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Objective: Rapid identification is critical for ischemic stroke due to the very narrow therapeutic time window. The objective of this 
study was to construct a diagnostic model for the rapid identification of ischemic stroke.
Methods: A mixture population constituted of patients with ischemic stroke (n = 481), patients with hemorrhagic stroke (n = 116), 
and healthy individuals from communities (n = 2498) were randomly resampled into training (n = 1547, mean age: 55 years, 44% 
males) and testing (n = 1548, mean age: 54 years, 43% males) samples. Serum corin was assayed using commercial ELISA kits. 
Potential risk factors including age, sex, education level, cigarette smoking, alcohol consumption, obesity, blood pressure, lipids, 
glucose, and medical history were obtained as candidate predictors. The diagnostic model of ischemic stroke was developed using 
a backward stepwise logistic regression model in the training sample and validated in the testing sample.
Results: The final diagnostic model included age, sex, cigarette smoking, family history of stroke, history of hypertension, systolic blood 
pressure, total cholesterol, high-density lipoprotein cholesterol, fasting glucose, and serum corin. The diagnostic model exhibited good 
discrimination in both training (AUC: 0.910, 95% CI: 0.884–0.936) and testing (AUC: 0.907, 95% CI: 0.881–0.934) samples. Calibration 
curves showed good concordance between the observed and predicted probability of ischemic stroke in both samples (all P>0.05).
Conclusion: We developed a simple diagnostic model with routinely available variables to assist rapid identification of ischemic 
stroke. The effectiveness and efficiency of this model warranted further investigation.
Keywords: ischemic stroke, serum corin, biomarker, prediction model

Introduction
Stroke, the leading cause of long-term disability and mortality, can result in a rapid loss of neurological function due to 
disturbance of blood supply to the brain.1 It is a heterogeneous disorder with two major subtypes – ischemic and 
hemorrhagic stroke, with fundamentally different pathogenesis and thus needs different treatment strategies.2 Proper 
medical treatment of stroke relies on accurate and rapid differentiation between ischemic and hemorrhagic stroke due to 
a narrow therapeutic time window for the former. Currently, neuroimaging remains the gold standard to distinguish the 
two subtypes, but it is limited temporally3 and may thereby lead to missing treatment golden time for stroke, the ischemic 
subtype in particular. Many efforts have been made to improve the differential diagnosis of ischemic stroke at a very 
early occurrence. For example, many candidate biomarkers in blood and cerebrospinal fluid have been identified as 
potential diagnostic markers, such as Glial protein (S100β),4 glial fibrillary acidic protein (GFAP),5 matrix 
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metalloproteinase-9 (MMP-9),6 ubiquitin C-terminal hydrolase-L1 (UCH-L1), nucleoside diphosphate kinase 
A (NDKA), C-reactive protein (CRP)7 and myelin basic protein (MBP).8 However, none of them achieved sufficient 
discrimination in clinical settings. In addition, several prediction scores have been developed aiming to clinically 
differentiate ischemic stroke from stroke patients, such as the Guy’s Hospital score,9 the Siriraj score,10 and the score 
developed by Besson et al.11 These scores were not sufficient enough to initiate thrombolytic therapy for ischemic stroke 
without further diagnostics to rule out hemorrhage.12,13 Recently, our group found that serum corin was significantly 
decreased in patients with stroke and further lower in those with hemorrhagic stroke, compared to healthy controls.14 

Corin is a physiological convertase of atrial natriuretic peptide,15 and its circulating levels have also been associated with 
other cardiovascular disorders, eg, hypertension,16 heart failure,17 and coronary syndrome.18 Circulating corin appears to 
participate in stroke development and may therefore possess a potential for risk prediction and prognostic assessment of 
stroke.19 However, no study has examined the effect of circulating corin on the differentiation of stroke subtypes. Here, 
we aimed to develop a diagnostic model incorporating serum corin with conventional risk factors for differentiation 
between ischemic and hemorrhagic stroke subtypes. This model could be applied as assistance in the differential 
diagnosis of ischemic stroke and speed up the initiation of thrombolysis, for patients whose therapeutic window is 
going to past in particular.

Methods
Participants
As illustrated in Figure 1, this study included a mixture population constituted of patients with ischemic stroke (n = 481), 
patients with hemorrhagic stroke (n = 116), and healthy controls from communities (n = 2498). The detailed methods of 
study participants’ recruitment have been described previously.14 In brief, a total of 597 patients with hospitalized first- 
ever stroke were consecutively recruited from January to May 2014. The inclusion criteria were as follows: (1) age ≥22 
years; (2) stroke onset within 48 hours confirmed by imaging; (3) willing to sign informed consent by patients or their 
direct family members. Patients with one of the following were excluded: (1) recurrent stroke; (2) current pregnancy; (3) 
unable to participate in the follow-up examination. Stroke including ischemic and hemorrhagic subtypes was diagnosed 
by a trained neurologist and confirmed by brain computed tomography (CT) or magnetic resonance imaging (MRI) scan. 
A total of 2498 healthy controls who never had cardiovascular diseases were selected from the Gusu cohort study,16 

a community-based prospective study including Chinese Han adults in Suzhou city. The study protocols were approved 
by the Ethics Committee of Soochow University. All participants provided written informed consent. Our study complies 
with the Declaration of Helsinki.

Measurement of Serum Soluble Corin
As detailed previously,14 levels of serum soluble corin were quantified in the Central Laboratory of the School of Public 
Health at Soochow University by trained staff who were blind to the clinical characteristics of the study participants, 
using commercial ELISA kits (R&D Systems, Inc., Minneapolis, USA). All the samples were processed in a duplicate 
assay. Intra- and inter-assay coefficients of variation were less than 2.7% and 6.3%, respectively.

Collection of Conventional Risk Factors
The methods of data collection of conventional risk factors of stroke have been described in our previous study.14 Briefly, 
information on demographic characteristics (age and sex), lifestyle risk factors (cigarette smoking and alcohol consumption), 
metabolic risk factors (obesity, diabetes, dyslipidemia, and hypertension), and medical history was obtained using a structured 
questionnaire administered by trained staff. Three consecutive blood pressure measurements were measured by trained staff 
according to a common protocol recommended by the American Heart Association.20 Blood pressure was measured with the 
participant in a supine or sitting position using a standard mercury sphygmomanometer and appropriate cuff size. The means 
of the three measurements were recorded as systolic blood pressure (SBP) and diastolic blood pressure (DBP), respectively. 
Fasting plasma glucose, total cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), and serum uric acid were assayed using commercial reagents.
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Statistical Analysis
Data were analyzed using R statistical software (version 4.1.3). As shown in Figure 1, we randomly divided the mixture 
population into training and testing samples for model development and validation, respectively. The clinical character-
istics of study participants were presented according to the two samples.

Model Development
To derive the diagnostic model for the identification of ischemic stroke, we first developed the diagnostic model in the 
training sample. Easily available conventional risk factors such as age, sex, cigarette smoking, alcohol consumption, 
family history of stroke, hypertension, diabetes mellitus, SBP, DBP, total cholesterol, triacylglycerol, HDL-C, LDL-C, 
fasting plasma glucose, and serum uric acid were considered candidate predictors. Of them, a univariable logistic 
regression model with ischemic stroke as the dependent variable was constructed to select predictors. Variables showing 
a significant univariable association (P<0.05) were included to fit a multivariable logistic regression model, and back-
ward stepwise selection was applied to select final predictors. Together with serum corin, the selected predictors were 
used to develop the final prediction model by constructing a multivariable logistic regression model. Serum corin was 
forced into the model fitting because it was a predictor for stroke independent of conventional risk factors in our previous 
study.21 To ease the clinical application of the final prediction model, a nomogram was developed using the R package 
“rms” to determine the predicted probability of being ischemic stroke.

Figure 1 A flowchart illustrating the selection of study participants and analytical plan. 
Notes: A mixture population including patients with ischemic stroke, patients with hemorrhagic stroke, and healthy individuals were randomly divided into training and 
testing samples. The diagnostic model of ischemic stroke was developed using backward stepwise logistic regression in the training sample and validated in the testing sample. 
The discrimination, calibration, and utility of the constructed model were assessed in both samples by ROC curve analysis, calibration curve analysis, and decision curve 
analysis, respectively. 
Abbreviation: ROC, receiver operating characteristics.
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Model Validation
To estimate the performance of the diagnostic model developed in the training sample, discrimination, calibration, and 
utility of the model were assessed in the testing sample. In specific, the receiver operating characteristic (ROC) curve was 
drawn with the R package “pROC” to evaluate the discrimination. Calibration curve analysis was applied by plotting the 
observed probability against the predicted probability to evaluate the calibration. Decision curve analysis (DCA) was 
conducted with the R package “rmda” to determine the clinical practicability of the prediction model based on the net 
benefit under different threshold probabilities. These model assessments were also conducted in the testing sample.

Evaluation of the Diagnostic Test
We first determined the cut-off value of the predicted probability by the ROC curve, followed by evaluations of its 
validity and predictive value. Sensitivity, specificity, Youden’s index, and likelihood ratio were used to assess the validity. 
Positive and negative predictive values were estimated based on the sensitivity, specificity, and prevalence of ischemic 
stroke in China.22

Results
Characteristics of Study Participants
A total of 1547 participants in the training sample (mean age: 55 years, 44% men) and 1548 participants in the testing 
sample (mean age: 54 years, 43% men) were included in the current study. Their clinical characteristics are presented in 
Table 1. Most variables were equally distributed, except for history of CHD (1.23% vs 2.45%), and levels of triglycerides 
(mean level: 1.55 vs 1.44) between the training and testing samples (all P<0.05).

Development of the Diagnostic Model in the Training Sample
Univariable logistic regression found that age, sex, cigarette smoking, alcohol consumption, family history of stroke, 
history of hypertension, history of diabetes, SBP, total cholesterol, HDL-C, fasting plasma glucose, and serum uric acid 
were significantly associated with ischemic stroke (Supplementary Table S1). Of these variables, age, sex, cigarette 

Table 1 Clinical Characteristics of Study Participants

Characteristics Training Sample Testing Sample P value

No. of participants 1547 1548 –
Age, years 54.6±11.0 54.5±10.9 0.708

Male, men (%) 662 (42.79) 684 (44.19) 0.456

Cigarette smoking, n (%) 419 (27.08) 408 (26.36) 0.677
Alcohol consumption, n (%) 322 (21.81) 308 (19.90) 0.556

Family history of stroke, n (%) 184 (11.89) 171 (11.05) 0.494

History of CHD, n (%) 19 (1.23) 38 (2.45) 0.016
Hypertension, n (%) 751 (48.55) 735 (47.48) 0.578

Diabetes mellitus, n (%) 113 (7.30) 124 (8.01) 0.502

Systolic blood pressure, mmHg 134.7±20.1 133.9±20.5 0.316
Diastolic blood pressure, mmHg 85.4±10.35 85.62±10.75 0.566

Total cholesterol, mg/dL 199.6±38.49 200.75±83.21 0.634

Triglycerides, mg/dL 137.62±154.98 127.34±116.87 0.043
LDL cholesterol, mg/dL 116.29±30.33 116.11±30.35 0.873

HDL cholesterol, mg/dL 56.41±19.2 57.01±19.49 0.402

Fasting plasma glucose, mmol/L, Median (IQR) 5.2 (4.8–5.9) 5.3 (4.8–5.9) 0.575
Serum uric acid, mmol/L, Median (IQR) 273 (217–342) 271 (215–340) 0.525

Serum corin, pg/mL, Median (IQR) 1686 (1378–2094) 1687 (1378–2094) 0.875

Note: All values are expressed with mean ± standard deviation unless otherwise noted. 
Abbreviations: CHD, coronary heart disease; LDL, low-density lipoprotein; HDL, high-density lipoprotein; IQR, interquartile 
range.
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smoking, family history of stroke, history of hypertension, SBP, total cholesterol, HDL-C, and fasting plasma glucose 
survived from the multivariable regression with backward stepwise selection. As expected, the prediction performance 
was significantly improved after adding log-corin, as indicated by the increased Nagelkerke’s R² (from 47.6% to 50.5%), 
area under the ROC curve (from 0.902 to 0.910, P=0.016) and decreased Akaike information criterion (from 626 to 601), 
Brier score (from 0.061 to 0.058). Therefore, ten predictors including age, sex, cigarette smoking, family history of 
stroke, history of hypertension, SBP, total cholesterol, HDL-C, fasting plasma glucose, and Log-corin were included in 
the final model (Table 2). The probability of the diagnostic model developed in the training sample was shown below:

Table 2 The Final Diagnostic Model Developed in the Training Sample

Predictors β OR (95% CI) P value

Age, per year 0.078 1.08 (1.06–1.11) <0.001

Sex

Female Reference

Male 0.783 2.19 (1.16–4.11) 0.015

Cigarette smoking

No Reference

Yes 0.675 1.96 (1.13–3.42) 0.018

Family history of stroke

No Reference

Yes 1.228 3.41 (1.94–6.01) <0.001

History of hypertension

No Reference

Yes −0.801 0.45 (0.27–0.76) 0.003

Systolic blood pressure, per mmHg 0.038 1.04 (1.03–1.05) <0.001
Total cholesterol, per mg/dL −0.006 0.99 (0.98–1.00) 0.036

HDL cholesterol, per mg/dL −0.098 0.91 (0.89, 0.93) <0.001

Fasting plasma glucose, per mmol/L 0.272 1.31 (1.18–1.45) <0.001
Log-corin, per unit −1.864 0.16 (0.08–0.32) <0.001

Notes: Goodness of fit: Akaike information criterion=601, Brier score=0.058, Nagelkerke’s R²=50.5%. The probability of the diagnostic 
model is:

Abbreviations: HDL, high-density lipoprotein cholesterol; Log-corin, Log-transformed corin.
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The area under the ROC curve for the diagnostic model was 0.910 (95% CI: 0.884–0.936), suggesting a good 
discriminatory capacity (Figure 2A). The calibration plots showed an almost perfect overlap between the observed and 
predicted probability of ischemic stroke (P=0.619), suggesting a good predictive accuracy of the diagnostic model 
(Figure 3A). The DCA curves showed that the prediction model could be applied clinically if the risk threshold was 1– 
79% (Figure 4A), suggesting a wide clinical application.

Validation of the Diagnostic Model in the Testing Sample
We further conducted an external validation of the diagnostic performance of the model developed in the training sample. 
The results showed that this diagnostic model also achieved a good discrimination, calibration, and clinical applicability 
in the testing sample, as suggested by an area under the ROC curve of 0.907 (95% CI: 881–0.934, Figure 2B), an overlap 
between the observed and predicted probability of ischemic stroke (P=0.157, Figure 3B), and a wide range of application 
between 2% and 70% of the risk of ischemic stroke determined by the DCA curves (Figure 4B), respectively.

Application and Evaluation of the Diagnostic Test
To ease the clinical application of the diagnostic model, we drew a nomogram that can be used to manually obtain 
predicted probability of ischemic stroke from the final diagnostic model (Figure 5). Supplementary Table S2 shows the 
validity and predictive value of the diagnostic test obtained from the final diagnostic model. The ROC curve analysis 
showed that the cut-off value of the diagnostic score was 0.190, with a sensitivity of 79.2% and a specificity of 90.4% in 
the training sample, with a sensitivity of 72.9% and a specificity of 90.1% in the testing sample as well. A higher 
diagnostic score over 0.190 indicates a higher probability of being ischemic stroke. This diagnostic test received an ideal 
Youden’s index, a large positive likelihood ratio and a small negative likelihood ratio in both samples, indicating that the 

Figure 2 The receiver-operating characteristic curve illustrating the discrimination of the diagnostic model in the training (A) and testing (B) samples. 
Notes: The area under the receiver-operating characteristic curve was 0.910 (95% CI: 0.884–0.936) and 0.907 (95% CI: 0.881–0.934) for the diagnostic model in the training 
and testing samples, respectively. 
Abbreviation: AUC, area under the receiver-operating characteristic curve.
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diagnostic test could be reliable. The latest Global Burden of Disease Study showed that the prevalence of ischemic 
stroke in China was 1700/100,000 in 2019. Based on this prevalence, we estimated the predictive value of the diagnostic 
test. The positive and negative predictive values were 0.125 and 0.996 in the training sample and 0.113 and 0.995 in the 
testing sample.

Discussion
Leveraging a large mixture sample including patients with ischemic stroke, patients with hemorrhagic stroke, and healthy 
individuals, we constructed a simple-to-use diagnostic model to assist rapid identification of ischemic stroke. This 
diagnostic model can have immediate practical implications as routinely available variables can be easily obtained before 
admission. Therefore, this model could be used in predicting the risk of ischemic stroke for community members, applied 

Figure 3 The calibration curve illustrating the agreement between the observed and predicted probability of ischemic stroke determined by the diagnostic model in the 
training (A) and testing (B) samples. 
Notes: The diagonal line shows the ideal agreement between the observed and predicted probability. The dotted line shows the realistic agreement between the observed 
and predicted probability determined by the diagnostic model. The difference between the ideal and realistic agreements was not significant in both the training (P=0.619) 
and testing (P=0.157) samples, respectively, tested by the Spiegelhalter Z-test’s p value. The height of the bars indicates the number of participants with corresponding 
predicted probability of ischemic stroke.

Figure 4 The decision curve for the diagnostic model in the training (A) and testing (B) samples. 
Notes: The red line represents the probability of being ischemic stroke predicted by the diagnostic model. The results suggest that the diagnostic model could be clinically 
applied if the risk threshold was 1–79% and 2–70% in the training and testing samples, respectively.
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as assistance in the differential diagnosis of ischemic stroke, and used in speeding up the initiation of thrombolysis for 
patients with neurological symptoms.

Several key risk factors have been established to account for ischemic stroke risk in previous studies. Age and male 
sex are robust non-modifiable risk factors and influence the epidemiology, pathophysiology, and treatment efficacy for 
ischemic stroke. The risk of ischemic stroke doubles every 10 years after the age of 55, and almost 75% of strokes occur 
in people aged >65 years.23,24 The male gender was a significantly stronger predictor of ischemic stroke since males have 
a higher prevalence of cardiovascular conditions such as higher blood pressure25 and stroke.26,27 The EPIC Potsdam 
Study28 indicated that almost 60% of ischemic stroke risk could be attributed to hypertension, hypercholesterolemia, and 
cigarette smoking. There is a strong dose–response relationship between the number of cigarettes smoked and the risk of 
ischemic stroke, cigarette smoking causes a twofold increase in the risk of ischemic stroke.29 Reducing blood pressure in 
individuals with hypertension is highly effective in preventing ischemic stroke.30 Family history of stroke, elevated 
fasting plasma glucose, and low cumulatively averaged HDL-C were associated with an increased IS risk.31–33 In line 
with previous studies, our study shows that these risk factors are independent risk factors for ischemic stroke. All 
variables in our final prediction model are related to patient demographics and laboratory measurements, enabling the 
prediction of ischemic stroke risk using only clinical data. This provides a simpler method for assistance in the clinical 
diagnosis of ischemic stroke.

Thrombolysis is currently recommended for IS patients within 4.5 hours of stroke onset. However, disappointingly, 
thrombolysis in patients with acute ischemic stroke is infrequent due to reasons such as high cost, not always being available, 
and possible contraindications. An alternative approach in acute stroke diagnosis is to identify stroke biomarkers that reflect 
the body’s response to the damage caused by the different types of stroke. Over 150 candidate biomarkers have been studied. 
For example, S100β,34 a glial protein, was one of the first molecules suggested as a candidate to aid the diagnosis of ischemic 

Figure 5 The nomogram for the probability of being ischemic stroke predicted by the diagnostic model. 
Abbreviations: HDL, high-density lipoprotein cholesterol; Log-corin, Log-transformed corin.
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stroke, but its measurement had poor sensitivity.35 GFAP5 was the best candidate to date for differentiating hemorrhage and 
ischemic stroke. Controversially, it was previously reported that, when measured early (<1 h after stroke onset), serum GFAP 
did not distinguish hemorrhagic and ischemic stroke.36 The concentration of MMP-9 was reported to peak at 24 h post 
stroke,6 where the therapeutic window has been passed. Other markers include, but are not limited to, UCH-L1, NDKA, and 
CRP7 and MBP.8,37 Nevertheless, measurements of candidate biomarkers have usually occurred beyond the time window for 
thrombolysis and no individual candidate has proven to have adequate performance for use in an acute clinical setting where 
decisions about an individual patient are being made.38–40 More importantly, none of the biomarkers have entered routine 
clinical use. There are also several clinical scores to distinguish between hemorrhagic and ischemic stroke, such as the Guy’s 
Hospital score,9 the Siriraj score,10 and the score developed by Besson et al,11 but these scores are insufficient to initiate 
treatment for ischemic stroke without further diagnostics to rule out hemorrhage stroke.12 CT, the golden diagnostic method, 
is very popular now, especially in developed areas. The assistance diagnostic methods including markers and scores 
mentioned above seemed usefulness in clinical settings and not studied anymore. However, it is not very easy to transport 
patient timingly to stroke units in undeveloped areas, those with inconvenient traffic in particular. Therefore, we developed 
a diagnostic model that may help individuals in undeveloped areas.

Corin was thought to be a physiological activator of atrial natriuretic peptides,41 which correspond to the decreased 
natriuretic peptides in stroke. Its circulating levels have also been associated with other cardiovascular disorders, eg, 
hypertension, heart failure, and coronary syndrome. Studies have shown that the activity of corin on activation of ANP 
has been reduced in patients with heart failure17 and corin was associated with atrial fibrillation42 and heart failure.43 

These disease states may therefore affect the association between serum corin and stroke. Recently, our group demon-
strated that serum corin was significantly decreased in patients with stroke and further lower in those with hemorrhagic 
stroke, compared to healthy controls.16

Our study is not devoid of limitations. First, although we found that serum corin could predict future risk of ischemic 
stroke independently of conventional risk factors, including age, sex, cigarette smoking, family history of stroke, blood 
pressure, lipids, and glucose, serum corin just slightly (but not significantly) improved the prediction performance for 
ischemic stroke over these conventional risk factors. Second, the study was a case–control study only and a prospective study 
is needed to confirm the model. We also need to confirm the use of this model with other populations. Third, specific markers 
that are uniquely response to ischemic stroke are ideal markers for the construction of diagnostic model. However, such 
markers are rare. In our study, we developed a diagnostic model incorporating serum corin with conventional risk factors. 
Although these markers are not disease-specific, the performance of the diagnostic model is relatively acceptable.

In summary, we developed a simple diagnostic model with routinely available variables to assist rapid identification 
of ischemic stroke. The effectiveness and efficiency of this model warranted further investigation.
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nucleoside diphosphate kinase A; CRP, C-reactive protein; MBP, myelin basic protein; CT, computed tomography; 
MRI, magnetic resonance imaging; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL-C, low-density 
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Log-corin, Log-transformed corin; ROC, receiver 
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