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Abstract
Background: We aimed to identify plasma markers of unfa-
vorable outcomes for patients with acute ischemic stroke 
(AIS) after recanalization by endovascular thrombectomy 
(EVT). Methods: From November 2017 to May 2019, we pro-
spectively collected 61 AIS patients due to anterior large ves-
sel occlusion who achieved recanalization by EVT. Plasma 
samples were obtained between 18 and 24 h after recanali-
zation. Unfavorable outcomes included futile recanalization 
at 90 days and overall early complications within 7 days after 
EVT. Results: After adjustment for age and initial National 
Institute of Health Stroke Scale (NIHSS), matrix metallopro-
teinase-9 (MMP-9), tenascin-C, thioredoxin, ADAMTS13, and 
gelsolin were independently associated with both futile re-
canalization and overall early complications significantly (all 
p < 0.05), while C-reactive protein (CRP) was independently 
associated with overall early complications (p = 0.031) but at 
the limit of significance for futile recanalization (p = 0.051). 
The baseline clinical model (BCM) (including age and initial 

NIHSS) demonstrated discriminating ability to indicate futile 
recanalization (area under the curve [AUC] 0.807, 95% confi-
dence interval [CI] 0.693–0.921) and overall early complica-
tions (AUC 0.749, 95% CI 0.611–0.887). BCM+MMP-9+ 
thioredoxin enhanced discrimination (AUC 0.908, 95% CI 
0.839–0.978, p = 0.043) and reclassification (net reclassifica-
tion improvement [NRI] 67.2%, p < 0.001) to indicate futile 
recanalization. With respect to overall early complications, 
BCM+MMP-9+tenascin-C, BCM+MMP-9+CRP, BCM+MMP-
9+ADAMTS13, BCM+tenascin-C+ADAMTS13, and BCM+CRP+ 
ADAMTS13, all improved discrimination (AUC [95% CI]: 0.868 
[0.766–0.970], 0.882 [0.773–0.990], 0.886 [0.788–0.984], 
0.880 [0.783–0.977], and 0.863 [0.764–0.962], respectively, all 
p < 0.05 by the DeLong method) and reclassification (NRI 
59.1%, 71.8%, 51.1%, 67.4%, and 38.3%, respectively, all p < 
0.05). Conclusions: The increased levels of MMP-9, tenascin-
C, CRP, thioredoxin, and decreased levels of ADAMTS13 and 
gelsolin were independent predictors of futile recanalization 
in AIS patients after recanalization by EVT.

© 2020 S. Karger AG, Basel
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Introduction

Endovascular thrombectomy (EVT) is a safe and effec-
tive treatment for acute ischemic stroke (AIS) caused by 
intracranial large vessel occlusion (LVO) in anterior cir-
culation [1]. Despite successful recanalization via EVT, 
some patients develop early complications of AIS during 
the acute phase, including early neurological deteriora-
tion (END) [2], symptomatic hemorrhagic transforma-
tion (sHT) [3], brain herniation [4], and malignant brain 
edema (MBE) [5]. Besides, almost half of the patients re-
main functional dependence (modified Rankin Scale 
[mRS], 3–6) at 3 months after onset, which is thus called 
futile recanalization [6–8]. Prompt identification of pa-
tients at increased risks of unfavorable outcomes may 
help target patients who deserve close attention and time-
ly treatments.

In previous studies, higher initial National Institute of 
Health Stroke Scale (NIHSS) score, older age, and longer 
time from onset to treatment were associated with poor 
AIS outcomes after EVT [6, 8, 9]. Aside from clinical pa-
rameters, blood biomarkers may also serve as a practical 
tool to represent the pathophysiology status before clini-
cal deterioration. A number of studies have identified that 
various blood biomarkers, such as matrix metalloprotein-
ase-9 (MMP-9) and C-reactive protein (CRP), are associ-
ated with functional outcomes of AIS [10, 11]. However, 
few studies have addressed the relationship of blood bio-
markers with unfavorable outcomes in AIS patients who 
achieve successful recanalization via EVT. Therefore, we 
prospectively collected AIS patients with successful re-
canalization by EVT and investigated the prognostic plas-
ma biomarkers that have potential association with the 
pathophysiology of AIS.

Methods

Study Design and Patient Selection
This was a single-center observational study undertaken at the 

NanFang Hospital between November 2017 and May 2019. Pa-
tients with AIS due to anterior circulation LVO who achieved suc-
cessful recanalization by EVT using stent retrievers (SolitaireTM 
AB: ev3, Irvine, CA, USA) with local anesthesia were screened for 
eligibility of the study. Successful recanalization was defined as 
modified Thrombolysis in Cerebral Infarction (mTICI) grade, 
2b-3 [12]. Patients received bridging therapy with intravenous 
thrombolysis if they met the AHA/ASA criteria [13]. We received 
informed consent from all patients or their families, and the Med-
ical Ethics Committee of NanFang Hospital approved the study 
protocol (NFEC-2019-189).

The inclusion criteria were as follows: (1) AIS patients who un-
derwent EVT for anterior circulation LVO; (2) aged ≥18 years; (3) 

initial NIHSS on admission ≥6; (4) ASPECTS based on diffusion 
weighted imaging (DWI) ≥6; (5) had anterior circulation LVO 
confirmed by digital subtraction angiography, and the occlusion 
sites included intracranial terminal internal carotid artery and 
middle cerebral artery (M1 or proximal M2 segments or both); (6) 
EVT was performed with groin puncture initiated <6 h from stroke 
onset, and those initiated within 6–16 h from onset were also eli-
gible if they met the criteria in DEFUSE 3 trial [14]; (7) mTICI <2b 
before thrombectomy and mTICI ≥2b after thrombectomy.

The exclusion criteria were as follows: (1) unfavorable out-
comes occurred before sampling; (2) had significant pre-stroke 
disability (pre-stroke mRS ≥2); (3) had evidence of intracranial 
hemorrhage, subarachnoid hemorrhage, arteriovenous malforma-
tion, aneurysm, or intracranial tumor verified by CT/MRI on ad-
mission; (4) had preexisting neurological or psychiatric disease 
that would confound neurological evaluation; (5) had active or re-
cent hemorrhage and history of trauma or surgery within 2 months 
before stroke onset; (6) had concurrent infection at the time of 
sample collection; (7) had rheumatoid immune diseases, severe 
liver/kidney diseases, hematopathy, or malignant tumors; (8) sus-
picious of infectious embolus or bacterial endocarditis; (9) had 
previous endovascular therapy; (10) baseline platelet count 
<50,000/μL; (11) pregnant/lactating women; (12) missing clinical/
imaging/follow-up data or information; and (13) blood samples 
showed poor quality.

Clinical Information
All the patients were admitted to the intensive care unit after 

EVT for close neurological monitoring. We recorded the patients’ 
clinical characteristics and information (including age, sex, time 
from onset to recanalization, initial NIHSS, occlusion site, fasting 
blood glucose, number of passes to achieve recanalization) and the 
complications during hospitalization. Stroke subtypes were deter-
mined by Trial of Org 10,172 in Acute Stroke Treatment classifica-
tion. NIHSS score was recorded daily by trained neurologists 
(Z.Z.L. and K.B.H.) from admission until discharge. ASPECTS 
were measured based on DWI. The mRS score was acquired at 90 
days after EVT by a trained neurologist (Y.P.) blind to other study 
data. CT was performed at 24 h after EVT before the initiation of 
antithrombotic treatment. Additional brain imaging was per-
formed when the patient’s status got deteriorated. Patient’s blood 
pressure (BP) levels using invasive arterial measurements were 
collected as 24 values of systolic BP (SBP) and diastolic BP record-
ed at regular 60-min intervals within the first 24 h after EVT. The 
mean SBP and maximal SBP values within the first 24 h after EVT 
were collected. The treatment of elevated BP and target BP levels 
depended on attending neurologist’s decision and clinical status of 
patients.

Outcome Definitions
Both futile recanalization and overall early complications were 

regarded as unfavorable outcomes in the present study. The pri-
mary outcome of this study was futile recanalization, defined as 
successful recanalization (achieved mTICI ≥2b after thrombecto-
my) plus functional dependence (mRS ≥3 at 90 days) following 
EVT [6–8]. The secondary outcome was overall early complica-
tion, defined as the occurrence of any early complications within 
7 days after EVT, including END [2, 15, 16], sHT [2, 3], brain her-
niation, and MBE [5]. The definitions of each early complication 
are as follows: (1) END: ≥2-point increment in NIHSS compared 
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to the best neurological status within 7 days after EVT; (2) sHT: 
neurological worsening (≥4-point increment in NIHSS) plus any 
hemorrhagic transformation with mass effect within 7 days after 
EVT, either within initial infarction site or distant area, confirmed 
by non-contrast computed tomography; (3) brain herniation: clin-
ical symptoms of brain herniation (including level of conscious-
ness decreased, pupil dilation with failure to constrict in response 
to light, or/and vomiting) plus brain tissue shifting signs con-
firmed by non-contrast computed tomography or MRI within 7 
days after EVT; (4) MBE: parenchymal hypodensity of ≥50% of 
MCA territory, local brain swelling signs, and midline shift ≥5 mm 
at septum pellucidum or pineal gland with basal cistern oblitera-
tion within 7 days after EVT.

Plasma Collection and Biomarker Analysis
Peripheral blood of each included patient was drawn between 

18 and 24 h after EVT. After centrifugation (3,000 g, 4°C) for 10 
min, plasma was blindly coded and stored at −80°C until assayed 
by liquid chromatography-mass spectroscopy/mass spectroscopy 
(LC-MS/MS) analysis and parallel reaction monitoring (PRM) 
verification [17] (Wininnovate Bio, Shenzhen, China), the details 
of which are given in online suppl. material (for all online suppl. 
material, see www.karger.com/doi/10.1159/000510804).

First, we carried out a systematic search of literature on stroke 
biomarkers in the MEDLINE, Embase, and Web of Science data-
bases, and we made a list (online suppl. Table 1) of common blood 
biomarkers associated with AIS. However, some of the biomarkers 
in the list failed to be detected in this study with the approach of 
LC-MS/MS analysis and PRM which were performed by the com-
pany (Wininnovate Bio, Shenzhen, China). The possible reason 
was that there were no already established protocols for searching 
the unique peptides of these proteins (which was the key step in 
LC-MS/MS and PRM) in the company. A total of 35 kinds of pro-
teins were able to be detected using LC-MS/MS and PRM in this 
study, and only the following 6 biomarkers were found to be re-
lated to unfavorable outcomes, including MMP-9 (a marker of 
blood-brain barrier [BBB] disruption [18, 19]), tenascin-C (in-
volved in neuronal apoptosis and BBB disruption [20, 21]), CRP 
(an inflammatory marker [22, 23]), thioredoxin (an indicator of 
oxidative stress [24–26]), a disintegrin and metalloproteinase with 
a thrombospondin motif repeats 13 (ADAMTS13, related to mi-
crocirculatory disturbances [7, 27]), and gelsolin (implicated in 
microcirculatory disturbances [28, 29]).

Statistical Analysis
Protein intensity was defined as the arithmetic mean of the 

peptide peak intensities attributed to the protein [17]. Data were 
presented as mean (standard deviation), median (interquartile 
range [IQR]), and number (percentage), as appropriate. Student’s 
t tests or Mann-Whitney U tests were applied for continuous data 
with or without normal distributions, respectively. Pearson’s χ2 
tests or Fisher’s exact tests were conducted for categorical data as 
appropriate. Univariate and multivariate analysis were applied to 
find the clinical variables and plasma biomarkers associated with 
unfavorable outcomes. The levels of all the biomarkers were re-
corded as continuous variable, which were used in univariate and 
multivariate analysis. A baseline clinical model (BCM) was estab-
lished using clinical variables that were independently associated 
with unfavorable outcomes in multivariate regression analysis, 
then individual or combined plasma biomarkers were added into 

BCM to investigate whether any of these biomarkers could im-
prove the discriminating ability for unfavorable outcome. The 
ability to discriminate outcomes was assessed by receiver operat-
ing characteristic curve analysis and integrated discrimination im-
provement (IDI). The differences in area under the curve (AUC) 
between models were tested by the DeLong method. Besides, we 
calculated categorical net reclassification improvement (NRI) with 
the thresholds: <0.20 (low risk), 0.20–0.50 (intermediate-low risk), 
0.50–0.80 (intermediate-high risk), and >0.80 (high risk) [30]. Sta-
tistical analysis was performed using SPSS (25.0), MedCalc (19.0.7), 
and R (3.5.2).

Results

Clinical Characteristics
The flowchart illustrating included and excluded pa-

tients in the present study is shown in Figure 1. In total, 
we prospectively selected 61 AIS patients with successful 
recanalization after EVT using SolitaireTM AB stent re-
trievers, among whom 34 patients had futile recanaliza-
tion, and 21 patients developed overall early complica-
tions, involving 20 patients with END, 15 patients with 
MBE, 15 patients with brain herniation, and 9 patients 
with sHT. Among the 21 patients who developed overall 
early complications, 2 patients developed brain hernia-
tion at the time which was close to sampling time; thus, 
they were excluded for analysis in overall early complica-
tions, while they were available for analysis in futile re-
canalization. After recanalization, overall early complica-
tions started at a median time of 37 (IQR 27–52) h. The 

83 patients meeting
the inclusion criteria

22 patients were included:
• Unfavorable outcomes occurrend
 before sampling (n = 3)
• Pre-stroke mRS ≥2 (n = 3)
• Had history of trauma within 2
 months before stroke onset (n = 1)
• Had rheumatoid immune disease
 (n = 1)
• Had concurrent infection (n = 3)
• Had malignant tumors (n = 3)
• Missing clinical/imaging/follow-up
 data or information (n = 4)
• Blood samples showed poor
 quality (n = 4)

61 patients finally
included in this study

Fig. 1. Flowchart illustrating included and excluded patients in the 
present study. mRS, modified Rankin Scale.
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Table 1. Clinical characteristics of AIS patients who achieved successful recanalization by EVT between those 
with and without futile recanalization

Clinical characteristics Futile recanalization p value

yes (n = 34) no (n = 27)

Age, median (IQR), years 61 (51–78) 45 (38–58) 0.001e

Initial NIHSS score, median (IQR) 18 (14–20) 13 (10–15) <0.001e

Time from onset to recanalization, median (IQR), min 322 (285–441) 385 (247–484) 0.727e

Admission ASPECTS, median (IQR) 7 (6–9) 8 (7–9) 0.308e

Male, n (%) 24 (70.6) 18 (66.7) 0.743f

Treatment with intravenous thrombolysis, n (%) 14 (41.2) 11 (40.7) 0.973f

Number of passes ≥4 times, n (%) 5 (14.7) 1 (3.7) 0.214g

Mean SBP, mean (SD), mm Hga 131 (8) 125 (16) 0.067h

Mean DBP, mean (SD), mm Hgb 74 (8) 73 (11) 0.848h

SBP max ≥160 mm Hg, n (%)c 16 (47.1) 7 (25.9) 0.091f

Fasting blood glucose, mmol/L 7.2 (6.6–8.7) 6.6 (5.6–8.1) 0.178e

Site of occlusion – – 0.255g

tICA, n (%) 6 (17.6) 5 (18.5) –
MCA-M1 segment, n (%) 27 (79.4) 18 (66.7) –
MCA-M2 segment, n (%) 1 (2.9) 4 (14.8) –
Stroke subtype by TOAST criteria – – 0.634g

Large-artery atherosclerosis, n (%) 13 (38.2) 11 (40.7)
Cardioembolism, n (%) 16 (47.1) 9 (33.3)
Stroke of other determined etiology, n (%) 2 (5.9) 3 (11.1)
Stroke of undetermined etiology, n (%) 3 (8.8) 4 (14.8)
Hypertension, n (%) 18 (52.9) 10 (37.0) 0.216f

Diabetes mellitus, n (%) 7 (20.6) 4 (14.8) 0.740g

Hyperlipemia, n (%) 6 (17.6) 5 (18.5) 0.930g

Atrial fibrillation, n (%) 12 (35.3) 6 (22.2) 0.266f

Smoke, n (%) 13 (38.2) 8 (29.6) 0.482f

Congestive heart failure, n (%) 4 (11.8) 1 (3.7) 0.371g

Coronary artery disease, n (%) 3 (8.8) 3 (11.1) 0.766g

ICAS, n (%) 13 (38.2) 11 (40.7) 0.842f

Stent placement, n (%)d 3 (23.1) 1 (9.1) 0.596g

Treated with tirofiban during EVT, n (%)d 11 (84.6) 8 (72.7) 0.630g

Dual antiplatelet therapy after EVT, n (%)d 4 (30.8) 2 (18.2) 0.649g

Overall early complications, n (%) 21 (61.8) 0 (0) <0.001f

END, n (%) 20 (58.8) 0 (0) <0.001f

MBE, n (%) 15 (44.1) 0 (0) <0.001f

Brain herniation, n (%) 15 (44.1) 0 (0) <0.001f

sHT, n (%) 9 (26.5) 0 (0) 0.003g

HT, n (%) 13 (38.2) 7 (25.9) 0.309f

AIS, acute ischemic stroke; EVT, endovascular thrombectomy; IQR, interquartile range; NIHSS, National 
Institute of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early CT Score; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; tICA, terminal internal carotid artery; MCA, middle cerebral artery; TOAST, Trial 
of Org 10,172 in Acute Stroke Treatment; ICAS, intracranial atherosclerotic stenosis; END, early neurological 
deterioration; sHT, symptomatic hemorrhagic transformation; MBE, malignant brain edema; SD, standard 
deviation. a The mean value of SBP, measured at regular 60-min intervals within the first 24 h after EVT. b The 
mean value of DBP, measured at regular 60-min intervals within the first 24 h after EVT. c SBP, max ≥160 mm 
Hg within the first 24 h after EVT. d Among patients with ICAS. e Mann-Whitney U tests for unpaired groups. 
f Pearson’s χ2 tests. g Fisher’s exact tests. h Student’s t tests.
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time from recanalization to the occurrence of END, sHT, 
brain herniation and MBE are 39 (IQR 29–57) h, 32 (IQR 
26–41) h, 36 (IQR 27–51) h and 37 (IQR 27–50) h, respec-
tively. We found that the rates of END, MBE, brain her-
niation, or sHT were significantly higher in patients with 
futile recanalization than those without (p < 0.05) (Ta-
ble 1).

Tables 1 and 2 describe the clinical characteristics of 
the patients between those with and without unfavorable 
outcomes (futile recanalization and overall early compli-
cations, respectively). Patients with futile recanalization 
or overall early complications were older and had higher 
initial NIHSS significantly than those without (all p < 
0.05). No significant differences between other character-
istics and unfavorable outcomes were found (Tables 1, 2). 

Table 2. Clinical characteristics of AIS patients who achieved successful recanalization by EVT between those 
with and without overall early complications 

Clinical characteristics Overall early complications p value

yes (n = 19) no (n = 40)

Age, median (IQR), years 62 (52–80) 51 (40–62) 0.005e

Initial NIHSS score, median (IQR) 18 (14–20) 14 (12–18) 0.017e

Time from onset to recanalization, median (IQR), min 324 (295–438) 378 (250–485) 0.615e

Admission ASPECTS, median (IQR) 8 (6–8) 8 (7–9) 0.137e

Male, n (%) 13 (68.4) 28 (70.0) 0.902f

Treatment with intravenous thrombolysis, n (%) 9 (47.4) 14 (35.0) 0.363f

Number of passes ≥4 times, n (%) 4 (21.1) 2 (5.0) 0.078g

Mean SBP, mean (SD), mm Hga 131 (8) 127 (14) 0.199h

Mean DBP, mean (SD), mm Hgb 73 (9) 73 (10) 0.982h

SBP max ≥160 mm Hg, n (%)c 9 (47.4) 12 (30.0) 0.193f

Fasting blood glucose, mmol/L 7.5 (6.4–8.8) 6.7 (5.8–8.2) 0.250e

Site of occlusion – – 0.639g

tICA, n (%) 5 (26.3) 6 (15.0) –
MCA-M1 segment, n (%) 13 (68.4) 30 (75.0) –
MCA-M2 segment, n (%) 1 (5.3) 4 (10.0) –
Stroke subtype by TOAST criteria – – 0.708g

Large-artery atherosclerosis, n (%) 6 (31.6) 18 (45.0) –
Cardioembolism, n (%) 10 (52.6) 14 (35.0) –
Stroke of other determined etiology, n (%) 1 (5.3) 3 (7.5) –
Stroke of undetermined etiology, n (%) 2 (10.5) 5 (12.5) –
Hypertension, n (%) 10 (52.6) 16 (40.0) 0.361f

Diabetes mellitus, n (%) 3 (15.8) 8 (20.0) 0.976g

Hyperlipemia, n (%) 2 (10.5) 9 (22.5) 0.456g

Atrial fibrillation, n (%) 6 (31.6) 10 (25.0) 0.595g

Smoke, n (%) 6 (31.6) 15 (37.5) 0.657f

Congestive heart failure, n (%) 3 (15.8) 2 (5.0) 0.316g

Coronary artery disease, n (%) 3 (15.8) 3 (7.5) 0.376g

ICAS, n (%) 6 (31.6) 18 (45.0) 0.327f

Stent placement, n (%)d 0 (0.0) 4 (22.2) 0.539g

Treated with tirofiban during EVT, n (%)d 6 (100.0) 13 (72.2) 0.280g

Dual antiplatelet therapy after EVT, n (%)d 0 (0.0) 6 (33.3) 0.277g

AIS, acute ischemic stroke; EVT, endovascular thrombectomy; IQR, interquartile range; NIHSS, National 
Institute of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early CT, Score; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; tICA, terminal internal carotid artery; MCA, middle cerebral artery; TOAST, Trial 
of Org 10,172 in Acute Stroke Treatment; ICAS, intracranial atherosclerotic stenosis; SD, standard deviation. 
a The mean value of SBP, measured at regular 60-min intervals within the first 24 h after EVT. b The mean value 
of DBP, measured at regular 60-min intervals within the first 24 h after EVT. c Maximal SBP, value ≥160 mm Hg 
within the first 24 h after EVT. d Among patients with ICAS. e Mann-Whitney U tests for unpaired groups. 
f Pearson’s χ2 tests. g Fisher’s exact tests. h Student’s t tests.
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The rates of patients with intracranial atherosclerotic ste-
nosis (ICAS) were comparable between those with and 
without futile recanalization (Pearson’s χ2 test, p = 0.842). 
Likewise, the rates of patients with ICAS were compara-
ble between those with and without overall early compli-
cations (Pearson’s χ2 test, p = 0.327). According to tran-
scranial Doppler sonography performed at 1 or 2 days 
after EVT, none of the patients included in this study 
were found to have experienced reocclusion after endo-
vascular recanalization.

Univariate and Multivariate Analysis
Univariate analysis indicated that age and initial  

NIHSS were significantly associated with futile recanaliza-
tion (age: OR 1.052, 95% confidence interval [CI] 1.018–
1.088, p = 0.003; NIHSS: OR 1.269, 95% CI 1.095–1.470,  
p = 0.002) and overall early complications (age: OR 1.045, 
95% CI 1.011–1.081, p = 0.009; NIHSS: OR 1.147, 95% CI 
1.006–1.308, p = 0.040). Multivariate analysis showed that 
age (aOR 1.041, 95% CI 1.001–1.083, p = 0.046) and initial 
NIHSS (aOR 1.284, 95% CI 1.048–1.574, p = 0.016) re-
mained significantly associated with futile recanalization 
after adjusting for admission ASPECTS, mean SBP within 
24 h after EVT, fasting blood glucose, atrial fibrillation, 
and number of passes. Furthermore, multivariate analysis 
showed that age (aOR 1.048, 95% CI 1.004–1.093, p = 
0.031) and initial NIHSS (aOR 1.210, 95% CI 1.001–1.461, 

p = 0.048) remained significantly associated with overall 
early complications after adjusting for admission AS-
PECTS, mean SBP within 24 h after EVT, fasting blood 
glucose, atrial fibrillation, and number of passes.

Univariate analysis of plasma biomarkers indicated 
that MMP-9, tenascin-C, CRP, thioredoxin, ADAMTS13, 
and gelsolin were significantly associated with both futile 
recanalization and overall early complications (all p < 
0.05) (Table 3). Multivariate analysis confirmed that in-
creased levels of MMP-9, tenascin-C, CRP, and thiore-
doxin and decreased levels of ADAMTS13 and gelsolin 
remained significantly associated with futile recanaliza-
tion and overall early complications after adjustment for 
age and initial NIHSS, except that CRP slightly missed the 
margin of significance in the association with futile re-
canalization (adjusted OR 1.728, 95% CI 0.998–2.993, p = 
0.051) (Table 3).

Discrimination and Reclassification
We constructed BCM including age and initial NIHSS 

for unfavorable outcome discrimination. BCM revealed 
moderate discriminating ability for futile recanalization 
(AUC 0.807, 95% CI 0.693–0.921) and weak discrimina-
tion for overall early complications (AUC 0.749, 95% CI 
0.611–0.887) (Table 4; Fig. 2). The AUC value of each bio-
marker is listed in online suppl. Table 2. None of single 
plasma biomarker addition significantly improved the 

Table 3. Univariate and multivariate associations of plasma biomarkers with unfavorable outcomes in AIS 
patients who achieved successful recanalization by EVT

OR (95% CI) p value Adjusted OR (95% CI)a p value

Overall early complications (n = 59)
MMP-9 2.416 (1.460–3.997) 0.001 2.464 (1.383–4.388) 0.002
Tenascin-C 4.539 (1.605–12.837) 0.004 3.443 (1.176–10.077) 0.024
CRP 2.318 (1.339–4.013) 0.003 1.918 (1.063–3.462) 0.031
Thioredoxin 5.125 (1.522–17.253) 0.008 3.314 (1.054–10.425) 0.040
ADAMTS13 0.023 (0.002–0.310) 0.005 0.035 (0.002–0.545) 0.017
Gelsolin 0.040 (0.005–0.303) 0.002 0.060 (0.006–0.640) 0.020

Futile recanalization (n = 61)
MMP-9 2.394 (1.472–3.896) <0.001 2.285 (1.301–4.014) 0.004
Tenascin-C 3.529 (1.455–8.561) 0.005 2.744 (1.180–6.384) 0.019
CRP 2.332 (1.415–3.843) 0.001 1.728 (0.998–2.993) 0.051
Thioredoxin 3.674 (1.550–8.707) 0.003 2.972 (1.292–6.839) 0.010
ADAMTS13 0.031 (0.002–0.390) 0.007 0.042 (0.002–0.794) 0.035
Gelsolin 0.021 (0.002–0.193) 0.001 0.068 (0.005–0.932) 0.044

AIS, acute ischemic stroke; CFP, C-reactive protein; EVT, endovascular thrombectomy; OR, odds ratio; CI, 
confidence interval; NIHSS, National Institute of Health Stroke Scale; MMP-9, matrix metalloproteinase-9. 
a Adjustment for age and initial NIHSS, score. The levels of all the biomarkers were recorded as continuous 
variable.
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AUC value of BCM to discriminate futile recanalization 
or overall early complications assessed by the DeLong test 
(online suppl. Table 3).

The panel of BCM+MMP-9+thioredoxin significantly 
enhanced the discrimination and reclassification of BCM 

for futile recanalization (AUC 0.908, p = 0.043; IDI 20.9%, 
p < 0.001; NRI 67.2%, p < 0.001). There were no multi-
collinearity problems between the tested variables in this 
model (Table 4). Five plasma biomarker panels in addi-
tion to BCM significantly improved the discrimination 

Table 4. ROC curve analysis of the addition of plasma biomarkers to the BCM for prediction of unfavorable outcomes in AIS patients 
who achieved successful recanalization by EVT

Discrimination Reclassification

AUC (95% CI) p valueb IDI (95% CI), % p valuec NRI (95% CI), % p valued

Overall early complications (n = 59)
BCMa 0.749 (0.611–0.887) – – – – –
BCM+MMP-9+Tenascin-C 0.868 (0.766–0.970) 0.039 19.7 (7.9–31.6) 0.001 59.1 (23.8–94.4) 0.001
BCM+MMP-9+CRP 0.882 (0.773–0.990) 0.040 25.7 (12.0–39.3) <0.001 71.8 (37.1–106.6) <0.001
BCM+MMP-9+ADAMTS13 0.886 (0.788–0.984) 0.042 23.4 (9.9–40.0) 0.001 51.1 (14.7–87.4) 0.006
BCM+Tenascin-C+ADAMTS13 0.880 (0.783–0.977) 0.036 19.3 (7.9–30.8) 0.001 67.4 (31.7–103.1) <0.001
BCM+CRP+ADAMTS13 0.863 (0.764–0.962) 0.034 18.7 (5.4–31.9) 0.006 38.3 (2.7–73.9) 0.035

Futile recanalization (n = 61)
BCMa 0.807 (0.693–0.921) – – – – –
BCM+MMP-9+Thioredoxin 0.908 (0.839–0.978) 0.043 20.9 (10.4–31.3) <0.001 67.2 (32.4–102.0) <0.001

AIS, acute ischemic stroke; EVT, endovascular thrombectomy; AUC, area under the curve; CI, confidence interval; ROC, receiver 
operating characteristic; NRI, net reclassification improvement; IDI, integrated discrimination improvement; MMP-9, matrix 
metalloproteinase-9; CRP, C-reactive protein. a BCM, indicates baseline clinical model. b p value for AUC, using the DeLong method 
with BCM, as a reference. c p value for IDI with the BCM, as a reference. d p value for NRI with the BCM, as a reference.
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and reclassification of BCM for overall early complica-
tions: (1) BCM+MMP-9+tenascin-C (AUC 0.868, p = 
0.039; IDI 19.7%, p = 0.001; NRI 59.1%, p = 0.001); (2) 
BCM+MMP-9+CRP (AUC 0.882, p = 0.040; IDI 25.7%,  
p < 0.001; NRI 71.8%, p < 0.001); (3) BCM+MMP-9+ 
ADAMTS13 (AUC 0.886, p = 0.042; IDI 23.4%, p = 0.001; 
NRI 51.1%, p = 0.006); (4) BCM+tenascin-C+ADAMTS13 
(AUC 0.880, p = 0.036; IDI 19.3%, p < 0.001; NRI 67.4%, 
p < 0.001); and (5) BCM+CRP+ADAMTS13 (AUC 0.863, 
p = 0.034; IDI 18.7%, p = 0.006; NRI 38.3%, p = 0.035). No 
multi-collinearity was found among the tested variables 
in the models above (Table 4; Fig. 2). Other combinations 
of biomarkers without multi-collinearity did not improve 
the discrimination of BCM for unfavorable outcomes 
tested by the DeLong method, and the results are shown 
in online suppl. Table 3.

Discussion

The present study investigated the utility of several 
biomarker panels to predict early complications and fu-
tile recanalization following EVT. Our findings suggest 
that changes in specific plasma biomarkers after EVT im-
prove the discriminating ability to predict unfavorable 
outcome and futile recanalization at 90 days.

BBB breakdown is mediated by the release of various 
proteases, particularly matrix metalloproteases (MMPs) 
[31]. MMP-9, a member of MMPs family, is a well-estab-
lished marker of BBB disruption. Increased level of MMP-
9 is related to vasogenic edema formation, sHT, and func-
tional dependence after 3 months for AIS patients [18, 
19].

Tenascin-C, a glycoprotein expressed in extracellular 
matrix, is involved in maintaining the basement mem-
branes of BBB [32, 33]. Experimental research found that 
tenascin-C was implicated in neuronal apoptosis and 
BBB disruption via TLR4/NF-κB/IL-1β inhibition in 
cerebrovascular diseases [21, 34]. Recent clinical studies 
demonstrated that enhanced serum tenascin-C level was 
associated with poor outcomes of patients with acute 
hemorrhage stroke [35].

CRP is a well-acknowledged inflammatory biomarker, 
playing a key role in ischemia-reperfusion injury in AIS. 
The circulating level of CRP has been proved to be associ-
ated with functional outcome at 3 months in AIS patients 
[22, 23]. Moreover, CRP reflects not only inflammation 
triggered by cerebral ischemia but also post-stroke infec-
tion or other inflammatory stimuli, especially in critically 
ill patients.

Thioredoxin is a good indicator of oxidative stress in 
ischemia-reperfusion injury in brain, heart and endothe-
lium [24–26]. Furthermore, inhibition of thioredoxin was 
found to be involved in attenuating BBB disruption in the 
early stage of experimental focal cerebral ischemia [36]. 
Recent clinical studies showed that elevated serum thio-
redoxin level on admission can predict functional inde-
pendence at 3 months after AIS [37–39].

ADAMTS13 is a metalloprotease enzyme, cleaving ul-
tra-large von Willebrand factor multimers into smaller, 
less active forms [27]. Decreased level of ADAMTS13 was 
associated with poor functional outcomes for AIS pa-
tients [7, 40]. The neuroprotective effect of ADAMTS13 
may be explained by its antithrombotic role in microcir-
culation. After recanalization of the large vessel, the re-
perfusion of penumbra area may remain poor due to mi-
crothrombosis or microemboli as a result of platelet ad-
hesion and leukocyte recruitment mediated by ultra-large 
von Willebrand factor multimers, which cannot be 
cleaved sufficiently with a low level of ADAMTS13 [41, 
42].

Gelsolin is an actin-depolymerizing protein that scav-
enges actin leaking into the bloodstream after tissue in-
jury [11]. Convincing evidence indicates that decreased 
gelsolin on admission was an independent predictor of 
poor outcomes in patients with AIS and intracerebral 
hemorrhage [43, 44]. In response to ischemia injury, high 
amounts of filamentous actin (F-actin) was released from 
damaged cells into bloodstream, leading to the increase 
of blood viscosity, disturbances in microvascular flow, 
and impairment of fibrinolysis [28]. Gelsolin may be cru-
cial to limit microvascular thrombosis via depolymeriza-
tion of F-actin in bloodstream after recanalization in AIS.

To date, there are scarce studies regarding the predic-
tive value of plasma biomarkers mentioned above in AIS 
patients after EVT. Our results showed that increased lev-
els of MMP-9, tenascin-C, CRP, and thioredoxin and de-
creased levels of ADAMTS13 and gelsolin were indepen-
dent predictors of futile recanalization after adjustment 
for clinical variables in AIS patients who achieved recan-
alization via EVT.

Our study investigated for the first time the impor-
tance of several plasma biomarkers associated with early 
complications and futile recanalization in patients with 
successful recanalization by EVT. However, some limita-
tions should be noticed. The first limitation resides in the 
relatively small number of patients due to strict inclusion 
criteria, for instance, patients with unsuccessful vessel re-
canalization after thrombectomy (mTICI <2b) were not 
included in this study, the intention of which was to as-
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sure homogeneity among the patients enrolled. Second, 
there may be an underlying overlap of blood collection 
and the initiation of complications because we could not 
rule out the possibility that an early complication had al-
ready initiated without classical clinical manifestation at 
the moment of sampling for some patients. Thus, we can-
not draw a conclusion that plasma biomarkers measured 
at 18–24 h after EVT were predictors of early complica-
tions. Third, the plasma biomarkers for measurements 
were performed at 1 single time point, without investigat-
ing the dynamic evolution after EVT. Serial measure-
ments could give the opportunity to explore whether per-
sistent higher levels of biomarkers remained predictive 
for outcomes, which can be explored in further research.

Conclusions

For anterior LVO AIS patients with recanalization by 
EVT, the increased levels of MMP-9, tenascin-C, CRP, 
and thioredoxin and decreased levels of ADAMTS13 and 
gelsolin were independent predictors of futile recanaliza-
tion. The panel of BCM+MMP-9+thioredoxin can im-
prove the discrimination of futile recanalization, and the 
panels of BCM+MMP-9+tenascin-C, BCM+MMP-9+ 
CRP, BCM+MMP-9+ADAMTS13, BCM+tenascin-C+ 
ADAMTS13, and BCM+CRP+ADAMTS13 all have ad-
ditive clinical value for discriminating overall early com-
plications. Incorporation of biomarker panels can sub-
stantially improve the risk stratification for poor AIS out-
comes after recanalization by EVT.
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