index value. It
exhibited good performance in the discrimination of patients
with acute infarction; at 6h, it could differentiate AIS (p <
0.001) but with insufficient precision. With 91.0% sensitivity,
21.3% specificity, and 71.4% AUC, the analysis exhibited a
modest discriminatory power for acute stroke. According to
the MMX values, there was no significant difference between
the subjects with AIS and those with ICH (p = 0.884).

e These promising results should be considered with caution.
Knauer et al. (25) evaluated MMX in a cohort of 174 cases
in which 100 patients had stroke, 49 were mimics, and 25
had TIA. They advised against the use of the panel BNP, D-
dimer, S1008, and MMP-9 in this assay because of (1) the
low significance of MMX values to differentiate the IS group
(MMX = 3.6 + 2.0) from mimics (MMX = 4.2 + 1.7) and
(2) the low significance of MMX values when the analysis
for the individual biomarkers was replicated. The 2.3 cutoff
value of MMX was reported to have 86% sensitivity with a low
specificity of ~33% and an AUC of ~59%.

A panel comprising eotaxin, EGFR, S100A12, metalloproteinase
inhibitor-4 (TIMP-4), and prolactin was found to be elevated
in a study of 167 cases with neurologic deficits, allowing the
differentiation of IS cases from mimics (¢ = 0.92) (26). The study
used a time window of 24h and reported a high specificity of
~84%, sensitivity of ~90%, and AUC of ~97%.

Another panel, caspase-3, D-dimer, chimerin-II, MMP-9,
secretagogin, and sRAGE, was assessed in a large cohort of
1,005 cases where 915 had strokes and 90 had stroke-mimicking
conditions, but only proteins could discriminate between the two
groups (27). At 6h after symptom onset, these protein levels
had moderate sensitivity values of ~84% but a low specificity
of ~63%.

The panel S1008, MMP-9, vascular cell adhesion molecule
(VCAM), and vWF proved to have good discriminatory power
as it differentiated 44 AIS cases from 21 controls within the
first 6 h after symptom onset with high sensitivity (~90%) and
specificity (~90%).

A panel slightly modified from the previous one comprising
S1008, MMP-9, and vWF with two other markers including
monocyte chemoattractant protein-1 (MCP-1) and B-type
neurotrophic growth factor (BNGF) had similar discriminatory
power (29). The levels for the panel in samples of 82 ISCH (IS
with ICH), 65 SAH, 38 ICH, 38 CLH, and 51 TIA patients, at 6 h
from symptom onset and using multivariate logistic regression
model, had elevated sensitivity of ~92% and specificity of ~93%
in the classification of ischemic events and a specificity of ~93%
and sensitivity of ~80% for the prediction of hemorrhagic stroke.

The protein GFAP has been of interest in combination
with other biomarkers. The combination of antibodies (Ab)
against NR2 and GFAP exhibited the best predictive power for
comparing 49 IS subjects from 23 ICH patients and 52 controls. A
sensitivity of ~91% and specificity of ~94% were reported within
12h of symptom onset (32). The use of GFAP and UCH-L1 for
the identification of ICH vs. IS was tested in 129 stroke subjects,

three TIA patients, and 57 controls (33). Notably, GFAP alone
was capable of distinguishing between the condition with an AUC
~0.86, sensitivity of 61%, and specificity of 96% (33).

Recently, a panel consisting of apolipoprotein CIII (Apo C-
III), NT-proBNP, and FasL was selected as the best combination
after an extensive study of 21 biomarkers in 1,308 cases to
differentiate real stroke from mimics, within 6 h after stroke onset
(34). This study was replicated with a smaller sample size for
a different group of subjects, giving a modest accuracy of 0.742
(0.686-0.797). Despite being one of the studies that screened the
largest number of biomarkers, this, in our opinion, has some
limitations. GFAP was not assayed, and the levels of MMP-9 were
not measured in the entire cohort because they were not deemed
discriminative (34).

Finally, it is worth mentioning the two articles that screened
several biomarkers, although they did not combine them. They
can be integrated into an optimized panel in the future. The
studies and biomarkers are as follows:

e Ischemia-modified albumin (IMA): in a small number of
patients (n = 28) with stroke compared to the no-stroke
group (n = 24) where the albumin-adjusted IMA index and
IMA were measured within 6h after symptom onset (30).
Furthermore, the IMA index (98 U/mL) was even more
sensitive (sensitivity, ~95.8%; specificity, ~96.4%; and AUC,
~99%) than the conventional IMA value (sensitivity, ~87.5%;
specificity, 89.3%; and AUC, 92.8%) for the detection of
patients with cerebral ischemia.

e The levels of antithrombin III (AT-III) in a study with 152
stroke patients and 46 mimics reported the highest sensitivity
of ~97.37% and specificity of ~93.62% using a cutoff of 210%,
whereas 4 g/L of fibrinogen reached a sensitivity of ~96.05%
with a specificity of ~82.61% (31).

Observations From the Selected Studies

(1) Only two biomarkers, NR2 peptide (Ab against NR2
fragment) and GFAP, have been reported as brain-specific
markers linked to the progression of stroke, reaching the
highest predictive power when evaluated together (32).

(2) Two proteins that have been widely used as biomarkers are
vWEF and MMP-9; however, they are not specific to stroke.
Although they were evaluated in a combined panel with higher
accuracy (28, 29), Reynolds et al. reported that vVWF and MMP-
9 alone could not be used for diagnosis. However, it has good
univariate discrimination of non-diseased vs. diseased, with an
added discriminatory capacity to the logistic regression model
[p < 0.0001; (29)].

(3) S100p is one of the most evaluated biomarkers; however, it
is also not specific to stroke. Along with GFAP, it is one of the
strong candidates for the differentiation of hemorrhagic and
ischemic subtypes in the acute phase of stroke (35).

(4) An IMA index is the IMA value multiplied by individual
serum albumin concentration/median albumin of the study
population (36). The IMA index seems to be more specific than
IMA in the differentiation of IS, but it has not been used in
combination in previous studies.
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(5) According to previous studies, the use of AT-III and
fibrinogen might help in distinguishing between conditions
with high accuracy in individual analyses (31).

(6) Usually, ROC curves are the statistical method to compare
two groups of patients: ICH vs. mimics, AIS vs. other groups,
IS vs. mimics, and IS + ICH vs. mimics.

(7) Note that none of these results have been approved for
advanced clinical trials.

PROTEINS DERIVED FROM THE
SYSTEMATIC SEARCH AND THEIR
RELATION TO THE PATHOPHYSIOLOGY
OF STROKE

We have selectively outlined concepts of stroke pathophysiology
that justified our proposals for novel biomarker panels for clinical
prediction explained with graphical details in Figure 4:

(1) When rupture of the endothelial layer of the vessel
occurs, the inner collagen layer is exposed. The exposure
of collagen with blood is recognized by platelets, forming a
sticky plug that initiates clot formation (37). Consequently,
endothelial cells release vVWE, MMP-9, P-selectin, E-selectin,
and inflammatory mediators (38). vWF promotes platelet
adhesion to the damaged site by forming a molecular bridge
between the subendothelial collagen matrix and the platelet-
surface receptor complex GPIb-IX-V (39). Fibrinogen is
released from the liver to the bloodstream and is cleaved by
thrombin at the damaged site, resulting in fibrin formation.
Fibrin is one of the main constituents of blood clots and
provides remarkable biochemical and mechanical stability
(40). The conversion of fibrinogen to fibrin by thrombin
is inhibited by the enzyme AT-III, which is downregulated
during an ischemic event. Neutrophils and leukocytes also
adhere to the injury site and form a solid structure that
obstructs or reduces blood (Figure 2).

(2) Flow reduction leads to the depletion of oxygen and
glucose, which has severe implications for cell function,
resulting in dysregulation of neuronal homeostasis. The
process of intracellular medium acidification is reported
when metabolism changes to anaerobic conditions (41).
Mitochondrial dysfunction plays a significant role in inducing
neuronal death caused by an increase in enzymes that favor
the production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS), such as xanthine oxidase, NADPH
oxidases, nitric oxide synthase, and a decrease in detoxifying
systems (42, 43). Note that ROS and RNS pass into the
bloodstream and are hypothesized to modify the N-terminal
of albumin (44).

(3) Mitochondrial dysfunction affects ATP production, which
induces a failure in the activity of the Na™-K* pump. Na™ K™
pump activity depends on ATP hydrolysis (45), disappearing
the electrical gradient in the cellular membrane and causing
the influx of Na?t into the neuron, resulting in membrane
depolarization. Simultaneously, the activation of ASCla, NCX,
and TRP allows the influx of Ca?* into the neuron, a process

known as calcium overloading (46). Calcium overloading
favors glutamate release into the extracellular medium and
causes swelling due to the influx of water. NR2 is a subunit of
the N-methyl-D-aspartate (NMDA) receptor and is a ligand-
gated ion channel with high calcium permeability, which is
cleaved by serine proteases under ischemic conditions (47).

(4) All these processes lead to neuronal death by necrosis
or necroptosis, characterized by the loss of membrane
integrity, damage to cellular structures, swelling, and release of
cellular content, resulting in an acute inflammatory response
(48). Consequently, there is an activation of astrocytes
and microglia, which induces morphological changes and
mediates the inflammatory response (49-51). These cells
release proteins such as S100B and GFAP, reflecting structural
and functional damage in the central nervous system (CNS)
(35). MMP-9 is released by endothelial cells, astrocytes, and
microglia and is activated by high nitric oxide concentrations.
It degrades type IV collagen present in the endothelial blood-
brain barrier, increasing parenchymal destruction, and is
related to the inflammatory response after stroke (52).

PROPOSAL FOR NEW BIOMARKER
PANELS

Based on our reviewed pathophysiology, we suggest further
studies of three different panels (Table 2). We have included
NR2 peptide and GFAP in all proposed panels because they
seem to be the most promising brain-specific biomarkers
related to stroke. We have included other biomarkers in the
suggested panels under Observations From the Selected Studies
described above because they seem promising in light of the
pathophysiological process of stroke that have been previously
evaluated (Table 3).
Panel 1: NR2 + GFAP + MMP-9 + vWF + S1008

e NR2: Precisely, the NR2 subunit is the only biomarker
reported with the highest specificity (96%) and sensitivity
(92%) at 12h using a cutoff value of 1.0 pg/L in 101 IS
and 91 no-stroke patients (60). When a lower cutoff value
of 0.5 ng/mL was tested within 0.5-4.5h, it revealed high
sensitivity and specificity of 88 and 99%, respectively, for
the differentiation between mild traumatic brain injury, AIS,
ICH, healthy controls, and subjects at risk of TIA (vascular
risk factors) (https://www.ahajournals.org/doi/10.1161/str.44.
suppl_1.A30). Additionally, the concentrations of NR2 were
found to be significantly elevated in IS subjects compared with
patients without cerebral damage and were also related to the
size of infarct and were used as a blood test for the validation
of Cortexin treatment, a neurocytoprotector (61).

GFAP: The predictive value of GFAP to determine the types
of stroke was assessed by Foerch, who used a cutoff value
of 2.9 ng/L, obtaining a sensitivity of 79% and a specificity
of 98% (53). The same author, after several years, ratified
GFAP as an efficient marker to differentiate ICH from IS,
including stroke mimics [AUC = ~0.915; 95% confidence
interval (CI) = 0.847-0.982; p < 0.001; (62)]. Recently, the
potential of using a value of 0.43 ng/mL was found, achieving
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FIGURE 4 | Proteins derived from the proposed panel of biomarkers and their relation to the pathophysiology of stroke. After an injury, endothelial cells release
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MMP-9, which plays an essential role in the extracellular matrix and local proteolysis of leukocyte migration. In addition, endothelial cells release VWF in a globular
form, which is then transformed into an elongated form by the activity of the ADAMTS13 enzyme. VWF promotes platelet adhesion to the damaged site by forming a
molecular bridge between the subendothelial collagen matrix and the platelet-surface receptor complex GPlb-IX-V. Fibrinogen is released from the liver to the
bloodstream and is cleaved by thrombin at the damaged site, resulting in fibrin formation. Fibrin is one of the main constituents of blood clots and provides remarkable
biochemical and mechanical stability. The conversion of fibrinogen to fibrin by thrombin is inhibited by the enzyme antithrombin (AT-ll), which is downregulated during
an ischemic event. In addition, neutrophils and leukocytes arrive at the injured site and join with the previous proteins to form a solid structure that obstructs or reduces
blood flow. These conditions lead to a shift in the neuron’s metabolic conditions, mitochondrial dysfunction, excitotoxicity, and ion imbalance. The reactive oxygen and
nitrogen species released from the mitochondria can pass into the bloodstream and modify the circulating aloumin. On the other hand, microglia and astrocytes sense

the conditions and produce S100B and GFAP to signal neuronal damage. In synapsis, because of ion imbalance, the release of the NR2 peptide and glutamate
occurs. The NR2 peptide can be recognized as an antigen in the blood flow and induces an immunological response. Figure was drawn using Biorender.com.

the highest diagnostic accuracy for the differentiation between
ICH and AIS (sensitivity ~91%, specificity ~97%) within 6 h
after symptom onset (63). Ren et al. demonstrated that the
median concentration of this protein in patients with IS with
no history of stroke was lower than that in cases with a history
of stroke (0.015 vs. 0.07 ng/mL, respectively, p = 0.004) (33).
e vWEF was found to be higher in stroke patients, and it has been
associated with the CE and large-vessel disease (LVD) subtypes
(64). Additionally, its levels have been related to the severity
of arterial thrombus formation and poor functional outcomes
(65, 66). In a proteomics prospective clinical study, vWF could
differentiate TIA and minor stroke from non-cerebrovascular
(mimic) conditions [1.256 (1.034-1.527)] (67). Furthermore,

VWEF can be a sign of the response following thrombolytic
therapy or endovascular treatment in IS patients (65, 68).

MMP-9: Higher concentrations of this protein have been
observed early, in the acute phase, and later in stroke (69).
MMP-9 levels are correlated with infarct volume, neurological
deficits, and infarct progression (70, 71). This could be a
measure of the transformation to hemorrhagic stroke after
thrombolytic treatment (69, 72, 73). MMP-9 levels may be
indicative of an inflammatory response after stroke (55),
endothelial dysfunction (52), and response to thrombolytic
treatment after IS (69, 72, 74). Recently, Misra et al. concluded
that its levels could differentiate between IS, ICH, stroke
mimics, and control subjects (p < 0.05) in a systematic review
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TABLE 2 | Proposal of biomarker panels for stroke recurrence.

Biomarker panel proposal

NR2+ GFAP+ MMP-9 + vWF + S1008
NR2 + GFAP + MMP-9 + vWF +IMA index
NR2+ GFAP+ AT-IIl 4 fibrinogen

and meta-analysis of studies realized at 24 h. However, within
6h, IS could not be differentiated from other groups (ICH,
stroke mimics, and controls) (22).

e S100B is released early into the peripheral blood and is
correlated with the National Institutes of Health Stroke Scale
scores, infarct volume, and severity (29, 75). Foerch et al.
reported that it could be used for <6h as an indirect time
and for successful clot lysis (75). At days 2 to 4 after acute
stroke, S100B can be predictive of the disease’s course with
higher accuracy, associating the higher levels with the worst
functional status, making its evaluation an effective recurrent
biomarker (76, 77). S100p was able to separate IS from
mimics [standardized mean difference (SMD) = 0.41; 95%
CI = 0.18-0.63] but failed to identify healthy controls, as
well as ICH at 6 h (22). In addition, no significant differences
were reported in an analysis that compared biomarker values
between different conditions (34).

Panel 2: NR2 4+ GFAP + MMP-9 + vWF+ IMA index

We have decided to eliminate S100f in the second and third
panels because GFAP is a much more brain-specific biomarker
(35). We have added the IMA index in this panel because it has
not been previously assayed.

e IMA index: Several studies have probed the use of IMA as
a diagnostic marker of acute coronary syndrome and AIS
(30, 56, 78). Their admission levels were also associated with
people suffering from acute aortic dissection (79) and can
differentiate between ICH and IS patients (80).

Panel 3: NR2 + GFAP+ AT-III + fibrinogen

We have decided to eliminate MMP-9 and vWF in
the third panel because AT-III and fibrinogen are also
biomarkers of the coagulation process and reflect the thrombotic
status. Both proteins were individually evaluated in a meta-
analysis, which did not show significant differences (22), but
we recommend their assessment together in a multivariate
regression logistic model.

e Fibrinogen is one of the markers with an essential role
in the thrombosis process because it is related to platelet
aggregation after injury and inflammation (40, 59). In the case
of an ischemic event, an association between elevated levels
of this protein and increased risk has been reported (81, 82).
Fibrinogen has been used to evaluate the long-term outcome
and the size of the clot burden in patients after stroke (83, 84).

e AT-III is involved in the blood coagulation cascade, and
inactive AT-III-thrombin complexes are formed during the
acute phase of stroke (57). Peripheral blood concentrations are
correlated with infarct severity and predict clinical outcomes
and recurrence (58).

DISCUSSION
Main Findings

To the best of our knowledge, this is the first systematic and
comprehensive study to summarize current evidence regarding
the use of combinations of biomarkers in the early stages
of stroke. A sobering observation is that, despite numerous
published studies, none of the protein biomarkers reported,
alone or in combination, have been approved for the clinical
management of stroke. It seems that, at best, these biomarkers
can serve as support for clinical and imaging evaluation of
patients. The objective of this study was to facilitate the
identification of stroke mimics and allow dynamic follow-up
of a patient’s state to guide neuroprotective interventions. The
diagnostic accuracy of stroke biomarkers must be accurate and
time-sensitive to allow such dynamic follow-up. A significant
result from our review is that combinations of biomarkers exhibit
higher diagnostic accuracy than isolated biomarkers. Thus, there
seems to be a substantial area for improvement by employing
biomarker panels.

Based on our review, we suggest using three new panels of
protein biomarkers to evaluate the pathophysiology of stroke. We
have noted that the combination of GFAP and NR2 is included
to determine neuronal damage with high accuracy in all three
proposed panels. NR2 peptide is a brain-specific biomarker that
has shown promising results for the distinguishing stroke, with
one of the highest reported accuracies. Therefore, it is surprising
that few studies have used it in combination with other proteins.
The suggestion to include it in all three panels is based merely on
this fact.

An intriguing possibility is that we might be able to monitor
people with hemorrhagic and IS using a combination of S1008,
GFAP, and IMA indices. S100p and GFAP have the same kinetics
during cerebrovascular events. During ICH, both proteins peak
early, before 24 h. The peak was reached later for the ischemic
events. This difference in kinetics suggests that early peaking
of blood levels of S100p and GFAP could be the hallmark of
ICH during the acute phase of stroke (35). This crucial, yet
still unresolved, distinction between IS and ICH is essential to
make a decision about interventions. Likewise, blood proteins
can contribute to treatment optimization for ISs by providing
detailed information about hemostatic conditions involving
pathways of coagulation activation, fibrinolysis, and endothelial
function (85).

Of course, future studies might be based on panels other
than those proposed in this study. Other promising biomarkers,
such as glycogen phosphorylase isoenzyme BB (GPBB) (86),
APOA1-UP (87), and platelet basic protein, have been described
previously (88). These proteins have emerged as possible
candidates showing high accuracy for distinguishing different
conditions; however, more research is required to achieve the
desired results of sensitivity and specificity during the process
of validation.

Limitations of Our Review
There are certain limitations to our study:

1. We only focused on studies conducted on IS caused by small-
vessel disease due to the small number of studies reported
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TABLE 3 | Biomarkers derived from the biomarker panel proposal and their possible role identified in stroke.

Proteins Gene name Protein name Description Functions References
NR2 peptide GRIN1 Glutamate It is a ligand-gated ion channel with As a response to the brain’s ischemic (47)
GRIN2A receptor high calcium permeability and conditions, serine proteases are
GRIN2B ionotropic, NMDA voltage-dependent sensitivity to activated, which causes the cleavage
GRIN2C 2A, and NMDA 2B magnesium. It is essential in the of the NR2 subunit of NMDA
process of neuronal synapses. receptors (NMDARs). Then its subunit
is released to the blood, being a
marker of neuronal damage.
GFAP GFAP Glial fibrillary acidic It is an intermediate filament class-IIl. After an injury, trauma, disease, (51, 53)
protein It is classified as a glial marker. genetic disorders, or chemical insult
GFAP is released from reactive
astrocytes. The process is named
astrogliosis and reflects structural and
functional damage in the CNS.
S1008 S1008 Protein S100-8 It is a protein-related to calcium It is released from astrocytes and (29, 50)
metabolism. Also, it participates in the microglia after an injury or trauma,
transmission of intracellular signals reflecting the CNS’s structural and
through second messengers. It is functional damage. It is directly
involved in the development and related to the volume of lesions,
maintenance of the CNS. It is clinical status, and functional
classified as a glial marker. outcome.
VWF VWF von Willebrand It plays an essential role in the It is secreted by the endothelial cell (54)
factor maintenance of hemostasis, blood activated in response to injury and
coagulation, and cell adhesion. can adhere to circulating platelets and
contributing to thrombus formation.
MMP-9 MMP9 Matrix It is a proteolytic enzyme belonging to It is activated by high concentrations (52, 55)
metallopeptidase the group of gelatinases. It has an of oxide nitric and degrades the type
9 essential role in local proteolysis of IV collagen present in the endothelial
the extracellular matrix and leukocyte blood-brain barrier, increasing its
migration. parenchymal destruction. It is related
to the inflammatory response after
stroke.
IMA index (albumin)  ALB Albumin It is the major transporter of Zn, Ca®*, Under ischemic conditions, it is a (30, 44, 56)
Mg in plasma and binds water Na*, measure of oxidative stress, where
K™, fatty acids, hormones, etc. It the NH, terminus of human albumin
regulates the colloidal osmotic may be modified for the free radicals,
pressure of blood. but the precise mechanism is yet
unknown.
ATl SERPINC1 Antithrombin [Il It is a plasma serine protease inhibitor Inactive AT-lll-thrombin complexes (57, 58)
that regulates the blood coagulation are formed during the acute phase of
cascade and inhibits the thrombin. stroke.
Fibrinogen FGA, FGB, FGG Fibrinogen It is a blood glycoprotein essential in It is related to the thrombosis process (40, 59)
coagulation and determines the favoring the platelet aggregation after
plasma viscosity. injury, being one of the primary
components of blood clots.
in the literature regarding the subtype classification of stroke =~ However, this review highlights additional general

through biomarker combinations.

2. For the same reason, we evaluated only case-control studies,
although this selection was intentional.

3. We did not carry out meta-analyses because of the high
heterogeneity of the reported data and the wide variety of
proteins used. Future studies must include statistical methods
that ensure sufficient power to detect valid effects.

4. We could not identify a sufficient number of studies on
biomarkers or panel biomarkers in stroke subtypes. Possible
covariables interfering with the specificity of the biomarker
[e.g., age, medications, lifestyle factors, and diseases; (16)]
must also be incorporated into the statistical model.

methodological issues when studying stroke biomarker panels.
These, of course, generate open questions that we have briefly
discussed. We also comment on the design issues for testing the
proposed panels.

Considerations on the Statistical Methods

in the Literature

Many studies do not provide complete information on the
accuracy of diagnostic procedures to distinguish between
two patient groups. Most articles report only sensitivity
and specificity, which are threshold-dependent. We only
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TABLE 4 | Summary of the biomarkers for the determination of the subtypes of stroke.

Biomarkers Etiology Sample/Methods Cutoff/Time of Specificity Sensitivity References
blood drawing
BNP Cardioembolic 200 patients (LVD = 18, 140.0 pg/mL 80.5%, 80.5%, 91)
CE vs. other strokes subtypes CE =82, SVD = 31, and other 24 h AUC = 0.87 AUC = 0.87
stroke = 69)
Chemiluminescence
enzyme immunoassay
BNP Cardioembolic 707 1S (LVD = 151, CE = 259, 76 pg/mL 69% 72% (92)
CE vs. all stroke subtypes SVD = 128, and UE = 169) <24 h
ELISA
BNP and DD Cardioembolic 707 IS (LVD = 151, CE = 259, BNP>76 pg/mL 91.3% 66.5% (92)
CE vs. all stroke subtypes SVD = 128, and UE = 169) DD> 0.96ng/mL  AUC = 0.89 AUC = 0.89
ELISA <24 h
D-Dimer Cardioembolic 707 IS (LVD = 151,CE = 259, 0.96 pg/mL 64% 56% (92)
CE vs. all stroke subtypes SVD = 128, and UE = 169) <24 h
ELISA
D-Dimer Cardioembolic 126 IS (LVD = 34,CE = 34, 2.00pg/mL 93.2% 59.3% (93)
CE vs. LVD + SVD SVD = 31, and UE = 27), and >24 h
controls = 63
STA Liatest d-Dimer
immunoassay
(immunoturbidimetric
technology)
NT-proBNP Cardioembolic 114 1S (LVD = 27,CE = 34, 200 pg/mL 82% 65% (94)
CE vs. all stroke subtypes SVD = 19, and UE = 34) <6h
Human RIAKit
Phoenix Pharmaceuticals
Albumin/globulin -~ Cardioembolic 114 1S (LVvD = 27,CE = 34, 0.7 31% 91% (94)
ratio (G/A ratio) CE vs. all stroke subtypes SVD = 19, and UE = 34) <6h
Immunoassay or
colorimetric assay
NT-proBNP and Cardioembolic 114 1S (LVvD = 27,CE = 34, NT-proBNP >200 AUC = 0.91 with Atrial Fibrillation (AF) (94)
G/A ratio. CE vs. all stroke subtypes SVD = 19, and UE = 34) pg/mL AUC = 0.84 without AF
Immunoassay or G/A=0.7
colorimetric assay <6h
Pro-BNP Cardioembolic 262 IS (LVD = 44, CE = 100, 360 pg/mL 83% 87% (95)
CE vs. all stroke subtypes SVD = 36, and UE = 82) <12h AUC = 0.921 AUC = 0.921
Electrochemiluminescence
immunoassay “ECLIA
Pro-ANP Cardioembolic 262 1S (LVD = 44, CE = 100, 2,266.6 fmol/mL 70% 62% (95)
CE vs. all stroke subtypes SVD = 36, UE = 86) <12h AUC = 0.735 AUC = 0.735
ELISA
CK-MB Cardioembolic 262 IS (LVD = 44, CE = 100, 2.6ng/mL 80% 62% (95)
CE vs. all stroke subtypes SVD = 36, and UE = 86) <12h AUC = 0.731 AUC = 0.731
Electrochemiluminescence
immunoassay “ECLIA”
NT-proBNP Cardioembolic Meta-analysis: six studies 200-360 pg/mL 93% 55% (96)
CE vs. no-CE NT-proBNP prospective cohort <72h AUC = 0.87 AUC = 0.87
BNP Cardioembolic Meta-analysis: ten studies BNP  64-155 pg/mL 85% 65% (96)
CE vs. no-CE prospective cohort <24 h AUC = 0.87 AUC = 0.87
Troponin Embolic stroke of unknown 1,120 IS [CE = 371, ng/mL 95 % 12% 97)
source (ESUS) non-CE = 310, and embolic <24 h
ESUS vs. CE, non-CE stroke of unknown source
(ESUS) = 439]
Sandwich immunoassay
Troponin Cardioembolic 1,120 IS [CE = 371, ng/mL 95 % 17% 97)
CE vs. ESUS, non-CE non-CE = 310, and embolic <24 h
stroke of unknown source
(ESUS) = 439]
Sandwich immunoassay
(Continued)
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TABLE 4 | Continued

Biomarkers Etiology Sample/Methods Cutoff/Time of Specificity Sensitivity References
blood drawing
D-Dimer SVD (lacunar) 126 patients (LVD = 34,CE = 34, 0.54g/mL 96.2% 61.3% (93)
SVD vs. CE + LVD SVD = 31, and UE = 27) >24 h
STA Liatest d-Dimer
immunoassay
(immunoturbidimetric technology)
Homocysteine Lacunar (SVD) 197 acute lacunar infarction 15.5 pmol/L 100% 65% (98)
(Hey) SVD vs. controls patients and 192 controls <24 h AUC = 0.881 AUC = 0.881
Fibrinogen Lacunar (SVD) 197 acute lacunar infarction 228.55 pg/dL 58.3% 83.2% (98)
SVD vs. controls patients and 192 controls <24 h AUC = 0.688 AUC = 0.688
Hey/fibrinogen Lacunar (SVD) 197 acute lacunar infarction 15.5 wmol/L 58.3% 94.9% (98)
SVD vs. controls patients and 192 controls 228.55 pg/dL AUC = 0.766 AUC = 0.766
_ <24 h
GFAP/d-dimer LvD 128 patients (LVD = 23, d-dimer 92% 57% (99)
preprint LVD vs. other strokes non-LVD = 42, HS = 16, stroke  +GFAP = 0.33 AUC = 0.81 AUC = 0.81

mimic = 31, and TIA = 16)

ELISA

Bold values indicate groups compared in the studies analyzed by Receiver Operating Curve analysis (ROC).

included those providing the AUC in our review (89). See
Supplementary Table 4 for the comparison. However, even
this reporting level is insufficient because it is only useful to
distinguish between the two groups. Critical clinical questions
are therefore left unanswered when they require a distinction
between several patient categories. To answer such questions
involving three or more diagnostic groups, more sophisticated
techniques are needed. Examples include the Youden index test
proposed to generalize ROC curves by Obuchowski et al. (89) and
Luo and Xiong (90).

Unanswered Clinical Questions
e Are biomarker panels useful for stratifying stroke risk
levels? For example, this question was examined by Laskowitz
et al., who classified patients who applied logistic regression
to a combination of biomarkers. These results showed that
the odds ratio might be a good predictor of stroke risk. A
similar evaluation was included in the evaluation protocol of
the biomarker panels.
e Are biomarker panels able to discriminate between small
and large vessel strokes? This question is crucial because these
conditions require entirely different therapeutic or vascular
surgical treatment approaches. Significantly, the accuracy
of a biomarker panel might depend on this etiological
difference. Unfortunately, few studies have addressed this
issue quantitatively. In Table4, we report the results of
protein biomarkers with differential sensitivity to small-vessel
disease and LVD. Note that our proposed panels include
several biomarkers (as detailed in Supplementary Table 1),
thus having the potential for this distinction.
Are biomarker panels able to discriminate CE and LVD
stroke etiology? Note that the accuracy of a biomarker panel
might depend on the etiology of the IS. However, only a
few studies have considered this issue (Table 4). The selected
proteins for our proposed panels could have great potential

because of their differential expression of serum levels in these
stroke subtypes (Supplementary Table 3).

Are biomarker panels useful for the follow-up of
mixed stroke cases? Here, we refer to both hemorrhagic
transformations of IS and secondary ischemic injury after
ICH. Indeed, specific proteins have been explored in this
context, as shown in Supplementary Table 2. These proteins
have been included in our proposed panels, and studies to
evaluate them will consider this aspect.

We hope that this review will stimulate additional proposals of
other biomarker panels that might contribute to the long-term
objective of stroke precision medicine. We emphasize again that
we have concentrated on biomarkers obtainable from plasma at
a low cost with scalable technologies in any economic setting. If
not these panels of biomarkers for stroke, then similar ones might
be the key to tackling the global burden of disease due to stroke.

CONCLUSIONS

More research is needed to validate, identify, and introduce
into medical practice useful biomarkers for stroke recurrence
or diagnosis in a scalable manner. The most promising
approach is to combine a panel of different blood-
based proteins to provide acceptable diagnostic precision
for health interventions. After a systematic review, we
suggest three novel biomarker panels based on the
results in the literature with an interpretation based on
stroke pathophysiology.
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Xiaolin Chen 234 Yuanli Zhao "234, Shuo Wang 234 and Jizong Zhao "%%45*
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China, “ Beijjing Key Laboratory of Translational Medicine for Cerebrovascular Disease, Beijjing, China, ° Savaid Medical
School, University of the Chinese Academy of Sciences, Beijing, China

Object: Patients with aneurysmal subarachnoid hemorrhage (@SAH) have an increased
incidence of cardiac events and short-term unfavorable neurological outcomes during the
acute phase of bleeding. We studied whether troponin | elevation after ictus can predict
future major adverse cardiac events (MACEs) and long-term neurological outcomes after
2 years.

Methods: Consecutive aSAH patients within 3 days of bleeding were eligible for review
from a prospective observational cohort (ClinicalTrials.gov Identifier: NCT04785976).
Potential predictors of future MACEs and unfavorable long-term neurological outcomes
were calculated by Cox and logistic regression analyses. Additional Kaplan—-Meier curves
were performed.

Results: A total of 213 patients were enrolled with an average follow-up duration
of 34.3 months. Individuals were divided into two groups: elevated cTnl group and
unelevated cTnl group. By the last available follow-up, 20 patients had died, with an
overall all-cause mortality rate of 9.4% and an annual all-cause mortality rate of 3.8%.
Patients with elevated cTnl had a significantly higher risk of future MACEs (10.6 vs.
2.1%, p = 0.024, and 95% Cl: 1.256-23.875) and unfavorable neurological outcomes
at discharge, 3-month, 1-, 2-years, and last follow-up (p = 0.001, p < 0.001, p = 0.001,
p < 0.001, and p < 0.001, respectively). In the Cox analysis for future MACE, elevated
cTnl was the only independent predictor (HR = 5.980; 95% CI: 1.428-25.407, and
p = 0.014). In the multivariable logistic analysis for unfavorable neurological outcomes,
peak cTnl was significant (OR = 2.951; 95% ClI: 1.376-6.323; p = 0.005). Kaplan—-Meier
analysis indicated that the elevated cTnl was correlated with future MACE (log-rank test,
p = 0.007) and subsequent death (log-rank test, p = 0.004).

Conclusion: cTnl elevation after aSAH could predict future MACEs and unfavorable
neurological outcomes.

Keywords: aneurysmal subarachnoid hemorrhage, troponin, prognostic, major adverse cardiac event, outcome
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INTRODUCTION

The brain-heart connection loses balance after stroke (1).
Cardiac complication has been shown to frequently occur in the
emergency aneurysmal subarachnoid hemorrhage (aSAH) (2-4).
A series of previous studies have shown that circulating cardiac
biomarkers, including creatine phosphokinase isoenzyme-MB
(CK-MB), troponin, brain natriuretic peptide (BNP), and
N-terminal pro-B-type natriuretic peptide (NT-proBNP), are
associated with delayed cerebral ischemia (DCI), short-term
unfavorable neurological outcomes, and in-hospital mortality at
the acute phase after aSAH (5-8). Among the cardiac biomarkers
listed above, the incremental level of cardiac troponin I (cTnlI)
on admission was reported in 21-68% of emergency aSAH
patients (6, 9), and the cardiac troponin has been shown
to reach high sensitivity and specificity in the identification
of cardiac abnormalities indicating subsequent major adverse
cardiac events (MACEs) at the acute phase of aSAH, though
conflicting results have been reported (2, 3, 10-12).

However, the long-term prognostic value of troponin
elevation after emergency aSAH remains unclear. In this study,
we aimed to explore whether the admission cTnI of emergency
aSAH patient at the acute phase could predict future MACEs and
long-term unfavorable neurological outcomes.

MATERIALS AND METHODS
Study Design

Consecutive aSAH patients who conducted cardiac enzymes
laboratory tests within 72h of bleeding were eligible for review
from a single-center prospective cohort study of intracranial
aneurysms in Beijing Tiantan Hospital between January 2016
and December 2017 (Figure1; ClinicalTrials.gov Identifier:
NCT04785976). The diagnosis confirmed at the first interview
was based on the 2012 guidelines for aSAH (13).

Data Collection and Definitions
Clinical data retrospectively reviewed, including
demographic, laboratory, radiological, and treatment-related
information. Comorbid conditions were taken into consideration
and conducted by the Charlson Comorbidity Index (CCI). The
neurological status was evaluated by the modified Rankin Scale
(mRS), and the clinical severity of SAH was assessed by the Hunt-
Hess scale. Imaging characteristics, including Fisher score and
intraventricular hemorrhage (IVH) involvement, were verified
by at least two radiologists who had more than 5 years of clinical
experience in the radiology center of our institute. The highest
level of ¢TnlI within 3 days after the rupture event was selected as
the parameter of interest. Diverse cTnl assays were applied for
the last decades. And according to the result of cardiac enzyme
kit used in this study period (the lower limits of detectable cTnl
level, 0.016 ng/mL), patients were dichotomized into two groups:
the c¢Tnl elevated group (cTnl value > 0.016 ng/mL) and the
cTnl unelevated group (cTnl value < 0.016 ng/mL).

In-hospital complications were defined as major adverse
cardiac events (MACEs, with the occurrence of an arrhythmia,
myocardial injury, acute heart failure, repeat revascularization,

were

| Non-traumatic SAH patients first admitted (n=818) |

‘ﬁ‘ 184 more than 72h I

v
| Non-traumatic SAH patients within 3 days (n=634) |

356 cardiac enzymes
not measured

Non-traumatic SAH patients with measured cardiac
enzymes (n=278)

65 other etiologies
* 8PNSH

* 2bAVM

* 1MMD

* 54 unknown

v v
213 aSAH patients with 213 aSAH patients with
elevated cTnl unelevated cTnl
(n=55) (n=158)

FIGURE 1 | Flow chart showing inclusion/ exclusion of patients.

and cardiac arrest, or as defined in our electronic medical
records) (14), novel DCI (15)/cerebral infarction (CI),
hydrocephalus, seizure, intracranial infection (ICI), pneumonia,
and deep venous thrombosis (DVT). The primary goal of
interest was future MACEs occurring after discharge. The
secondary goal was dichotomized into favorable (mRS of 0-3)
and unfavorable (mRS of 4-6). Follow-up was conducted in the
first 3-6 months and annually after surgery by clinical visits
and telephone interviews. Evaluation of the MACEs and mRS
score was conducted by neurosurgeons who had at least 5 years’
experience in clinical practice, and a training program was
administered to ensure the measurement accuracy. Researchers
who performed follow-up assessments were blinded to the
different ¢Tnl subgroups. Patients who were lost to follow-up
were not included in the prognostic analyses of 3-month, 1-, and
2-year, but not excluded at their last available follow-up from the
statistical analysis.

Statistical Analysis

The categorical variables are presented as counts (with
percentages), and the continuous variables are presented as
the means = standard deviations (SD). Two-tailed t-tests were
used for the continuous variable with Gaussian distribution.
The Mann-Whitney U (Wilcoxon) test was used to compare
non-normal distribution continuous variables. The Pearson chi-
square test or Fisher exact test was used to compare categorical
variables as appropriate. Multivariable Cox regression model was
used to examine the risk factors associated with future MACEs.
A multivariable logistic regression model was built to predict
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the unfavorable neurological outcomes based on the covariables,
including age, sex, Fisher score (ordinal), Hunt-Hess scale on
admission (ordinal), and troponin elevation (dichotomized).
Hazard ratios (HRs) or odds ratios (ORs) and 95% confidence
intervals (CI) for potential risk factors of MACEs and unfavorable
mRS were calculated. Variables' p < 0.10 in univariate analysis
were selected for the multivariate model using a manual forward
model building strategy. Kaplan-Meier curves with log-rank
were performed to estimate the risk of MACE and death
after aSAH for the dichotomized troponin elevation groups. A
p < 0.05 (two-sided) was considered as statistically significant.
All statistical analyses were performed with SPSS for Windows
(version 25.0; IBM, New York, USA).

RESULTS

A total of 213 cases of aSAH that met the inclusion criteria
were included between January 2016 and December 2017. After
the rupture event occurred, the highest level of troponin was
analyzed (9, 16) 159 patients (74.6%) received troponin tests on
post-hemorrhagic day 1, 36 (16.9%) on day 2, and 18 (8.5%) on
day 3. Individuals were divided into two groups based on whether
cTnl value elevated or not, namely elevated cTnl group (n = 55,
25.8%) and unelevated cTnl group (n = 158, 74.2%).

Baseline Characteristics

The baseline characteristics of the 213 aSAH patients were
summarized in Table 1. The mean (£SD) age was 57.4 &+ 12.1
years, with an average follow-up duration of 34.3 months. 71.4%
of them were evaluated as Hunt-Hess grade 1-2 on admission,
and 57.7% were classified as Fisher score 1-2 based on the
admission CT scan. Most patients (61.5%) had preoperative
hypertension, and 36 (16.9%) had a confirmed cardiac disease
history, including 33 (15.5%) coronary artery disease, two
(0.9%) heart failure, and five (2.3%) arrhythmia. Only 14 cases
(6.6%) took ACEI/ARB drugs regularly before the rupture event.
The percentage of other elevated cardiac laboratory indicators
was 53.1% (BNP), 25.4% (CK-MB), and 31.0% (Myoglobin,
Myo), respectively. Finally, 18 cases (8.4%) received conservative
management, 49.8% underwent craniotomy clipping, and 41.8%
received endovascular embolization.

In the subgroup comparison, age, cardiac diseases history, and
CCI did not have significant correlations with the elevated cTnl
after aSAH (59.3 &+ 11.2 vs. 56.8 £ 12.4, p = 0.192; 18.2 vs.
16.5, p = 0.769; 3.7 £ 2.0 vs. 3.3 & 2.0, p = 0.193, respectively).
However, patients with elevated ¢Tnl were more likely to be
female (80.0 vs. 55.1%, p = 0.001), have a higher Hunt-Hess grade
(HH grade 3-5, 50.9 vs. 20.9%, and p < 0.001), and higher Fisher
score (Fisher score 3-4, 56.4 vs. 37.7%, and p = 0.014). Other
cardiac laboratory indicators were synchronized with the elevated
cTnl (BNP, 83.6 vs. 42.4%, p < 0.001; CK-MB, 63.6 vs. 12.0%,
p < 0.001; Myo, 58.2 vs. 21.5%, p < 0.001; respectively). There
were no significantly statistical differences in other demographic
characteristics and radiological matters in patients with and
without detectable elevation of cTnl.

Outcomes

Clinical outcomes were presented in Table 2. The common in-
hospital complications were pneumonia (72 patients, 33.8%)
and DVT (65 patients, 30.5%). Of 61 (28.6%) patients who
developed MACEs during hospitalization, 30 patients (14.1%)
had acute heart failures, 27 (12.7%) had arrythmia, 19 (8.9%) had
myocardial injuries, and two patients (0.9%) experienced cardiac
arrests. In addition, we found a higher incidence of MACE (43.6
vs. 23.4%, p = 0.004), DCI (30.9 vs. 13.9%, p = 0.005), and
DVT (49.1 vs. 24.1%, p = 0.001) in the elevated cTnlI group. The
mortality during hospitalization in the whole cohort was 3.8%
(n = 8; elevated cTnl group vs. unelevated c¢Tnl group: 10.9 vs.
1.3%, p = 0.001).

After discharge, eight future MACEs occurred in seven
patients (3.3%), yielding an annual incidence of cardiac events
of 1.5%. Patients with elevated cTnl had a significantly higher
rate of future MACEs than the unelevated group (10.6 vs.
2.1%, p = 0.024, and 95% CI: 1.256-23.875). This finding
was also statistically significant in the Kaplan-Meier analysis
between these two groups (log-rank, p = 0.007; Figure 2). In
addition, we found that MACEs mostly occurred within 1 year
after aneurysmal rupture (seven in the first year, one in the
second year).

During the clinical follow-up, we observed a significant
correlation between elevated ¢Tnl and unfavorable neurological
outcomes (mRS > 3) at discharge, 3-month, 1-, 2-year, and last
follow-up (45.5 vs. 22.2%, p = 0.001; 39.1 vs. 13.5%, p < 0.001;
37.0vs. 14.9%, p =0.001; 39.1 vs. 12.8%, p < 0.001; 41.8 vs. 14.6%,
p < 0.001, respectively; Figure 3). By the last available follow-up,
20 patients had died, with an overall mortality of 9.4% and an
annual death rate of 3.8% (8.9 vs. 2.3%, p = 0.005). In addition,
the Kaplan-Meier analysis of mortality during the clinical follow-
up was 21.7% with elevated cTnl and 7.1% without (log-rank,
p = 0.004; Figure 4).

Predictors of Future MACEs and

Unfavorable Long-Term Outcomes

A total of 27 patients were lost to follow-up, namely 26 after
discharge and one at 1-year, with a missing rate of 12.7%. The
remaining 186 patients were included in the survival analysis,
amounting to 532 follow-up patient-years.

During hospitalization, 61 (28.6%) patients experienced
MACEs. The univariable Cox analysis showed that age
(HR = 0.927; 95% CI: 0.861-0.998, and p = 0.044), elevated
cInl (HR = 9.603; 95% CI: 1.487-55.209, and p = 0.016),
and in-hospital pneumonia (HR = 0.104; 95% CI: 0.013-
0.837, and p = 0.033) were significantly correlated with future
MACE:s (Table 3). When clinical confounding variables (age by
decades, Hunt-Hess scale, Fisher score, and in-hospitalization
complications) were incorporated into the multivariable Cox
regression model, only elevated ¢Tnl was statistically significant
(HR = 5.974; 95% CI: 1.426-25.019, and p = 0.014).

The univariable logistic analysis showed that elevated cTnl
was associated with unfavorable long-term outcomes at the
last follow-up (OR = 4.218; 95% CI: 2.106-8.450; p < 0.001).
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TABLE 1 | Baseline characteristics between patients with or without elevation of troponin |.

Variable Total (%) Elevated cTnl (%) Unelevated cTnl (%) P-value
n=213 n=55 n =158
Age (Years) 574 +12.1 590.3+11.2 56.8 124 0.192
Female 131/213 (61.5) 44/55 (80.0) 87/158 (55.1) 0.001
Medical history
Diabetes mellitus 17 (8.0) 4(7.3) 13(8.2) 1.000
Hypertension 131 (61.5) 31 (56.4) 100 (63.3) 0.363
Dyslipidemia 27 (12.7) 10(18.2) 17 (10.8) 0.154
Hyperhomocycteinemia 17 (8.0) 2(3.6) 15(9.5) 0.275
Stroke 36 (16.9) 11 (20.0) 25 (15.8) 0.476
*CCl-i 34+20 3.7+20 33+20 0.193
Cardiac history
Coronary artery disease 33 (15.5) 10 (18.2) 23 (14.6) 0.522
Heart failure 2 (0.9 1(1.8) 1(0.6) 0.451
Arrhythmia 5(2.3) 1(1.8) 4 (2.5) 1.000
History of brain operation 1(0.5) 1(1.8) 00 0.258
History of cardiac surgery 9(4.2) 1(1.8) 8(5.1) 0.521
ACEI/ARB 14 (6.6) 2(3.6) 12 (7.6) 0.481
Anticoagulant drugs 2(0.9) 1(1.8) 1(0.6) 0.451
Antiplatelet drugs 20 (9.4) 4(7.3) 16 (10.1) 0.532
peak cTnl 0.007 (0.002-0.075) 0.366 (0.058-1.380) 0.002 (0.001-0.007) 0.000
Elevated BNP 113 (53.1) 46 (83.6) 67 (42.4) 0.000
Elevated CK-MB 54 (25.4) 35 (63.6) 19 (12.0) 0.000
Elevated Myo 66 (31.0) 32 (58.2) 34 (21.5) 0.000
Hunt-Hess grade 0.000
1-2 152 (71.4) 27 (49.1) 125 (79.1)
3-5 61(28.6) 28 (50.9 33 (20.9)
Fisher score 0.014
1-2 123 (57.7) 24 (43.6) 99 (62.7)
3-4 90 (42.3) 31 (56.4) 59 (37.7)
IVH involvement 121 (56.8) 35 (63.6) 86 (54.4) 0.235
Treatment 0.175
Microsurgery 106 (49.8) 24 (43.6) 82 (51.9)
Endovascular treatment 89 (41.8) 23 (41.8) 66 (41.8)
Medication 18(8.4) 8(14.5) 10 (6.3)

*CCl-i, Charlson Comorbidity Index-i; BNF, brain natriuretic peptide; CK-MB, creatine phosphokinase isoenzyme—MB; Myo, myoglobin; ACEI, angiotensin-converting enzyme inhibitors;
ARB, angiotensin receptor blocker; IVH, intraventricular hemorrhage; peak.cTnl, peak value of cardiac troponin |.

Age, history of stroke, Hunt-Hess grade 3-5, Fisher score 3-
4, perioperative pneumonia, and DVT had a p < 0.10. Those
variables were verified to have had a major impact on outcome in
previous studies (13) and were selected in the reduced regression
model. In the multivariable analysis, peak ¢Tnl (OR = 2.951;
95% CI: 1.376-6.323; p = 0.005), age (OR = 1.046; 95% CI:
1.012-1.081; p = 0.008), and Hunt-Hess grade (OR = 4.017;
95% CI: 1.909-8.453; p < 0.001) were independent predictors for
unfavorable long-term outcomes (Table 4).

DISCUSSION

In this study cohort involving aSAH patients with elevated
cTnl on admission, brain-heart interactions were investigated.
The major findings were that the predictor analysis showed

that abnormal troponin level was associated with future
MACESs and unfavorable long-term outcomes. Additionally, the
survival analysis showed that aberrant c¢Tnl was related to
an increased risk of future MACEs and deaths after aSAH.
The risk increased by 195% for death and by 498% for
MACE, respectively.

The results of this study offer valuable information to
emergency and intensive care clinicians to aid them in deciding
whether or not future unexpected cardiac events could happen
in patients with elevated ¢Tnl during hospitalization or at
follow-up (17, 18). To our knowledge, this is the most
extensive series reporting survival and outcome in this particular
subgroup. Meanwhile, we explained the continuous brain-heart
interaction with detailed clinical data. Admittedly, subarachnoid
hemorrhage-induced mortality in the acute phase was dreadful
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TABLE 2 | Outcomes between patients with or without elevation of troponin .

Variable Total (%) Elevated cTnl (%) Unelevated cTnl (%) P-value

n=213

n=55 n =158

In-hospital complications

*MACE 61 (28.6) 24 (43.6) 37 (23.4) 0.004
Myocardial injury 19(8.9) 10 (18.2) 9(56.7) 0.012
Acute heart failure 30 (14.1) 15 (27.9) 15(9.5) 0.001
Arrythmia 27 (12.7) 5(9.1) 22 (13.9) 0.353
Cardiac arrest 2(0.9) 1(1.8) 1(0.6) 1.000
DCI/CI 39 (18.9) 17 (30.9) 22 (13.9) 0.005
Hydrocephalus 15 (7.0) 6(10.9) 9(5.7) 0.320
Seizure 6 (2.8) 2(3.6) 4 (2.5) 1.000
ICl 16 (7.5) 3 (5.5 13(8.2) 0.708
Pneumonia 72 (33.8) 20 (36.4) 52 (32.9) 0.631
DVT 65 (30.5) 27 (49.1) 38 (24.1) 0.001
Hospitalization duration 16.56£10.2 16.7 £10.0 1561 £10.3 0.338
In-hospital mortality 8(3.8) 6(10.9) 2(1.9 0.001
Discharge mRS > 3 60/213 (28.2) 25/55 (45.5) 35/158 (22.2) 0.001
3-month mRS > 3 37/187 (19.8) 18/46 (39.1) 19/141 (18.5) 0.000
1-year mRS > 3 38/187 (20.3) 17/46 (37.0) 21/141 (14.9) 0.001
2-year mRS > 3 35/186 (18.8) 18/46 (39.1) 17/140 (12.1) 0.000
Last follow-up mRS > 3 46/213 (21.6) 23/55 (41.8) 23/158 (14.6) 0.000

*MACE, major adverse cardiac event;, DCI, delayed cerebral ischemia, Cl, cerebral infarction; ICl, intracranial infection; DVT, deep venous thrombosis.
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FIGURE 2 | Overall Kaplan-Meier estimates for freedom from MACE, comparing patients who had elevated cTnl (blue line) with unelevated cTnl (orange line; log-rank
test, p = 0.007).

and following sublethal complications cannot be underestimated.
In addition to the factors, such as DCI and DV, which have been
broadly verified by investigators, cardiac events secondary to the
protopathy disturbed the diagnosis and treatment, in terms of
both doctors and patients (19).

Recently, some clinicians have begun to pay attention to
the impact of cardiovascular risk caused by aSAH. The cTnl
elevation observed in this population is in keeping with the
data produced by van der Bilt et al. (6) and Zhang et al.
(7). Numerous studies have reported the reasonable predictive
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potential of admission elevated-troponin in aSAH patients,
but lots of studies focused on the short-term neurological
outcomes (7, 9, 20, 21), although several teams started to
foresee the sensitivity and specificity of cTnl on long-term
outcomes (7, 10, 16). However, none of the studies were
performed for longer than 1 year. Studies that reported outcome
separately for elevated cTnl and unelevated cTnl patients is in

line with our findings at 3-month and 1-year. However, the
disparity between studies is unescapable if outcome appraisal
tools were applied differently (16). Furthermore, we conducted
regular surveillance on surviving aSAH patients (mean follow-
up of 343 £ 12.4 months) and found more unfavorable
outcomes occurred in the elevated ¢Tnl group (41.8 vs. 14.6%,
p < 0.001).
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TABLE 3 | Cox regression analysis of predictors for future MACEs.

Primary outcome characteristics

Univariate Multivariate

Variable MACE Non-MACE p-value HR (95% Cl) p-value OR (95% CI)
Age, years 53.5+9.8 58.0+12.5 0.044 0.927 (0.861-0.998) 0.238

Gender 6 (75.0) 113 (62.8) 0.184 6.613 (0.405-107.921)

HH grade 3-5 3(37.5) 51 (28.3) 0.248 0.222 (0.017-2.862)

“FS 3-4 4 (50.0) 73 (40.6) 0.728 1.436 (0.185-11.13)

IVH involvement 5 (62.5) 101 (56.1) 0.518 1.818 (0.295-11.191)

Smoke 2(25.0) 56 (31.1) 0.43 0.388 (0.037-4.079)

History of stroke 2(25.0) 31(17.2) 0.226 0.302 (0.043-2.098)

Hypertension 4 (50.0) 112 (62.2) 0.239 3.31 (0.449-24.361)

HR 82.9 +18.1 756 +13.5 0.405 1.027 (0.964-1.093)

SBP 159.9 £+ 26.0 161.3 £24.2 0.634 1.008 (0.975-1.042)

Elevated cTnl 5 (62.5) 42 (23.3) 0.016 9.063 (1.487-55.209) 0.014 5.980 (1.428-25.407)
ih.MACE 5 (62.5) 49 (27.2) 0.064 4.528 (0.91-22.512) 0.064

ih.DCI/CI 1(12.5) 33 (18.3) 0.246 0.236 (0.02-2.711)

ih.pneumonia 4 (50.0) 58 (32.2) 0.033 0.104 (0.013-0.837) 0.211

in.DVT 4 (50.0) 52 (28.9) 0.512 0.521 (0.074-3.656) 0.622

*FS, Fisher score; HR, admission heart rate; SBF, admission systolic blood pressure; cTnl, cardiac troponin I; ih.MACE, in hospitalization major adverse cardiac event, ih.DCI/CI, in
hospitalization delayed cerebral ischemia/ cerebral infarction; ih.pneumonia, in hospitalization pneumonia; ih.DVT, in hospitalization deep venous thrombosis.

TABLE 4 | Logistic regression analysis of predictors for last follow-up outcomes.

Last follow-up outcomes

Univariate Multivariate

Variable Unfavorable Favorable p-value OR (95% CI) p-value OR (95% CI)
Age, years 62.5 + 12.1 56.0 +11.8 0.002 1.049 (1.018-1.081) 0.008 1.046 (1.012-1.081)
Gender 31(67.4) 100 (59.9) 0.355 1.384 (0.694-2.759)

HH grade 3-5 27 (568.7) 34 (20.4) 0.000 5.558 (2.767-11.160) 0.000 4.017 (1.909-8.453)
“FS 3-4 30 (65.2) 60 (35.9) 0.001 3.343 (1.686-6.627)

IVH involvement 28 (60.9) 93 (565.7) 0.530 0.807 (0.414-1.572)

Smoke 12 (26.1) 59 (35.3) 0.241 1.547 (0.745-3.213)

History of stroke 12 (26.1) 24 (14.4) 0.064 0.475 (0.216-1.045)

Hypertension 32 (69.6) 99 (59.3) 0.206 0.636 (0.316-1.282)

HR 76.9 + 145 748+ 132 0.353 1.011 (0.987-1.036)

SBP 162.1 £26.3 161.2 £24.3 0.813 1.001 (0.988-1.014)

Elevated cTnl 23 (50.0) 32 (19.2) 0.000 4.218 (2.106-8.450) 0.005 2.951 (1.377-6.323)
ih.MACE 15 (32.6) 46 (27.5) 0.502 1.272 (0.629-2.572)

ih.DCI/CI 10 (21.7) 29 (17.4) 0.498 1.321 (0.589-2.962)

ih.pneumonia 25 (54.3) 47 (28.1) 0.001 0.329 (0.168-0.643)

ih.DVT 21 (45.7) 44 (26.3) 0.013 0.425 (0.216-0.836)

*FS, Fisher score; HR, admission heart rate; SBF, admission systolic blood pressure; cTnl, cardiac troponin I; ih.MACE, in hospitalization major adverse cardiac event; ih.DCI/CI, in
hospitalization delayed cerebral ischemia/cerebral infarction; ih.pneumonia, in hospitalization pneumonia; ih.DVT, in hospitalization deep venous thrombosis.

Few studies have offered an insight into the predictive value
of admission troponin elevation in future MACEs, which has
been studied in general noncardiac surgery and ischemic stroke
population by degrees (5, 22). Akkermans et al. (11) concluded
that patients with postinterventional cTnl elevation have a
higher risk of MACE within the first year, but failed to build
a multivariable regression model, which is consistent with our
findings concerning admission c¢Tnl elevation (HR = 5.980;
95% CI: 1.428-25.407; p = 0.014). Furthermore, none of

the above-cited studies used survival analysis to evaluate the
level of admission ¢Tnl for predicting future MACEs and
unfavorable 2-year outcomes. One could speculate that our
notion of relations between elevated c¢Tnl and the primary and
secondary outcome is accidental and unintentional. However,
the independent prognostic value of elevated cTnl was also
successfully established when adjusted for known predictors.
Unexpectedly, the history of stroke and heart diseases had
nothing to do with future MACEs (25.0 vs. 17.2%, p = 0.928;
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12.5 vs. 17.8%, p = 1.000, respectively). We proposed that the
ischemic preconditioning, a powerful endogenous mechanism,
could be a rational mechanism to monitor the ischemic events
in both subsequent brain and heart events (18, 23, 24).

The severity of brain injury was widely regarded as
the leading cause of a poor outcome in aSAH patients.
Cardiac complications are not the most important factor
for the eventual outcome (20), but they are the second
most important (1). Proposed mechanisms of brain-heart
interaction after aSAH have grown ever more important.
A more generally accepted hypothesis is that an increased
sympathetic tone determines catecholamines discharge and
subsequently SIC ensues (25). As a matter of fact, there
are some other possible explanations regarding neurocardiac
injuries, including right insular cortex damage, decreased
focal and global cerebral perfusion, instable autoregulation,
existed cardiac diseases, and impaired blood-brain barrier
(26-28). Interestingly, the above-mentioned mechanisms could
interpret our data to some extent in the early phase after
aSAH, but some may question the phenomenon that troponin
elevation was strongly associated with future MACEs and
long-term neurological outcomes. Exogenous administration of
norepinephrine (29), perioperative cardiac injury after aneurysm
occlusion (11), and neurogenic stunned myocardium (30)
could be possible answers. Future studies should offer further
proof of whether there is a causal relationship between the
onset of troponin discharge and MACEs and outcomes within
2 years.

In the case of aSAH-related cardiac dysfunction, it is
acceptable to treat the underlying neurological condition.
Due to the low recognition rate, misdiagnosis (19), and
lack of randomized trials, additional management of
neurocardiogenic injury remains entirely empirical in
each individual case. Recognized ominous clinical factors
including higher age (31) and unfavorable admission
neurological status concerned with poor outcome were
also statistically significant in the present study (higher
age, OR = 1.046, 95% CI: 1.012-1.081, and p = 0.008;
higher Hunt-Hess grade, OR = 4.017, 95% CI: 1.909-8.453,
p < 0.001). Nevertheless, no cohort study has ever been
published relating the troponin elevation to future MACEs
and 2-year outcomes. The findings of this study may not
only improve clinical practice but also direct secondary
prevention cost-effectively.

The present study had some limitations. First, the study
population was too small to fulfill an accurate prediction
model, though our retrospectively reviewed cohort showed
the independent predictive value on future MACEs and 2-
year outcomes. Second, although previous studies suggest that
intervention methods have no significant effect on troponin
release, with the significant progress of endovascular and
microsurgical procedures, the impact of different treatments on
MACEs after aSAH needs to be further explored (22). Finally, the

laboratory updated c¢Tnl settings once during the study period,
and absolute value to stratification was impractical. Emergency
and intensive care unit clinicians made decisions based on
the thresholds laboratory offered, so different assays did not
influence our results. Further quantitative analysis of sensitivity
and specificity of troponin needs to be investigated.

CONCLUSION

CTnl elevation after the ictus of a ruptured intracranial
aneurysm can predict the occurrence of MACEs and unfavorable
outcomes within 2 years after aSAH. Although admission
troponin elevation can be recognized as a biomarker to identify
aSAH patients at high risk of neurocardiac injuries, further
investigation into clinical management is needed to prevent
cardiac complications and improve outcomes.
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Affiliated Hospital of Shandong University of Traditional Chinese Medicine, Jinan, China

Objectives: The monocyte to high-density lipoprotein ratio (MHR) has been considered
to be a novel inflammatory marker of atherosclerotic cardiovascular disease. However, its
role in the acute phase of acute isolated pontine infarctions remains elusive. We explored
whether an association existed between elevated MHR levels and early neurological
deterioration (END) in patients with isolated pontine infarction.

Methods: Data from 212 patients with acute isolated pontine infarction were
retrospectively analyzed. We examined the MHR in quartiles of increasing levels to
evaluate for possible threshold effects. END was defined as an elevation in the total
National Institutes of Health Stroke Scale (NIHSS) score >2 or an increase in NIHSS
score >1 in motor power within the first week after symptom onset. Patients were divided
into an END group and a non-END group. The association of MHR on END following
pontine infarction was examined by logistic regression models after adjusting for age,
NIHSS at admission, basilar artery stenosis, history of hypertension or hyperlipidemia or
stroke, infarct size, fasting blood glucose, and paramedian pontine infarction.

Results: The mean MHR was 0.44 + 0.22. A total of 58 (27.36%) patients were
diagnosed with END. END occurred within the first 48 h after hospitalization in 38 patients
(65.52%). After adjusting for confounding and risk factors, the multivariate logistic
regression analysis showed NIHSS at admission [odds ratio (OR), 1.228; 95% confidence
interval (Cl), 1.036-1.456], basilar artery stenosis (OR, 2.843; 95% ClI, 1.205-6.727), and
fasting blood glucose (OR, 1.296; 95% Cl, 1.004-1.672) were independently associated
with END. The odds ratio of END increased as the quartile level of MHR increased, with
the lowest quartile used as the reference value. Compared to the first quartile of MHR,
the third and fourth quartiles were associated with 4.847-fold (95% ClI, 1.532—-15.336)
and 5.824-fold (95% Cl, 1.845-18.385) higher odds of END in multivariate analysis.

Conclusions: Elevated MHR levels may be valuable as a biomarker of END in patients
with isolated pontine infarction. The elevated MHR was independently associated with
END in isolated pontine infarction.

Keywords: acute isolated pontine infarction, early neurological deterioration, monocyte to high-density lipoprotein
ratio, monocyte, high-density lipoprotein
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INTRODUCTION

Worsening neurological deficits, also known as early neurological
deterioration (END), occur in up to one-third of patients with
acute ischemic stroke and have been shown to be associated with
increased mortality and subsequent functional disabilities (1, 2).
Pontine infarctions account for ~7% of all ischemic strokes, and
isolated pontine infarctions are the most common type related
to the posterior circulation, accounting for ~15% of cases (3).
Extensive studies regarding END prediction in isolated pontine
infarction have been performed to enable physicians to better
predict END occurrence (4-6). With the popularity of magnetic
resonance imaging (MRI) in clinical practice, the correlation
between neurological impairment and topographic location
has been deeply studied (7, 8). There are also some studies
concerning the treatment and prognosis of ischemic stroke (9,
10). However, there are few studies on hematological indexes
in the study of the aggravation of nervous system function.
Recently, the monocyte to high-density lipoprotein ratio (MHR)
has been considered to be a novel inflammatory marker of
atherosclerotic cardiovascular disease, especially coronary artery
disease (11). It has been reported to be related to the prediction
of ischemic stroke from the general population (12) and carotid
artery intima-media thickness in patients with type 2 diabetes
(13). In stroke-related studies, MHR has been reported to be a
good predictive value of stroke-associated pneumonia (14) and
mortality in patients with ischemic stroke (15). However, there
are no studies exploring the value of MHR in predicting END in
patients with acute isolated pontine infarction. Therefore, the aim
of our study is to elucidate the association between MHR with
END after acute isolated pontine infarction.

MATERIALS AND METHODS

Patients

A total of 2,789 consecutive patients with ischemic stroke
registered at the Department of Neurology, Beijing Shijitan
Hospital, Capital Medical University from January 2015 to
December 2020 were retrieved. Patients were included in the
analysis if they met the following criteria: (a) hospitalization
within 48h after the onset of symptoms, (b) acute ischemic
lesions within the unilateral pons on diffusion-weighted
imaging (DWI), and (c) modified Rankin scale (mRS) score
<2 before admission. Patients were excluded if they (a)
had no available DWI within 72h of initial presentation,
(b) had infraction of the anterior circulation infarction
and/or other parts of the vertebrobasilar system on DWI,
and (c) had deterioration due to extracerebral illnesses,
such as infection, aspiration pneumonia, hypotension,
metabolic disturbances, dehydration, and/or respiratory/heart
failure. A flow chart of patient inclusion is shown in
Figure 1.

Clinical Information and Assessment

The following clinical data were retrospectively obtained: age,
sex, and vascular risk factors including diabetes mellitus,
hypertension, coronary heart disease, hyperlipidemia, previous

A total of 2789 consecutive patients with ischemic stroke

70 patients without available DWI

N

2719 patients retained

2501 patients excluded:

570 with transient ischemic attack

1012 with anterior circulation stroke

109 with multiple infarctions involving

anterior and posterior circulation

810 with infarctions in other parts of

v posterior circulation

218 patients with isolated pontine infarction

6 with deterioration due to extracerebral

illnesses

212 patients with isolated pontine infarction

FIGURE 1 | Flowchart of study population inclusion and exclusion.

stroke, and the presence of current smoking. On admission, all
patients received brain MRI, magnetic resonance angiography
(MRA), carotid artery color Doppler ultrasound, and transcranial
Doppler. The following criteria were considered to be vascular
risk factors: history of stroke was defined as prior ischemic stroke
or transient ischemic attack. Smoking was defined as smoking >1
cigarette per day continuously for at least 1 year.

Blood samples were collected on the second day in the
morning within 24 h of hospital admission after an 8-h fasting
period. Biochemical variables, including serum high-density
lipoprotein cholesterol (HDL-C), were measured using an
AUS5832 automatic biochemical analyzer (Beckman Coulter,
Tokyo, Japan). White blood cell (WBC) and monocyte
levels were analyzed using a Xe5000 automatic hematology
analyzer (SYSMEX, Kobe, Japan). The MHR was calculated
as the ratio of the monocyte (x 10°/L) count to HDL-C
(mmol/L) level.

Severity of neurological impairment was assessed using
the National Institutes of Health Stroke Scale (NIHSS) score
immediately before MRI scans on admission, within the first 7
days after symptom onset. END was defined as an elevation in the
total NIHSS score >2 or an increase in NIHSS score >1 in motor
power within the first week after symptom onset (7). Patients
were divided into an END group and a non-END group based
on the incremental increase in NIHSS score. The neurological
status of patients was evaluated by trained neurologists on
a daily basis.
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measured on axial MRI. A x B was used to define the infarction size (IS).

FIGURE 2 | Acute pontine infarctions on axial diffusion-weighted imaging are shown in | and Il. The maximal ventrodorsal (A) length and (B) width of each infarct were

Imaging Protocol and Morphometric Analysis

MRI was performed within 48h after admission using a
3.0-T MRI unit (Ingenia, Philips, Best, the Netherlands).
Morphometric measurement was performed on axial DWI with
the following imaging parameters: repetition time = 2,800 ms,
echo time = 90ms, slice/gap = 5 mm/0.5mm, voxel = 1.0
x 1.0 mm?, field-of-view = 230 x 230 mm?, and scan time
= 35min. The diffusion sensitivity coefficient B was set to 0
and 1,000 s/mm?. DWI was positive for DWI with a high b
value and had low a signal according to the apparent diffusion
coeflicient (ADC). Infarct size (IS) was measured at the axial
position on DWI. The maximal ventrodorsal length (A) and
width (maximum dimension in a direction perpendicular to
the ventrodorsal length, B) of each infarct on axial DWI were
measured. We used A x B to represent IS. All morphometric
measurements were performed twice, and the mean value was
used (Figure 2).

Basilar artery stenosis was defined as a reduction in the
caliber of the basilar artery by at least 50% or occlusion of
the basilar artery. Isolated pontine infarctions were divided
into paramedian pontine infarction (PPI) and lacunar pontine
infarction (LPI) (16). PPI was defined as a lesion that extends
to the anterior surface of the pons, and LPI was defined as a
lesion that does not extend to the basal surface of the pons.
The morphometric analysis was performed by at least two
neurologists and radiologists.

Statistical Analysis

We examined the total MHR in quartiles of increasing levels
to evaluate for possible threshold effects. Patients were divided
into quartiles based on the MHR (QI, <0.24; Q2, 0.24-0.42;
Q3, 0.43-0.55; and Q4, >0.56). For group comparisons, analysis

of variance or the Kruskal-Wallis rank-sum test was used
to compare continuous variables, and the chi-square test was
applied for categorical variables. According to the END and
non-END groups, baseline characteristics and risk factors were
compared using Student’s ¢-test (continuous variables) or the ¥2
test or Fisher’s exact test (categorical variables), as appropriate.
Continuous variables and categorical variables are expressed
as mean (+ SD) and frequency (percentage), respectively.
Multivariate analyses were performed to determine independent
factors associated with END, and the lowest quartile was used
as the reference. Considering the close correlation between
MHR and monocyte count and HDL level, only the MHR
was included in the logistic regression. A receiver-operating
characteristic curve was constructed to assess the sensitivity,
specificity, and area under the curve of possible contributing
factors to discriminate the END group from the non-END group.
Spearman correlation was used to judge the relationship between
the level of MHR and NIHSS. SPSS version 23.0 for Windows was
used for statistical analysis. A two-sided P < 0.05 was considered
statistically significant.

RESULTS

Among 2,789 consecutive patients with ischemic stroke,
218 (7.82%) were diagnosed with an isolated pontine
infarction, 6 of whom experienced aggravation due to
extracerebral illness. A total of 212 patients with acute
isolated pontine infarctions were included in the final
analysis. The mean age of patients was 68.27 £ 11.57 years,
and 127 (59.9%) were male. The mean NIHSS score was
3.59 £ 2.25. A total of 41 (19.3%) patients had basilar artery
stenosis. END was diagnosed in 58 (27.36%) patients. END
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TABLE 1 | Characteristics of patients with isolated pontine infarction according to monocyte to high-density lipoprotein ratio quartile.

Characteristic MHR P
<0.24 (N = 52) 0.24-0.42 (N = 55) 0.43-0.55 (N = 53) >0.56 (N = 52)
Age, years 67.89 + 11.54 67.33 £ 13.74 71.28 £ 10.96 66.50 + 9.19 0.157
Sex, male 39 (31.2) 30 (32.9) 31 (31.8) 27 (31.2) 0.071
Risk factors
Current smoking 13 (25.0) 16 (29.1) 16 (30.2) 13 (62.0) 0.899
History of hypertension 28 (563.8) 18 (32.7) 32 (60.4) 25 (25.3) 0.028
History of diabetes mellitus 14 (26.9) 19 (34.5) 24 (45.9) 15(28.8) 0.188
History of stroke 5(9.6) 9(16.4) 9(17.0) 11 (21.2) 0.461
History of atrial fibrillation 3(5.8) 1(1.8) 5(9.4) 5(9.6) 0.277
History of coronary heart disease 16 (30.8) 12 (21.8) 12 (22.6) 7(13.5) 0.21
History of hyperlipidemia 37 (33.4) 33 (35.9) 33 (34.0) 33 (33.4) 0.656
Basilar artery stenosis 4(7.7) 10 (18.2) 11 (20.8) 16 (30.8) 0.028
Initial SBP, mmHg 147.69 + 16.58 144.58 + 18.30 140.87 £ 16.70 141.56 + 16.43 0.155
Initial DBP, mmHg 83.25+8.78 82.85 + 8.84 80.96 + 8.22 82.23 +£9.19 0.559
NIHSS at admission 3.44 +2.08 3.18 +£2.03 3.71+235 4.02 + 2.51 0.254
HbAc 5.64 + 0.95 5.77 £0.88 5.57 +0.89 5.95+1.18 0.243
IS, mm? 1.16 £ 0.56 0.88 +0.57 0.94 +0.58 1.32 £0.89 0.11
FBG, mmol/L 6.05 £+ 1.21 5.95 + 1.08 6.09 + 1.43 6.40 + 1.83 0.914
TOB, h 18.71 +£11.84 20.29 +£ 11.37 21.94 £ 11.19 22.40 £12.10 0.352
END 6(11.5) 11 (20.0) 18 (34.0) 23 (44.2) 0.001

MHR, monocyte to high-density lipoprotein ratio; END, early neurological deterioration; SBFR, systolic blood pressure; DBF, diastolic blood pressure; PPI, paramedian pontine infarction;
LPI, lacunar pontine infarction; NIHSS, National Institutes of Health Stroke Scale; HbA1C, glycosylated hemoglobin; TOB, time from onset to blood sample collection.

TABLE 2 | Comparison of demographic and clinical characteristics between the END non-END groups.

Characteristics All patients (N = 212) END (N = 58) Non-END (N = 154) P
Age, years 68.27 +£ 11.57 68.54 + 11.80 67.57 £ 11.00 0.587
Sex, male 127 (59.9) 29 (50.0) 98 (63.6) 0.071
BMI, kg/m? 23.98 + 2.01 2412 £ 2.00 23.61+1.98 0.096
Risk factors

Current smoking 58 (27.4) 20 (34.5) 38 (24.7) 0.153
History of hypertension 103 (48.6) 28 (48.3) 75 (48.7) 0.956
History of diabetes mellitus 72 (34.0) 18 (31.0) 54 (35.1) 0.581
History of stroke 34 (16.0) 14 (24.1) 20 (13.0) 0.049
History of atrial fibrillation 14 (6.6) 6 (10.3) 8(5.2) 0.215
History of coronary heart disease 47 (22.2) 9(15.5) 38 (24.7) 0.152
History of hyperlipidemia 136 (64.2) 37 (63.8) 99 (64.3) 0.947
Basilar artery stenosis 41 (19.3) 19 (32.8) 22 (14.9) 0.002
Initial SBP, mmHg 143.67 £17.13 144.53 £17.79 143.35 £ 16.92 0.655
Initial DBP, mmHg 82.33 + 8.74 81.53 + 9.69 82.62 + 8.37 0.42
NIHSS at admission 3.59 + 2.25 4.64 £+ 2.31 3.19+2.10 <0.001
PPI 91 (42.9) 36 (62.1) 55 (35.7) 0.001
LPI 121 (57.1) 22 (37.9) 99 (64.3) 0.001
TOB, h 20.83 £ 11.63 19.02 +10.19 21.62 £12.09 0.133

END, early neurological deterioration; SBR, systolic blood pressure; DBR, diastolic blood pressure; PPI, paramedian pontine infarction; LPI, lacunar pontine infarction; NIHSS, National
Institutes of Health Stroke Scale; BMI, body mass index; TOB, time from onset to blood sample collection.

occurred within the first 48h after admission in 38 patients  presence of basilar artery stenosis (P = 0.028), hypertension
(65.52%). The mean MHR level was 0.44 £ 0.22. Detailed (P =0.028), and END (P = 0.001) was significantly different
demographic data are summarized in Table 1. As expected, the  between groups.
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TABLE 3 | Laboratory and imaging data in the END and non-END groups.

Data END (N = 58) Non-END (N = 154) P

FBG, mmol/L 6.62 +1.73 5.92 4 1.22 0.006
Platelet, x109/L 209.15 + 777.61 227.05 £ 69.90 0.108
D-dimer, ng/dl 168.91 + 70.45 179.03 + 74.49 0.372
Cr, pmol/L 71.71 + 16.86 70.70 + 15.36 0.680
WBC, x10%/L 6.89 + 1.85 6.58 + 1.86 0.282
Neutrophil, x10%/L 434 +155 4.02 +£1.57 0.176
Monocyte, x10%/L 0.55 + 0.28 0.41 +0.16 0.001
Lymphocyte, x10%/L 1.83 +0.79 1.72 +£0.56 0.335
Hemoglobin, g/L 143,57 + 36.73 134.61 & 24.84 0.090
Total protein, g/L 74.93 4 52.09 71.78 + 45.45 0.665
HDL, mmol/L 1.01 + 0.31 1.19 + 057 0.024
LDL, mmol/L 2.29 + 0.96 2.39 + 1.02 0.515
MHR 0.57 + 0.25 0.39 + 0.19 <0.001
IS, m? 1.29+0.78 0.99 + 0.62 0.004

FBG, fasting blood glucose; IS, infarct size; BMI, body mass index; WBC, white blood
cell; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Patient baseline clinical characteristics in the END and non-
END groups are shown in Table2. Basilar artery stenosis
(P =0.002), NIHSS at admission (P < 0.001), previous stroke
(P = 0.049), and PPI (P = 0.001) were significantly higher
in the END group than in the non-END group. Prevalence of
hypertension, diabetes, coronary heart disease, hyperlipidemia,
atrial fibrillation, and current smoking showed no significant
difference between the two groups.

Patient laboratory test and imaging results are shown
in Table 3. Patients in the END group had larger infarct
size (P = 0.004), higher HR (P < 0.001), higher blood
glucose level on admission (P < 0.001), and higher
monocyte count (P < 0.001) than those patients in the
non-END group. At the same time, compared with that
in the non-END group, the HDL level in the END group
was lower (P = 0.024).

As presented in Table4, multivariate logistic regression
analysis showed that NIHSS at admission [P = 0.018,
odds ratio (OR) = 1.228, 95% confidence interval (CI)
= 1.036-1.456], basilar artery stenosis (P = 0.021, OR =
2.843, 95% CI = 1.205-6.727), and fasting blood glucose
(P = 0.046, OR = 1296, 95% CI = 1.004-1.672) were
independently associated with END. The odds ratio for END
increased with increasing quartile of MHR with the lowest
quartile used as the reference value. A high (>0.43) MHR
was independently associated with END (third quartile OR,
4.847; 95% CI, 1.532-15.336; fourth quartile OR, 5.824; 95%
CI, 1.845-18.385) in multivariate analysis. The third and
fourth highest quartiles of MHR levels were identified to
be independently associated with END. Receiver-operating
characteristic curve analysis suggested the sensitivity, specificity,
and area under the curve for MHR to discriminate END
from non-END were 65.5, 76.6, and 71.5% (95% CI, 64-
79%; P < 0.001), respectively. Youden’s index was 0.421. The
cutoff was 0.51 (Figure 3).

TABLE 4 | Evaluation of the effect of MHR on END following pontine infarction
using multivariate logistic regression models.

Variables OR 95% CI P
NIHSS at admission 1.228 1.036 1.456 0.018
Basilar artery stenosis 2.843 1.205 6.707 0.021
MHR Q1 (reference)

Q2 2.459 0.765 7.9 0.131
Q3 4.847 1.532 15.336 0.007
Q4 5.824 1.845 18.385 0.003
Age 0.987 0.954 1.022 0.466
History of hypertension 0.611 0.274 1.364 0.229
History of hyperlipidemia 1.352 0.583 3.133 0.483
History of stroke 2.463 0.988 6.141 0.053
IS 1.787 0.993 3.215 0.053
FBG 1.296 1.004 1.672 0.046
PPI 1.692 0.758 3.776 0.2

FBG, fasting blood glucose; IS, infarct size; NIHSS, national institutes of health stroke
scale; PPI, paramedian pontine infarction.
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FIGURE 3 | Receiver operating characteristic (ROC) curve of the relationship
between monocyte to high-density lipoprotein ratio (MHR) and early
neurological deterioration (END).

Spearman’s correlation was used to determine the relationship
between MHR level and NIHSS at 7 days. The results showed that
there was a correlation between MHR level and NIHSS at 7 days
rgs = 0.573, P < 0.001.

DISCUSSION

There are limited reports describing the predictive value of
MHR level for early deterioration during the acute phase of
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an isolated pontine infarction. This study found that elevated
MHR levels are associated with END and that the risk of
END tended to increase with increasing MHR. It has been
unequivocally shown that progressive neurological deficit after
ischemic stroke may lead to increased mortality and morbidity
(1). Progression of neurologic deficit, however, does not have
an authoritative definition, as it could be considered to be
either a neuropathological or a clinical event. Early neurological
deterioration in patients with isolated pontine infarction
is relatively common.

This study showed that 27.36% of the patients with isolated
pontine infarction had END, which is consistent with previous
studies that reported a prevalence of 20-58% in patients
with acute stroke (17, 18). The incidence of END differs
between studies according to its definition and the timing and
duration of observation (3, 19-21). Although the majority of
the relevant studies were based on an increase in NIHSS scores,
the exact increase in NIHSS score used to define END has
varied drastically. For example, some studies used an NIHSS
score increase of 1-2 points combined with motor function
impairment to define END, whereas others defined END as an
NIHSS increase of 4 points. In terms of the timeframe, END
has been defined to occur within 3 days, 5 days, or 1 week
after symptom onset in different studies. In our study, END
was defined as an elevation in the total NIHSS score >2 or an
increase in NIHSS score >1 in motor power within the first week
after symptom onset, which is congruent with most previous
studies (7, 22).

Acute inflammation has been observed in brain injury
caused by cerebral ischemic diseases, such as the production
of inflammatory cells, release of proinflammatory mediators,
and tissue infiltration (7, 22). In fact, there is growing evidence
that inflammation exerts a prominent effect in the pathogenesis
and progression of ischemic stroke (23, 24). A few hours after
stroke onset, the number of circulating polymorphonuclear
neutrophils increase in a stroke severity-dependent manner
(25). Monocytes from the bloodstream reach the damaged site
most abundantly 3-7 days after ischemia onset (26). In the
early stages after brain injury, the number of total monocytes
in the blood circulation shows an increasing trend (27). In
addition, previous studies have reported an influx of different
immune cells and cytokines produced in the brain, which
play an immunomodulatory role in postischemic inflammation
(27). Wang et al. suggested that high monocyte counts have
the value in predicting the prognosis in various cardiovascular
diseases (28). Monocytes play a pivotal role in the initiation and
progression of the atherosclerotic process (29). Monocytes in the
blood are involved in the start of the process of atherosclerosis
by migrating to the intima and differentiating into macrophages
under the action of cytokines (30). The increase in the number
of macrophages and monocytes around vulnerable plaques can
also lead to an increase in the monocyte count in the peripheral
blood (31). This inflammatory response takes place during all
subtypes of stroke. It could, at least in part, explain the more
critical neurological symptomatology and worse outcomes (32).
In contrast, HDL-C can control the activation of monocytes
while inhibiting the migration of macrophages, protecting

endothelial cells from inflammation and oxidative stress
(33). Previous studies showed that impaired HDL-mediated
cholesterol efflux and low HDL levels caused monocytosis
proliferation, leading to a progression of the atherosclerotic
plaque (34).

Intracranial atherosclerosis is the main feature of ischemic
cerebrovascular disease (35, 36). Branch atherosclerosis, arterial
embolism, and hypoperfusion after intracranial atherosclerosis
are likely to lead to ischemic stroke (37, 38). Recent studies
showed that the occurrence of END was also associated with the
severity of basilar artery stenosis (7). By performing autopsies,
Caplan identified the basis of pontine infarctions, such as
plaque blocking the branch orifice within the parent artery,
atherosclerotic plaques originating in the trunk and extending
to the branches, and microatheroma originating in the orifice
of branches (39). Atherosclerotic stenosis of the basilar trunk
was observed in 50% of patients with isolated pontine infarction
extending to the basal surface (40). Meanwhile, early neurological
deterioration is one of the most concerning clinical problems in
patients with branch atherosclerotic diseases. Progressive deficit
has been associated with basilar artery branch disease and poor
functional outcomes (41). Therefore, the progression of vascular
stenosis or thrombosis caused by intracranial atherosclerosis is
related to END.

The MHR has recently been used to predict a variety
of cardiovascular abnormalities as a developed measure of
inflammation and oxidative stress, which reflects the anti-
inflammatory and antioxidative effects of HDL, as well as
the balance of inflammation and oxidative stress caused by
the proinflammatory effects of monocytes. At the same time,
MHR has been used as a prognostic indicator in a series of
studies. Compared to the control group, patients with acute
ischemic stroke had higher MHR, and high values of MHR
were found to be a significant independent variable predictive
of 30-day mortality in patients with acute ischemic stroke (42).
A higher MHR was found to be associated with an increased
risk of disability or death at discharge and 3 months after
intracerebral hemorrhage, whereas an increase in monocytes was
only associated with an increased risk of disability or death after
3 months (43). There are few studies on the association between
MHR and acute cerebrovascular disease, especially in the acute
phase. We analyzed the correlation between MHR and END in
the acute stage of pontine infarction. To our knowledge, this
is the first time that inflammatory factors and infarct size have
been considered together to study the factors related to END
in ischemic cerebrovascular disease. Our study indicated that
MHR was an effective and convenient measure in predicting
neurological deficit aggravation following pontine infarction. The
MHR is a simple and convenient measure that can be effectively
applied in clinical practice and provides clinical utility in risk
stratification in subjects presenting with isolated pontine stroke.
These findings have implications for strategies aimed at lowering
the MHR to prevent early neurological progression in patients
with ischemic stroke.

Earlier studies have identified the presence of comorbidities
(such as diabetes and hypertension), female sex, infarct size, and
neurological severity at onset to be associated with progressive
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deficit in patients with isolated pontine infarctions. However,
some studies have reported inconsistent findings (41). In
addition, the infarct area extending to the basal surface was
2.5 times greater than deep infarctions without extension to
the basal surface (41). Compared to LPI, PPI was related to
END in the univariate analysis in our study. In the present
study, infarct size had a very high value in the crosstab analysis,
which was consistent with many previous studies on infarct
size and progression (18); however, in the multiple logistic
regression analysis, there was no significant difference in infarct
size between the two groups.

In the current study, hyperglycemia correlated with END
in patients with isolated pontine infarction after adjusting for
other confounding factors in the multivariate analysis. Poststroke
hyperglycemia is a common finding among diabetic and
nondiabetic patients as a stress response, which is also commonly
known as stress hyperglycemia (44). Approximately one-third
of stroke patients had hyperglycemia on admission, which
was associated with a poor prognosis in patients treated with
thrombolytic drugs after ischemic stroke. A recent study reported
that stress hyperglycemia increases the risk of severe neurological
dysfunction in patients with acute ischemic stroke and is
associated with mortality within 1 year (45). Although the exact
mechanism underlying the relationship between hyperglycemia
and END remains unknown, studies have illuminated the
involvement of endothelial injury, tissue acidosis, blood-brain
barrier destruction, and production of excessive active oxygen
species (46, 47). Therefore, additional studies are necessary
to determine whether optimizing blood glucose control could
improve the clinical outcomes of patients with pontine infarction.

END following ischemic stroke was a serious event associated
with long-term functional outcomes, as reported previously. It
was also related to composite event outcomes after discharge
during the first year after stroke (48). As inflammatory
and immune-mediated mechanisms of neuronal injury have
received greater attention, anti-inflammatory treatments have
been developed or tested in the preclinical studies and clinical
trials, such as IL1-Ra (49, 50), statins (51), and edaravone
(52). Despite clinical developments, no beneficial long-term
interventions targeting inflammation are currently available.

Study Limitations

The present study has several limitations. First, this is a single-
center retrospective study. Therefore, whether the findings of
the present study could be extrapolated to other institutions
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Background: Stroke is a leading cause of morbidity and mortality. Over the past decade,
plasma D-dimer levels have emerged as a biomarker for predicting stroke outcome.
However, no consensus in the literature currently exists concerning its utility for predicting
post-stroke functional outcome and mortality.

Objective: To systematically review the effectiveness of plasma D-dimer levels for
predicting functional outcome and mortality following stroke.

Methods: Five academic databases were screened according to PRISMA guidelines
for eligible studies. With these studies, we conducted a random-effect meta-analysis
to evaluate the impact of plasma D-dimer levels for predicting functional outcome and
mortality post-stroke. We also conducted subgroup analyses to evaluate differences in
predictive capacity for different stroke subtypes.

Results: Nineteen studies were included, containing data on 5,781 stroke patients
(mean age: 65.26 + 6.4 years). Overall methodological quality for the included studies
was high. Meta-analysis showed that increased D-dimer levels were predictive of
worsened functional outcomes (Hazard ratio: 2.19, 95% CI: 1.63-2.93) and elevated
overall mortality (2.29, 1.35-3.88). Subgroup analysis showed that plasma D-dimer
levels were more predictive of poorer functional outcomes for ischemic (2.08, 1.36-3.18)
stroke as compared to intracerebral hemorrhage (2.62, 1.65-4.17). We also noted that
predictive capacity was similar when it came to mortality in patients with cryptogenic
ischemic stroke (2.65, 0.87-8.08) and intracerebral hemorrhage (2.63, 1.50-4.59).

Conclusion: The study provides preliminary evidence concerning the capacity of
plasma D-dimer levels for predicting functional outcomes and mortality following stroke
and reports that higher D-dimer levels of are associated with poorer functional outcomes
and higher mortality.

Keywords: D-dimer, cerebrovascular accident, prognosis, morbidity, mortality
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Plasma D-Dimer to Predict Stroke

INTRODUCTION

Stroke is the second most common cause of death or disability
worldwide (1, 2). Characterized as a cerebrovascular accident
that hampers blood flow resulting in brain damage (3), stroke
accounts for almost 5.5 million deaths and 116.4 million
disability-adjusted life-years per year (4, 5).

Brain structural damage in stroke patients occurs due to
either blood vessel occlusion or intracerebral hemorrhage (6, 7).
The resultant ischemic damage then initiates a signaling cascade
that triggers excitotoxic and/or inflammatory mechanisms
eventually resulting in cellular apoptosis (8). Studies suggest
that hemodynamic restoration is the primary mode for limiting
neural injury (9, 10). However, this approach does not completely
eliminate morbidity and mortality (7, 11). As such, preemptive
diagnosis is imperative and is widely recommended (12-16).

D-dimers, such as circulating fibrin-degradation products,
have recently been shown to be critical for predicting short- and

long-term stroke-related outcomes (12, 17, 18). The presence of
D-dimers can be representative of total fibrin concentrations,
thereby serving as a biomarker for intravascular fibrinolysis and
intravascular thrombus formation (19, 20). For stroke patients,
this biomarker can detect disrupted vessels, dissolved clots, and
the release of stroke-related tissue factors. D-dimers also serve
as a good biomarker because of its prolonged stability, half-life,
cost-effectiveness, and high sensitivity (> 97%) (21-24).

To date, only a few individual retrospective cohort studies
have attempted to evaluate whether plasma D-dimer levels can
predict future functional outcomes and mortality post-stroke
(25-28). These studies have not established a consensus here.
While some studies reported a positive correlation between
mortality and plasma D-dimer levels (29-32), others have
reported weaker or no correlation (27, 33, 34). Similarly,
there is also no consensus concerning whether D-dimer levels
are predictive for overall functional outcome. Some studies
noted that plasma D-dimer levels were related to worse
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TABLE 1 | Study details.

References  Country Type of Sample Age (M £+ Type of D-dimer Assessment Follow-up D-dimer Functional Follow-up Mortality
study descriptive  S.D years) cerebrovascular recorded method of functional levels outcome mortality (Hazard
stroke functional outcome (Hazard ratio, 95%
outcome ratio, 95% Cl, p-value)
Cl, p-value)
Hou et al. (46) China Prospective 10,518 623+ 11.4 Ischemic At admission  Modified 12 months 1.1 pg/mL 1.59 - -
cohort study  (3,283F, Rankin scale (1.32-1.91,
7,235M) score > 3 <0.001)
Yeetal (50)  China Prospective 236 (91F, 70 Ischemic At admission  Modified 1-month 0.45 mg/L 2.07 - -
cohort study ~ 145M) Rankin scale (1.49-2.88,
score > 2 <0.001)
Liuetal (47)  China Prospective 489 70.1 £11.9  Ischemic - - 6 months 1.83+229 - - 3.06
cohort study mg/L (1.61-5.83,
<0.001)
Sato et al. Japan Prospective 130 - Ischemic At admission  Modified 3 months - 3.31 - -
(48) cohort study Rankin scale (1.14-9.61,
score > 3 <0.028)
Wang et al. China Prospective 1,485 (997F, 639+ 12.7 Ischemic At admission  Modified 3 months 0.93 +45.8 2.93 - -
(49) cohort study ~ 488M) Rankin scale mg/L (1.91-4.50,
score > 3 <0.0001)
Zhou et al. China Retrospective 1,332 (694F, 65 + 14 Intracerebral 1-h post Modified 3 months - 1.48 3 months 2.01
(28) cohort study ~ 638M) admission Rankin scale (1.08-2.06, (1.18-3.42,
score > 3 0.1) 0.1)
Hutanu etal.  Romania Retrospective 89 71.9£10 - At admission  Modified 3 months 185.1 8.3 (1.4-47.6, - -
(35) cohort study Rankin scale (185.06— 0.01)
score > 3 245.06)
ng/mL
Nezu et al. Japan Retrospective 295 (143F, 72+13 Cryptogenic - - - - - 36 months 1.35
27) cohort study  152M) ischemic stroke (0.74-2.5,
0.33)
Fukudaetal. ~ Canada Retrospective 187 (37F, 62.45 Aneurysm, At admission  Modified 3 months - 15(1.1-20, - -
(25) cohort study ~ 150M) subarachnoid Rankin scale 0.003)
hemorrhage, score > 3
intracerebral,
intraventricular
Liuetal. (26)  China Retrospective 146 (89F, 57 Subarachnoid At admission  Glasgow 6 months - 2.67 - -
cohort study  57M) hemorrhage coma scale, (1.66-4.45,
world <0.01)
Federation of
Neurosurgical
Societies
stage IVto V
Hsu et al. (44) Taiwan Retrospective 347 (140F, 67.6 £13.1 Intracerebral 24-h post Modified 3 months - 1.9 - -
cohort study  207M) stroke Rankin scale (1.27-2.86,
score > 3 0.002)
(Continued)
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TABLE 1 | Continued

References  Country Type of Sample Age (M + Type of D-dimer Assessment Follow-up D-dimer Functional Follow-up Mortality
study descriptive S.D years) cerebrovascular recorded method of functional levels outcome mortality (Hazard
stroke functional outcome (Hazard ratio, 95%
outcome ratio, 95% Cl, p-value)
Cl, p-value)
Chen et al. Taiwan Prospective 43 (14F, 29M) 56.6 £ 15 Intraventricular At admission - - 43.1 £ - - 30 (3-295,
(29) cohort study 45.8 ng/mL 0.0006)
Kim et al. (32) South Korea  Retrospective 570 (214F, 60.8 +13.6 Cryptogenic At admission - - - - 34.0+22.8 4.28(1.79 -
cohort study  356M) ischemic stroke months 10.27, 0.001)
Hu et al. (33)  China Retrospective 259 (98F, 58 + 14 Subarachnoid At admission  Modified 3 months - 2.72 7 days 1.23
cohort study  161M) hemorrhage, Rankin scale (1.13-6.59, (1.01-1.50,
intracerebral, score > 3 0.02) 0.033)
intraventricular
Yang et al. China Prospective 220 (93F, 68 Ischemic At admission  Modified 3 months 1.36 4.25 - -
(61) cohort study  127M) Rankin scale (0.55-3.11) (1.93-9.28,
score > 3 mg/L 0.001)
Chiu et al. (30) Taiwan Retrospective 170 65.9+12.6 Intracerebral At admission  Glasgow 72h 1,231.9 + - 30 days 2.72
cohort study coma scale > 1,5695.5 ng/mL (1.08-6.9,
2 0.002)
Krarup et al. Norway Retrospective 449 (218F, 80 Ischemic - Scandinavian  48h - 0.99 - -
(45) cohort study  231M) stroke scale (0.97-1.01,
>3 0.34)
Usttindag Turkey Retrospective 91 (49F, 42M) 6456+ 127 - - - - - - - 0.51
etal. (34) cohort study (0.32-0.79,
0.003)
Delgado et al.  Spain Retrospective 98 (35F, 63M) 61-80 Intracerebral At admission  NIH Stroke 48h 1,780 6.8 (1.2-36.9, 3 months 8.7 (1.4-54.1,
(31) cohort study Scale > 4 (354-2,655) 0.02) 0.02)
ng/mL
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functional outcomes (26, 31, 33, 35), other have reported limited
correlations (25, 28). To date, we have located one systematic
review that attempted to evaluate the predictive capacity for
plasma D-dimers (12). However, this review failed to include
a meta-analysis. Moreover, since it was published in 2009,
an update centered around the current evidence is strongly
warranted. While a recently published meta-analysis did attempt
to evaluate the prognostic impact of plasma D-dimer levels on
mortality, it only contained two studies (17). We therefore, in this
present systematic review and meta-analysis, attempt to evaluate
the capacity for plasma D-dimer levels to predict post-stroke
functional outcome and mortality.

METHODS
Data Search Strategy

The database search for this meta-analysis was done according to
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines (36). Five databases (Web of Science,
MEDLINE, CENTRAL, EMBASE, and Scopus) were screened
for studies published prior to February 2021. The search was
performed across a combination of MeSH keywords, including
“D-dimer;” “stroke,” “intracerebral stroke,” “ischemic stroke,”
“cryptogenic stroke,” “subarachnoid stroke,” “hemorrhage,
“cerebrovascular disease,” “cerebrovascular accident,” “functional
outcome,” and “mortality.” A sample search strategy for
EMBASE database has been provided in Supplementary Table 1.
References cited in included studies were manually examined
to identify further relevant hits. Study inclusion criteria were
as follows:

a) Studies evaluating the impact of D-dimer levels in population
groups following stroke.

b) Studies evaluating
mortality outcome.

c) Studies investigating human participants.

d) Case-control studies, prospective trials, or retrospective
cohort trials.

e) Studies published in peer-reviewed scientific journals.

f) Studies published in English.

functional outcome and

Study screening and data collection was independently
conducted by two reviewers. The extraction of data was
done manually while using Microsoft excel. In cases of
disagreements concerning eligibility of studies, discussions
were held with a third independent reviewer. Moreover, in
conditions where required data was not mentioned in the
included studies, repeated attempts were made to contact
respective corresponding authors for additional data. We
extracted the following data from the included studies: author
information, country of research, type of study, descriptive data
of the sample, type of cerebrovascular incident, baseline D-dimer
levels, functional outcomes, and mortality outcomes.

Quality Assessment

Risk of bias appraisal for included studies was performed using
Cochrane’s risk of bias assessment tool for non-randomized
controlled trials (37). This tool evaluates study outcomes for

possible selective reporting, confounding bias, measurement of
outcomes, and incomplete data availability. Appraisal was carried
out by two reviewers, with a third reviewer called in to arbitrate
in case of disagreement. In addition, we also assessed the overall
level of evidence presented in the literature by using Oxford
Centre for Evidence Based Medicine tool (38).

Data Analysis

This study performed a within-group meta-analysis using
Comprehensive Meta-analysis (CMA) software version 2.0 (39).
This meta-analysis was conducted based on a random-effects
model (40). Hazard ratios were calculated to determine the
impact of D-dimer levels on functional outcomes and mortality
following stroke. Heterogeneity among studies was assessed using
I? statistics (0-25%: negligible heterogeneity, 25-75%: moderate
heterogeneity, and >75%: substantial heterogeneity) (41). To
ensure clinical heterogeneity we also carried out subgroup
analyses on the basis of stroke subtypes i.e., intracerebral
hemorrhage, subarachnoid hemorrhage, central nervous system
infarction (including ischemic stroke and silent infarction).
Besides, we also carried out subgroup analyses for two studies
reporting the outcomes of cryptogenic ischemic stroke (i.e., a
subtype of ischemic stroke). In the included studies cryptogenic
ischemic stroke was defined as per the TOAST criteria which
defines it as a brain infarction that is not attributable to a
definite cardioembolism, large artery atherosclerosis, or small
artery disease despite extensive vascular, cardiac, and serologic
evaluation (42). Publication bias was evaluated using Duval
and Tweedy’s trim and fill procedure (43), which examines
publication bias by adding studies on either side of the plotted
graph. The significance level for this study was determined at 5%.

RESULTS

Database screening yielded 950 studies, while manual screening
added another 13 to this total. After applying inclusion
criteria, 19 studies remained (Figure 1). Thirteen of these were
retrospective cohort studies (25-28, 30-35, 44, 45), while the
other six were prospective cohort studies (29, 46-50). Relevant
data from each study was extracted and tabulated (Table 1).

Participant Information

The 19 included studies featured data from 5,781 total patients
(2,821 females and 2,701 males). Four studies did not report
gender distributions (30, 35, 47, 48). Average patient age was
65.26 * 6.4 years, with one study reporting age as only a range
(31) and one omitting age altogether (48).

Quality Assessment for Included

Non-randomized Controlled Trials

Risk of methodological bias for the included non-randomized
controlled trials was assessed with the ROBINS-I tool (Table 2).
Opverall risk among the included studies was low, with missing
data, selection of reported results, and selection bias the most
prominent aspects (Figure 2). We also found that the overall level
of evidence according to the Oxford Centre for Evidence Based
Medicine to be 2b.
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TABLE 2 | Risk of bias according to Cochrane’s risk of bias assessment tool for included non-randomized controlled trials.

References Confounding  Selection bias Deviation from  Missing data Measurementin Selection of Classification of Level of
bias intended outcome reported result intervention evidence
intervention

Hou et al. (46) + + + ? + _ + 2p
Ye et al. (50) + + + ? 4 _ + 2p
Liu et al. (47) + + + ? 4 — + 2p
Sato et al. (48) + - + ? 4 — + 2b
Wang et al. (49) + + ? + + ? + 2h
Zhou et al. (28) + + + + + + + 2b
Hutanu et al. (35) + - + + 2 - + 2b
Nezu et al. (27) + ? + - + ? + 2b
Fukuda et al. (25) + ? + - + ? + 2b
Liu et al. (26) + - + ? + _ + 2h
Hsu et al. (44) + ? + ? + + + 2p
Chen et al. (29) + ? + - + ? + 2b
Kim et al. (32) + ? + + + + + 2b
Huetal. (33) + + + + + + - 2b
Yang et al. (51) + + + + + + + 2b
Chiu et al. (30) + ? + + + + + 2b
Krarup et al. (45) + ? + - + 2 + 2b
Ustiindag et al. + - + + + _ _ b
(34

Delgado et al. (31) + - + + 4 - + 2b

Deviation from intended intervention

Selecton ias ]

Confounding bias

0 25 50 75 100

mYes ONo ®@Unclear

FIGURE 2 | Risk of bias for non-randomized controlled trials according to the Cochrane risk of bias assessment.

Publication Bias were missing on the left side of the mean effect. The
Duval and Tweedy’s trim and fill method was used to  overall random effects model determined point estimates
determine if studies were missing from either side of and 95% confidence intervals for all studies combined as
the mean effect. The method observed that six studies 2.13 (95% CL 1.69-2.67). Imputed point estimate using
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FIGURE 3 | Publication bias as determined using Duval & Tweedy’s trim and fill method.

Log hazard ratio

the trim and fill method was 1.74 (95% CI:
(Figure 3).

1.41-2.15)

Meta-analysis Report

Functional Outcomes

Thirteen studies examined the impact of D-dimer levels on post-
stroke functional outcome (25, 26, 28, 31, 33, 35, 44, 49, 51).
Hazard ratio was 2.19 (95% CI: 1.63-2.93, p < 0.001) with no
heterogeneity (I%: 0%) (Figure 4).

Further subgroup analysis for functional outcome post-stroke
was carried out to examine the effect of stroke type. Six studies
reported functional outcomes for patients with ischemic stroke
(Hazard ratio: 2.08, 95% CI: 1.36-3.18, p = 0.001; I*: 0%;
Figure 5) while three included studies evaluated outcomes for
intracerebral hemorrhage patients with negligible heterogeneity
(Hazard ratio: 2.62, 95% CI: 1.65-4.17, p = 0.001; I*: 23.52%;
Figure 6).

We also conducted two subgroup analyses based on different
follow-up periods and assessment methods. Firstly, we identified
only six studies that had reported a uniform follow-up of 3
months and they had used modified rankin scale for assessing
functional outcome. We observed increased mortality outcomes
for patients with moderate heterogeneity (Hazard ratio: 2.08,
95% CI: 1.53-2.84, p < 0.001; Figure 7; I*:31.1%). Secondly, we
identified two studies that had reported a uniform follow-up
of 2 months and they had also used modified rankin scale for
assessing functional outcome. We observed increased mortality
outcomes for patients with no heterogeneity (Hazard ratio: 3.28,
95% CI: 2.27-4.74, p < 0.001; Figure 8; 12:0%).

Mortality Outcomes

Nine studies evaluated the impact of D-dimer levels on post-
stroke mortality (26-34). A hazard ratio of 2.29 (95% CIL
1.35-3.88, p = 0.002, Figure9) was observed, with moderate
heterogeneity (I%: 39.03%).

Further subgroup analysis for overall mortality was carried
out examining the impact of stroke type. Two studies reported
mortality outcomes for patients with cryptogenic ischemic stroke
(Hazard ratio: 2.65, 95% CI: 0.87-8.08, p = 0.08; Figure 10;
I?: 0%) while three included studies evaluated mortality
outcomes for intracerebral hemorrhage patients with negligible
heterogeneity (Hazard ratio: 2.63, 95% CI: 1.50-4.59, p = 0.001;
Figure 11; I: 18.8%).

We also conducted subgroup analyses based on different
follow-up periods. Here, we identified only two studies that
had reported a uniform follow-up of 3 months. We observed
increased mortality outcomes for patients (Hazard ratio: 3.43,
95% CI: 0.86-13.71, p = 0.08; Figure 12; I%: 0%).

DISCUSSION

This systematic review and meta-analysis suggest that poorer
functional outcome and increased mortality incidence following
stroke is associated with increased plasma D-dimer levels. We
also noted that the association between plasma D-dimer levels
and functional outcomes was stronger for ischemic stroke than
intracerebral hemorrhage. However, plasma D-dimer predictive
capacity for mortality between patients with cryptogenic
ischemic stroke and intracerebral hemorrhage was similar.
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Study name Statistics for each study Hazard ratio and 95%CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value

Hou et al. (2021) 1.590 1.381 1.830 6.466 0.000 B
Sato et al. (2020) 3.310 1.471 7.448 2893 0.004 L
Ye et al. (2020) 2.070 1.611 2.660 5.687 0.000 )
J. Wang et al. (2020) 2.930 2.115 4.059 6.462 0.000 . B
Zhou et al. (2020) 1.480 1.158 1.892 3.128 0.002 -.-
Hutanu et al.(2018) 8.300 2.170 31.749 3.092 0.002 — B
Fukuda et al. (2017)  1.500 1.195 1.883 3.494 0.000 ]
Liu et al. (2017) 2.670 1.835 3.885 5.131 0.000 -
Hsu et al. (2016) 1.900 1.395 2.588 4.073 0.000 . B
Hu et al. (2014) 2.720 1.391 5.320 2923 0.003 L
Yang et al. (2014) 3.560 2.291 5532 5645 0.000 —-
Krarup et al. (2011) 0.990 0.975 1.005 -1.281 0.200 BN
Delgado et al. (2006) 6.800 1.847 25.036 2.883 0.004 -

2191 1.637 2932 5275 0.000 »

01 02 05 1 2 5 10

hazard ratio represents a higher influence.

FIGURE 4 | Forest plot for studies evaluating the impact of D-dimer level on post-stroke functional outcomes. Hazard ratios are presented as black boxes while 95%
confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional outcome while a higher

Z-Value p-Value

Study name Statistics for each study
Hazard Lower Upper
ratio limit limit
Hou et al. (2021) 1590 1.381 1.830 6.466 0.000
Sato et al. (2020) 3310 1471 7448 2893 0.004
Ye et al. (2020) 2070 1.611 2660 5.687 0.000
J. Wang et al. (2020) 2930 2115 4.059 6.462 0.000
Yang et al. (2014) 3560 2291 5532 5645 0.000
Krarup et al. (2011) 0990 0975 1.005 -1.281  0.200
208 1.366 3.186 3.405 0.001

Hazard ratio and 95% CI

0102 05 1 2

H
L]
_..-

4

5 10

FIGURE 5 | Forest plot for studies evaluating the impact of D-dimer level on post-ischemic stroke functional outcomes. Hazard ratios are presented as black boxes
while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional outcome
while a higher hazard ratio represents a higher influence.
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Study name

Hazard Lower Upper

ratio limit  limit
Wang et al. (2020) 2930 2115 4.059
Hsu et al. (2016) 1.900 1.395 2.588
Delgado et al. (2006) 6.800 1.847 25.036
2627 1.652 4.178

outcome while a higher hazard ratio represents a higher influence.

Statistics for each study

Z-Value p-Value

FIGURE 6 | Forest plot for studies evaluating the impact of D-dimer level on post-intracerebral hemorrhage functional outcomes. Hazard ratios are presented as black
boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional

Hazard ratio and 95% CI

6.462  0.000 |
4.073  0.000

2883  0.004 -
4.080  0.000

0102 05 1 2 5 10

outcome while a higher hazard ratio represents a higher influence.

Study name Statistics for each study
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Sato et al. (2020) 3310 1471 7448 2893  0.004 L
J. Wang et al. (2020) 2930 2115 4.059 6462  0.000 B
Zhou et al. (2020) 1480 1.158 1.892 3.128  0.002 .
Hutanu et al.(2018) 8300 2170 31.749 3.092  0.002 —
Fukuda et al. (2017) 1.500 1.195 1.883 3494  0.000 -
Hsu et al. (2016) 1.900 1.395 2588 4.073 0.000
2.088 1.533 2843 4672  0.000

FIGURE 7 | Forest plot for studies evaluating the impact of D-dimer level on post-stroke functional outcomes for 3 months follow up. Hazard ratios are presented as
black boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional

Hazard ratio and 95% ClI

0102 05 1 2 5 10

Stroke management is challenging because of its atypical
pathophysiology, ~poor  prognosis, and heterogeneous
manifestation (52, 53). In this light, preemptive prediction
through biomarker detection has been widely recommended
(54-56). Plasma D-dimer levels has been identified as a
biomarker that was sensitive and specific for predicting short-
and long-term functional outcomes, recurrence, and mortality
post-stroke (12, 57). Johnson et al. (19) reported that D-dimer
levels are indirectly indicative of hemostasis and thrombosis
incidence. Furthermore, plasma D-dimers levels can be used to
categorize increased risk for thromboembolic disorders (57, 58).
Elevated plasma D-dimers could potentially boost interleukin-1
and 6 production (17, 59) precipitating worsened prognostic

outcome following stroke (60). Nonetheless, despite pertaining
several positive aspects, the routine use of plasma D-dimer in
the current medical setting is complicated by its non-specificity.
For instance, the plasma D-dimer levels are also susceptible to
different inflammatory states, presence of infection, cancer, and
venous thromboembolism (58, 61, 62). Therefore, the presence
of a high plasma D-dimer at times could serve as a false positive
with respect to stroke. Moreover, the clinical utility of plasma
D-dimer is also limited perhaps because of limited clinical
awareness this biomarker has in a stroke setting (i.e., plasma
D-dimer evaluation not routinely demanded) (63).

This systematic review observed that plasma D-dimer levels
could predict post-stroke functional outcome. These findings

Frontiers in Neurology | www.frontiersin.org

1M

July 2021 | Volume 12 | Article 693524


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zhang et al. Plasma D-Dimer to Predict Stroke

Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Hu et al. (2014) 2720 1.391 5320 2923 0.003
Yang et al. (2014) 3560 2291 5532 5645  0.000
3282 2271 4745 6323  0.000 &

0102 05 1 2 5 10

FIGURE 8 | Forest plot for studies evaluating the impact of D-dimer level on post-intracerebral hemorrhage functional outcomes for 2 months follow up. Hazard ratios
are presented as black boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke
patient functional outcome while a higher hazard ratio represents a higher influence.

Study name Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper

ratio limit limit 2Z-Value p-Value
Y. Liu et al. (2020) 3.060 1.875 4.993 4.478 0.000 -
Zhou et al. (2020) 2010 1.341 3.013 3.380 0.001 . B
Nezu et al. (2018) 1.350 0.427 4.268 0.511 0.609 L
Chen et al. (2016) 30.000 5.236171.890 3.819 0.000
Kim et al. (2015) 4280 2202 8320 4.287 0.000 ——
Hu et al. (2014) 1.230 1.058 1.430 2.696 0.007 B
Chiu et al. (2012) 2720 1.343 5508 2780 0.005 ——
Ustundag et al. (2010) 0.510 0.362 0.719 -3.838 0.000 e 3
Delgado et al. (2006) 8.700 1.866 40.558 2.754 0.006 |
2294 1.354 3887 3.086 0.002 S

0102 05 1 2 5 10

FIGURE 9 | Forest plot for studies evaluating the impact of D-dimer level on post-stroke mortality outcomes. Hazard ratios are presented as black boxes while 95%
confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional outcome while a higher
hazard ratio represents a higher influence.

are aligned with other studies. Zhou et al. (28) showed that
elevated plasma D-dimer levels measured 1-h post-hospital
admission could predict poor 3-month functional outcomes
for stroke patients with high precision and developed a
scoring system for clinical practice. Furthermore, Hutanu
et al. (35) found that plasma D-dimers could independently
predict poor functional outcome in ischemic stroke patient
outcomes whereas plasma c-reactive protein, neutrophil
gelatinase associated lipocalin, the soluble receptor of

tumor necrosis factor alfa, and neuron specific enolase
could not.

We also examined the ability of plasma D-dimer levels to
predict post-stroke mortality. The majority of included studies
noted that plasma D-dimer levels were predictive for mortality.
Hu et al. (33), for instance, noted that plasma D-dimer levels
reliably predicted 7-day mortality with almost 88% sensitivity
and 68% specificity—albeit the authors did note that plasma
D-dimers were not as efficient as the standard Glasgow Coma
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Study name Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper
ratio limit limit Z-Value p-Value

Nezuetal. (2018) 1.350 0427 4.268 0511 0.609 -
Kimetal. (2015) 4.280 2202 8320 4.287 0.000
0656 0.872 8088 1.719 0.086

0102 05 1 2 5 10

FIGURE 10 | Forest plot for studies evaluating the impact of D-dimer level on post-cryptogenic ischemic stroke mortality outcomes. Hazard ratios are presented as

black boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional
outcome while a higher hazard ratio represents a higher influence.

Study name Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper
ratio limit limit ZValue p-Value

Zhou et al. (2020) 2010 1.341 3.013 3.380 0.001

Chiu et al. (2012) 2720 1.343 5508 2780 0.005 -

Delgado et al. (2006) 8700 1.866 40.558 2.754  0.006 —8
2630 1504 4599 3.390 0.001

0102 05 1 2 5 10

FIGURE 11 | Forest plot for studies evaluating the impact of D-dimer level on post-intracerebral hemorrhage mortality outcomes. Hazard ratios are presented as black

boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional
outcome while a higher hazard ratio represents a higher influence.

Study name Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper
ratio limit limit 2Z-Value p-Value

Zhou et al. (2020) 2010 1341 3013 3.380 0.001
Delgado et al. (2006) 8700 1.866 40.558 2.754  0.006
3438 0862 13.713 1.749  0.080

0102 05 1 2 5 10

FIGURE 12 | Forest plot for studies evaluating the impact of D-dimer level on post-stroke mortality outcomes at 3 months follow up. Hazard ratios are presented as

black boxes while 95% confidence intervals are presented as whiskers. A small hazard ratio represents a lower influence of D-dimer levels on stroke patient functional
outcome while a higher hazard ratio represents a higher influence.
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scale. Similarly, Nezu et al. (27) reported that plasma D-dimer
levels recorded at admission not only correlated with the National
Institute of Health Stroke Scale but also with mortality. It is
possible that high plasma D-dimer levels may be predictive
of post-stroke mortality because it can also capture conditions
such as venous thrombus, malignancy, or atrial fibrillation (64).
In a novel study, Chen et al. (29) found that cerebrospinal
fluid D-dimer levels were highly sensitive (88%) and specific
(81%) for predicting 30-day mortality in stroke patients. The
authors suggest that cerebrospinal D-dimer levels could be
used reliably in patients with intracerebral or intraventricular
hemorrhage. Besides, in the subgroup analyses of mortality, we
observed that the risks of mortality were higher for patients with
cryptogenic ischemic stroke (i.e., 2.65) when compared with the
overall analyses (i.e., 2.19). In our opinion, this difference could
perhaps be attributed to the small number of studies included
in the subgroup analysis of cryptogenic ischemic stroke (i.e.,
two studies).

This study is hampered by a few limitations. This study is
not pre-registered in a systematic review repository such as
PROSPERO York or the Joanna Briggs Institute (65). This was
because the current COVID-19 pandemic crisis has extended
registration queues to over 1 year. Besides, this review does
not provide a list of studies that were excluded with reasoning.
This was a major flaw on our behalf, and we request future
studies to address this limitation. Additionally, because of data
paucity, we were unable to carry out sub-group analyses for
two important parameters: the relationship between functional
outcome and stroke type and the relationship between plasma
D-dimer levels and short- and long-term functional outcomes.
Similarly, there was a huge discrepancy in the sample sizes
between the studies we included (i.e., 10,518 participants in Hou
et al,, and 43 participants in Chen et al.). Additionally, although
we conducted subgroup analyses based on the specific follow-
up periods and assessment methodologies (i.e., for functional
outcomes), we were only able to include studies that reported
follow-up at 3 and 2 months. Other studies for instance had
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Background and Purpose: The eosinophil-to-neutrophil ratio (ENR) was recently
reported as a novel inflammatory marker in acute ischemic stroke (AIS). However, few
studies reported the predictive value of ENR in AIS patients, especially for those with
intravenous thrombolysis.

Methods: Two hundred sixty-six AlS patients receiving intravenous thrombolysis were
retrospectively recruited in this study and followed up for 3 months and 1 year. The
Modified Rankin Scale (mRS) and the time of death were recorded. Poor outcome was
defined as mRS 3-6. After excluding patients who were lost to follow-up, the remaining
250 patients were included in the 3-month prognosis analysis and the remaining 223
patients were included in the 1-year prognosis analysis.

Results: ENR levels in the patients were lower than those in the healthy controls. The
optimal cutoff values for the ability of ENR x 102 to predict 3-month poor outcome were
0.74 with 67.8% sensitivity and 77.3% specificity. Patients with ENR x 102 > 0.74 have
a lower baseline National Institutes of Health Stroke Scale (NIHSS) score (median: 7 vs.
11, p < 0.001). After multivariate adjustment, patients with ENR x 102 > 0.74 were
more likely to come to a better 3-month outcome (OR = 0.163; 95% Cl, 0.076-0.348,
p < 0.001). At the 1-year follow-up, the patients with ENR x 102 > 0.74 showed a lower
risk of mortality (HR = 0.314; 95% ClI, 0.135-0.731; p = 0.007).

Conclusions: A lower ENR is independently associated with a 3-month poor outcome
and a 3-month and 1-year mortality in AIS patients treated with intravenous thrombolysis.

Keywords: ischemic stroke, inflammation, prognosis, thrombolysis, eosinophil-to-neutrophil ratio
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INTRODUCTION

Stroke is one of the leading causes of mortality and morbidity
worldwide (1). Intravenous thrombolysis with recombinant
tissue plasminogen activator (r-tPA) was recommended for acute
ischemic stroke (AIS) patients within 4.5 h of stroke onset, and an
increasing trend of r-tPA treatment was discovered over the past
13 years (2). However, there were still nearly half of patients who
went into major disability or died after 3 months of stroke onset.
Hence, it was vital to find an accurate and concise prognostic
marker to better distinguish patients who have a higher risk for
poor outcome.

A strong neuro-inflammatory response is characteristic of
ischemic stroke (3). Neutrophil plays an important role in the
vascular innate immune system, and its distribution was highly
influenced by the administration r-tPA (4). A higher neutrophil
level after r-tPA infusion is a predictive factor for parenchymal
hemorrhage and poor function outcome of AIS (5). Another
notable aspect of the acute inflammatory response involves a
sustained and rapid reduction of blood eosinophil count (6).
A previous study reported that eosinopenia is associated with
severe stroke and poor prognosis the day after admission (7).
In addition, without concomitant eosinopenia, high neutrophil
counts alone may not predict for a short-term risk of mortality
of AIS patients (8), suggesting a potential interaction between
eosinophils and neutrophils in ischemic stroke.

The eosinophil-to-neutrophil ratio (ENR) is a novel
biomarker that was reported to be associated with in-hospital
mortality of patients with chronic obstructive pulmonary disease
(COPD) (9). A recent study reported that a neutrophil-to-
eosinophil ratio represents systemic inflammation and a higher
neutrophil-to-eosinophil ratio at admission is related to higher
odds of in-hospital mortality in AIS patients (10). However,
limited by the accuracy of the instrument, eosinophil count
may show a number of 0 in some patients and excluding these
patients could introduce some bias. Therefore, ENR may be
a more stable biomarker than the neutrophil-to-eosinophil
ratio. We performed this retrospective observational cohort
study, aiming to analyze the predictive value of ENR for the
3-month and 1-year prognosis of AIS patients treated with r-tPA
intravenous thrombolysis.

MATERIALS AND METHODS

Data Availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.

Study Population

The detailed selection criteria of the study patients are displayed
in Figure 1. A total of 266 AIS patients who were treated with
intravenous r-tPA (0.9 mg/kg body weight, maximum 90 mg, 10%
of the dose as a bolus, followed by a 60-min infusion) from
January 2016 to April 2019 at the Third Affiliated Hospital of
Wenzhou Medical University and 2,196 healthy controls (HCs)
were evaluated in this retrospective study. Patients were excluded
if they have (1) a bridging therapy; (2) chronic inflammation;

(3) immunology diseases; (4) tumor; (5) COPD or asthma; (6)
parasitic infection, and (7) no full baseline data. We followed up
each patient 3 months and 1 year after AIS onset. After excluding
patients lost to follow-up, the remaining 250 patients were
included in the 3-month prognosis analysis and the remaining
223 patients were included in the 1-year prognosis analysis.
This study was approved by the Ethics Committee of the Third
Affiliated Hospital of Wenzhou Medical University and was
carried out in accordance with the Declaration of Helsinki.

Data Collection

Information of HCs was obtained from electronic examination
reports. As for patients, the demographic data (age, sex)
and medical history (smoking, hypertension, diabetes
hyperlipidemia, atrial fibrillation, and prior stroke) were
obtained from medical records. National Institutes of Health
Stroke Scale (NIHSS) scores on admission and stroke subtypes
were evaluated by experienced clinicians. Blood samples were
collected on 24h of admission. ENR was calculated using
eosinophil counts divided by neutrophil counts. At 3 months
and 1 year after onset of AIS, the prognoses of patients were
assessed through telephone follow-up by two clinicians.

Diagnostic criteria

The etiology of AIS was classified on the basis of the Trial
of Org 10,172 in Acute Stroke Treatment (TOAST) criteria:
cardioembolic, atherosclerotic, small vessel or lacunar, and
cryptogenic or others (11). Stroke severity was assessed using
the NIHSS score. A good function outcome was defined as mRS
scores of 0-2 while a poor function outcome was defined as
mRS scores of 3-6. Outcomes included poor functional outcome
and all-cause mortality. A 3-month poor function outcome was
regarded as the primary outcome.

Statistical Analysis

Statistical analyses were performed via SPSS Statistics 24.0
software (SPSS Inc., Chicago, IL, USA), R version 4.0.2 (R
Foundation for Statistical Computing, Vienna, Austria),
and MedCalc Statistical Software version 15.2.2 (MedCalc
Software bvba, Ostend, Belgium; http://www.medcalc.org;
2015). Continuous variables were expressed as medians and
interquartile range while categorical variables were expressed
as frequencies and percentage. The intergroup difference of
continuous variables was compared using the Mann-Whitney
U-test. The chi-square test was performed for categorical
variables. ENR levels between HCs and AIS patients were
compared before and after age and sex matching. In AIS patients,
the optimal cutoff value of ENR to predict the 3-month poor
outcome was determined using receiver operating characteristic
(ROC) curve analyses, and then patients were divided into a
high-ENR group (ENR x10? > 0.74) and a low-ENR group
(ENR x 10®> < 0.74). Univariate and multivariable logistic
analyses were performed to estimate the association between
ENR and AIS outcomes where variables with a p < 0.10 in
univariate analysis were entered in the multivariable model. In
addition, restricted cubic splines with four knots (at the 5th,
35th, 65th, and 95th percentiles) were performed to further
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392 consecutive acute ischemic stroke
patients treated with r-tPA intravenous
thrombolysis within 4.5 h of stroke
onset from Jan. 2016 to Apr. 2019

excluded

4

329 patients without
endovascular therapy

excluded

a bridging therapy consisting
of intravenous thrombolysis
followed by endovascular
therapy (n=63)

Yy

266 eligible patients

>

chronic inflammation (n=23)
immunology diseases (n=95)
tumor (n=10)

COPD and asthma (n=9)
parasitic infection (n=1)
miss baseline data (n=15)

250 patients were followed up 3 months
(16 patients lost follow up)

remaining 250 patients
were included in the
3-month prognosis analysis

223 patients were followed up 1 year
(total 43 patients lost follow up)

remaining 223 patients
were included in the
1-year prognosis analysis

FIGURE 1 | Flowchart for patient selection.
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investigate the relationship between ENR and AIS outcomes.
C-statistics, net reclassification index (NRI), and integrated
discrimination improvement (IDI) were employed to assess
the incremental predictive ability of ENR. For clinical practice,
1-year mortality was presented graphically using Kaplan-Meier
curves and we used log-rank tests to compare survival between
high-ENR group and low-ENR group. Cox regression was used
to determine whether ENR is a significant predictor for 1-year

mortality. Statistical significance was set at p < 0.05.

TABLE 1 | Demographic and laboratory characteristics of AlS patients and

healthy controls.

AIS HCs p-value
Before matching n =266 n=2196
Age (years) 70 (60-79) 37 (30-46) <0.001
Sex (male, n.%) 166 (62.4) 888 (40.4) <0.001
Neutrophil (x10°/1) 5.30 (3.88-7.03) 3.14 (2.56-3.90) <0.001
Eosinophil (x10°/1) 0.06 (0.02-0.12) 0.10 (0.06-0.17) <0.001
ENR x 102 1.19 (0.28-2.90) 3.16 (1.91-5.38) <0.001
After matching n =153 n =153
Age (years) 62 (56-68) 61 (55-68) 0.799
Sex (male, n.%) 91 (59.5) 91 (59.5) 1.000
Neutrophil (x10%/1) 5.10 (3.80-6.80) 2.94 (2.46-3.61) <0.001
Eosinophil (x10%/1) 0.06 (0.02-0.12) 0.11(0.06-0.18) <0.001
ENR x 102 1.43 (0.32-2.94) 3.43 (2.27-5.81) <0.001

ENR, eosinophil-to-neutrophil ratio.

100

[<2] o
o o
| |

Sensitivity
H
o
1

ENR: AUC =0.738

20— — Eosinophil: AUC = 0.706
—— Neutrophil: AUC = 0.726
— Reference
0 T T T T
0 20 40 60 80 100

100 - Specificity

FIGURE 2 | Receiver operator characteristic curves for the prediction of
3-month poor outcome using neutrophil, eosinophil, and
eosinophil-to-neutrophil ratio (ENR).

RESULTS

Baseline Characteristics of the Study

Subjects

Among all enrolled subjects, 266 were AIS patients and 2,196
were HCs. The characteristics of the AIS patients and the HCs
are displayed in Table 1. AIS patients were older, having a higher
proportion of males than HCs. The higher level of neutrophil
count and the lower level of eosinophil count led to lower ENR
x 102 in AIS patients (1.19 [0.28-2.90] vs. 3.16 [1.91-5.38]; p <
0.001) compared to HCs. After matching of age and sex, ENR
x 10% in AIS patients was still lower than that in HCs (1.43
[0.32-2.94] vs. 3.43 [2.27-5.81]; p < 0.001).

ENR Cutoff Points Distinguishing a

3-Month Poor Outcome
At the 3-month follow-up, 16 (6.0%) patients were lost to follow-
up and the remaining 250 patients were included in the prognosis

TABLE 2 | Comparisons of baseline characteristics and 3-month outcomes
between ENR groups.

Variable ENR x 102 < ENR x 102 > p-value
0.74 (n = 96) 0.74 (n =
154)
Demographic data
Age, (years) 68 (59-80) 70 (60-77) 0.883
Sex, (male, n.%) 49 (51.0) 108 (70.1) 0.002
Stroke risk factors
Current smoking, n (%) 17 (17.7) 39 (25.3) 0.160
Hypertension, n (%) 58 (60.4) 94 (61.0) 0.922
Diabetes, n (%) 14 (14.5) 32 (20.7) 0.219
Hyperlipidemia, n (%) 11 (11.4) 21 (13.6) 0.616
Atrial fibrillation, n (%) 35 (35.4) 38 (24.6) 0.046
Prior stroke, n (%) 1(11.4) 15(9.7) 0.665
Laboratory data
Eosinophil, (x 10%/)) 0.01 (0-0.02) 0.10 <0.001
(0.07-0.17)
Neutrophil, (x10%/)) 6.75 4.55 <0.001
(5.25-8.98) (3.40-5.62)
ENR x 102 0.15 (0-0.47) 2.45 <0.001
(1.46-3.75)
Stroke subtype, n (%) 0.005
Cardioembolic 54 (56.2) 52 (383.7)
Atherosclerotic 27 (28.1) 63 (40.9)
Small vessel/lacunar 6 (6.2) 20 (12.9)
Cryptogenic/others 9(9.3) 19 (12.3)
Onset to needle time 163 150 0.270
(min) (125-200) (121-205)
Door to needle time 60 (47-85) 58 (44-73) 0.206
(min)
Baseline NIHSS scores 11 (7-17) 7 (4-9) <0.001
3-month mRS scores 3 (1-6) 1(0-2) <0.001

ENR, eosinophil-to-neutrophil ratio; NIHSS, National Institute of Health Stroke Scale; mRS,
modified Rankin Scale. Among the eligible 266 patients, 16 patients were lost to follow-up
and the remaining 250 patients were included in the 3-month prognosis analysis.

Frontiers in Neurology | www.frontiersin.org

150

July 2021 | Volume 12 | Article 665827


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Cai et al.

ENR in AIS

analysis. The optimal cutoff values of the ENR x 10? that best
distinguished the 3-month poor outcome were 0.74 with 67.8%
sensitivity and 77.3% specificity; the area under the curve (AUC)
was 0.738 (95% CI = 0.679-0.792, p < 0.001). ENR had a better
performance in discriminating patients at high risk and low risk
of poor outcome than either eosinophil or neutrophil counts
alone (AUC of eosinophil = 0.706; AUC of neutrophil = 0.726)
(Figure 2). Patients were divided into a high-ENR group (n =

154) and a low-ENR group (n = 96) according to the ENR cutoff
values. The median ENR x 10? was 2.45 in the high-ENR group
and 0.15 in the low-ENR group. A significant higher proportion
of male, eosinophil count, and percentage of atherosclerotic
stroke and a significant lower percentage of atrial fibrillation,
neutrophil count, percentage of cardioembolic stroke, baseline
NIHSS score, and 3-month mRS scores were observed in the
high-ENR group (Table 2).

High ENR (n=154) = 51
Low ENR (n=96)= 16 11 10
1 1 1 1
0 20 40 60 80
Proportion (%)
mRS 0 mRS 1 MRS2 mwm mMRS3 mm mRS4 mm mMRS5 mm mRS6

FIGURE 3 | mRS distribution at 3 months for the high-ENR group (ENR x 10? > 0.74) vs. low-ENR group (ENR x 102 < 0.74). mRS, modified Rankin Scale; ENR,
eosinophil-to-neutrophil ratio.

1
100

TABLE 3 | Univariate and multivariate logistic regression analysis for 3-month poor outcome.

Variables Univariate analysis Model 1 + eosinophil Model 1 + neutrophil Model 1 + ENR
OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value
Age 1.059 (1.033-1.087)  <0.001  1.051(1.016-1.087)  0.004  1.047 (1.013-1.084)  0.007  1.061 (1.024-1.101)  <0.001
Sex (male) 0.762 (0.446-1.300)  0.318
Current smoking 0.380 (0.185-0.779) 0.008
Hypertension 1.586 (0.918-2.739) 0.098
Diabetes 0.785 (0.394-1.566)  0.492
Hyperlipidemia 1.545(0.728-3.280)  0.258
Atrial fibrillation 1.879 (1.072-3.293)  0.028
Prior stroke 2.017 (0.895-4.591)  0.090
Baseline NIHSS score 1.260 (1.180-1.345) <0.001  1.215(1.131-1.305) <0.001  1.197 (1.115-1.285)  <0.001  1.180 (1.096-1.271)  <0.001
Stroke subtype
Cardioembolic Reference
Atherosclerotic 0.422 (0.233-0.764) 0.004
Small vessel/lacunar 0.040 (0.005-0.318) 0.002
Cryptogenic/others 0.415 (0.168-1.026) 0.057
Eosinophil (per 0.01 increase)  0.922 (0.884-0.961)  <0.001  0.943 (0.900-0.987)  0.012
Neutrophil 1.406 (1.237-1.598)  <0.001 1.391 (1.187-1.629)  <0.001
ENR x 10? (=0.74) 0.139 (0.078-0.249)  <0.001 0.163 (0.076-0.348)  <0.001

ENR, eosinophil-to-neutrophil ratio; NIHSS, National Institute of Health Stroke Scale.

Model 1 included age, current smoking, hypertension, atrial fibrillation, prior stroke, baseline NIHSS score, and stroke subtype.
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FIGURE 4 | Adjusted association of ENR with 3-month poor outcomes using multiple spline regression analyses with four knots (at the 5th, 35th, 65th, and 95th
percentiles). The solid line indicates odds ratio while the shadow indicates 95% Cls. The dashed line is the reference line (odds ratio = 1). The reference of ENR was
0.74. Data were adjusted for age, current smoking, hypertension, atrial fibrillation, prior stroke, baseline NIHSS score, and stroke subtype. ENR,

Lower ENR Level Is Related to a 3-Month

Poor Function Outcome

Among 250 AIS patients included in the 3-month prognosis
analysis, 87 (34.8%) had poor function outcome. In this cohort,
patients in the high-ENR group had a decreased 3-month
poor outcome (28 [18.2%] vs. 59 [61.5%], p < 0.001) and
mortality (4 [2.6%] vs. 30 [31.3%], p < 0.001; Figure 3)
compared to those in the low-ENR group. After adjusting
for potential confounders (age, current smoking, hypertension,
atrial fibrillation, prior stroke, baseline NIHSS score, and
stroke subtype), multivariate logistic regression showed that
high neutrophil and low eosinophil are two independent risk
factors for poor 3-month function outcome (Table 3). High
ENR (ENR x 10% > 0.74) was independently associated with
3-month function outcome (OR = 0.163, 95% CI 0.076-0.348,
p < 0.001) and mortality (HR = 0.107, 95% CI 0.030-0.386,
p = 0.001). Besides, the ENR as a continuous variable was
also inversely associated with 3-month poor outcome (per one-
point increase of ENR x 102, OR = 0.704, 95% CI 0.560-
0.885, p = 0.003). In a multivariate logistic regression model with
restricted cubic splines, the elevated ENR level was associated
with lower odds of 3-month poor outcome (p overall association
<0.001; Figure 4).

Secondary Analysis for the Primary

Outcome

Sensitivity analyses were employed to test the robustness of
our results. The association between ENR and poor 3-month
outcome was significant in AIS patients admitted to the hospital
during 2016-2017, AIS patients admitted to the hospital during
2018-2019, cardioembolic AIS patients, and non-cardioembolic
AIS patients. In addition, these associations were highly robust
across the range of decile ENR cutoffs. A higher ENR was
associated with significantly better 3-month function outcomes
for decile cutoffs from the 20th to 80th percentiles (Table 4). C-
statistics, NRI, and IDI were used to verify whether adding ENR
to a model containing conventional risk factors could improve
the risk stratification of the poor 3-month outcome. Results show
that the discriminatory ability of the model for primary outcome
significantly improved after adding the ENR (AUC improved by
0.036, p = 0.024; NRI 86.71%, p < 0.001; IDI 7.92%, p < 0.001;
Table 5).

Survival Analysis of ENR Levels and the

1-Year Prognosis
At the I-year follow-up, 43 (16.2%) patients were lost to
follow-up and the remaining 223 patients were included in the
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TABLE 4 | OR (95% ClI) of poor 3-month outcomes according to ENR: sensitivity
analysis.

OR (95% CI) p-value
High ENR vs. low ENR (cutoff = 0.74)
Patients from 2016 to 2017 0.277 (0.110-0.699) 0.007
Patients from 2018 to 2019 0.043 (0.008-0.217) <0.001
Excluded cardioembolic AIS 0.085 (0.025-0.292) <0.001
Only cardioembolic AIS 0.259 (0.090-0.745) 0.012
Using different ENR cutoff values
ENR top 10% vs. bottom 90% 0.382 (0.098-1.496) 0.167
ENR top 20% vs. bottom 80% 0.326 (0.121-0.877) 0.026
ENR top 30% vs. bottom 40% 0.322 (0.143-0.727) 0.006
ENR top 40% vs. bottom 60% 0.287 (0.137-0.603) 0.001
ENR top 50% vs. bottom 50% 0.241 (0.119-0.488) <0.001
ENR top 60% vs. bottom 40% 0.163 (0.076-0.348) <0.001
ENR top 70% vs. bottom 30% 0.249 (0.116-0.531) <0.001
ENR top 80% vs. bottom 20% 0.200 (0.083-0.479) <0.001
ENR top 90% vs. bottom 10% 0.451 (0.172-1.183) 0.106

ENR, eosinophil-to-neutrophil ratio; NIHSS, National Institute of Health Stroke Scale.
Adjusted for age, current smoking, hypertension, atrial fibrillation, prior stroke, baseline
NIHSS score, and stroke subtypes (Model 1 in Table 3, stroke subtypes were not adjusted
in cardioembolic and non-cardioembolic AlS patient groups).

prognosis analysis. Seventy-seven (34.5%) patients had a poor
function outcome and 42 (18.8%) patients had died during
the 1-year follow-up. After adjusting for age, current smoking,
hypertension, atrial fibrillation, prior stroke, baseline NIHSS
score, and stroke subtype, it is interesting that patients with ENR
x10% > 0.74 were more likely to come to a good outcome then
those with ENR x 10 < 0.74 (OR = 0.282, 95% CI 0.124-0.639,
p = 0.002), although no association was found between ENR and
1-year poor outcome when ENR was calculated as a continuous
variable. Kaplan-Meier curves and the log-rank test indicated
that patients in the high-ENR group had a lower incidence of
mortality at the 1-year follow-up (Figure 5). Multivariate Cox
regression proportional hazard model analyses were used after
adjusting the potential confounders. Patients with a higher ENR
were associated with a lower mortality risk (high ENR vs. low
ENR: HR = 0.314; 95% CI, 0.135-0.731; p = 0.007 and per one-
point increase of ENR x 10%: HR = 0.586; 95% CI, 0.384-0.872;
p=10.008).

DISCUSSION

A significantly decreased ENR level was observed in the AIS
patients compared with the healthy controls. The ROC curve
showed that ENR was a fair prognostic biomarker for 3-month
poor outcome and had a higher predictive power than either
eosinophil or neutrophil count alone. Patients with lower ENR
levels were more likely to develop cardioembolic stroke and
severe symptoms. In addition, the multivariate adjusted model
and restricted cubic splines showed that elevated ENR levels
were associated with a lower risk of poor 3-month function
outcome. Furthermore, addition of ENR to the conventional

model led to the improvement in the model’s ability to predict a
3-month poor outcome. Our study also demonstrated that ENR
is an independent predictor of 3-month and 1-year mortality in
patients with AIS.

ENR is a composite marker of absolute blood eosinophil and
neutrophil counts. Neutrophils are most abundant circulating
white blood cells and play a vital role during acute inflammatory
responses (12). In AIS patients, neutrophils are rapidly recruited
into the injury site after stroke onset and release reactive oxygen
species (ROS), various proteases, and numerous inflammatory
mediators which contribute to tissue damage within the ischemic
area (13, 14). A recent study showed that the extracellular
traps released by neutrophils are harmful to vascular remodeling
after AIS, and an increased extravasation of immune cells and
toxic proteins will be observed due to blood-brain barrier
(BBB) disruption (15). In addition, the activation kinetics
of neutrophils in response to r-tPA should be concerned.
Administration of r-tPA can promote in vitro and potentially
in vivo neutrophil degranulation (16). Degranulation products
like matrix metalloproteinase-9 (MMP-9) and myeloperoxidase
(MPO) are generally considered to be associated with the
presence of hemorrhage and poor function outcomes after stroke
(17). Maestrini et al. found that higher neutrophil counts and
MPO levels were associated with 3-month worse outcomes and
higher mortality rates, suggesting that MPO could be a potential
therapeutic target (18). In our study, higher neutrophil counts
were found in AIS patients compared with healthy controls.

Eosinophils are involved in local immune and inflammatory
responses, and treatment targeting eosinophils may help to
control a variety of diseases, including atopic diseases such as
asthma and allergies, as well as diseases not primarily related
to eosinophils, such as autoimmunity and malignancies (19).
However, few studies have reported the role of eosinophil
in stroke. Eosinophilia has been reported as a prothrombotic
condition (20). It is interesting that lower eosinophil counts
are associated with severe symptom and poor prognosis of AIS
patients (21, 22). The underlying mechanism of eosinophils in
stroke is complex, and whether eosinophils are beneficial or
harmful depends on the patient’s specific background. Enhanced
procoagulant activity and impaired anticoagulant properties of
the endothelial membrane may contribute to the thrombosis.
Eosinophils can release fibroblast growth factor (FGF2), nerve
growth factor (NGF), and vascular endothelial growth factor
(VEGEF), which are involved in vascular remodeling (23). It
is worth noting that eosinophil-derived cytotoxic proteins also
played an important role in AIS (24). Eosinophil infiltration may
be an essential mechanism to explain why eosinophils decreased
after stroke. Eosinopenia-producing substances by neutrophils
might lead to local margination of eosinophils and thereby cause
continued eosinopenia (6). Hence, we may miss the interaction
between eosinophil and neutrophil and underestimate the role
these cells played in the pathogenesis of AIS if we analyze
them separately.

To the best of our knowledge, our study is the first to suggest
the association between the ENR level and prognosis of AIS
patients treated with intravenous thrombolysis. In regions with
different levels of medical resources, a complete blood cell test is
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TABLE 5 | C-statistics and reclassification analyses for ENR to improve the risk stratification of poor 3-month outcome.
C-statistics Continuous NRI, % IDI, %
Estimate (95% CI) p-value Estimate (95% CI) p-value Estimate (95% CI) p-value
Model 1 0.845 (0.794-0.887) Reference Reference
Model 1 4+ ENR 0.881 (0.834-0.918) 0.024 86.71 (63.02-110.39) <0.001 7.92 (4.22-11.61) <0.001

The model 1 was included age, current smoking, hypertension, atrial fibrillation, prior stroke, baseline NIHSS score, and stroke subtype.
ENR, eosinophil-to-neutrophil ratio; NRI, net reclassification improvement, IDI, integrated discrimination improvement; NIHSS, national institute of health stroke scale.
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widely used. Eosinophils and neutrophils could be obtained and
calculated rapidly from a blood sample, which assists clinicians to
judge the prognosis of patients at an early stage.

However, several limitations of our study should be
acknowledged. First, this study is an observational study and
residual confounding still remained. Therefore, the causal
relationship between ENR and poor prognosis is unable to
establish. Second, the sample size of our study was relatively
small; among the 266 patients who met the inclusion criteria,
only 250 (94.0%) patients finished the 3-month follow-up and
223 (83.8%) patients finished the 1-year follow-up. Furthermore,
subjects of our study were selected from a single hospital so that
selection bias may exist in our study.

CONCLUSION

Our study shows that a lower ENR is independently associated
with 3-month poor outcome and 3-month and 1-year mortality
in AIS patients treated by r-tPA intravenous thrombolysis.
Monitoring ENR at an early stage might be helpful for risk
stratification and making therapeutic decisions.
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Predicting In-hospital Mortality Using
D-Dimer in COVID-19 Patients With
Acute Ischemic Stroke
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Guo-Qiang Zhang and Sunil A. Sheth*

Department of Neurology, UTHealth McGovern Medical School, Houston, TX, United States

Background: Coronavirus disease 2019 (COVID-19) has been associated with
coagulopathy, and D-dimer levels have been used to predict disease severity. However,
the role of D-dimer in predicting mortality in COVID-19 patients with acute ischemic stroke
(AIS) remains incompletely characterized.

Methods: We conducted a retrospective cohort study using the Optum® de-identified
COVID-19 Electronic Health Record dataset. Patients were included if they were 18 or
older, had been hospitalized within 7 days of confirmed COVID-19 positivity from March 1,
2020 to November 30, 2020. We determined the optimal threshold of D-dimer to predict
in-hospital mortality and compared risks of in-hospital mortality between patients with
D-dimer levels below and above the cutoff. Risk ratios (RRs) were estimated adjusting
for baseline characteristics and clinical variables.

Results: Among 15,250 patients hospitalized with COVID-19 positivity, 285 presented
with AIS at admission (2%). Patients with AIS were older [70 (60-79) vs. 64 (62-75), p <
0.001] and had greater D-dimer levels at admission [1.42 (0.76-3.96) vs. 0.94 (0.55-1.81)
wg/ml FEU, p < 0.001]. Peak D-dimer level was a good predictor of in-hospital mortality
among all patients [c-statistic 0.774 (95% CI 0.764-0.784)] and among patients with
AIS [c-statistic 0.751 (95% CI 0.691-0.810)]. Among AIS patients, the optimum cutoff
was identified at 5.15 pwg/ml FEU with 73% sensitivity and 69% specificity. Elevated peak
D-dimer level above this cut-off was associated with almost 3 times increased mortality
[adjusted RR 2.89 (95% CI 1.87-4.47), p < 0.001].

Conclusions: COVID-19 patients with AIS present with greater D-dimer levels.
Thresholds for outcomes prognostication should be higher in this population.

Keywords: D-dimer, COVID-19, stroke, mortality, coagulopathy, electronic medical records, coronavirus

INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome Coronavirus-
2 (SARS-CoV-2) is primarily a respiratory tract infection, but coagulopathy associated with its
profound inflammatory response has been well-described (1-3). D-dimer, a degradation product
of cross-linked fibrin that reflects ongoing activation of the coagulation cascade, has been linked
with coagulopathy in COVID-19 infection. Elevated D-dimer level has been identified as a useful
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predictor for mortality in patients with COVID-19 and several
studies demonstrated its prognostic potential and optimal
cutoft value (4-6). However, the prognostic value of D-dimer
in predicting COVID-19 mortality has been tested mostly
from single provider or pooled meta-analyses (4-7), and the
performance and optimal cutoff value in patients with acute
ischemic stroke (AIS), a condition that may independently
elevate D-dimer (8, 9), remains uncharacterized. Here, we
examine whether D-dimer remains useful to predict mortality in
COVID-19 patients identified from a large multicenter sample
and determine the optimal cutoff value to predict mortality
in COVID-19 patients presenting with AIS. We study a broad
time period including more recent COVID-19 cases and cover

national level geographic regions to include multiple COVID-19
pandemic surges and viral strains.

METHODS

Data Source

We conducted a retrospective cohort study using the Optum®
de-identified COVID-19 Electronic Health Record (EHR)
dataset. Given the urgent need to clinically understand the
novel virus of COVID 19, Optum developed a data pipeline
that enables minimal data lag, while preserving as much
clinical data as possible. The data is sourced from Optum’s
longitudinal EHR repository, which is derived from dozens of

TABLE 1 | Characteristics of patients in COVID with or without acute ischemic stroke.

Total (N = 15,250) No AIS at admission (n = 14,965) AIS at admission (n = 285) p-value
Age, median (IQR) 64 (52-75) 64 (52-75) 70 (60-79) <0.001
Age > 65, n (%) 7,525 (49.3) 7,340 (49.0) 185 (64.9) <0.001
Male, n (%) 8,371 (54.9) 8,199 (54.8) 172 (60.4) 0.062
Race, n (%)
African American 3,625 (23.1) 3,453 (23.1) 72 (25.3) 0.80
Asian 529 (3.5) 519 (3.5) 10 (3.5)
Caucasian 8,106 (53.2) 7,956 (53.2) 150 (52.6)
Other/unknown 3,090 (20.3) 3,037 (20.3) 53 (18.6)
Ethnicity, n (%)
Hispanic 1,872 (12.3) 1,852 (12.4) 20(7.0) <0.001
Non-Hispanic 11,5631 (75.6) 11,319 (75.6) 212 (74.4)
Unknown 1,847 (12.1) 1,794 (12.0) 53 (18.6)
Region, n (%)
Midwest 5,531 (36.3) 5,457 (36.5) 74 (26.0) <0.001
Northeast 5,521 (36.2) 5,372 (35.9) 149 (52.3)
South 3,339 (21.9) 3,296 (22.0) 43 (15.1)
West 520 (3.4) 507 (3.4) 13 (4.6)
Other/unknown 339 (2.2) 333 (2.2) 6(2.1)
Risk Factors, n (%)
Congestive heart failure 3,295 (21.6) 3,190 (21.9) 105 (36.8) <0.001
Hypertension 10,962 (71.9) 10,718 (71.6) 244 (85.6) <0.001
Diabetes 6,812 (44.7) 6,655 (44.5) 157 (65.1) <0.001
Vascular disease 3,683 (24.2) 3,549 (23.7) 134 (47.0) <0.001
Atrial fibrillation 2,731 (17.9) 2,634 (17.6) 97 (34.0) <0.001
Smoke 4,180 (27.4) 4,091 (27.3) 89 (31.2) 0.14
Labs at admission, median (IQR)
D-Dimer (ng/ml feu) 0.95 (0.56-1.83) 0.94 (0.55-1.81) 1.42 (0.76-3.96) <0.001
C-reactive protein (mg/L) 93 (43-159) 93 (44-159) 85 (24-165) 0.24
Ferritin (ng/mi) 551 (250-1,153) 551 (250-1,152) 551 (235-1,343) 0.90
Lactate dehydrogenase (u/L) 343 (257-468) 343 (257-467) 361 (254-503) 0.13
Lymphocyte (x 10%/L) 1.00 (0.70-1.40) 1.00 (0.70-1.40) 0.90 (0.60-1.50) 0.71
Neutrophil (x10%/L) 5.4 (3.7-8.2) 5.4 (3.7-8.2) 6.7 (4.2-9.6) <0.001
Platelet count (x 10%/L) 212 (165-275) 212 (165-274) 213 (169-293) 0.33
White blood cell count (x 109/L) 7.3 (6.4-10.3) 7.3 (6.4-10.2) 9.0 (6.4-12.2) <0.001
Medication administered, n (%)
Antiplatelet 5,231 (34.3) 5,012 (33.5) 219 (76.8) <0.001
Anticoagulant 2,058 (13.5) 1,957 (13.1) 101 (35.4) <0.001
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FIGURE 1 | Optimal D-dimer levels to predict in-hospital mortality among COVID patients. (A,B) show receiver operator characteristic (ROC) curves for optimal
D-dimer levels to predict deaths in all COVID-19 hospitalized patients and subgroup of patients with acute ischemic stroke (AIS) at admission. The peak D-dimer level
performs better to predict deaths compared to D-dimer level at admission. The optimum cutoff thresholds of peak D-dimer levels were defined as the point on the
ROC curve nearest to the upper left corner (0, 1) and were 2.07 wg/ml FEU with 72.3% sensitivity and 69.8% specificity for all and 5.15 wg/ml FEU with 72.6%
sensitivity and 68.7% of specificity for AIS subgroup. (C,D) show Kaplan-Meier survival curves for all-cause death during hospital stay. Cutoff values of 2.07 and 5.15
estimated from ROC analyses were used for all and a subgroup of patients with AIS at admission, respectively. Statistical differences in survival curves between peak
D-dimer levels below and above the cutoff values were assessed using a log-rank test.
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healthcare provider organizations in the United States, which
include more than 700 hospitals and 7,000 clinics across the
continuum of care. The COVID-19 dataset incorporates a
wide swath of raw clinical data, including new, unmapped
COVID-specific clinical data points from both Inpatient and
Ambulatory electronic medical records, practice management
systems, and numerous other internal systems. The Optum
COVID-19 data elements include demographics, mortality,
diagnoses, procedures, medications prescribed and administered,
lab results, and other observable measurements.

Study Population

Patients were included if they had laboratory-confirmed COVID-
19 between March 1, 2020, and November 30, 2020 (n = 281,665)
and were hospitalized within 7 days of the positivity date (n
= 35,919). Positive COVID-19 status was determined by the
detection of SARS-CoV-2 in polymerase chain reaction (PCR)
test, and the positivity date was based on the date of sample

collected. We limited the study to individuals who were tested
and had valid results for D-dimer at admission or during their
hospitalization (n = 15,313). Patients who were younger than
18 years (n = 52) or had missing sex information (n = 11)
were excluded.

Measurements of D-dimer and Other

Variables

D-dimer values within 24h of admission and the peak values
recorded during hospital stay were tested to predict all-cause
mortality during the index COVID-19 hospital stay. Because the
data was sourced from multiple laboratories, D-dimer results
varied in reporting units. D-dimer results can be reported using
a fibrinogen equivalent unit (FEU) or using a D-dimer unit
(DDU) depending on the molecular weight used. FEU reports
D-dimer levels based on the molecular weight of fibrinogen,
whereas DDU reports D-dimer levels based on its own molecular
weight, which is about half that of fibrinogen. We approximated
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TABLE 2 | Factors associated with mortality among hospitalized COVID-19 patients with acute ischemic stroke.

COVID 19 patients with AIS at admission (n = 285)

Crude RR (95% CI) p-value Adjusted RR (95% CI) p-value
Peak D-dimer > 5.15 ng/ml feu) 3.44 (2.26-5.24) <0.001 2.89 (1.87-4.47) <0.001
Age group
18-44 1.00 (reference) 1.00 (reference)
45-64 1.95 (0.50-7.60) 0.34 2.70(0.88-8.32) 0.08
65-74 3.27 (0.86-12.41) 0.08 4.13 (1.38-12.40) 0.01
>75 2.62 (0.69-9.96) 0.16 4.38 (1.45-13.22) 0.009
Male sex 1.12 (0.77-1.63) 0.54 0.87 (0.60-1.26) 0.47
Race/ethnicity
White 1.00 (reference) 1.00 (reference)
Black 0.76 (0.44-1.31) 0.32 0.72 (0.45-1.16) 0.18
Hispanic 1.41 (0.77-2.59) 0.27 1.69 (0.95-3.00) 0.07
Other/unknown 1.24 (0.82-1.87) 0.32 1.09 (0.73-1.61) 0.68
Risk factors
Congestive heart failure 1.00 (0.69-1.46) 0.99 1.11 (0.76-1.60) 0.59
Hypertension 0.77 (0.49-1.21) 0.26 0.62 (0.38-1.01) 0.06
Diabetes 1.47 (1.00-2.15) 0.049 1.47 (1.01-2.16) 0.045
Vascular disease 1.18 (0.82-1.69) 0.36 1.05 (0.76-1.45) 0.77
Atrial fibrillation 1.32 (0.92-1.89) 0.13 1.06 (0.76-1.49) 0.73
Smoke 1.42 (0.99-2.04) 0.054 1.60 (1.14-2.24) 0.007
Medication administered
Antiplatelet 1.11(0.71-1.72) 0.66 1.13 (0.76-1.69) 0.54
Anticoagulant 2.31(1.62-3.31) <0.001 1.60 (1.11-2.30) 0.01
D-dimer levels reported in DDU to those in FEU by multiplying ~RESULTS

by 2. AIS was identified using the International Classification
of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
codes (433.x1, 434.x1 and 436) and ICD-10-CM code (163.x).
Although ICD-9-CM codes have been replaced with ICD-10-
CM as of October 2015, ICD-9 codes were included to identify
AIS and comorbidities as some patient medical records were
still reported using ICD-9 codes. We also examined medication
usages, particularly antiplatelets (aspirin, clopidogrel, prasugrel,
ticagrelor, dipyridamole, and eptifibatide) and anticoagulants
given during hospitalization.

Statistical Analysis

The optimal D-dimer cutoff point and C-statistic of D-dimer
levels were evaluated by receiver operator characteristic (ROC)
curve for all COVID-positive patients and a subgroup of patients
with AIS at admission. The probability of survival during the
hospital stay was plotted for patients above and below the cutoft
level of D-dimer using Kaplan-Meier survival functions, and the
difference in survival curves was assessed using log-rank test.
The prognostic value of D-dimer was assessed using a modified
Poisson regression model, and risk ratio (RR) was estimated
adjusting for age, sex, race/ethnicity, known risk factors, and
medication use (10). Significance levels were set at P < 0.05 for
2-tailed tests and all analyses were performed using STATA 16.0
(StataCorp, College Station, TX).

Among 15,250 patients hospitalized with COVID-19 positivity,
285 presented with AIS at admission (2%). Patients with AIS
were older [median age 70 (60-79) vs. 64 (52-75)] and had
higher prevalence of congestive heart failure, hypertension,
diabetes, vascular disease, and atrial fibrillation. D-dimer levels
at admission were greater for patients presenting with AIS
[median (IQR), 1.42 (0.76-3.96) pg/ml FEU] compared to those
without AIS [0.94 (IQR 0.55-1.81) pwg/ml FEU] and peak levels
were also greater for patients with AIS [3.86 (IQR 1.23-15.58)
vs. 1.42 (IQR 0.76-3.96) pg/ml FEU]. All other lab values on
admission were similar between patients with and without AIS
except neutrophil and white blood cell counts in AIS patients
(Table 1).

The area under the ROC curve (C-statistic) using D-dimer
levels at admission was 0.651 (95% CI, 0.637-0.664) for all
COVID-positive patients and was 0.613 (95% CI, 0.529-0.697)
for the AIS subgroup. Peak D-dimer levels performed better
than admission level and were a good predictor for in-hospital
mortality among all COVID-positive patients [c-statistic 0.774
(95% CI 0.764-0.784)] and among the AIS subgroup [c-
statistic 0.751 (95% CI 0.691-0.810)] as shown in Figures 1A,B.
The optimum cutoff values of peak D-dimer were identified
as 2.07ug/ml FEU with 72% sensitivity and 70% specificity
for all COVID-positive patients and 5.15pg/ml FEU with
73% sensitivity and 69% of specificity for the AIS subgroup.
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Kaplan-Meier survival curves constructed using these cutoff
values show that patients with elevated peak D-dimer level
above the cutoff value are less likely to survive both in all and
the AIS subgroup (Figures 1C,D). Among all COVID-positive
patients, elevated peak D-dimer level above the cutoff value
was associated with increased mortality with crude RR 4.48
(95% CI, 4.12-4.87, p < 0.001) and adjusted RR 3.00 (95% CI,
2.75-3.28, p < 0.001) accounting for age, sex, race/ethnicity,
and comorbidities. Among the AIS subgroup (Table?2), in-
hospital mortality for those with elevated peak D-dimer level
> 5.15pg/ml FEU was more than 3 times higher compared
to those with below the cutoff D-dimer level [crude RR 3.44
(95% CI, 2.26-5.24, p < 0.001). After adjusting for covariates,
we still found the elevated D-dimer level is associated with a
significantly higher risk for death with adjusted RR 2.89 (95% CI,
1.87-4.47, p < 0.001)] in the AIS subgroup (Table 2). Increasing
age and anti-coagulant use during the hospitalization were also
associated with an increased of mortality among patients with
AIS (Table 2).

DISCUSSION

In this study of a large multicenter database of patients with
COVID positivity, patients presenting with AIS had greater D-
dimer levels compared to those without AIS, and thresholds to
predict mortality were higher in the AIS population. In patients
with AIS, peak values above 5.15 pg/ml FEU were associated with
a nearly three-fold risk of in-hospital mortality.

A pro-inflammatory hypercoagulable state has been well-
associated with the COVID-19 infection (11, 12). Elevated
D-dimer levels have been found in COVID-19 patients with
coagulopathy and several observational studies reported elevated
D-dimer level was a good predictor of ICU admission or in-
hospital death (4, 6, 13). Independently, D-dimer has been
previously identified as a biomarker for AIS and associated
with stroke severity (9, 14). Therefore, the prognostic value
of D-dimer in COVID-19 could differ for COVID-19 patients
presenting with AIS, in whom D-dimer levels may be
independently elevated. Our study confirmed that D-dimer levels
at admission were elevated among COVID-19 patients [0.95
(0.56-1.83) png/ml FEU] beyond normal range (<0.5pg/ml
FEU) and greater elevations were observed among COVID-
19 patients presenting with AIS [1.42 (0.76-3.96) pg/ml FEU]
(15, 16).

We found the optimal cutoff values to predict mortality in
COVID-19 patients were 2.07 pg/ml FEU with 72.3% sensitivity
and 69.8% specificity for all. The cutoff value of 2.07 pug/ml FEU
for all hospitalized COVID-19 patients is similar to previous
findings. Zhang et al. reported an optimum cutoff value of D-
dimer as 2.0 mg/ml within 24 h of hospital admission and Yao
et al. reported D-dimer levels > 2.14 mg/ml on admission as
a predictor of mortality (4, 5). However, most of these studies
used the level of D-dimer on admission only and few studies
discussed changes in D-dimer levels over time and showed an
association between dynamic changes of D-dimer level with the
prognosis of COVID-19 (11, 17). In our study, peak D-dimer

levels performed better than admission level in predicting in-
hospital mortality among all COVID-19 patients as well as
the AIS subgroup. Since the time from COVID-19 onset to
hospitalization varies across different patient characteristics and
health care systems, the peak level reflects better dynamic changes
of patient’s progress and be more uniformed to be used than
the D-dimer level on admission. Soni et al. also tested with
both D-dimer levels on admission and with peak value during
the hospital stay and found the peak level performs better and
reported the cutoff value of 2.01 mg/ml with a sensitivity of
73.3% and a specificity of 70.0%, with a C-index of 0.789 (6).
Importantly, the cutoff value for COVID-19 patients presenting
with AIS was more than twice as high as the cutoff value for
non-AlIS patients, reflecting a greater elevation of D-dimer levels
among AIS patients.

We assessed other lab values including inflammatory
markers but found they were not significantly different
between stroke and non-stroke COVID-19 patients except
neutrophil and white blood cell counts. We also tested
their optimal cutoff values and found they had similar or
lower performance in predicting hospital mortality among
all COVID-19 patients and the AIS subgroup. It is also
worth noting that we observed an increased likelihood of
mortality in AIS COVID-19 positive patients with increasing
age and with anticoagulant use. The increased mortality
associated with anticoagulant use may be secondary to
increased usage in patients with more severe strokes or
extensive thrombosis.

Our study has several limitations. Unlike single provider-
based datasets, this multicenter database contained variations
in D-dimer units across different hospitals, and as a result,
we converted the reporting units to pg/ml FEU. In addition,
our dataset contained limited descriptions of stroke subtypes
and severity, precluding additional subgroup analyses. However,
despite the potential heterogeneity and limited information,
we found similar cutoff values compared to previous studies.
Since we used a large EHR dataset covering patients across
the country, we believe our study provides the external
validity of the established cutoff value and presents the
feasibility of conducting reliable observational studies using
EHR data.

CONCLUSION

COVID-19 patients with AIS present with higher D-
dimer levels compared to those without AIS. D-dimer
functions well as a predictor of mortality in this subgroup,
however the threshold for predicting this outcome is
substantially greater.
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Objective: To determine the clinical significance of post-procedural abnormal liver
function test (ALFT) on the functional outcomes at 90 days in acute ischemic stroke
(AIS) treated with mechanical thrombectomy (MT).

Methods: In this retrospective observational study, patients with AIS undergoing MT
were enrolled from the Nanjing Stroke Registry Program and the multicenter Captor
trial. A favorable outcome was defined as a modified Rankin Scale score 0-2 at 90
days. Predictive models were established by multivariable logistic regression. Improved
predictive value of models was assessed by continuous net reclassification improvement
(NRI) and integrated discrimination improvement (IDI). In addition, multivariable logistic
regression and restricted cubic spline were used to analyze dose-response correlations
between the severity of ALFT and prognosis.

Results: Among 420 patients enrolled, 234 (55.7%) patients were diagnosed as
post-procedural ALFT after MT. Patients with post-procedural ALFT had higher National
Institute of Health Stroke Scale score on admission (median, 18 vs. 15, p < 0.001) and
more pneumonia (65.4 vs. 38.2%, p < 0.001) than those without post-procedural ALFT.
Post-procedural ALFT, rather than preprocedural ALFT, was independently associated
with favorable outcome (adjusted odds ratio, 0.48; 95% Cl 0.28-0.81; p = 0.006).
The improvement of predictive model after adding post-procedural ALFT was significant
[continuous NRI (value, 0.401; p < 0.001), IDI (value, 0.013; p < 0.001)]. However, the
restricted cubic spline indicated no evidence of a dose-response relationship between
the severity of post-procedural ALFT and prognosis.

Conclusions: In AIS patients treated by MT, post-procedural ALFT was associated
with more severe stroke and served as an independent predictor of worse prognosis
at 90 days.

Keywords: liver function tests, ischemic stroke, thrombectomy, prognosis, observational study
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ALFT and Prognosis in AIS

INTRODUCTION

Mechanical thrombectomy (MT) is a well-established treatment
for acute ischemic stroke (AIS) caused by large vessel occlusions
(LVO) (1). However, regardless of the proven validity of MT,
only approximately 40% of patients undergoing MT could
achieve functional independence at 90 days (1, 2). Despite the
growing attention, factors affecting clinical outcomes have not
been fully recognized yet. Conventional factors including age,
baseline disability, history of hypertension, and hyperglycemia
were known to be associated with worse prognosis in AIS
patients treated with MT (3). Besides, radiological markers
of chronic brain damage, such as cortical microinfarcts (4),
leukoaraiosis (5), brain atrophy (6), and cerebral microbleeds
(7), have recently been identified as risk factors of poor
clinical outcomes. Comorbidities and complications such
as malignant brain edema (8), pneumonia (9), and renal
dysfunction (10) were reported as potential risk factors for worse
prognosis, too.

Liver is a vital organ with essential biosynthetic and
metabolic functions. It was reported that abnormal liver function
test (ALFT) was associated with higher mortality risk in
critically ill patients (11-14). ALFTs are extremely common
in AIS patients, with an incidence of about 40% (15-18).
A prospective study showed more severe stroke and worse
outcomes in AIS patients with non-alcoholic fatty liver disease
(15). However, there are scarce data regarding the association
between ALFT and clinical outcomes in AIS-LVO patients
undergoing MT.

The aims of this study were to (1) determine the association
between periprocedural ALFT and the clinical outcomes, and
(2) assess the potential dose-response relationship between
liver function test levels and prognosis of AIS-LVO patients
undergoing MT.

METHODS

Data Resources

Patients were screened from the Nanjing Stroke Registry Program
(NSRP, between January 2014 and December 2019) and the
Captor trial (a multi-center clinical trial between March 2018
and July 2019, register code: ChiCTR1900025256). Detailed
descriptions of NSRP had been published elsewhere (19). The
Captor trial was aimed to compare the Captor stent retriever with
the Solitaire FR device for rapid flow restoration in AIS-LVO.
The non-inferiority of the Captor retrievable stent was proved
after enrolling 245 patients from 16 comprehensive stroke centers
in China.

Inclusion and Exclusion Criteria

The key inclusion criteria were as follows: (1) age >18 years;
(2) National Institute of Health Stroke Scale (NIHSS) score
on admission >6; (3) occlusion of the intracranial large vessel
(defined as diameter >2mm) proved by CT angiography,
magnetic resonance angiography, or digital subtraction
angiography; (4) completion of groin-puncture within 8 h since
stroke onset.

The key exclusion criteria were as follows: (1) active
hemorrhage or hemorrhagic tendency; (2) severe organic diseases
such as heart, lung, liver, and kidney failure; (3) occlusion
attributed to arterial dissection or arteritis. The Ethics Committee
of Jinling Hospital and each participating center approved
this study according to the Declaration of Helsinki. The
requirement for written informed consent was waived because of
its retrospective nature.

Data Collections

Baseline demographic parameters, medical histories, laboratory
tests, the NIHSS scores, and radiographic evaluation were
obtained. The treatment profiles were also gathered, including
intravenous thrombolysis (IVT), number of retrieval attempts,
final reperfusion status, and procedural time. IVT was
administrated within 4.5h of stroke onset after excluding
contraindications. Retrieval attempts were recommended
no more than three times, but it was at the discretion of
the interventionalists. Reperfusion was evaluated with the
modified Thrombolysis In Cerebral Ischemia scale (mTICI)
(20). Successful reperfusion was defined as the mTICI scale
score of 2b or 3.

Post-procedural NIHSS scores of all patients were assessed
by attending neurologists. Follow-up imaging examinations were
performed within 24 £ 6h after the procedure. Symptomatic
intracranial hemorrhage (SICH) was defined as imaging evidence
of intracranial hemorrhage (ICH) with an increase of >4 points
on the NIHSS within 24 h. On day 7 = 2 or hospital discharge if
earlier, assessments of neurological severity were performed on
the subjects again.

Post-procedural laboratory tests were carried out routinely
in the acute phase (7 & 2 days after MT) and/or in case of
clinical deterioration. Liver function was assessed according to
tests of serum aspartate aminotransferase [upper limit of normal
(ULN): 40 U/L], alanine aminotransferase (ULN: 40 U/L), total
bilirubin (ULN: 21 mmol/L), and direct bilirubin (ULN: 10
mmol/L). ALFT was defined as any elevated value above the
ULN (21). Multiplepx was defined as the maximum multiple of
ULN in the four variables (aspartate aminotransferase, alanine
aminotransferase, total bilirubin, and direct bilirubin) during
hospitalization after MT.

Follow-up was performed by outpatient clinical visits or
telephone contacts to record the modified Rankin Scale (mRS)
score at 90 £ 14 days. A favorable outcome was defined as mRS
0-2 at 90 days, and an excellent outcome was referred to as
mRS 0-1 at 90 days.

Statistical Analysis

Median imputation was performed to account for missing
values [white blood cell: 6 (1.4%); creatinine: 9 (2.1%); glucose:
11 (2.6%); activated partial thromboplastin time: 17 (4.0%);
partial thromboplastin time: 13 (3.1%); international normalized
ratio: 13 (3.1%)].

Frequency (percentage) was used for categorical variables.
Mean (SD) was adopted for continuous variables with normal
distribution and median (interquartile range, IQR) for non-
normal variables.
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TABLE 1 | Clinical characteristics in the ALFT group and the non-ALFT group.

All patients ALFT Non-ALFT P-value
(n = 420) (n = 234) (n =186)
Demographics
Age, median (IQR) 68 (58-76) 69 (58-76) 68 (58-75) 0.745
Male, n (%) 255 (60.7) 150 (64.1) 105 (56.5) 0.111
SBP, mean (SD) 140 (22) 140 (23) 140 (20) 0.660
Medical history, n (%)
Hypertension 258 (61.4) 152 (65.0) 106 (57.0) 0.096
Diabetes 77 (18.3) 45 (19.2) 32(17.2) 0.594
Hyperlipidemia 20 (4.8) 14 (6.0) 6(3.2) 0.188
Coronary heart disease 78 (18.6) 49 (20.9) 29 (15.6) 0.161
Stroke 71 (16.9) 37 (15.8) (18 3) 0.503
Smoke 128 (30.5) 74 (31.6) 4 (29.0) 0.567
Atrial fibrillation 184 (43.6) 112 (47.9) 1(38.2) 0.047
Preprocedural ALFT* 124 (29.5) 94 (40.2) (16 1) <0.001
Baseline NIHSS score, median (IQR) 16 (13-21) 18 (13-23) 15 (12-19) <0.001
Occlusion site, n (%)
Intracarotid artery 137 (32.6) 84 (35.9) 53 (28.5) 0.108
Middle cerebral artery 236 (56.2) 115 (49.1) 121 (65.1) 0.001
Anterior cerebral artery 0(2.4) 6 (2.6) 4(2.2) 0.782
Vertebrobasilar artery 51 (12.1) 35 (15.0) 16 (8.6) 0.048
TOAST, n (%) 0.003
Large artery atherosclerosis 130 (31.0) 77 (32.9) 53 (28.5)
Cardio-embolism 186 (44.3) 114 (48.7) 72 (38.7)
Others 104 (24.8) 43 (18.4) 61(32.8)
Laboratory findings, median (IQR)
WBC, 109/L 8.39 (6.69-10.4) 8.67 (6.91-10.60) 7.95 (6.45-9.90) 0.019
Glu, mmol/L 7.38 (6.20-8.49) 7.50 (6.40-8.85) 7.04 (6.00-8.20) 0.035
eGFR, ml/min/1.73 m? 92 (76-103) 91 (74-103) 92 (79-103) 0.911
APTT, s 27.0 (23.7-32.9) 27.0 (23.2-32.3) 27.0 (24.4-33.7) 0.104
PT, s 12.2 (11.3-13.4) 12.3 (11.2-13.2) 12.2 (11.2-13.5) 0.699
INR 1.08 (0.97-1.10) 1.083 (0.97-1.11) 1.08 (0.97-1.18) 0.168
Operation procedures
IVT, n (%) 133 (31.7) 80 (34.2) 53 (28.5) 0.213
ASITN/SIR, median (IQR) 1(1-2) 1(1-2) 1(1-2) 0.784
mTICI 2b—3, n (%) 345 (82.1) 186 (79.5) 159 (85.5) 0.111
Operation time, min, median (IQR) 97 (69-136) 97 (71-144) 95 (67-130) 0.329
SICH, n (%) 35 (8.3 28 (12.0) 7(3.8) 0.003
Pneumonia, n (%) 224 (53.3) 153 (65.4) 71(38.2) <0.001
NIHSS score at 24 h, median (IQR) 15 (8-22) 19 (11-25) 1(6-16) <0.001
Clinical outcomes
Mortality at 7 days, n (%) 43 (10.2) 8 (12.0) 15 (8.1) 0.190
7-day NIHSS score, median (IQR) 11 (4-20) ( 24) 6 (2-14) <0.001
Excellent prognosis, n (%) 113 (26.9) 6 (15.4) 77 (41.4) <0.001
Favorable prognosis, n (%) 168 (40.0) 62 (26 5) 106 (57.0) <0.001
Mortality at 90 days, n (%) 97 (29.1) 68 (29.1) 29 (15.6) 0.001
90-day mRS score, median (IQR) 3(1-5) 4 (2-6) 2 (1-4) <0.001

*For 26 patients without any results of preprocedural liver function tests, they were considered to be free of preprocedural ALFT.

ALFT, abnormal liver function test; IQR, interquartile range; SBR, systolic blood pressure; NIHSS, National Institute Health Stroke Scale;, TOAST, trial of org 10,172 in acute stroke treatment;
WBC, white blood cell; eGFR, estimated glomerular filtration rate; APTT, activated partial thromboplastin time; PT, partial thromboplastin time; INR, international normalized ratio; IVT,
intravenous thrombolysis; ASITN/SIR, American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology System; mTICI, modified Thrombolysis In

Cerebral Ischemia; SICH, symptomatic intracranial hemorrhage; mRS, modified Rankin scale.
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FIGURE 1 | Comparisons of modified Rankin scale scores at 90 days between the ALFT group and the non-ALFT group. ALFT, abnormal liver function test.

Univariate analysis was conducted with Student ¢-test, Mann-
Whitney U, ¥? test, or Fisher exact test as appropriate.
Confounding factors and other variables with a statistical
trend (p < 0.1) in the univariate analysis were included in
multivariate logistic regression analysis (forward selection) to
develop a basic model for the favorable prognosis. Composite
model was established by factors of basic model and IVT,
ASITN/SIR, recanalization, and SICH. Besides, the predictive
value of adding preprocedural or post-procedural ALFT
into the basic model was estimated by the area under
curve (AUC). The improvements on the basic model were
assessed by the continuous net reclassification index (NRI) and
integrated discrimination improvement (IDI) of which values
above 0 were regarded as significant (22). Multiplem,x was
categorized based on quartiles to evaluate the association between
Multiple,ax and prognosis. The pattern of the potential dose-
response relationship between Multiplen,,x and prognosis was
revealed using a restricted cubic spline with 3 knots after
adjusting for confounders. Odds ratio (OR) was reported with
a95% CIL.

Subgroup analyses were performed to detect the heterogeneity
in the effect of post-procedural ALFT on prognosis. Sensitivity
analyses were conducted to explore the effect of ALFTs at
different periods on prognosis. A two-tailed p < 0.05 was
considered statistically significant. Statistical analyses were
performed with the SPSS software package, version 26 (IBM,
Armonk, NY) and R statistical software 3.6.3 [R Core Team
(2020). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/].

RESULTS

Clinical Characteristics
The flowchart of this study is
Supplementary Figure 1. The demographic

illustrated  in
characteristics

TABLE 2 | Multivariable logistic regression for predicting favorable outcomes.

Variable OR (95% CI) P-value
Basic model*

Age 0.96 (0.94-0.98) <0.001

24-h NIHSS score 0.85 (0.82-0.88) <0.001

Pneumonia 0.43 (0.25-0.72) 0.002

Glucose 0.81(0.71-0.92) 0.001
Basic model + preprocedural ALFT

Preprocedural ALFT 1.615 (0.902-2.891) 0.107
Basic model + post-procedural ALFT

Post-procedural ALFT 0.48 (0.28-0.81) 0.006
Composite model* + post-procedural ALFT

Post-procedural ALFT 0.45 (0.26-0.78) 0.004

*Basic model was established by confounders and variables with a statistical trend (p <
0.1) in the univariate analysis using the stepwise forward method.

#Composite model was established by factors of basic model and IVT, ASITN/SIR,
recanalization, and SICH.

OR, odds ratio; NIHSS, National Institute of Health Stroke Scale; IVT, intravenous
thrombolysis;, ALFT, abnormal liver function test; IVT, intravenous thrombolysis;
ASITN/SIR, American Society of Interventional and Therapeutic Neuroradiology/Society
of Interventional Radiology System; SICH, symptomatic intracranial hemorrhage.

of all participants are displayed in Table 1. Of the 420 patients
enrolled in this study, men accounted for 60.7% and the median
age was 68 years. In total, 234 (55.7%) subjects presented as post-
procedural ALFT, and 186 (44.3%) had normal liver function
after MT.

Patients were divided into two groups (the ALFT group
and the non-ALFT group) according to the post-procedural
ALFT. Medical histories were balanced between the two groups.
The ALFT group had a significantly larger proportion of
preprocedural ALFT (40.2 vs. 16.1%, p < 0.001). Higher NIHSS
score on admission (median, 18 vs. 15, p < 0.001), higher white
blood cell count (p = 0.019), higher glucose level (p = 0.035),
more pneumonia (65.4 vs. 38.2%, p < 0.001), and more SICH
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TABLE 3 | Comparison of basic models and models adding ALFT for predicting favorable prognosis and excellent prognosis.

AUC P-value Continuous NRI (95% CI) P-value IDI (95% CI) P-value
Basic model 0.875 - Reference - Reference -
Preprocedural ALFT 0.878 0.106 0.068 (—0.112, —0.247) 0.460 0.005 (—-0.016, —0.012) 0.133
Post-procedural ALFT 0.881 0.007 0.401 (0.211, 0.591) <0.001 0.013 (0.013, 0.045) <0.001
ALFT, abnormal liver function test; AUC, area under curve; NRI, net reclassification improvement; IDI, integrated discrimination improvement.
TABLE 4 | Multiplenax for predicting favorable prognosis (modified Rankin Scale 0-2).
mRS 0-2 Univariable analysis P-value Multivariable analysis* P-value
n (%) OR (95% Cl) OR (95% CI)
Multiplemax, quartiles <0.001 0.019
(0-0.73) UNL 68 (63.6) Reference Reference
(0.73-1.10) UNL 48 (44.9) 0.47 (0.27-0.81) 0.006 0.55 (0.28-1.07) 0.080
(1.10-1.80) UNL 32 (31.7) 0.27 (0.15-0.47) <0.001 0.37 (0.18-0.76) 0.007
~1.80 UNL 20 (19.0) 0.14 (0.07-0.25) <0.001 0.35 (0.16-0.75) 0.007
*Adjusted for age, dichotomous NIHSS score at 24 h (divided by median), pneumonia, and glucose level.
mRS, modified Rankin Scale; OR, odds ratio; UNL, upper limit of normal.
(12.0 vs. 3.8%, p < 0.001) were detected in the ALFT group RS 02
than the non-ALFT group. The ratio of IVT pretreatment (34.2 s
vs. 28.5%, p = 0.213) was similar between patients with normal
and abnormal liver function. The comparisons between the two 3
groups on median NIHSS scores at 24 h (19 in the ALFT group
vs. 11 in the non-ALFT group, p < 0.001) and 7 days (14 in the 55
ALFT group vs. 6 in the non-ALFT group, p < 0.001) showed 2
0
similar trends with that of the admission NIHSS score (Table 1). e
R T .
Clinical Outcomes 0
The mortality rate at 7 days was comparable between the two 2 o4 6
groups (p = 0.190). More deaths occurred in the ALFT group Multiplermax
0, —
at 90 days (29‘1 V. 15'06 %, p - 0.001, Table 1)' FIGURE 2 | The association between Multipleax and the odds ratio for
In total, 168 (40.0%) patients ranked 0-2 on mRS score at favorable prognosis (90-day modified Rankin scale scores 0-2). Adjusted for
90 days after MT, and the proportion of excellent prognosis age, median NIHSS score at 24 h, pneumonia, and glucose level. mRS,
was 26.9%. Compared with the non-ALFT subjects, the ALFT modified Rankin scale; OR, odds ratio; NIHSS, National Institute of Health
group had a lower percentage of favorable prognosis (26.5 vs. Stroke Scale.

57.0%, p < 0.001) and excellent prognosis (15.4 vs. 41.4%, p <
0.001) at 90 days (Figure 1). The density plot of log-transformed
Multiplepax distribution for dichotomous prognosis is shown in
Supplementary Figure 2. Smaller Multiplem,x was detected in
patients achieving better prognosis.

Multivariable Analyses

The basic model for predicting favorable prognosis was
developed after adjusting for confounding factors and variables
with a statistical trend (p < 0.1) in the univariate analysis. Finally,
age [OR (95% CI): 0.96 (0.94-0.98), p < 0.001], the NIHSS score
at 24h [OR (95% CI): 0.85 (0.82-0.88), p < 0.001], pneumonia
[OR (95% CI): 0.43 (0.25-0.72), p = 0.002], and glucose level
[OR (95% CI): 0.81 (0.71-0.92), p = 0.001] on admission were
included in the basic model (Table 2).

An improved model was established after adding ALFT
into the basic model. As shown in the improved model, post-
procedural ALFT had a significant correlation [OR (95% CI): 0.48
(0.28-0.81), p = 0.006] with mRS 0-2 at 90 days after adjusting
for the factors involved in the basic model (Table 2). Compared
with the basic model, the predictive value of the improved model
on favorable prognosis showed a significant improvement when
assessed by AUC (basic model: 0.875; improved model: 0.881,
p = 0.007), continuous NRI (value: 0.401, p < 0.001), and IDI
(value: 0.013, p < 0.001), as shown in Table 3. In addition,
preprocedural ALFT was not a statistically significant predictor
of clinical prognosis (all p-values > 0.05).

The role of Multipley,y in predicting favorable prognosis
was also assessed in multivariable analysis. After adjusting for
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Subgroup Number Odd ratio (95% CI) P value P for interaction

Age 0.122

<68 195 0.187(0.101-0.346) - <0.001

268 225 0.363(0.204-0.645) —a— 0.001

24h-NIHSS 0.222

<15 207 0.323(0.178-0.584) —a— <0.001

215 213 0.592(0.274-1.279) k L 0.182

MCA occlusion 0.498

No 184 0.240(0.125-0.461) —a— <0.001

Yes 236 0.321(0.188-0.548) —a— <0.001

Preprocedural ALFT 0.955

No 296 0.228(0.137-0.380) - <0.001

Yes 124 0.221(0.091-0.539) —a— 0.001

Pneumonia 0.389

No 224 0.286(0.150-0.545) ] <0.001

Yes 196 0.419(0.233-0.753) e 0.004

WBC 0.675

<8.39 205 0.255(0.142-0.457) —a— <0.001

28.39 215 0.304(0.170-0.545) —a— <0.001

Glu 0.683

<7.38 204 0.309(0.174-0.549) —a— <0.001

27.38 216 0.259(0.138-0.486) —a— <0.001

Overall 420 0.272(0.180-0.410) —— <0.001

0 02 04 06 08 1
OR(95% CI)

FIGURE 3 | Subgroup analyses of the association between post-procedural ALFT and the favorable prognosis. This forest plot shows the odds ratio for favorable
prognosis (90-day modified Rankin scale scores 0-2) of post-procedural ALFT in subgroups. NIHSS, National Institute Health Stroke Scale; MCA, middle cerebral
artery; ALFT, abnormal liver function; WBC, white blood cell; mRS, modified Rankin scale; OR, odds ratio.

age, pneumonia, glucose level, and median NIHSS score at
24 h, Multipleyx remained an independent predictive factor of
favorable prognosis (p = 0.019, Table 4). To explore potential
dose-response association, the restricted cubic spline was drawn
with three knots after adjusting for covariates mentioned
previously. Interestingly, increasing Multiplen,x was no longer
lower odds of favorable prognosis (Figure2) further when
Multiplep,x was more than 2.

Subgroup Analyses and Sensitivity
Analyses

A dominant tendency toward a lower proportion of favorable
prognosis in the ALFT group was elucidated in the subgroup
analysis (all p-values < 0.01, except for subjects who had
NIHSS score >15) (Figure 3). Of note, no significant interaction
was detected between post-procedural ALFT and these clinical
features on the favorable prognosis.

In sensitivity analyses, patients with post-procedural ALFTs
alone had a lower proportion of favorable prognosis [OR (95%
CI): 0.23 (0.14-0.38), p < 0.001] than patients with preprocedural
ALFTs alone [OR (95% CI): 1.94 (0.84-4.52), p = 0.120]
(Figure 4). They even had less favorable prognoses than patients
with both pre- and post-procedural ALFTs [OR (95% CI): 0.23
(0.14-0.38) vs. 0.43 (0.25-0.73)].

DISCUSSION

In this multi-center retrospective study, 55.7% of all AIS
patients undergoing MT were identified as post-procedural
ALFT. Patients with post-procedural ALFT had more severe
stroke, and higher WBC count and blood glucose values
on admission. The presence of post-procedural ALFT, rather
than the preprocedural ALFT, was independently associated
with a decreased proportion of favorable outcomes at 90
days. However, there was no evidence of a dose-response
relationship between the severity of post-procedural ALFT and
functional prognosis.

The prevalence of post-procedural ALFT in patients with AIS
in our study was 55.7%, higher than the previously reported
frequency (about 40%) in AIS patients (15-18). Post-procedural
ALFT may be a consequence of neuroendocrine dysregulation
after stroke onset (23). Focal brain ischemia could induce
systemic pathophysiologic reactions and contribute to hepatic
inflammatory and apoptotic activation (24). Stroke-induced
catecholamine surge promotes the endoplasmic reticulum
stress and impairs hepatic insulin signaling (25). Moreover,
elevated bilirubin and liver enzyme levels may also be
attributed to the treatment measures of AIS, such as antibiotic
drugs, statin, and endovascular therapy (21, 26). Therefore,
metabolic imbalances and the reflection of treatment during
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Categories of ALFTs
without ALFTs »

only preoperative ALFTs F——% 1.949(0.840-4.524) 0.120
only postoperative ALFTs  F=— 0.228(0.137-0.380) <0.001
pre— and postoperative ALFTs  F=— 0.431(0.254-0.733)  0.002

Odd ratio (95% CI) P value
Reference
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0 020406081012141618 2.0
OR(95% Cl)

FIGURE 4 | Association between ALFTs at different periods and the favorable prognosis in patients with AIS. ALFT, abnormal liver function; OR, odds ratio.

hospitalization are conjectured to be major mechanisms of
post-procedural ALFT.

This study demonstrated a significant correlation between
post-procedural ALFT and the severity of stroke. Similar to
the findings of previous researches, subjects with ALFT were
associated with higher NIHSS scores during hospitalization,
indicating more severe stroke (15, 18). Analogously, Muscari
et al. elucidated that impaired metabolic homeostasis in the
liver was associated with cerebral infarct volume in experimental
stroke models (27).

Inspiringly, this study revealed the reliable prognostic value
of post-procedural ALFT on predicting functional outcomes
of AIS patients treated with MT. This finding was in line
with previous reports on the prognostic role of ALFT in
AIS (15, 18). Substantial evidence expounded that hepatic
dysfunction served as a predictor of clinical outcomes in
critically ill patients (11-14). In addition, a population-based
research indicated abnormal liver tests were associated with
increased all-cause mortality in elderly people (28). However,
in our study, data regarding liver function tests before the
procedure were limited, and no significant association between
preprocedural ALFT and the prognosis was observed. There
might exist bias regarding preprocedural ALFT, as patients
with severe ALFTs might not receive MT. This might partly
explain why the prognostic value of post-procedural ALFT
was important than the preprocedural ALFT. Furthermore,
results of post-procedural liver function tests may be more
representative of the physiological state and restoration of
metabolic homeostasis.

Despite unclear specific mechanisms, it is conceivable that
ALFT affects functional outcomes since the liver is an important
organ for metabolism and immunity (29). It is known that AIS
patients suffer from potential immunodepression due to the
post-stroke autonomic system activation (30, 31). Subsequent
infections and impaired metabolic homeostasis contribute to
organ abnormalities, ultimately resulting in the poor prognosis
of AIS (23).

Several strengths of our study were noteworthy.
Relatively intact data from multiple centers revealed the
contemporary status of MT for AIS-LVO in China. Moreover,
comprehensive analyses were performed to explore the
relationship between ALFT and functional outcomes after
MT. Most importantly, liver function tests serve as routine
examinations during hospitalization. The availability of

test results makes its predictive value more significant for
clinical application.

Despite the advantages mentioned previously, our study
also had some inevitable limitations. First, this study is
subject to the inherent limitations of a retrospective study
design. Second, the liver function tests containing only four
liver chemistries. Incomprehensive assessments made limited
contributions to revealing the detailed mechanism. Third,
missing records of the adjuvant medicine, especially for liver
protection drugs, was another limitation. Finally, only the
Chinese population was enrolled in this study, which may
limit the generalizability of the conclusions. Further researches
based on different ethnic populations and larger sample sizes
are warranted.

CONCLUSIONS

In this study, post-procedural ALFT occurred commonly in AIS
patients treated with MT. It was associated with the severity of
stroke and was an independent predictor for worse functional
outcomes. More attention is needed for AIS patients who were
diagnosed as ALFT after MT concerning the increased risk for
poor prognosis.
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Hepatocyte growth factor (HGF) is a potential prognostic factor for acute ischemic stroke
(AIS). In this study, we sought to validate its earlier predictive accuracy within 24 h for
first-ever AIS. Moreover, as HGF interacts with interleukins, their associations may lead
to novel immunomodulatory therapeutic strategies. Patients with first-ever AIS (n = 202)
within 24 h were recruited. Plasma HGF and related interleukin concentrations were
measured by multiplex immunoassays. The primary and secondary outcomes were major
disability (modified Rankin scale score >3) at 3 months after AIS and death, respectively.
Elastic net regression was applied to screen variables associated with stroke outcome;
binary multivariable logistic analysis was then used to explore the relationship between
HGF level and stroke outcome. After multivariate adjustment, upregulated HGF levels
were associated with an increased risk of the primary outcome (odds ratio, 7.606; 95%
confidence interval, 3.090-18.726; p < 0.001). Adding HGF to conventional risk factors
significantly improved the predictive power for unfavorable outcomes (continuous net
reclassification improvement 37.13%, p < 0.001; integrated discrimination improvement
8.71%, p < 0.001). The area under the receiver operating characteristic curve value of
the traditional model was 0.8896 and reached 0.9210 when HGF was introduced into
the model. An elevated HGF level may also be a risk factor for mortality within 3 months
poststroke. The HGF level was also positively correlated with IL-10 and IL-16 levels, and
HGF before interaction with all interleukins was markedly negatively correlated with the
lymphocyte/neutrophil ratio. HGF within 24 h may have prognostic potential for AIS. Our
findings reinforce the link between HGF and interleukins.

Keywords: acute ischemic stroke, HGF, IL-16, neutrophil, prognosis
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Prognostic Value of HGF in Stroke

INTRODUCTION

Ischemic stroke is a prevalent disease with high disability and
mortality. The current treatments for acute ischemic stroke (AIS)
are intravenous administration of tissue plasminogen activator
(t-PA) and endovascular treatment to recanalize the blood flow.
The prediction of clinical outcomes after AIS is increasingly
accepted by physicians in several steps of stroke evaluation
for acute therapies, palliative care, or rehabilitation (1, 2).
However, traditional risk factors are not comprehensive enough
to predict the prognosis of AIS patients. Therefore, the accurate
identification of novel biomarkers to improve risk stratification
in patients with ischemic stroke is desirable to aid in making
decisions regarding stroke care and management.

As hepatocyte growth factor (HGF) is present in the
circulation after endothelial injury, its higher levels correlate
with multiple cardio-cerebrovascular diseases, including
atherosclerosis (3), diabetes mellitus (3), and acute myocardial
infarction (4). HGF has received attention as a potential
biomarker of AIS. First, circulating HGF levels can be referred
to predict the risk of ischemic stroke (3). Second, HGF levels
may be useful in diagnosing ischemic stroke as an earlier
study shows that serum levels of HGF in patients with cerebral
infarction are significantly increased during the early stage
and remain elevated until 7 d poststroke and that higher HGF
concentrations are correlated with lower gains in the Stroke
Impairment Assessment Set in stroke rehabilitation. Recently,
serum HGF levels were shown to be associated with poor
prognosis at 3 months independent of stroke severity, especially
in patients with AIS without heparin pretreatment (5). HGF was
also independently associated with death and major disability
in patients with AIS with dyslipidemia (6). However, these
studies excluded patients undergoing anticoagulation therapy
because heparin has antifibrotic activity, mediated by the cellular
secretion of HGF (7), and HGF is activated by t-PA (8), which
abates its prognostic value. In addition, the patients in the above
studies were recruited within 48 h of symptom onset; however,
HGEF level is already increased within 24 h (9).

The causal role of HGF in cerebral vascular disease has
not been fully elucidated. Recent research points to a link
between HGF level and phenotypic transformation of immune
cells. A link between HGF levels and basal metabolic rate was
mediated by IL-16 in patients with obesity-related nonalcoholic
fatty liver disease (10). In addition, HGF inhibited microglia
activation and the expression of pro-inflammatory IL-1p in
a rat model of cerebral ischemia (11); it also promoted M2
macrophage transition and the expression of anti-inflammatory
IL-10 and facilitated muscle regeneration (12). Mesenchymal
stem cell-secreted HGF contributed to the conversion of fully
differentiated Th17 cells into functional T regulatory (Treg) cells
(13); however, HGF decreased the levels of Th2 cytokines (IL-4,
IL-5, and IL-13) in bronchoalveolar lavage fluid and attenuated
airway hyperresponsiveness (14). Although interleukin levels (IL-
16, IL-1B, IL-5, and IL-10) are detected in patients with AIS,
their prognostic value or relationship with HGF is unknown.
Therefore, the prognostic value of HGF within 24h after
stroke with functional outcome (modified Rankin scale and

death at 90 d) in patients with first-ever AIS with or without
heparin/t-PA treatment requires validation. Understanding the
associations of the plasma HGF level and its related interleukins
in clinical populations in the acute phase may offer novel
immunomodulatory therapeutic options.

MATERIALS AND METHODS

Study Participants and Outcome

Assessment

In the present study, we analyzed consecutive patients with first-
ever AIS who presented to Xuanwu Hospital of Capital Medical
University within 24 h after symptom onset between November
2018 and May 2019. Our study was approved by the Ethics
Committee of Xuanwu Hospital, Capital Medical University.
Written informed consent was provided by all patients or their
immediate family members. According to the criteria of the Trial
of Org 10,172 in Acute Stroke Treatment (TOAST), ischemic
stroke is classified as large artery atherosclerosis (thrombotic),
cardiac embolism (embolic), or small artery occlusion lacunae
(lacunar). The inclusion criteria were (1) patients with focal
or global neurological deficits, (2) brain computed tomography
(CT) or magnetic resonance imaging (MRI) findings indicating a
diagnosis of AIS, (3) clinical evaluation performed and recorded
90 d after stroke, and (4) no previous history of stroke. Patients
with heart failure, renal failure, cancer, immune diseases, active
infection, rheumatic heart disease, liver cirrhosis, epilepsy, and
other neurological diseases as well as serious pancreas, intestine,
thyroid, or lung disease were excluded from the present study.
Finally, 202 patients with first-ever AIS were included for
analysis. The primary outcome was defined as an unfavorable
outcome [modified Rankin scale (mRS) score, 3-6] at 90 d after
stroke, and the secondary outcome was death within 3 months
after stroke. The follow-up was conducted by experienced
neurologists blinded to the experimental design.

Clinical Data and Blood Collection

Baseline data on demographic characteristics; clinical features,
including onset time and systolic and diastolic pressure; medical
history; and routine laboratory examination (leukocyte number,
glucose levels, blood lipids, etc.) at admission were recorded
from the electronic medical record system. Stroke severity
was evaluated using the NIH Stroke Scale (NIHSS) score by
experienced neurologists at admission (15). Blood samples were
collected from patients with AIS before they received any
treatments. The blood samples were centrifuged at 3,000 rpm
for 10 min to obtain plasma. All plasma samples were frozen at
—80°C before the examination.

Measurement of Circulating Biomarker

Levels

Plasma levels of HGE IL-1f, IL-10, IL-5, and IL-16 were
examined using a ProcartaPlex multiplex magnetic bead panel kit
(Invitrogen, PPX-10) according to the manufacturer’s protocol.
The data were analyzed using ProcartaPlex Analyst 1.0 software.
The experienced laboratory technicians who conducted the tests
were blinded to the experimental design.
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Statistical Analysis

Data were analyzed using IBM SPSS Statistics for Windows,
version 21.0 (IBM Corp., Armonk, NY, USA) and R software
(version 3.5.1), and p < 0.05 was defined as statistically
significant. Continuous variables are expressed as the means
+ standard deviations (SDs) and analyzed using Student’s
t-test (normal distribution) or medians with interquartile
ranges (IQRs) and analyzed using Mann-Whitney U tests
(nonnormal distribution). Frequencies and percentages in
categorical variables were analyzed by chi-squared tests. Receiver
operating characteristic (ROC) curves were generated to identify
the predictive values of the five cytokines in predicting AIS
and calculating the optimal cutoff values of HGF and the
four inflammatory biomarkers. An elastic net regression model
was used to select variables that were potentially related to
stroke outcome with cross-validation applied to determine the
optimal regularization parameters (16, 17). In logistic regression
models that introduced penalty terms, variables with estimated
coefficients close to zero were removed from the model for
variable selection. Finally, seven variables were selected, and their

corresponding odds ratios (ORs) and 95% confidence intervals
(CIs) were reported. We considered variables with p < 0.05 to
be statistically significant. The five significant variables selected
from the elastic net regression model were then imported into
the binary multivariable stepwise logistic regression analysis to
explore the relationship between HGF level and stroke outcome.

Spearman rank correlation analysis was used to explore
the relationship between HGF and other factors. Finally,
net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) (18) were used to evaluate
whether adding one or more inflammatory biomarkers to
conventional risk factors improved the predictive power for the
primary and secondary outcomes in patients with AIS.

RESULTS

Baseline Characteristics

The baseline clinical characteristics of the 202 patients with AIS
are listed in Table 1. The mean patient age was 64.24 years, and
149 (73.76%) of the patients were male. The median NIHSS

TABLE 1 | Clinical characteristics and inflammatory cytokines of AIS patients with favorable and unfavorable outcomes.

Baseline characteristics All (202) Favorable outcome Unfavorable outcome p-value
(mRS 0-2, n = 130) (mRS 3-6,n =72)
Age, y 64.24 + 13.31 61.92 +£12.30 68.42 + 14.11 0.001
Male, n (%) 149 (73.76) 98 (75.38) 51 (70.83) 0.481
Time from onset, h 2.95 (1.48-5.03) 2.85(1.30-4.43) 3.15 (1.80-6.38) 0.108
Baseline systolic BF, mmHg 150 (140-170) 152.5 (140-170) 149 (140-169.5) 0.322
Baseline diastolic BP, mmHg 87.5 (78.0-93.0) 85.0 (77.8-94.0) 90.0 (79.0-92.0) 0.803
Baseline NIHSS 5.0 (8.0-11.0) 4.0 (2.0-6.0) 13.0 (8.3-17.0) <0.001
Rt-PA administration, n (%) 92 (45.54) 68 (62.31) 24 (33.33) 0.009
Prior risk factors, n (%)
Hypertension 133 (65.84) 83 (63.85) 50 (69.44) 0.422
Diabetes mellitus 83 (41.09) 47 (36.15) 36 (50.00) 0.055
Coronary heart disease 46 (22.77) 24 (18.46) 22 (30.56) 0.050
Atrial fibrillation 32 (15.84) 11 (8.46) 21 (29.17) <0.001
Stroke etiology, n (%)
Thrombotic 148 (73.27) 94 (72.31) 54 (75.00) 0.679
Embolic 15 (7.35) 10 (7.63) 5 (6.85) 0.846
Lacunar 39 (19.18) 26 (19.85) 13 (17.81) 0.737
Clinical parameters, median (IQR)
NLR 2.88 (2.01-5.14) 2.55 (1.77-3.99) 4.48 (2.34-8.67) <0.001
PLT 208.0 (170.8-246.5) 215.5 (175.3-257.0) 196.0 (164.0-229.8) 0.032
Baseline glucose, mmol/L 6.72 (6.71-8.91) 6.32 (5.56-8.04) 8.18 (6.35-11.18) <0.001
TG, mmol/L 1.50 (0.96-2.48) 1.70 (1.07-2.69) 1.26 (0.79-1.81) 0.007
Total cholesterol, mmol/L 4.55 (3.82-5.44) 4.75 (3.93-5.59) 4.28 (3.60-5.11) 0.018
HDL, mmol/L 1.18 (1.00-1.39) 1.17 (0.97-1.39) 1.23 (1.05-1.39) 0.358
LDL, mmol/L 2.72 (2.05-3.44) 2.79 (2.05-3.62) 2.50 (2.01-3.15) 0.137
Biomarkers (pg/ml), median (IQR)
HGF 101.11 (77.01-132.64) 89.47 (67.61-108.41) 138.96 (99.12-201.03) <0.001
IL-18 5.54 (3.46-9.54) 6.30 (3.70-10.69) 4.83 (3.03-8.63) 0.020
IL-5 63.18 (36.62-101.96) 64.49 (44.04-109.02) 57.92 (33.35-92.22) 0.102
IL-10 3.07 (1.89-4.79) 3.07 (1.89-4.68) 3.14 (1.89-4.58) 0.938
IL-16 68.44 (47.29-109.97) 55.86 (43.81-85.38) 89.65 (62.35-147.30) <0.001

BR, blood pressure; NIHSS, NIH stroke scale; Rt-PA, recombinant tissue-plasminogen activator; IQR, interquartile range. TG, triglyceride; HDL, high-density lipoprotein; LDL,

Low-density lipoprotein.
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score at presentation was 5 (IQR 3-11), and the median time
from stroke onset to blood collection was 2.95h (IQR 1.48-
5.03). According to their mRS scores, the patients were divided
into two groups with good (N = 130, mRS score = 0-2) and
poor (N = 72, mRS score = 3-6) prognoses. As shown in
Table 1, compared with patients with a good prognosis, patients
with a poor prognosis were older and had a higher NIHSS
score, a higher neutrophil-to-lymphocyte ratio, higher blood
glucose, lower triglycerides, lower total cholesterol, and higher
HGEF levels.

Expression Levels of Plasma HGF and
Interleukins in Patients AIS With
Unfavorable and Favorable Outcomes at 3
Months

At the 3-month follow-up, 72 (35.64%) patients had experienced
the primary unfavorable outcome (Table 2). The clinical variables

related to an unfavorable outcome were older age, higher
admission NIHSS scores, history of atrial fibrillation, and

higher baseline neutrophil-to-lymphocyte ratio. We observed
significantly increased baseline HGF (138.96 vs. 89.47, p < 0.001)
and IL-16 (89.65 vs. 55.86, p < 0.001) levels in patients with
unfavorable outcome, and baseline IL-1f (4.83 vs. 6.30, p = 0.020)
levels were decreased in patients with unfavorable outcomes
compared with those in patients with favorable outcomes
(Table 1).

Prognostic Function of Plasma HGF and
Interleukin Levels for Poststroke Outcome
at 3 Months

We next conducted a multivariable logistic regression analysis to
determine whether HGF and its related interleukins could predict
the outcome of patients with AIS. After adjusting for clinical
variables possibly related to the primary outcome, only elevated
HGEF level remained significant for the prediction of unfavorable
outcomes in binominal multivariate analysis (p < 0.001). The
multivariable-adjusted OR (95% CI) for HGF (each 10 pg/mL
increase) was 1.178 (1.087-1.277) (Table 2). HGF, IL-18, IL-5, IL-
10, and IL-16 levels were then dichotomized using ROC curves.

TABLE 2 | Univariable and multivariable logistic regression analyses depicting the associations of the four parameters and other baseline characteristics with unfavorable

outcomes.
Facors Model 1 Model 2
OR (95% CI) p-value OR (95% CI) p-value

Age 1.034 (1.002-1.067) 0.040 1.036 (1.003-1.069) 0.030
NIHSS 1.300 (1.186-1.426) <0.001 1.309 (1.196-1.432) <0.001
Diabetes mellitus 2.680 (1.069-6.719) 0.036 2.945 (1.194-7.265) 0.019
Rt-PA administration 0.379 (0.152-0.944) 0.037 0.397 (0.162-0.972) 0.043
Biomarkers (as continuous variables)
HGF, 10 pg/ml per increase 1.160 (1.070-1.257) <0.001 1.178 (1.087-1.277) <0.001
IL-18, 1 pg/ml per increase
IL-5, 10 pg/ml per increase
IL-10, 1 pg/ml per increase - -
IL-16, 10 pg/ml per increase
Biomarkers (as categorical variables)
HGF, >117.745 pg/ml 7.606 (3.090-18.726) <0.001
IL-18, >4.895 pg/ml - - -
IL-5, >125.960 pg/ml - - - -
IL-10, >3.660 pg/ml - - - -
IL-16, >60.190 pg/ml - - - -
Model 1 was elastic net regression model. Model 2 was adjusted for age, admission NIHSS score, history of diabetes mellitus, and rt-PA treatment.
TABLE 3 | Reclassification of the primary outcome by plasma HGF in AIS patients.
Models NRI IDI

Estimate (95% Cl), % p-value Estimate (95% Cl), % p-value
Conventional model Reference - Reference -
Conventional model + HGF 37.13 (19.17-44.29) <0.001 8.71 (3.75-13.67) <0.001

Cl, confidence interval; IDI, integrated discrimination index; NRI, net reclassification improvement. The conventional model included factors that are significant in multivariate

logistic regression.
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FIGURE 1 | The ROC curves of the two models are drawn to calculate the
corresponding AUC value. It can be seen that the AUC value of the traditional
model is 0.8896. When HGF is introduced into the model, the AUC value can
reach 0.9210, with an increase of 3.1 percentage points.
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FIGURE 2 | Comparisons of plasma HGF between survivors and
non-survivors within 3 months poststroke. The horizontal lines represent
median levels and interquartile ranges (IQR). N = 181 in survivors, and n = 21
in non-survivors. **p < 0.01.

The optimal cutoff values are shown in Table 2. Multivariable
logistic regression analyses were then conducted as before using
the dichotomized data. Following multivariable analysis, only
plasma HGF remained an independent predictor of unfavorable
outcome (p < 0.001) with a higher adjusted OR of 7.606 (3.090-
18.726). None of the other four parameters were independently
associated with the primary outcome (Table 2).

Incremental Predictive Value of Plasma
HGF Level for Poor Prognosis of AlIS

We then tested whether adding plasma HGF to the conventional
model (including age, NTHSS score, diabetes, and t-PA treatment)
could improve the predictive ability for unfavorable outcomes
in patients with AIS. We calculated the NRI and IDI of the
new model compared with the traditional model (Table 3). The
results demonstrate that HGF may improve the reclassification

of unfavorable outcome (NRI: 31.73%, p < 0.001; IDI: 8.71%, p
< 0.001). We also generated ROC curves of the two models and
calculated the corresponding area under the curve (AUC) values
(Figure 1). The AUC value of the traditional model was 0.8896,
which increased by 3.1 percentage points to 0.9210 when HGF
was introduced into the model.

Plasma HGF Level Was Significantly Higher

in Non-survivors of AIS Within 3 Months

Within 3 months after stroke, 21 patients (10.40%) died. The
plasma HGF levels were significantly higher in non-survivors
than those in survivors (p = 0.0011) (Figure?2). The five
biomarkers were dichotomized using ROC curves, and their
optimal cutoff values were determined (Table 4). After multiple
logistic regression analysis, only plasma HGF was a risk factor for
mortality (OR: 3.120, 95% CI: 1.042-9.343, p = 0.042) (Table 4).

HGF Was Closely Associated With
Interleukin Levels and Inflammation in
Patients With AIS

Correlation analysis to further explore the association of HGF
with interleukins and inflammation in patients with AIS revealed
that plasma HGF levels were positively related to both IL-
10 and IL-16 (Figure3A, p < 0.05). Then, HGF and IL-16
were negatively correlated with lymphocyte number, and IL-1f
was positively correlated with lymphocyte number (Figure 3B,
p < 0.05). Moreover, HGF levels before all interleukins
were significantly negatively correlated with the lymphocyte-to-
neutrophil ratio (Figure 3C, p < 0.0001).

DISCUSSION

This study investigated the prognostic value of baseline HGF
and HGF-associated interleukins in 202 patients with acute-
phase AIS and 76 healthy controls. The core findings of this
study include (i) elevated plasma HGF levels within 24 h after
stroke attack were associated with an increased risk of the
primary outcomes at 3 months after stroke in a broader AIS
population; moreover, the addition of HGF to a model containing
conventional risk factors improved the risk stratification for
primary outcomes. (ii) IL-10, IL-1f, IL-5, and IL-16 were not
independently associated with unfavorable outcomes in patients
with AIS. (iii) HGF was positively correlated with IL-10 and IL-
16, and HGF levels before all interleukins and was negatively
correlated with lymphocyte-to-neutrophil ratio.

Previously, Zhu et al. reported that serum HGF levels were
associated with mortality but not disability at 3 months after
ischemic stroke onset (5). However, they included patients within
48 of symptom onset and excluded patients treated with rt-PA
(5). By comparison, we collected blood samples within 24 h and
before the patients had received any treatment. Thus, the HGF
level could better reflect the pathological changes of AIS without
the influence of clinical treatment. We also included patients who
received rt-PA therapy for AIS within 4.5 h after symptom onset
(19). As rt-PA treatment is a well-accepted strategy, incorporating
those patients into this study made our findings more easily
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TABLE 4 | Biomarkers and risk of the secondary outcome after AIS.

Factors Model 1 Model 2

OR (95% CI) p-value OR (95% ClI) p-value
NIHSS 1.135 (1.071-1.202) <0.001 1.115 (1.046-1.188) 0.001
Diabetes mellitus 2.577 (1.017-6.532) 0.046 3.148 (1.091-9.085) 0.034
Coronary heart disease 2.316 (0.895-5.992) 0.083 1.639 (0.528-5.093) 0.561
Atrial fibrillation 2.385 (0.848-6.705) 0.099 0.958 (0.238-3.855) 0.870
Leukocytes number 1.233 (1.087-1.399) 0.001 1.114 (0.942-1.317) 0.204
Biomarkers (as categorical variables)
HGF, >140.005 pg/ml 6.011 (2.333-15.486) <0.001 3.120 (1.042-9.343) 0.042
IL-1B, =7.035 pg/ml 1.703 (0.686-4.227) 0.251 - -
IL-5, >83.87 pg/ml 1.928 (0.775-4.797) 0.158 - -
IL-10, >2.465 pg/ml 2.163 (0.759-6.164) 0.149 - -
IL-16, >60.190 pg/ml 4.111 (1.331-12.696) 0.014 1.179 (0.475-6.738) 0.413

Model 1 was an unadjusted logistic regression model. Model 2 was adjusted for admission NIHSS score, history of diabetes mellitus, coronary heart disease, and atrial fibrillation,
leukocytes number.
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FIGURE 3 | Correlation analyses between circulating HGF and the related interleukins (IL-18, IL-5, IL-10, and IL-16) in AIS patients. (A) Correlation between circulating
HGF and other four parameters within 24 h after stroke attack. (B) Correlation between the number of circulating lymphocytes and the five parameters within 24 h after
stroke attack. (C) Correlation between lymphocyte-to-neutrophil ratio and the five parameters within 24 h after stroke attack. N = 202.

generalized. In general, although the inclusion criteria of AIS HGF is a pleiotropic cytokine that can regulate different
patients differed somewhat, our results are consistent with those  cellular functions. Delayed recanalization after middle cerebral
of previous clinical studies reporting that HGF is an independent ~ artery occlusion ameliorated ischemic stroke by inhibiting
risk factor for an unfavorable prognosis in patients with AIS. apoptosis via the HGF/c-Met/STAT3/Bcl-2 pathway in rats (20).
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However, clinical studies report that circulating HGF level
is associated with stroke risk factors involved in endothelial
dysfunction, including hypertension, diabetes mellitus, smoking,
and age (21). HGF also accelerated the progression of
atherosclerosis, and melatonin inhibited macrophage infiltration
and promoted plaque stabilization by upregulating the anti-
inflammatory HGF/c-Met system in atherosclerotic rabbit
ultrasmall superparamagnetic iron oxides (USPIO)-enhanced
MRI assessment (22, 23). Similarly, we also found that plasma
HGEF levels were associated with increased risks of unfavorable
outcomes within 3 months in patients with AIS. Collectively,
although HGF interventions have shown both good and bad
effects in basic research, increased circulating HGF levels were
related to the risk factors of stroke and predicted an adverse
prognosis of stroke.

HGF was also associated with central and peripheral
inflammation in ischemic stroke. HGF suppressed microglial
activation and IL-1P expression in rats with ischemic stroke
(11). An in vitro study also showed that HGF affected the
phenotypic shift of macrophages by decreasing the levels of
pro-inflammatory IL-1f and promoting the expression of anti-
inflammatory IL-10 (12). Our results show the elevation of
IL-1p and IL-10 and HGF levels are positively related to IL-
10 expression, indicating that HGF may participate in the
phenotypic transformation of microglia/macrophages in patients
with AIS. Moreover, both HGF and IL-16 were associated with
the regulation of Th17, which are important pro-inflammatory
cells in AIS. In our study, HGF was strongly positively
associated with IL-16 expression, both of which were negatively
correlated with lymphocyte number. We speculate that HGF
and IL-16 may synergistically regulate the Thl17-associated
inflammatory process in AIS. HGF levels before all interleukins
were substantially negatively correlated with the lymphocyte-to-
neutrophil ratio as well as unfavorable outcomes in patients with
AIS. Therefore, we inferred that HGF was involved in multiple
inflammatory responses in AIS and that interventions involving
HGF may be a therapeutic strategy in AIS.

However, our study has some limitations. First, it lacks data
on infarct volume in CT or MRI scans. Patients who met the
criterion of intravenous therapy undergo CT scans to exclude
cerebral hemorrhage and should be infused with thrombolysis
drugs as early as possible (24). Thus, nearly half of the patients
in our study did not undergo a premorbid MRI scan. However,
infarcts are not obvious on early CT scans, and the severity
of neurological prognosis is not always proportional to the
size of infarct volume; hence, it is reasonable that we did not
include infarct volume in our study. Second, our study was
performed in a single center, and the sample size is somewhat
small, which limits the generalizability of our results. Further
testing in separate cohorts with larger sample sizes in multiple
centers is needed to verify our findings. Third, the biomarkers
included in this study were only examined once at admission.
As the inflammatory process is dynamic after AIS, it is essential

to monitor the changes of these biomarkers in further studies.
Nevertheless, the present study extends the knowledge and
clinical application of acute-phase circulating HGF levels in a
broader AIS population.

In conclusion, our study results demonstrate that increased
plasma HGF levels within 24 h were associated with unfavorable
prognosis and mortality at 3 months after AIS. Adding plasma
HGF to established risk factors substantially improves the risk
prediction for an unfavorable prognosis in patients with AIS
patients; thus, the results of the present study extend the
prognostic significance of HGF in patients with AIS administered
t-PA treatment within 24h poststroke. In addition, we find
that plasma HGF may be a node for phenotype transformation
of inflammatory cells in AIS. However, our findings also have
limitations, including the fact that, due to the characteristics
of the prediction (its bidirectionality), we cannot determine
which is the cause and which is the effect. However, this
link provides a thought-provoking example of how apparently
different biological properties could interact to determine a
unique abnormal condition of disease. If this association is
verified, interventions including HGF may offer a new, promising
immunomodulatory therapeutic target for AIS.
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Background: Uric acid (UA) is proposed as a potential risk factor for stroke in adult, yet
the results from published studies are not generally accordant.

Method: We included prospective studies that explored the relationship between serum
UA (SUA) and strokes. In this study, strokes include ischemic stroke and hemorrhagic
stroke, which consists of intracerebral hemorrhage and subarachnoid hemorrhage. The
effect-size estimates were expressed as hazard ratio (HR) and 95% confidence interval
(Cl). Sensitivity and subgroup analyses were performed to assess the robustness of the
pooled estimation and potential sources of heterogeneity between studies.

Results: We meta-analyzed 19 prospective cohort articles, which involve 37,386 males
and 31,163 females. Overall analyses results showed a significant association between
a 1 mg/dl increase in high levels of SUA and the risk of total stroke (HR = 1.13;
95% Cl: 1.09-1.18; P < 0.001), ischemic stroke (HR = 1.15; 95% CI: 1.10-1.21; P
< 0.001), and hemorrhagic stroke (HR = 1.07; 95% CI: 1.00 to 1.15; P = 0.046). No
significant difference was found between ischemic stroke and hemorrhagic stroke. In
the subgroup analyses, the association of high SUA levels and the risk of total stroke
was statistically significant in females (HR = 1.19; 95% CI: 1.12-1.26; P < 0.001) and
males (HR = 1.11; 95% CI: 1.05-1.17; P < 0.001). Coincidentally, the association was
also statistically significant for ischemic stroke, both in females (HR = 1.26; 95% Cl:
1.17-1.36; P < 0.001) and in males (HR = 1.12; 95% ClI: 1.06-1.19; P < 0.001).
However, for hemorrhagic stroke, it was only statistically significant in females (HR = 1.19;
95% Cl: 1.04-1.35; P = 0.01). Our dose-response research indicated the J-shaped
trend between the ascending SUA levels and the higher risk of suffering from a stroke.

Conclusions: Our findings indicate that elevated SUA is a significant risk factor for adult
stroke, both for ischemic stroke and hemorrhagic stroke, and especially in females.
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INTRODUCTION

Stroke is believed to be the second leading cause of death and
a major contributor to disability-adjusted life-years (DALYs)
lost worldwide (1). According to global statistics, together
with ischemic heart disease, strokes account for nearly 15.2
million deaths in 2015 (1). In 2017, intracerebral hemorrhage
and ischemic stroke caused 57.9 and 47.8 million DALYs lost,
separately (2). Stroke is preventable. Multiple modifiable risk
factors, such as hypertension, diabetes mellitus, atrial fibrillation,
dyslipidemia, smoking, obesity, lack of physical activity, etc.,
have been widely observed in the prevention and treatment of
stroke (1). However, the number of incidents of stroke, survivors,
and stroke-related death, as well as DALYs, are still increasing
globally (3). Therefore, a better understanding of more potential
risk factors are needed to develop additional preventive strategies
for stoke.

Uric acid (UA), one metabolic end product of purine, exists in
the form of UA salt with high solubility in organisms. Regularly,
serum UA (SUA) levels range from 1.5 to 6.0 mg/dl for women
and 2.5 to 7.0 mg/dl for men under a healthy status, which is
hard upon the upper limit of UA dissolution in serum (4). Up
to date, controversial results regarding the correlation between
SUA levels and the incidence of stroke have been reported. It
was shown that UA is one of the most essential antioxidants in
the blood whose concentration is 10 times greater than that of
other antioxidants. UA provides an antioxidant defense against
oxidant- and radical-caused damage in humans (5). Researches
demonstrated that UA is an antioxidant factor to protect nerves
from oxidative damage (6, 7), thereby possibly preventing stroke
outcomes. Whereas, many studies found that high SUA levels
might be a major risk factor for the onset of stroke (8-11). Zhong
et al. explored the association between SUA levels and risk of
stroke base on a meta-analysis (12). The study revealed that the
elevated SUA levels were significantly related to the modestly
increased risk of stroke, and there existed no significant gender
differences. Meanwhile, the association between SUA and the
risk of each subtype of stroke had been developed by different
meta-analyses (13, 14). No studies were conducted to compare
the effect of SUA levels on ischemic stroke and hemorrhagic
stroke. It is widely accepted that hemorrhagic stroke is ascribed
to the rupture of a blood vessel, and ischemic stroke is caused by
blockage of an artery; both conditions cause local hypoxia that
damages brain tissue. Ischemic stroke accounts for the majority
of strokes, yet hemorrhagic stroke is responsible for more deaths
and DALYs lost (15). Identifying the role of SUA levels in
each type of stroke is vital for subsequent targeted treatment
and prevention. In our study, we performed a meta-analysis of
prospective studies to detect the association between elevated
SUA levels and the risk of stroke and explored the differences
between ischemic stroke and hemorrhagic stroke.

METHODS

This meta-analysis was carried out in line with the guidelines
of the Preferred Reporting Items for Systematic Reviews and
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FIGURE 1 | Flow chart of records retrieved, screened and included in this
meta-analysis.

Meta-analyses (PRISMA) statement (16), which is presented in
Supplementary Table 1.

Search Strategy

We finished literature search by looking through PubMed,
EMBASE, and Web of Science databases as of December 26,
2020. The following medical nomenclature are considered:
(uric acid OR ua OR urate OR hyperuricemia OR hyperuric
OR ammonium acid urate [Title/Abstract]) AND (stroke OR
cerebrovascular OR apoplexy OR brain vascular accident OR
cerebral stroke OR ischemic stroke OR ischaemic stroke OR
cryptogenic ischemic stroke OR cryptogenic stroke OR embolism
stroke OR intracranial embolism OR intracranial infarction
OR cerebral embolism OR cerebral infarction OR brain
infarction OR intracranial hemorrhage OR brain hemorrhage OR
hemorrhagic stroke OR cerebral hemorrhage [Title/Abstract]).
In order to avoid underlying missing points, reference lists of
retrieved articles and systematic reviews were scanned.

Two researchers (Tianci Qiao and Hongyun Wu) examined
all retrieved articles independently, and they seriously assessed
preliminary qualification based on the titles, abstracts, and full
texts when necessary.

Inclusion/Exclusion Criteria

We included the articles when they met the following criteria:
(1) the study has a prospective design (prospective cohort or
prospective nested case-control study); (2) the study outcomes
were stroke, including ischemic stroke and any kinds of
hemorrhagic stroke (intracerebral hemorrhage and subarachnoid
hemorrhage); (3) enrolled participants were free of stroke at
baseline; (4) studies that reported the definition of outcomes
in participants with stroke; and (5) hazard ratio (HR) and
corresponding 95% confidence interval (CI) of the association
between UA and stroke were reported. Articles were excluded
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TABLE 1 | Baseline characters of the associations between UA levels and the risk of having stroke.

Author Year Location Baseline age Follow-up (year) Sample size (n) Stroke type Sex Case(n) Uricacidlevels HR (95% Cl)
(wmol/L)
Sakata 2001 Japan >30 14 8,172 Total stroke M 94 297-338 0.84 (0.45-1.59)
Sakata 2001 Japan >30 14 8,172 Total stroke M 94 339-385 0.66 (0.33-1.33)
Sakata 2001  Japan >30 14 8,172 Total stroke M 94 >386 1.71(0.92-3.17)
Sakata 2001  Japan >30 14 8,172 Total stroke F 80 214-248 1.40 (0.54-3.63)
Sakata 2001  Japan >30 14 8,172 Total stroke F 80 249-290 0.95 (0.37-2.45)
Sakata 2001 Japan >30 14 8,172 Total stroke F 80 >291 1.12 (0.46-2.74)
Chien 2005 China >35 ik 3,602 Total stroke M 155 Per unit 1.13 (0.88-1.46)
Chien 2005 China >35 11 3,602 Total stroke F 155 Per unit 1.32 (1.01-1.73)
Bos 2006 Netherlands >55 8.4 4,385 Total stroke M 132 310-375 1.78 (1.16-2.74)
Bos 2006 Netherlands >55 8.4 4,385 Total stroke M 132 >375 1.41 (0.90-2.23)
Bos 2006  Netherlands >55 8.4 4,385 Total stroke M 132 Per unit 1.15(0.95-1.38)
Bos 2006  Netherlands >55 8.4 4,385 Total stroke F 249 263-321 1.45 (1.05-2.02)
Bos 2006 Netherlands >55 8.4 4,385 Total stroke F 249 >321 1.45 (1.05-2.01)
Bos 2006  Netherlands >55 8.4 4,385 Total stroke F 249 Per unit 1.18 (1.05-1.34)
Bos 2006  Netherlands >55 8.4 4,385 IS M 73 310-375 1.57 (0.88-2.79)
Bos 2006  Netherlands >55 8.4 4,385 IS M 73 >375 1.36 (0.74-2.48)
Bos 2006 Netherlands >55 8.4 4,385 IS M 73 Per unit 1.18 (0.92-1.51)
Bos 2006 Netherlands >55 8.4 4,385 IS F 132 263-321 1.44 (0.91-2.27)
Bos 2006  Netherlands >55 8.4 4,385 IS F 132 >321 1.68 (1.08-2.62)
Bos 2006 Netherlands >55 8.4 4,385 IS F 132 Per unit 1.26 (1.07-1.49)
Bos 2006  Netherlands >55 8.4 4,385 HS M 16 310-375 1.23 (0.38-4.04)
Bos 2006  Netherlands >55 8.4 4,385 HS M 16 >375 1.11(0.32-3.893)
Bos 2006 Netherlands >55 8.4 4,385 HS M 16 Per unit 0.97 (0.55-1.70)
Bos 2006  Netherlands >55 8.4 4,385 HS F 30 263-321 1.22 (0.48-3.10)
Bos 2006  Netherlands >55 8.4 4,385 HS F 30 >321 1.32 (0.53-3.26)
Bos 2006  Netherlands >55 8.4 4,385 HS F 30 Per unit 1.23 (0.87-1.74)
Gerber 2006  Israel >40 23 9,125 Total stroke M 292 <238 1.52 (1.04-2.23)
Gerber 2006  Israel >40 23 9,125 Total stroke M 292 238-267 1.46 (1.00-2.12)
Gerber 2006  Israel >40 23 9,125 Total stroke M 292 298-333 1.25(0.85-1.84)
Gerber 2006 Israel >40 23 9,125 Total stroke M 292 >333 1.20 (0.81-1.78)
Gerber 2006 Israel >40 23 9,125 IS M 292 <238 1.34 (0.87-2.05)
Gerber 2006 Israel >40 23 9,125 IS M 292 238-267 1.33(0.89-2.01)
Gerber 2006 Israel >40 23 9,125 IS M 292 298-333 1.21(0.81-1.82)
Gerber 2006 Israel >40 23 9,125 IS M 292 >333 1.15(0.75-1.74)
Gerber 2006 Israel >40 23 9,125 HS M 292 <238 3.27 (1.14-9.33)
Gerber 2006  lsrael >40 23 9,125 HS M 292 238-267 2.52 (0.87-7.29)
Gerber 2006 Israel >40 23 9,125 HS M 292 298-333 1.55 (0.49-4.89)
Gerber 2006  Israel >40 23 9,125 HS M 292 >333 1.62 (0.51-5.18)
Hozawa 2006 USA 45-64 12.6 11,263 1S All 381 286-351 0.86 (0.60-1.23)
Hozawa 2006 USA 45-64 12.6 11,263 IS All 381 351-411 1.09 (0.79-1.49)
Hozawa 2006 USA 45-64 12.6 11,263 IS All 381 >411 1.25(0.91-1.73)
Hozawa 2006 USA 45-64 12.6 11,263 IS M 149 286-351 1.01 (0.48-2.193)
Hozawa 2006 USA 45-64 12.6 11,263 IS M 149 351-411 1.30 (0.67-2.59)
Hozawa 2006 USA 45-64 12.6 11,263 IS M 149 >411 1.63 (0.83-3.19)
Hozawa 2006 USA 45-64 12.6 11,263 IS F 118 286-351 0.85 (0.51-1.41)
Hozawa 2006 USA 45-64 12.6 11,263 IS F 118 351-411 1.22 (0.75-1.99)
Hozawa 2006 USA 45-64 12.6 11,263 IS F 118 >411 1.27 (0.70-2.30)
Strasak1 2008  Austria 62.3 16.2 28,613 Total stroke F 1,662 220-268 1.25(0.99-1.57)
Strasak1 2008  Austria 62.3 156.2 28,613 Total stroke F 1,662 268-322 1.48 (1.18-1.86)
Strasak1 2008 Austria 62.3 15.2 28,613 Total stroke F 1,652 >322 1.37 (1.09-1.74)
Strasak1 2008 Austria 62.3 15.2 28,613 Total stroke F 1,652 Per unit 1.07 (1.01-1.13)
(Continued)
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TABLE 1 | Continued
Author Year Location Baseline age Follow-up (year) Sample size (n) Stroke type Sex Case(n) Uricacidlevels HR (95% Cl)
(wmol/L)
Strasak1 2008 Austria 62.3 15.2 28,613 HS F 228 220-268 1.14 (0.65-2.01)
Strasak1 2008 Austria 62.3 15.2 28,613 HS F 228 268-322 1.47 (0.83-2.52)
Strasak1 2008 Austria 62.3 15.2 28,613 HS F 228 >322 1.29 (0.71-2.4)
Strasak1 2008 Austria 62.3 156.2 28,613 HS F 228 Per unit 1.06 (0.91-1.23)
Strasak1 2008 Austria 62.3 16.2 28,613 IS F 422 220-268 1.33(0.97-1.83)
Strasak1 2008 Austria 62.3 156.2 28,613 IS F 422 268-322 1.66 (1.22-2.26)
Strasak1 2008  Austria 62.3 15.2 28,613 IS F 422 >322 1.53 (1.11-2.09)
Strasak1 2008  Austria 62.3 16.2 28,613 IS F 422 Per unit 1.02 (0.91-1.14)
Strasak2 2008  Austria 41.6 13.6 83,683 Total stroke M 645 273.82-315.48  1.00 (0.76-1.30)
Strasak2 2008  Austria 41.6 13.6 83,683 Total stroke M 645 3156.49-351.19 1.05 (0.80-1.38)
Strasak2 2008 Austria 41.6 13.6 83,683 Total stroke M 645 351.2-398.81  1.02 (0.78-1.34)
Strasak2 2008 Austria 41.6 13.6 83,683 Total stroke M 645 >398.81 1.59 (1.23-2.04)
Strasak2 2008 Austria 41.6 13.6 83,683 Total stroke M 645 Per unit 1.11 (1.05-1.18)
Strasak2 2008 Austria 41.6 13.6 83,683 HS M 147 273.82-315.48 1.02 (0.60-1.72)
Strasak2 2008 Austria 41.6 13.6 83,683 HS M 147 315.49-351.19  0.89 (0.51-1.57)
Strasak2 2008  Austria 41.6 13.6 83,683 HS M 147 351.2-398.81  0.92 (0.53-1.60)
Strasak2 2008  Austria 41.6 13.6 83,683 HS M 147 >398.81 1.18 (0.70-2.01)
Strasak2 2008  Austria 41.6 13.6 83,683 HS M 147 Per unit 1.06 (0.93-1.20)
Strasak2 2008  Austria 41.6 13.6 83,683 1S M 147 273.82-315.48  0.92 (0.52-1.63)
Strasak2 2008 Austria 41.6 13.6 83,683 IS M 147 315.49-351.19  1.19 (0.68-2.07)
Strasak2 2008 Austria 41.6 13.6 83,683 IS M 147 351.2-398.81  1.01 (0.57-1.80)
Strasak2 2008 Austria 41.6 13.6 83,683 1S M 147 >398.81 1.81(1.07-3.04)
Strasak2 2008 Austria 41.6 13.6 83,683 IS M 147 Per unit 1.13(1.01-1.27)
Holme 2009 Sweden 30-85 11.8 417,734 Total stroke M 9,324 281-319 1.08 (0.97-1.09)
Holme 2009 Sweden 30-85 11.8 417,734 Total stroke M 9,324 319-362 1.09 (1.02-1.15)
Holme 2009  Sweden 30-85 11.8 417,734 Total stroke M 9,324 >362 1.26 (1.19-1.34)
Holme 2009 Sweden 30-85 11.8 417,734 Total stroke F 6,952 208-242 1.05 (0.97-1.15)
Holme 2009 Sweden 30-85 11.8 417,734 Total stroke F 6,952 242-327 1.16 (1.07-1.26)
Holme 2009 Sweden 30-85 11.8 417,734 Total stroke F 6,952 >327 1.41 (1.31-1.53)
Holme 2009 Sweden 30-85 1.8 417,734 HS M 9,324 281-319 0.83 (0.71-0.96)
Holme 2009 Sweden 30-85 1.8 417,734 HS M 9,324 319-362 0.92 (0.80-1.07)
Holme 2009 Sweden 30-85 1.8 417,734 HS M 9,324 >362 1.10 (0.96-1.27)
Holme 2009 Sweden 30-85 1.8 417,734 HS F 6,952 208-242 0.81 (0.64-1.01)
Holme 2009 Sweden 30-85 11.8 417,734 HS F 6,952 242-327 1.01(0.82-1.24)
Holme 2009 Sweden 30-85 11.8 417,734 HS F 6,952 >327 1.13(0.92-1.37)
Holme 2009 Sweden 30-85 11.8 417,734 IS M 9,324 281-319 1.08 (1.01-1.16)
Holme 2009 Sweden 30-85 11.8 417,734 IS M 9,324 319-362 1.10 (1.02-1.18)
Holme 2009 Sweden 30-85 11.8 417,734 IS M 9,324 >362 1.30 (1.22-1.40)
Holme 2009 Sweden 30-85 11.8 417,734 IS F 6,952 208-242 1.12 (1.01-1.24)
Holme 2009 Sweden 30-85 1.8 417,734 IS F 6,952 242-327 1.27 (1.15-1.40)
Holme 2009 Sweden 30-85 1.8 417,734 1S F 6,952 >327 1.56 (1.42-1.72)
Storhaug 2013  Norway >25 12.5 5,700 IS M 430 Per unit 1.31 (1.14-1.50)
Storhaug 2013  Norway >25 12.5 5,700 IS F 430 Per unit 1.13 (0.94-1.36)
Zhang 2016 Japan 35-89 10 36,313 Total stroke M 301 279.7-315.4  0.83(0.58-1.18)
Zhang 2016 Japan 35-89 10 36,313 Total stroke M 301 315.4-351.1 0.77 (0.52-1.13)
Zhang 2016 Japan 35-89 10 36,313 Total stroke M 301 351.1-398.7  0.77 (0.52-1.13)
Zhang 2016 Japan 35-89 10 36,313 Total stroke M 301 398.7-952.2  1.19(0.84-1.68)
Zhang 2016  Japan 35-89 10 36,313 IS M 301 279.7-315.4 0.87 (0.54-1.40)
Zhang 2016 Japan 35-89 10 36,313 1S M 301 315.4-351.1 0.75 (0.45-1.26)
Zhang 2016 Japan 35-89 10 36,313 IS M 301 351.1-398.7  0.91 (0.55-1.50)
Zhang 2016  Japan 35-89 10 36,313 1S M 301 398.7-952.2  1.19(0.75-1.90)
(Continued)
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TABLE 1 | Continued

Author Year Location Baseline age Follow-up (year) Sample size (n) Stroke type Sex Case(n) Uricacidlevels HR (95% Cl)
(wmol/L)
Zhang 2016  Japan 35-89 10 36,313 HS M 301 279.7-315.4  0.90 (0.46-1.77)
Zhang 2016 Japan 35-89 10 36,313 HS M 301 315.4-351.1 1.07 (0.54-2.14)
Zhang 2016 Japan 35-89 10 36,313 HS M 301 351.1-398.7  0.83(0.41-1.68)
Zhang 2016 Japan 35-89 10 36,313 HS M 301 398.7-952.2  1.41(0.75-2.65)
Zhang 2016 Japan 35-89 10 36,313 Total stroke F 293 202.3-232.1 1.27 (0.90-2.01)
Zhang 2016 Japan 35-89 10 36,313 Total stroke F 293 232.1-261.8  0.98 (0.62-1.54)
Zhang 2016 Japan 35-89 10 36,313 Total stroke F 293 261.8-303.5  1.05(0.67-1.64)
Zhang 2016 Japan 35-89 10 36,313 Total stroke F 293 303.5-642.7  1.46 (0.98-2.19)
Zhang 2016 Japan 35-89 10 36,313 1S F 293 202.3-232.1 142 (0.74-2.74)
Zhang 2016  Japan 35-89 10 36,313 IS F 293 232.1-261.8  0.80 (0.40-1.61)
Zhang 2016 Japan 35-89 10 36,313 IS F 293 261.8-303.5 1.22 (0.65-2.30)
Zhang 2016 Japan 35-89 10 36,313 IS F 293 303.5-642.7 1.35 (0.75-2.44)
Zhang 2016 Japan 35-89 10 36,313 HS F 293 202.3-232.1 1.41 (0.64-3.193)
Zhang 2016 Japan 35-89 10 36,313 HS F 293 232.1-261.8  1.33(0.63-2.80)
Zhang 2016 Japan 35-89 10 36,313 HS F 293 261.8-303.5  1.09 (0.48-2.43)
Zhang 2016 Japan 35-89 10 36,313 HS F 293 303.5-642.7  1.54 (0.76-3.10)
Shi 2017  China 45-75 45 20,577 Total stroke All 632 M: 279.7-327.3  0.90 (0.72-1.13)
F: 226.1-261.8
Shi 2017  China 45-75 4.5 20,577 Total stroke All 632 M: 327.3-380.8  0.90 (0.71-1.13)
F: 261.8-309.5
Shi 2017  China 45-75 4.5 20,577 Total stroke All 632 M: >380.8 0.87 (0.69-1.11)
F: >309.5
Shi 2017  China 45-75 4.5 20,577 IS All 632 M: 279.7-327.3  1.01 (0.78-1.30)
F: 226.1-261.8
Shi 2017  China 45-75 4.5 20,577 IS All 632 M: 327.3-380.8  0.93 (0.71-1.20)
F: 261.8-309.5
Shi 2017  China 45-75 4.5 20,577 IS All 632 M: >380.8 0.95 (0.73-1.25)
F: >309.5
Shi 2017  China 45-75 4.5 20,577 HS All 632 M: 279.7-327.3  0.56 (0.32-0.97)
F: 226.1-261.8
Shi 2017  China 45-75 4.5 20,577 HS All 632 M: 327.3-380.8  0.86 (0.52-1.41)
F: 261.8-309.5
Shi 2017  China 45-75 4.5 20,577 HS All 632 M: >380.8 0.67 (0.38-1.16)
F: >309.5
Shi 2017  China 45-75 4.5 20,577 Total stroke M 300 279.7-327.3 0.86 (0.62-1.19)
Shi 2017  China 45-75 4.5 20,577 Total stroke M 300 327.3-380.8  0.91 (0.66-1.27)
Shi 2017  China 45-75 4.5 20,577 Total stroke M 300 >380.8 0.80 (0.56-1.15)
Shi 2017  China 45-75 4.5 20,577 Total stroke F 332 226.1-261.8  0.95 (0.69-1.31)
Shi 2017  China 45-75 4.5 20,577 Total stroke F 332 261.8-309.5  0.90 (0.65-1.24)
Shi 2017  China 45-75 4.5 20,577 Total stroke F 332 >309.5 0.95 (0.68-1.32)
Tu 2019  China >65 3 3,243 Total stroke M 1,309 273.7-309.5  1.10(1.06-2.55)
Tu 2019  China >65 3 3,243 Total stroke M 1,309 309.5-374.9  1.18 (1.07-2.17)
Tu 2019  China >65 3 3,243 Total stroke M 1,309 >374.9 2.09 (1.40-4.28)
Tu 2019  China >65 3 3,243 IS M 1,309 273.7-309.5  1.09 (1.05-3.35)
Tu 2019  China >65 3 3,243 IS M 1,309 309.5-374.9  1.13(1.07-3.37)
Tu 2019 China >65 3 3,243 IS M 1,309 >374.9 1.69 (1.24-4.80)
Tu 2019  China >65 3 3,243 HS M 1,309 273.7-309.5  1.09 (1.05-3.35)
Tu 2019  China >65 3 3,243 HS M 1,309 309.5-374.9  1.13(1.07-3.37)
Tu 2019  China >65 3 3,243 HS M 1,309 >374.9 1.69 (1.24-4.80)
Tu 2019  China >65 3 3,243 Total stroke F 1,309 273.7-309.5  1.15(1.06-2.39)
Tu 2019  China >65 3 3,243 Total stroke F 1,309 309.5-374.9  1.18 (1.12-2.593)
Tu 2019  China >65 3 3,243 Total stroke F 1,309 >374.9 2.55 (1.28-5.44)
Tu 2019  China >65 3 3,243 IS F 1,309 273.7-309.5  1.15(1.06-2.39)
(Continued)
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TABLE 1 | Continued

Author Year Location Baseline age Follow-up (year) Sample size (n) Stroke type Sex Case(n) Uricacidlevels HR (95% Cl)
(wmol/L)

Tu 2019  China >65 3 3,243 IS F 1,309 309.5-374.9  1.18(1.12-2.593)
Tu 2019  China >65 3 3,243 IS F 1,309 >374.9 1.49 (1.18-4.24)
Tu 2019  China >65 3 3,243 HS F 1,309 273.7-309.5  2.84 (1.33-6.993)
Tu 2019  China >65 3 3,243 HS F 1,309 309.5-374.9  3.37 (1.55-8.82)
Tu 2019  China >65 3 3,243 HS F 1,309 >374.9 5.85 (1.99-9.81)
Chaudhary 2020 USA >45 4 30,239 Total stroke M 430 357-404.7 2.11 (1.29-3.45)
Chaudhary 2020 USA >45 4 30,239 Total stroke M 430 >404.7 1.14 (0.75-1.73)
Chaudhary 2020 USA >45 4 30,239 Total stroke F 389 357-404.7 0.78 (0.46-1.34)
Chaudhary 2020 USA >45 4 30,239 Total stroke F 389 >404.7 1.04 (0.62-1.73)
Li 2020 Japan 40-79 231 13,420 Total stroke M 488 279.7-321.4  1.03 (0.78-1.36)
Li 2020 Japan 40-79 231 13,420 Total stroke M 488 321.4-357.1 0.95 (0.71-1.27)
Li 2020 Japan 40-79 231 13,420 Total stroke M 488 357.1-398.7  1.10(0.82-1.48)
Li 2020 Japan 40-79 231 13,420 Total stroke M 488 398.7-666.5  1.02 (0.74-1.35)
Li 2020 Japan 40-79 231 13,420 Total stroke M 488 Per unit 1.02 (0.92-1.13)
Li 2020 Japan 40-79 231 13,420 HS M 488 279.7-321,4  1.06 (0.57-1.98)
Li 2020 Japan 40-79 231 13,420 HS M 488 321.4-357.1 1.23 (0.66-2.29)
Li 2020  Japan 40-79 231 13,420 HS M 488 357.1-398.7 1.26 (0.67-2.41)
Li 2020 Japan 40-79 231 13,420 HS M 488 398.7-666.5  0.83(0.40-1.72)
Li 2020  Japan 40-79 231 13,420 HS M 488 Per unit 0.95 (0.75-1.19)
Li 2020 Japan 40-79 231 13,420 IS M 488 279.7-321,4  1.04 (0.74-1.45)
Li 2020 Japan 40-79 231 13,420 IS M 488 321.4-357.1 0.89 (0.63-1.26)
Li 2020 Japan 40-79 231 13,420 1S M 488 357.1-398.7  1.01(0.71-1.44)
Li 2020 Japan 40-79 231 13,420 IS M 488 398.7-666.5  1.01(0.70-1.41)
Li 2020 Japan 40-79 231 13,420 IS M 488 Per unit 1.02 (0.91-1.15)
Li 2020 Japan 40-79 231 13,420 Total stroke F 530 214.2-244 1.02 (0.74-1.40)
Li 2020 Japan 40-79 231 13,420 Total stroke F 530 244-273.7 1.20 (0.89-1.63)
Li 2020 Japan 40-79 23.1 13,420 Total stroke F 530 273.7-309.5  1.15(0.84-1.56)
Li 2020 Japan 40-79 231 13,420 Total stroke F 530 309.5-613 1.45 (1.07-1.96)
Li 2020  Japan 40-79 23.1 13,420 Total stroke F 530 Per unit 1.12(1.03-1.22)
Li 2020 Japan 40-79 231 13,420 HS F 530 214.2-244 0.64 (0.32-1.25)
Li 2020 Japan 40-79 231 13,420 HS F 530 244-273.7 0.86 (0.47-1.59)
Li 2020 Japan 40-79 231 13,420 HS F 530 273.7-309.5  1.22(0.68-2.18)
Li 2020 Japan 40-79 231 13,420 HS F 530 309.5-613 1.20 (0.65-2.20)
Li 2020 Japan 40-79 231 13,420 HS F 530 Per unit 1.19(0.99-1.42)
Li 2020 Japan 40-79 231 13,420 IS F 530 214.2-244 1.33(0.88-2.02)
Li 2020 Japan 40-79 231 13,420 IS F 530 244-273.7 1.52 (1.02-2.26)
Li 2020  Japan 40-79 231 13,420 IS F 530 273.7-309.5 1.12(0.73-1.72)
Li 2020  Japan 40-79 231 13,420 IS F 530 309.5-613 1.61 (1.07-2.41)
Li 2020  Japan 40-79 231 13,420 IS F 530 Per unit 1.06 (0.95-1.18)
Norvik 2017  Norway 55-74 19 2,940 IS All 271 Per unit 1.13 (1.02-1.25)
Chen 2011 China 19-85 1.5 226 IS All 43 per unit 1.01 (0.99-1.01)
Chen 2009 China >35 8.2 5,427 IS All 344 Per unit 1.35 (1.04-1.76)
Chen 2009 China >35 8.2 5,427 IS M 344 >416.6 1.14 (0.83-1.57)
Chen 2009 China >35 8.2 5,427 IS F 344 >416.6 1.83 (1.17-2.87)
Chen 2009 China >35 8.2 5,427 HS All 200 Per unit 1.18 (0.83-1.67)
Chen 2009 China >35 8.2 5,427 HS M 200 >416.6 1.18 (0.76-1.83)
Chen 2009  China >35 8.2 5,427 HS F 200 >416.6 1.01 (0.55-1.88)
Koton 2008 UK 45-85 3.8 2,131 IS All 259 Per unit 0.94 (0.83-1.06)
Koton 2008 UK 45-85 3.8 2,131 IS M 259 Per unit 0.90 (0.78-1.04)
Koton 2008 UK 45-85 3.8 2,131 IS F 259 Per unit 1.07 (0.83-1.38)
Lehto 1998  Finland 45-64 7 1,017 Total stroke All 114 >295 1.91 (1.24-2.94)

HR, hazard ratio; 95% Cl, 95% confidence interval; IS, Ischemic Stroke; HS, Hemorrhagic Stroke; UA: uric acid; UK, the united kingdom, USA, the United States; M, male; F, female;
All, both male and female.
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if they were reviews, proceedings, letters, case reports, or meta-
analyses, or they were not reported in English languages, or the
subjects of the studies were not stroke patients, or they were of
duplicated publications or studies using overlapping data.

Data Extraction

Two investigators (Tianci Qiao and Hongyun Wu) excerpted
data from each qualified article and imported them into a
standardized Excel spreadsheet independently, including name
of the first author, year of publication, location where study
was conducted, sample size, sex, baseline age, follow-up period,
ascertainment of UA and stroke, type of stroke, levels of UA,
effect estimation, adjusted confounders, and other traditional
risk factors, if available. The disagreements were resolved by
reevaluating original articles jointly and, if necessary, by a third
author (Wei Peng).

Statistical Analysis

Stata software version 14.1 for Windows (Stata Corp, College
Station, TX, USA) was used to regulate and analyze the data. The
random-effects model was employed without considering the
magnitude of between-study heterogeneity. Effect size estimates
were indicated by HR and its 95% CI. The difference between the
two estimates was tested by using Z-test as reported by Altman
and Bland (17). Generalized least squares regression proposed
by Greenland and Longnecker (18) was used to examine the
dose-response association for trend estimation of summarized
dose-response data. In addition, non-linearity test between
SUA levels and risk of stroke was conduct by restricted cubic
splines of exposure distribution with three knots (25, 50, and
75th percentiles).

Heterogeneity between studies was assessed by inconsistency
index (I?), which represents the percentage of multiplicity
observed between studies whose result is from chance rather
than a casual result. A higher I? value indicates a higher degree
of heterogeneity. If the I? value is higher than 50%, significant
heterogeneity would be recorded. As for multiple sources of
heterogeneity possibly from clinical and methodological fields,
plenty of prespecified subgroups were analyzed according to
the baseline age, gender, region, follow-up, factor correction,
including whether body mass index (BMI) was adjusted, smoking
status, hypertension or blood pressure, diabetes mellitus or blood
glucose, hyperlipidemia or lipid, or renal factors.

Begg’s funnel plots and Egger regression asymmetry tests were
used to evaluate the potential publication bias at a significance
level of 10%. In addition, the number of theoretically missing
studies was estimated by trim and fill methods, respectively.
Sensitivity analysis was conducted to test the stability of results.

RESULTS
Eligible Studies

A total of 1,522 articles were initially included. After searching the
public databases with medical subject terms that were previously
defined, there were 19 articles with data on association between
SUA and risk of stroke that were eligible for inclusion (11, 19-
36), including 37,386 males and 31,163 females in the final

Meta-analysis random-effects estimates (exponential form)
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FIGURE 2 | The sensitive plot on the association of uric acid levels and risk of
stroke with the exclusion of lower-quality studies.

analysis. The detailed selection process including specific reasons
for exclusion was tabulated in Figure 1.

Study Characteristics

The baseline characteristics of all cohort studies included
in this meta-analysis are displayed in Tablel and
Supplementary Table 1. Only four of 19 qualified articles
analyzed the effect of per unit UA increase on stroke
(11, 25, 30, 32). Seven articles described the association
between different SUA levels and risk of stroke without
out separate gender groups (19, 24, 25, 28, 30, 32, 33),
and 10 articles specifically reported the effect of different
levels of UA on different type of strokes (22, 23, 26-
29, 31, 33, 34, 36). Based on geographic regions, all the
eligible articles were classified into three categories, namely,
America (24, 35), Europe (11, 19, 22, 25-27, 29, 32), and Asia
(20, 21, 23, 28, 30, 31, 33, 34, 36). According to sensitive analysis
with the exclusion of lower-quality study (30), the outcome was
stable (Figure 2).

Quality Assessment

The Newcastle-Ottawa Scale (NOS) tool was used to assess the
quality of the cohort studies, shown in Table 2, with the total
scores ranging from 5 to 9 in this meta-analysis.

Overall Analyses

After pooling the results of all eligible prospective cohorts
together (Table 3), there was a statistically significant association
between SUA levels and the risk of total stroke (HR =
1.13; 95% CI: 1.09-1.18; P < 0.001), ischemic stroke (HR
= 1.15; 95% CIL 1.10-1.21; P < 0.001), and hemorrhagic
stroke (HR = 1.07; 95% CI: 1.00-1.15; P = 0.046) (Table 3).
This association was obscured by significant between-study
heterogeneity, with the corresponding I? of 59.0, 77.0, and
33.7%. No obvious distinction had been found between
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ischemic stroke and hemorrhagic stroke (two-sample Z-test
P =0.095).

Publication Bias

Begg’s funnel plot was used to assess publication bias for the
association between SUA levels and risk of stroke, and all of
them seemed symmetrical, shown in Figure 3. As exposed by
the Egger’s test, there were strong evidence of publication bias
for total stroke (P = 0.00), ischemic stroke (P = 0.00), and
hemorrhagic stroke (P = 0.05). Further filled funnel plots showed
that there was one potentially missing study in total stroke,
28 missing studies in ischemic stroke, and 13 missing studies
in hemorrhagic stroke due to the publication bias to have a
symmetrical plot.

Subgroup Analyses

A sequence of subgroup analyses was conducted to investigate
the possible causes of between-study heterogeneity for SUA levels
and risk of stroke (Table 3). By gender, the association of SUA
levels and risk of total stroke was statistically significant in both
women (HR = 1.19; 95% CI: 1.12-1.26; P < 0.001) and men (HR
= 1.11; 95% CI: 1.05-1.17; P < 0.001) (two-sample Z-test P =
0.088). It was also statistically significant for ischemic stroke in
women (HR = 1.26; 95% CI: 1.17-1.36; P < 0.001) and men (HR
= 1.12; 95% CI: 1.06-1.19; P < 0.001) (two-sample Z-test P =
0.015). The association of SUA levels and risk of hemorrhagic
stroke was statistically significant in women (HR = 1.19; 95%
CI: 1.04-1.35; P = 0.01), but not in men (HR = 1.01; 95% CI:
0.95-1.07; P = 0.81) (two-sample Z-test P = 0.025).

By geographic locations, in Asia, there was a statistically
significant in association between SUA levels and risk of total
stroke (HR = 1.06; 95% CI: 1.01-1.13; P = 0.03), as well as
ischemic stroke (HR = 1.08; 95% CI: 1.02-1.14; P = 0.01)
and hemorrhagic stroke (HR = 1.17; 95% CI: 1.03-1.34; P =
0.02). In Europe, however, there was only statistically significant
association for SUA levels and risk of total stroke (HR = 1.20;
95% CI: 1.13-1.27; P < 0.001) and ischemic stroke (HR = 1.19;
95% CI: 1.12-1.27; P < 0.001).

By follow-up years, in sector of (0, 10) years, significance was
observed for association of the SUA levels and risk of total stroke
(HR = 1.13; 95% CI: 1.02-1.25; P = 0.02) and ischemic stroke
(HR =1.10; 95% CI: 1.02-1.19; P = 0.01). For (10, 20) years, total
stroke (HR = 1.15; 95% CI: 1.09-1.21; P < 0.001) and ischemic
stroke (HR = 1.19; 95% CI: 1.12-1.26; P < 0.001) were observed
to be statistically related to a high level of SUA. While for (20,
30) years as well, the association of the SUA levels and risk of
total stroke (HR = 1.13; 95% CI: 1.09-1.18; P < 0.001) and
ischemic stroke (HR = 1.15; 95% CI: 1.10-1.21; P = 0.02) was
statistically significant.

By age, total stroke was significantly associated with SUA levels
in all subgroups [(20, 40) years: HR = 1.12; 95% CI: 1.04-1.21;
P < 0.001, (40, 50) years: HR = 1.08; 95% CI: 1.02-1.14; P =
0.01, and (50, 90) years: HR = 1.28; 95% CI: 1.17-1.40; P <
0.001]. Similarly, for ischemic stroke, statistically significance was
observed [(20, 40) years: HR = 1.18; 95% CI: 1.08-1.30; P <
0.001, (40, 50) years: HR = 1.05; 95% CI: 1.00-1.10; P < 0.001,
and (50, 90) years: HR = 1.23; 95% CI: 1.14-1.34; P = 0.04].
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TABLE 3 | Overall and subgroup analyses of the association between UA levels and the risk of stroke.

Groups Studies (n) Total IS HS
HR (95% CI); P P HR (95% CI); P P HR (95% CI); P P

Overall analysis

18/14/11  1.13(1.09-1.18); <0.001 59.0% 1.15 (1.10-1.21); <0.001 77.0% 1.07 (1.00-1.15); 0.046 33.7%
Subgroup analysis
By gender
Female 10/10/7  1.19 (1.12-1.26); <0.001 55.1% 1.26 (1.17-1.36); <0.001 58.6% 1.19 (1.04-1.35); 0.01 49.5%
Male 11/12/8 1.1 (1.05-1.17); <0.001 56.9% 1.12 (1.06-1.19); <0.001 38.1% 1.01 (0.95-1.07); 0.81 0.0%
All 2/5/2 1.02 (0.79-1.31); 0.89 72.8% 1.02 (0.97-1.10); 0.38 40.3% 0.82 (0.58-1.16); 0.27 51.5%
By location
Asia 7/6/6 1.06 (1.01-1.13); 0.03 25.5% 1.08 (1.02-1.14); 0.01 19.6% 1.17 (1.03-1.34); 0.02 41.2%
Europe 5/8/4 1.20 (1.13-1.27); <0.001 77.8% 1.19 (1.12-1.27); <0.001 75.5% 1.01(0.95-1.07); 0.76 1.7%
America 1/1/NA 1.13(1.10-1.18); 0.39 NA 1.10(0.95-1.28); 0.19 NA NA NA
By follow up years
(0, 10) 5/5/4 1.13(1.02-1.25); 0.02 56.4% 1.10 (1.02-1.19); 0.01 50.3% 1.24 (0.99-1.54); 0.06 57.4%
(10, 20) 6/7/4 1.15 (1.09-1.21); <0.001 69.7% 1.19 (1.12-1.26); <0.001 60.9% 1.10 (0.96-1.07); 0.75 2.7%
(20, 30) 2/2/2 1.13 (1.09-1.18); <0.001 0.2% 1.15(1.10-1.21); 0.02 0.0% 1.11(0.98-1.26); 0.11 4.6%
By age
(20, 40) 4/6/3 1.12 (1.04-1.21); <0.001 72.6% 1.18 (1.08-1.30); <0.001 91.1% 1.00 (0.92-1.08); 0.91 16.6%
(40, 50) 6/6/4 1.08 (1.02-1.14); 0.01 42.2% 1.05 (1.00-1.10); <0.001 3.7% 1.04 (0.94-1.14); 0.45 9.9%
(50, 90) 3/4/3 1.28 (1.17-1.40); <0.001 52.6% 1.23 (1.14-1.34); 0.04 259%  1.40 (1.14-1.72); <0.001 49.5%
By stroke severity
Fatal 7/8/6 1.17 (1.10- 1.25); <0.001 37.7% 1.20 (1.13-1.27); <0.001 12.0% 1.24 (1.10- 1.39); <0.001 31.7%
Non-fatal 5/6/3 1.16 (1.10- 1.23); <0.001 70.6% 1.14 (1.07-1.22); <0.001 84.8% 1.00 (0.94-1.07); 0.98 10.1%
Adjusted body mass index (BMI)
Yes 11/12/8  1.11 (1.06-1.16); <0.001 40.3% 1.11 (1.07-1.17); <0.001 24.6% 1.31(1.08-1.24); 0.01 29.5%
No 2/3/2 1.20 (1.11-1.18); <0.001 83.2% 1.23 (1.11-1.37); <0.001 94.0% 1.07 (1.00-1.15); 0.68 27.5%
Adjusted smoking status
Yes 9/11/7 1.10 (1.04-1.17); <0.001 43.6% 1.12 (1.07-1.19); <0.001 27.5% 1.18 (1.05-1.33); 0.01 39.7%
No 4/4/3 1.17 (1.10-1.24); <0.001 73.3% 1.18 (1.09-1.28); <0.001 89.7% 1.00 (0.94-1.07); 0.98 10.1%
Adjusted hypertension or blood pressure
Yes 10/14/9  1.12 (1.07-1.16); <0.001 61.8% 1.14 (1.09-1.20); <0.001 77.5% 1.07 (1.00-1.16); 0.07 40.0%
No 3/1/1 1.29 (1.14-1.46); <0.001 24.8% 1.30 (1.15-1.46); <0.001 0.0% 1.17 (0.91-1.52); 0.23 0.0%
Adjusted diabetes mellitus or blood glucose
Yes 10/10/7  1.12 (1.07-1.17); <0.001 63.7% 1.15 (1.09-1.21); <0.001 81.7% 1.02 (0.96-1.09); 0.58 20.2%
No 3/4/3 1.20 (1.08-1.32); <0.001 38.5% 1.18 (1.10-1.26); <0.001 0.0% 1.37 (1.13-1.65); <0.001 30.9%
Adjusted hyperlipidemia or lipid
Yes 12/13/8  1.12 (1.07-1.17); <0.001 60.0% 1.14 (1.09-1.19); <0.001 56.5% 1.07 (0.99-1.16); 0.09 43.1%
No 1/2/2 1.27 (1.13-1.41); <0.001 17.5% 1.28 (1.10-1.50); <0.001 73.1 1.16 (0.97-1.39); 0.10 0.0%
Adjusted renal factors
Yes 3/3/8 0.99 (0.90-1.09); 0.87 62.7% 1.14 (1.04-1.25); <0.001 8.0% 1.03 (0.99-1.08); 0.15 79.5%
No 10/12/2 117 (1.12-1.22); <0.001 23.3% 1.16 (1.10-1.22); <0.001 79.1% 1.41(0.88-2.26); 0.16 0.0%

HR, hazard ratio; 95% Cl, 95% confidence interval; IS, Ischemic Stroke; HS, Hemorrhagic Stroke; UA: uric acid; BMI: body mass index; NA, not available.

While for hemorrhagic stroke, only marginal significance was
observed among age group of 50-90 years (HR = 1.23; 95% CI:
1.14-1.34; P = 0.04).

By the stratification for stroke severity, we classified the
severity of a stroke as fatal and non-fatal, and we found high
SUA levels were significantly associated with both fatal and
non-fatal stroke (fatal stroke: HR = 1.17; 95% CI: 1.10-1.25;

P < 0.001, non-fatal stro<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>