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Abstract
Enhancement of vascular remodeling in affected brain tissue is a novel therapy for acute ischemic stroke (AIS). However, 
conclusions regarding angiogenesis after AIS remain ambiguous. Vascular endothelial growth factor A (VEGFA) and VEGF 
receptor 2 (VEGFR2) are potent regulators of angiogenesis and vascular permeability. We aimed to investigate the associa-
tion between VEGFA/VEGFR2 expression in the acute stage of stroke and prognosis of patients with AIS. We enrolled 120 
patients with AIS within 24 h of stroke onset and 26 healthy controls. Plasma levels of VEGFA and VEGFR2 were measured 
by enzyme-linked immunosorbent assay (ELISA). The primary endpoint was an unfavorable outcome defined as a modified 
Rankin Scale (mRS) score > 2 at 3 months after AIS. Univariate and multivariate logistic regression analyses were used to 
identify risk factors affecting prognosis. Plasma VEGFA and VEGFR2 were significantly higher in patients with AIS than 
in health controls, and also significantly higher in patients with unfavorable than those with favorable outcomes. Moreover, 
both VEGFA and VEGFR2 showed a significantly positive correlation with mRS at 3 months. Univariate and multivariate 
analyses showed VEGFA and VEGFR2 remained associated with unfavorable outcomes, and adding VEGFA and VEGFR2 
to the clinical model significantly improved risk reclassification (continuous net reclassification improvement, 105.71%; 
integrated discrimination improvement, 23.45%). The new risk model curve exhibited a good fit with an area under the 
receiver operating characteristic curve (ROC) curve of 0.9166 (0.8658–0.9674). Plasma VEGFA and VEGFR2 are potential 
markers for predicting prognosis; thus these two plasma biomarkers may improve risk stratification in patients with AIS.
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Introduction

Stroke is a leading cause of physical disability and a major 
disease burden worldwide, with limited therapies available. 
Identifying effective biomarkers to improve the prognosis 

and treatment of stroke is a major challenge. Vascular 
endothelial growth factor (VEGFA) and its receptor, VEGF 
receptor 2 (VEGFR2) are potent angiogenic factors that reg-
ulate vascular endothelial migration and permeability [1].
Angiogenesis is a natural defense mechanism that restores 
the oxygen and nutrients supplied to the peri-infarct brain 
tissue after ischemic stroke [2]. However, increasing evi-
dence has shown that new vessels formed in peri-infarct 
areas have higher permeability than normal after stroke 
[3]. Therefore, the association between VEGFA/VEGFR2 
levels and acute ischemic stroke (AIS) requires further 
investigation.

Neuroprotective treatment of ischemic stroke has mainly 
focused on reducing cerebral infarction volume without 
considering brain edema [4]. Brain edema leads to blood 
brain barrier (BBB) leakage, hemorrhagic transformation, 
inflammation and increased mortality during the acute phase 
of ischemic stroke [5]. Brain edema is typically followed 
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by vasogenic edema, which increases vascular permeability 
and angiogenesis [6]. The interaction between VEGFA and 
VEGFR2 has been implicated in vasogenic brain edema [7]. 
These mechanisms include the trans-endothelial transport of 
small solutes via cytoplasmic fenestrations and plasmalem-
mal caveolae, leakage of fluid and plasma proteins, and 
extravasation of blood cells through inter-endothelial tight 
junctions [8]. Tyrosine kinase inhibitor targeting VEGFR 
which blocks VEGF/VEGFR signaling, have been shown 
to be effective therapies for patients with intractable vaso-
genic brain edema [9]. Furthermore, preclinical studies have 
indicated that increased brain edema is linked to VEGFA/
VEGFR2 signaling in the presence of comorbid conditions 
[4, 10]. Ergul et al. has also demonstrated that excessive 
angiogenesis in patients with diabetes after AIS is associated 
with poor prognosis and is related to the interaction between 
VEGFA and VEGFR2 [11].

The BBB is instrumental in establishing and maintaining 
microenvironmental homeostasis in the central nervous sys-
tem (CNS) [12]. Preserving the BBB integrity is beneficial 
for preventing neuronal apoptosis and further brain injury 
after AIS [13]. A preclinical study indicated that new vessels 
in peri-infarct areas have high BBB permeability after stroke 
because of a lack of tight junction proteins (TJP), including 
claudin-5, occludin and zonula-occludens-1 (ZO-1) [3]. Sev-
eral studies have shown that decreased TJP levels are asso-
ciated with increased expression of VEGFA and VEGFR2 
[14–16]. The inhibition of VEGFA and VEGFR2 expression 
restores occludin and ZO-1 expression after neuronal protec-
tive treatment [13]. Downregulation of VEGFA can protect 
the BBB, and claudin-5 and occludin may be the main target 
of VEGFA [17]. Moreover, activation of the matrix metal-
loproteinase expression is correlated with the disruption of 
the interaction between VEGFA and VEGFR2, which leads 
to the degradation of claudin-5, occludin and ZO-1 [18].

Multiple clinical studies have confirmed that circulating 
VEGF levels increase after ischemic stroke, but the prognos-
tic value of VEGF for ischemic stroke has varied between 
studies. Two studies have shown that VEGF is associated 
with a favorable outcome at 1 month after stroke [19] and 
3–12 months after stroke [20] respectively. However, one 
study showed that elevated levels of combined circulating 
C-reactive protein and VEGF were associated with unfavora-
ble outcomes 2 years after stroke[21]. In addition, another 
study showed that elevated blood VEGF levels were associ-
ated with moderate to severe disability 6 months after stroke 
[22]. The difference in these conclusions might be due to 
the dual role of VEGF in ischemic stroke [23, 24], in which 
VEGFA plays a critical role. In addition, the complexity of 
the VEGF family may also contribute to the difference of 
the conclusions. Furthermore, few studies have conducted 
to clarify the association between the members of the 
VEGF family or their receptors and stroke outcomes to date. 

Therefore, the prognostic value of VEGF on stroke remains 
unclear. VEGFA and its receptor VEGFR2 are potent factors 
in regulating angiogenesis and vascular permeability. It has 
been reported that circulating VEGFR2 and VEGFA levels 
are elevated in patients with ischemic stroke [25]. However, 
the association between blood VEGFA/VEGFR2 levels and 
ischemic stroke outcomes has not yet been investigated. 
Therefore, we conducted this study to explore the clinical 
significance of the plasma levels of VEGFA and VEGFR2 
in patients in the acute phage of AIS to provide new insights 
into the risk stratification and treatment of these patients.

Methods

Study Participants

This cohort study recruited 210 patients who underwent 
thrombolytic evaluation at the Department of Emergency 
at Xuanwu Hospital of Capital Medical University between 
September and November 2022. The inclusion criteria were 
as follows: (1) diagnosis of AIS confirmed by brain magnetic 
resonance imaging (MRI) or computed tomography (CT); 
(2) clear neurological deficits; (3) age ≥ 18 years; (4) presen-
tation within 24 h after symptoms onset; (5) complete case 
and follow-up data; and (6) willingness to participate and 
provide informed consent. The exclusion criteria were as fol-
lows: (1) cerebral hemorrhage diagnosed by CT or MRI; (2) 
transient ischemic attack; (3) cancer; (4) blood disease; (5) 
severe infection; (6) epilepsy; (7) livers/kidney dysfunction; 
and (8) immune diseases. Finally, the study included 120 
patients with AIS (Fig. 1). A total of 26 age and sex-matched 
healthy participants were included in the control group. This 
study was conducted in accordance with the Declaration of 
Helsinki and approved by the Ethics Committee of Xuanwu 
Hospital, Capital Medical University. The experiment was 
conducted with the understanding and written consent of all 
patients or their immediate family members.

Collection of Clinical Data and Blood Samples

The baseline variables included demographic characteris-
tics, risk factors, stroke characteristics and treatment, stroke 
classification, and general evaluation on admission collected 
from clinical interviews and neurological examinations by 
board-certified neurologists. Stroke severity was assessed 
using the National Institutes of Health Stroke Score (NIHSS) 
on admission in all enrolled patients. Clinical outcomes were 
evaluated using the modified Rankin Score (mRS) by trained 
neurologists via telephone interviews 3 months after stroke. 
We defined a favorable outcome as an mRS score of 0–2, and 
an unfavorable outcome as an mRS score of 3–6.
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Plasma Levels of VEGFA and VEGFR2

Blood samples were collected in EDTA tubes from patients 
with AIS and the healthy controls before treatment. The 
blood samples of patients were collected within 24 h after 
the AIS onset. The separated plasma was stored at -80 
℃. Plasma levels of VEGFA and VEGFR2 were detected 
using Human VEGFA ELISA kits (F9809-A; FANKEW) 
and Human VEGFR2 ELISA kits (F0109-A; FANKEW), 
respectively. All samples were tested by board-certified labo-
ratory technicians blinded to the clinical data according to 
the manufacturer’s protocols.

Statistical Analysis

GraphPad Prism 9.4.0 (GraphPad Software, La Jolla, CA, 
United States) and R software (version 4.3.0) were used 
for statistical analyses. A p value < 0.05 was considered 
of statistical significance. The Kolmogorov–Smirnov test 
was used to assess normal distribution of data. Continu-
ous variables conforming to a normal distribution are 
reported as the mean ± standard deviation. Variables not 
conforming to a normal distribution are represented as the 
median with 25th and 75th percentiles (Q1-Q3). Compari-
son between two groups was tested using the unpaired t 
test or Mann–Whitney test. Comparison between multi-
ple groups was performed using analysis of variance on 

ranks. Correlations were analyzed using Spearman’s rank 
correlation coefficient. The chi-squared tests were used to 
compare the categorical variables and are reported as fre-
quency (%).

Univariate and multivariate logistic regression analy-
ses were used to analyze the relationship between VEGFA 
and VEGFR2 and functional outcomes in patients with AIS 
after 3 months. The predictive values of plasma VEGFA 
and VEGFR2 for stroke outcomes were evaluated using the 
receiver operating characteristic (ROC) curves. VEGFA 
and VEGFR2 were cut off into dichotomous variables using 
the Youden index [26]. We, then assessed the association of 
dichotomous VEGFA and VEGFR2 expression with stroke 
outcomes using multivariate logistic regression analysis. Least 
absolute shrinkage and selection operator (LASSO) regres-
sion using a penalized regression approach was used to screen 
variables based on lambda. min and lambda.1se [27]. A risk 
prediction-model was established by integrating variables with 
non-zero coefficients. A nomogram was constructed based on 
the risk-prediction model. The area under ROC curve (AUC) 
was used to evaluate the discriminative ability and accuracy 
of the risk model. A calibration diagram was used to evaluate 
the fitting performance. The net reclassification improvement 
(NRI) and integrated discrimination improvement (IDI) were 
calculated to quantify the improvement in correct reclassifica-
tion and discrimination in the risk-prediction model. The clini-
cal value of the risk model was evaluated using the decision 
curve analysis (DCA).

Fig. 1   Flow chart of the study
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Results

Patient Characteristics and Clinical Variables

The baseline clinical characteristics of the 120 patients 
with AIS are listed in Table 1. The median age was 67.50 
(58.25–75.75) years, and 73 of the patients (60.83%) were 
male. The median NIHSS score was 8.0 (3.0–15.0) on admis-
sion, median time from stroke onset to treatment was 2.675 

(1.385–4.160) hours, and 67 of the patients (55.83%) pre-
sented with large-artery atherosclerosis stroke. Among the 
120 patients, 69 (57.5%) presented with favorable outcomes 
and 51 (42.5%) presented with unfavorable outcomes. Atrial 
fibrillation, higher NIHSS scores on admission, higher mRS 
scores on admission, recombinant tissue plasminogen activa-
tor treatment, higher plasma VEGFA levels and higher plasma 
VEGFR2 levels were more common in patients with unfavora-
ble outcomes than in those with favorable outcomes (Table 1).

Table 1   Baseline characteristics of AIS patients with favorable outcomes (mRS ≤ 2) and unfavorable outcomes (mRS > 2)

NIHSS national institutes of health stroke scale, mRS modified Rankin scale, IQR interquartile range, rtPA recombinant tissue plasminogen acti-
vator, LAA large artery atherosclerosis, SAO small artery occlusion, HDL high-density lipoprotein, LDL low-density lipoprotein, TC triglyceride, 
WBC white blood cell, VEGFA vascular endothelial growth factor A, VEGFR2 vascular endothelial growth factor receptor 2, AIS acute ischemic 
stroke
†  p < 0.05; ‡ p < 0.01; ¶ p < 0.0001

Baseline characteristics All (120) Favorable outcome (n = 69) Unfavorable outcome (n = 51) p value

Demographic characteristics [n% OR median (IQR)]
  Age (‾x ± s) 67.50 (58.25,75.75) 65.00 (57.00,73.00) 68.00 (62.00,80.00) 0.050 †
  Male (n%) 73 (60.83) 45 (65.22) 28 (54.90) 0.253

Risk factors [n%]
  Hypertension 82 (68.33) 45 (65.22) 37 (72.55) 0.393
  Diabetes mellitus 41 (34.17) 19 (27.54) 22 (43.14) 0.075
  Coronary heart disease 32 (26.67) 18 (26.09) 14 (27.45) 0.867
  Atrial fibrillation 17 (14.17) 4 (00.02) 13 (25.49) 0.002 ‡
  Recurrent stroke 50 (41.67) 25 (36.23) 25 (49.02) 0.160

Stroke characteristics and treatment [n (%) OR median (IQR)]
  Onset-to-treatment time, h 2.675 (1.385,4.160) 2.670 (1.265,4.685) 2.830 (1.470,4.130) 0.626
  Admission NIHSS score 8.00 (3.00,15.00) 4.00 (1.00,9.50) 13.00 (8.00,18.00)  < 0.0001 ¶
  Admission mRS score 4.00 (2.00,4.00) 4.00 (1.00,4.00) 4.00 (4.00,5.00)  < 0.0001 ¶
  rtPA 41 (34.17) 29 (42.03) 12 (23.53) 0.035†
  Mechanical thrombectomy 14 (11.67) 5 (7.25) 9 (17.65) 0.079

Stroke classification[n%]
  LAA 67 (55.83) 38 (55.07) 29 (56.96) 0.751
  SAO 24 (20.00) 14 (20.29) 10 (19.61) 0.926
  Others 29 (24.17) 17 (24.64) 12 (23.53) 0.889

General evaluation of admission [‾x ± s OR median (IQR)]
  Systolic blood pressure, mmHg 155.200 ± 24.900 156.000 ± 22.840 154.300 ± 22.250 0.713
  Diastolic blood pressure, mmHg 84.440 ± 15.600 84.510 ± 15.130 84.350 ± 16.380 0.958
  Blood glucose concentration, g/L 7.130 (6.338,9.785) 6.800 (6.275,9.270) 7.82 (6.53,11.52) 0.609
  TC, mmol/L 4.760 ± 1.381 4.829 ± 1.421 4.665 ± 1.333 0.052
  TG, mmol/L 1.365 (0.955,2.058) 1.580 (0.975,2.270) 1.28 (0.910,1.680) 0.086
  HDL, mmol/L 1.250 (1.073,1.458) 1.210 (1.005,1.440) 1.310 (1.140,1.530) 0.119
  LDL, mmol/L 2.857 ± 1.101 2.883 ± 1.121 2.822 ± 1.083 0.764
  WBC, × 109/L 7.785 (6.215,9.810) 7.570 (6.435,9.525) 8.05 (5.92,11.18) 0.554
  Neutrophils, × 109/L 71.010 ± 12.060 69.370 ± 12.460 73.240 ± 11.230 0.083
  Lymphocytes, × 109/L 21.410 ± 9.953 22.920 ± 10.320 19.360 ± 9.129 0.052
  Neutrophil-to-lymphocytes ratio 3.061(2.179,6.734) 2.797 (1.909,5.404) 3.957 (2.332,7.771) 0.055
  Platelet counts, × 1,000mm3 193.5 (165.0,234.8) 199 (168,239) 188 (153,230) 0.078
  VEGFA, pg/ml 212.2 (186.4,232.3) 199.4 (173.2,223.6) 221.3 (209.9,243.4)  < 0.0001 ¶
  VEGFR2, pg/ml 759.2 (678.1,862.5) 711.9 (640.0,824.5) 807.0 (736.1,879.1)  < 0.0001 ¶
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Elevated Plasma VEGFA and VEGFR2 Levels Were 
Correlated With Unfavorable Outcome in AIS

Plasma VEGFA and VEGFR2 levels were significantly 
higher in patients with AIS than in healthy controls 
(VEGFA, p = 0.023; VEGFR2, p < 0.001; Fig. 2A, 2D). A 
subgroup analysis of patients with AIS based on mRS score 
at 3 months revealed that plasma VEGFA and VEGFR2 
levels were significantly higher in patients with unfavora-
ble outcome (mRS > 2) than those with favorable outcome 
(mRS ≤ 2) (VEGFA, p < 0.0001; VEGFR2, p < 0.0001; 
Fig.  2B, 2E, Table  1) or healthy controls (VEGFA, 
p < 0.001; VEGFR2, p < 0.0001; Fig. 2B, 2E). Further-
more, correlation analysis showed that both VEGFA and 
VEGFR2 levels were significantly positively correlated 
with mRS scores at 3 months after AIS (VEGFA, r2 = 0.097, 
p < 0.001; VEGFR2, r2 = 0.086, p < 0.01; Fig. 2C, 2F). In 

addition, plasma VEGFR2 levels were significantly higher 
in AIS patients with diabetes than in those without diabe-
tes (p = 0.048, Fig. 3A), and were significantly positively 
correlated with blood glucose levels (r2 = 0.053, p = 0.012, 
Fig. 3B), which are risk factors and treatment target associ-
ated with ischemic stroke. However, plasma VEGFA levels 
in AIS patients with and without diabetes showed no sig-
nificant difference (p = 0.443, Fig. 3C), and there was not 
a prominent positive correlation with blood glucose levels 
(r2 = 0.022, p = 0.105, Fig. 3D).

Variable Selection Based on LASSO Regression

Twenty-seven variables were selected as candidate risk-pre-
diction factors. We found NIHSS score on admission, diabe-
tes, platelet, and higher VEGFR2 level were associated with 
unfavorable outcomes in multivariate logistic regression after 

Fig. 2   Plasma levels of VEGFR2 and VEGFA in patients with AIS 
and healthy controls and their correlation with mRS at 3  months. 
Plasma levels of VEGFR2 in patients with AIS and healthy controls 
(A). Plasma levels of VEGFR2 in patients with favorable outcomes 
(mRS ≤ 2) and unfavorable outcomes (mRS > 2) (B). Correlation of 
plasma levels of VEGFR2 with mRS at 3  months (C). Plasma lev-
els of VEGFA in patients with AIS and healthy controls (D). Plasma 
levels of VEGFA in patients with favorable outcomes (mRS ≤ 2) and 

unfavorable outcomes (mRS > 2) (E). Correlation of plasma levels 
of VEGFA with mRS at 3  months (F). Patients with AIS, n = 120 
(favorable outcome, n = 69; unfavorable outcome, n = 51); healthy 
controls, n = 26. ****p < 0.0001, ***p < 0.001, *p < 0.05. AIS, acute 
ischemic stroke; VEGFR2, vascular endothelial growth factor recep-
tor 2; VEGFA, vascular endothelial growth factor A; mRS, modified 
Rankin scale
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adjusting all potential confounding factors (Fig. 4A). The 
LASSO regression yielded five variables based on lambda.1se 
that were most concise and strongly correlated with unfavora-
ble outcomes in AIS, including the mRS score on admission, 
NIHSS score on admission, atrial fibrillation, VEGFA, and 
VEGFR2. The predictive model was established by add-
ing the variables and relative coefficient of each variable in 
the LASSO regression as follows: risk score = 0.028156526 
* amRS + 0.060542902 * aNIHSS + 0.189654221 * 
AF + 0.001254513 * VEGFR2 + 0.001477991 * VEGFA. 
Models with different variable configurations were tested and 
fitted using fivefold cross validation. The λ value was used 
to determine the number of variables, and when λ = lambda. 
min, 23 variables were screened; and when λ = lambda.1se, 
five variables were selected. The model with the best perfor-
mance and fewest independent variables corresponded to the 
λ of lambda.1se (Fig. 4B, 4C).

Plasma VEGFA and VEGFR2 Represented 
Independent Predictors for Unfavorable Outcomes 
in AIS

We examined the predictive value of plasma VEGFA and 
VEGFR2 levels for unfavorable outcomes and found that 
high plasma level were associated with an increased risk of 
unfavorable outcomes in the univariate analysis (VEGFA, 
odds ratio (OR) = 1.015 (1.005–1.026), p = 0.005; VEGFR2, 
OR = 1.005 (1.002–1.008), p < 0.01; Table 2).

After adjusting for mRS score on admission, NIHSS 
score on admission, and atrial fibrillation in multivari-
ate logistic regression, VEGFA and VEGFR2 levels 
remained prominent for the prediction of unfavorable 
outcomes in AIS (VEGFA, OR = 1.020 (1.007–1.036), 
p = 0.006; VEGFR2, OR = 1.005 (1.002–1.010), p = 0.006; 
Table 2). A cutoff point for VEGFA of 208.9 pg/ml had 

Fig. 3   Plasma levels of 
VEGFR2 and VEGFA in AIS 
patients with or without diabe-
tes and their correlation with 
blood glucose. Plasma levels 
of VEGFR2 in AIS patients 
with or without diabetes (A). 
Correlation of plasma levels of 
VEGFR2 with blood glucose in 
patients with AIS. (B).Plasma 
levels of VEGFA in AIS 
patients with or without diabe-
tes (C). Correlation of plasma 
levels of VEGFA with blood 
glucose in patients with AIS. 
(D). Patients with AIS, n = 120 
(with diabetes, n = 41; without 
diabetes, n = 79); *p < 0.05. 
AIS, acute ischemic stroke; 
VEGFR2, vascular endothe-
lial growth factor receptor 2; 
VEGFA, vascular endothelial 
growth factor A
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55.00% sensitivity and 76.92% specificity (Youden 
index = 0.346) for the prediction value of unfavorable 
outcome at 3 months, and a cut off point for VEGFR2 
of 694.9 pg/ml had 72.50% sensitivity and 65.38% speci-
ficity (Youden index = 0.379) for the prediction value of 
unfavorable outcome at 3 months. Plasma VEGFA and 
VEGFR2 levels were dichotomized using these cut-off 
points. Logistic regression analysis was conducted and 
showed that plasma VEGFA > 208.9 pg/ml (OR = 6.123 
(2.031–20.850), p = 0.002) and VEGFR2 > 694.9 pg/ml 

(OR = 39.750 (5.856–637.300), p = 0.02) were associated 
with increasing risk of unfavorable outcome at 3 months 
in AIS (Table 2).

Based on the five variables screened using LASSO 
regression, an additional logistic regression analysis was 
performed. The analysis showed that NIHSS score on 
admission, atrial fibrillation, and higher plasma VEGFA 
and VEGFR2 levels were associated with an unfavorable 
outcome. The results are presented in a forest map (p < 0.05, 
Fig. 4D).

Fig. 4   Characteristic variables screened by LASSO regression and 
forest map of variables influencing mRS at 3  months determined 
using logistic regression. Forest map of variables influencing mRS at 
3 months after adjusting potential confounding factors (A). The num-
ber of characteristic variables screened based on LASSO regression. 
When λ = lambda.1se, five variables are selected (B). The change tra-
jectory of variable coefficients (C). Forest map of variables influenc-
ing mRS at 3 months based on LASSO regression model (D). (Note: 

mRS > 2 at 3 months is the dependent variable. The independent vari-
ables include mRS score at admission, NIHSS score at admission, 
atrial fibrillation, VEGFR2 and VEGFA (screened using LASSO 
regression). mRS, modified Rankin scale; NIHSS, national institutes 
health stroke scale; LASSO, least absolute shrinkage and selection 
operator; amRS, mRS score on admission; aNIHSS, NIHSS score on 
admission; AF, atrial fibrillation; PLT, platelet
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Enhancive Prediction Value of Plasma VEGFA 
and VEGFR2 Levels in AIS

We investigated whether the addition of VEGFA 
and VEGFR2 to the clinical model improved its pre-
dictive power. Logistic regression confirmed that 
VEGFA > 208.9  pg/ml (OR = 6.123 (2.031–20.850), 
p = 0.002) and VEGFR2 > 694.9  pg/ml (OR = 39.750 
(5.856–637.300), p = 0.002) were predictors of poor out-
come at 3 months, together with mRS score on admis-
sion (OR = 0.937 (0.590–1.054), p = 0.780), NIHSS score 
on admission (OR = 1.211 (1.103–1.357), p < 0.001) and 
atrial fibrillation (OR = 7.644 (1.477–56.980), p = 0.026) 
(Table 3). The incremental benefits of plasma VEGFA and 
VEGFR2 levels were investigated by calculating the AUC, 
and IDI and NRI indexes. The results indicated that the addi-
tion of plasma VEGFA and VEGFR2 into the clinical model 
significantly improved the AUC from 81.36% to 91.66% 
(p < 0.0001). Furthermore, the addition of VEGFA and 
VEGFR2 to the clinical model also improved the integrated 
discriminatory ability of the new risk-prediction model (total 
IDI% = 23.450% (16.100–30.810%), p < 0.0001) and net 
classification (categorical NRI = 28.820% (6.020–51.610%), 
p = 0.013; continuous NRI = 105.710% (75.390–136.030%), 
p < 0.0001; Table 3). In addition, the R2 (Cox & Snell) in 
the new risk-prediction model (R2 (Cox & Snell) = 0.465) 
was greater than that in the clinical model (R2 (Cox & 
Snell) = 0.276), and the Akaike information criterion (AIC) 
in the new risk-prediction model (AIC = 101.2) was smaller 

than that in the clinical model (AIC = 167.5). These results 
indicate that the new risk-prediction model has a greater 
goodness of fit.

Prognostic Nomogram and Clinical Application

The risk-prediction model was converted into a nomogram 
to intuitively predict unfavorable outcomes (Fig. 5A). The 
predictive values of the nomogram were in good agreement 
with the actual values, indicating that the risk-prediction 
model had a better fit (Fig. 5B). The AUC of the nomogram 
was 0.917 (0.866–0.967) with 84.3% sensitivity and 82.6% 
specificity, indicating that the new risk-prediction model 
had good discriminative ability and accuracy (Fig. 5C). 
The DCA integrate patient or decision-makers preferences 
into the analysis and quantifies the net benefit of different 
threshold probabilities in a dataset to evaluate the clinical 
value of the nomogram. The results indicated that the new 
risk-prediction model exhibited a greater ability to predict 
unfavorable outcomes in patients with AIS (Fig. 5D). These 
results suggest that the new risk-prediction model has great 
clinical value.

Discussion

In the present study, we demonstrated that plasma VEGFA 
and VEGFR2 levels were associated with unfavorable out-
comes at 3 months after AIS. Patients with higher plasma 

Table 2   Biomarkers and the risk of the outcome after AIS

Model 1 was an unadjusted logistic regression model. The variables in model 2 included admission mRS score, admission NIHSS score, atrial 
fibrillation, plasma VEGFR2 and VEGFA levels on admission (screened out by LASSO regression). AIC Akaike information criterion, OR odds 
ratio, ROC receiver operating characteristic curve, VEGFR2 vascular endothelial growth factor receptor 2, VEGFA vascular endothelial growth 
factor A, AIS acute ischemic stroke
a  Continuous variables
b  Categorical variables
‡  p < 0.01; § p < 0.001; ¶ p < 0.0001

Model 1 Model 2

Biomarkers (as continuous variables)
  R2 (Cox & snell) 0.199 0.420
  AIC 143.2 111.0
  VEGFR2 a OR = 1.005 (1.002,1.008) p < 0.01 ‡ OR = 1.005 (1.002,1.010) p = 0.006 ‡
  VEGFA a OR = 1.015 (1.005,1.026) p = 0.005 ‡ OR = 1.020 (1.007,1.036) p = 0.006 ‡
  ROC curve AUC = 0.764 (0.680,0.848) p < 0.0001 ¶ AUC = 0.890 (0.833,0.947) p < 0.0001 ¶

Biomarkers (as categorical variables)
  R2 (Cox & snell) 0.273 0.465
  AIC 131.5 101.2
  VEGFR2, > 694.9 pg/ml b OR = 11.230 (3.466,51.020) p < 0.001 § OR = 39.75 (5.86,637.300) p = 0.002 ‡
  VEGFA, > 208.9 pg/ml b OR = 5.179 (2.186,13.020) p < 0.001 § OR = 6.123 (2.031,20.850) p = 0.002 ‡
  ROC curve AUC = 0.801 (0.720,0.882) p < 0.0001 ¶ AUC = 0.917 (0.866,0.967) p < 0.0001 §
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VEGFA and VEGFR2 levels were more likely to have poor 
outcomes, and plasma VEGFA and VEGFR2 levels posi-
tively correlated with the mRS score at 3 months. Further-
more, the addition of plasma VEGFA and VEGFR2 levels to 
the clinical model significantly improved risk stratification 
for unfavorable outcomes. For the first time, we founded that 
plasma VEGFA and VEGFR2 levels in the acute phase of 
stroke might be predictors for the prognosis of AIS.

Multiple studies have demonstrated that blood VEGF 
levels are associated with outcomes in patients with AIS 
[28–31]. VEGF is one of the most commonly studied growth 
factors in ischemic stroke; however, these conclusions are 
inconsistent with those of other experimental studies [22, 
25, 32]. The reasons for the differences in these conclu-
sions may be as follows: 1) differences in the time points to 
collect blood samples. Previous studies have demonstrated 
upregulation of endogenous VEGF levels and the use of 
exogenous VEGF are harmful after acute ischemic stroke 
[24]. However, the deleterious effects of VEGF on vascular 
integrity are transient, and both VEGF preconditioning [33] 
and VEGF treatment after the acute phase [34] have neuro-
protective effects. Therefore, the effects of VEGF on AIS are 

associated with the time points of its expression. 2) limita-
tions in data analysis or sample size, for example, potential 
clinical confounders associated with AIS were not adjusted 
in regression analyze. 3) the complexity of VEGF family. 
There are many uncertainties and contradictions about the 
role of VEGF family in current research of ischemic stroke. 
Furthermore, the VEGF receptors and co-receptors have dif-
ferent properties and activate different intracellular signaling 
pathways [23]. The VEGF family contain several members, 
including VEGFA, VEGFB, VEGFC, VEGFD and PIGF, 
which play their roles by combining with three specific 
receptors, VEGFR1, VEGFR2, and VEGFR3. Several stud-
ies have reported that the mRNA and protein expressions of 
VEGFA, VEGFB and VEGFD are elevated following BBB 
breakdown in a rat model of cold injury [35, 36]. However, 
their expression shows temporal and spatial differences dur-
ing BBB injury and angiogenesis, indicating that they have 
specific and separate roles in these processes [36]. VEGFB, 
as a new member of VEGF family, less is known about it. 
VEGFB binds to its receptor VEGFR1 to exert vascular and 
neuroprotection effects against a wide arrange of apoptotic 
stimuli [37–40]. However, the exact function of VEGFB 

Table 3   Clinical model and additive value of the model including plasma VEGFR2 and VEGFA levels for AIS patients with unfavorable out-
come at 3 months

AIC Akaike information criterion, OR odds ratio, mRS modified Rankin scale, NIHSS national institutes of health stroke scale, VEGFR2 vascu-
lar endothelial growth factor receptor 2, VEGFA vascular endothelial growth factor A, AUC​ aera under the curve, IDI integrated discrimination 
improvement, NRI net reclassification improvement, ROC receiver operating characteristic curve, AIS acute ischemic stroke
†  p < 0.05; ‡ p < 0.01; § p < 0.001; ¶ p < 0.0001

Clinical model Clinical model + VEGFR2 + VEGFA

Logistic regression
  R2(Cox & snell) 0.276 0.465
  AIC 165.7 101.2
  Admission mRS score OR = 1.333 (0.905,2.044), p = 0.161 OR = 0.937 (0.590,1.054), p = 0.780
  Admission NIHSS score OR = 1.114 (1.036,1.214), p = 0.008 ‡ OR = 1.211 (1.103,1.357), p < 0.001 §
  Atrial fibrillation OR = 4.840 (1.380,20.780), p = 0.020 † OR = 7.644 (1.477,56.98), p = 0.026 †
  VEGFR2 > 694.9 pg/ml - OR = 39.75 (5.856,637.3), p = 0.002 ‡
  VEGFA > 208.9 pg/ml - OR = 6.123 (2.031,20.85), p = 0.002 ‡

ROC curve
  AUC, % 0.814 (0.739,0.888) 0.917 (0.866,0.967)
  p value  < 0.0001 ¶  < 0.0001 ¶
  Se, % 88.200 92.200
  Sp, % 62.300 87.000

IDI index, %
  Total IDI - 0.235 (0.161,0.308)
  p value Ref  < 0.0001 ¶

NRI index, %
  Categorical NRI - 0.288 (0.060,0.516)
  p value Ref 0.013
  Continuous NRI - 1.057 (0.754,1.360)
  p value Ref  < 0.0001 ¶
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is still controversial [41]. Another member of the VEGF 
family, VEGFC, is a secreted glycoproteins that exhib-
its structural homology with VEGFD. Both VEGFC and 
VEGFD promote lymph-angiogenesis and angiogenesis by 
combining with VEGFR2 and VEGFR3 [42–45]. Elevated 
VEGFD levels may be an adaptation to the requirement of 
the lymphatic system to eliminate fluid from the extravas-
cular space off the lungs and peripheral tissues [46]. Serum 
VEGFC levels are associated with dyslipidemia [47], which 
is a causative risk factor and treatment target for ischemic 
stroke. Therefore, the VEGF family and their receptors are 
complexity. The expression profiles and the effects of the 
VEGF members after ischemic stroke need to be further 
studies. These may provide new targets for the treatment 
of patients with AIS. The VEGF family has been shown to 
participate in atherosclerosis, cerebral edema, neuroprotec-
tion, neurogenesis, angiogenesis and postischemic brain and 

vessel repair in experimental stroke [2]. However, the above 
actions mainly involve the interaction between VEGFA and 
VEGFR2. VEGFA and VEGFR2 have been strongly impli-
cated in regulating angiogenesis and vascular permeability 
during homeostasis and pathological conditions [4]. There-
fore, VEGFA and VEGFR2may function as osmotic factors, 
damage the vascular endothelial barrier, increase vascular 
permeability, and exacerbate BBB leakage in patients with 
AIS. Studies in vitro have indicated that VEGFA expres-
sion increases in astrocytes, endothelial cells and neurons, 
whereas VEGFR2 expression increases in endothelial cells 
in the peri-infarct area following stroke [48]. In addition, 
many studies have indicated that VEGFA and VEGFR2 par-
ticipate in BBB breakdown [13, 35, 49, 50], thus aggravating 
neurological function injury following ischemic stroke. In 
our study, plasma VEGFA and VEGFR2 levels were signifi-
cantly elevated in patients with AIS within 24 h after stroke 

Fig. 5   Nomogram based on the risk model for predicting prognosis 
and evaluation of the risk model. Nomogram for predict the poor 
prognosis probability in patients with AIS at 3 months (A). Calibra-
tion curve of the relationship between predicted and actual probabili-
ties of the poor prognosis. The solid line represents the ideal predic-
tive model, and the dotted line represents the observed model (B). 
ROC curve was used to evaluate the accuracy of the nomogram. The 
red solid line represents the risk model including amRS, aNIHSS, 
AF, VEGFR2 and VEGFA (C). DCA curves evaluate nomogram 
from the perspective of clinical benefit and scope of clinical benefits. 
The y-axis represents the net benefit. The x-axis represents the pre-
dicted poor prognosis probability. The gray solid line represents the 

condition that all patients were classified as high risk and the inter-
vention had been implemented ahead of time, while the black solid 
line represents the condition that none of the patients were classi-
fied as high risk, did not intervene in advance, and had a net benefit 
of 0. The red solid line represents the risk model including amRS, 
aNIHSS, AF, VEGFR2 and VEGFA  (D). ROC, receiver operating 
characteristic; DCA, decision curve analysis. mRS, modified Rankin 
scale; NIHSS, national institutes health stroke scale; amRS, modi-
fied Rankin scale on admission; aNIHSS, national institutes of health 
stroke scale on admission; AF, atrial fibrillation; AIS, acute ischemic 
stroke; VEGFR2, vascular endothelial growth factor receptor 2; 
VEGFA, vascular endothelial growth factor A
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compared to those in healthy controls, which is consistent 
with the results of other studies [1, 51]. Furthermore, we 
found that VEGFA and VEGFR2 levels were significantly 
higher in patients with unfavorable outcomes than in those 
with favorable outcomes, and were positively correlated 
with the mRS score at 3 months. These results indicated 
that VEGFA and VEGFR2 are correlated with unfavorable 
outcomes in AIS.

Previous studies have shown that diabetes is a major risk 
factor for ischemic stroke [52, 53] and a strong predictor of 
poor prognosis [54–57]. An in vitro study had demonstrated 
an abnormal and persistent increase in VEGFR2 expression 
in the peri-infarct vascular network following ischemic 
stroke in mouse model of type 1 diabetes [55]. A clinical 
study showed that higher blood glucose levels are associ-
ated with aggravated brain edema [58], which exacerbates 
BBB breakdown. Blood VEGF are concentrations were cor-
related with glycosylated hemoglobin [22]. Similarly, we 
found that plasma VEGFR2 levels were significantly higher 
in AIS patients with diabetes than in those without diabetes 
and were positively correlated with blood glucose concentra-
tion on admission in our study. Therefore, it is important to 
consider comorbidities when determining the appropriate 
treatment for ischemic stroke.

Brain edema is a potentially fatal pathological state and 
is one of the most devastating consequences of ischemic 
stroke. VEGF1/VEGFR2 has been shown to be associated 
with brain edema in animal models of cerebral ischemia. It 
is of great clinical significance to explore the association 
between VEGFA/VEGFR2 and brain edema in patients with 
AIS. When collecting patient data, we also paid attention to 
collecting information on brain edema. However, only 16 
of the enrolled patients showed significant brain edema on 
imaging, which is relatively small and we cannot statistically 
analyze them. Research on brain edema after AIS may be 
more appropriate for severe cerebral infarction [59].

Univariate analysis demonstrated that elevated plasma 
VEGFA and VEGFR2 levels were associated with an 
increased risk of unfavorable outcomes at 3 months. After 
adjusting for potential contributing factors in multivari-
ate logistic regression, we found that plasma VEGFA and 
VEGFR2 levels were independent biomarkers for predict-
ing poor prognosis in patients with AIS. Furthermore, the 
addition the VEGFA and VEGFR2 to the clinical risk-pre-
diction model significantly improved prediction efficiency. 
In this study, a nomogram based on LASSO regression 
was constructed to visualize the risk-prediction model. 
The AUC and calibration curve were used to determine the 
discrimination and consistency of the prediction model. 
The NRI and IDI indexes were used to evaluate the accu-
racy of the prediction model. Therefore, the new risk-pre-
diction model integrating VEGFA and VEGFR2 levels is 

more discriminative, consistent and accurate than the con-
ditional clinical model. Furthermore, DCA revealed that 
the new risk-prediction model had greater clinical value 
than the conventional clinical model. This is the first study 
to report that plasma VEGFA and VEGFR2 levels may 
predict the prognosis of patients with AIS, indicating their 
novel value as biomarkers for risk stratification. Improved 
stratification may help identify patients with unfavorable 
outcomes, which may facilitate early diagnosis and treat-
ment to improve prognosis.

However, this study had several limitations. First, 
although we adjusted for multiple potential confounders in 
the entire cohort, the effects of possible residual confound-
ing factors could not be excluded. Second, VEGFA and 
VEGFR2 levels may be dynamic, and temporal changes in 
plasma VEGFA and VEGFR2 levels in AIS deserve fur-
ther investigation. Finally, this study is only conducted in 
a single center, and further validation is required through 
multi-center, large-scale clinical trials.

Conclusion

The present study demonstrates that the addition of plasma 
VEGFA and VEGFR2 levels to the clinical risk-predic-
tion model may aid in improving the risk stratification of 
patients with AIS within 24 h of the stroke. Therefore, the 
combination of plasma VEGFA and VEGFR2 levels deter-
mination in conjunction with clinical and imaging exami-
nations will yield greater accuracy for predicting 3-month 
prognosis in patients with AIS. However, large-scale, 
multi-center studies are required to validate the association 
between plasma VEGFA and VEGFR2 levels on admission 
and the prognosis of AIS. VEGFA and VEGFR2 are likely 
important mediators of stroke and comorbidities, which 
warrants further studies.
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