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Abstract
Objective: Investigations on coagulation parameters including fibrinogen (Fbg), fibrinogen degradation products (FDP), and D-
dimer in ischemic stroke patients treated with intravenous thrombolysis are insufficient. We aimed to investigate the association
between in-hospital clinical outcomes and the coagulation parameters at different time points in ischemic stroke patients treated
with intravenous tissues plasminogen activator (IV tPA).
Methods:We retrospectively enrolled patients who received IV tPA therapy within 4.5 h from symptoms onset. Demographics,
clinical characteristics, imaging measures, and the discharge mRS score were collected. Multivariable logistic regression analyses
were performed to test whether coagulation parameters were independent predictors for the in-hospital clinical outcomes. We
also employed machine learning models to investigate whether coagulation parameters were able to improve the prediction of
favorable functional outcomes.
Results: One hundred and fifty-two patients treated with IV tPA were included. Among the coagulation parameters, low D-
dimers at 48 h proved to be an independent predictor of favorable functional outcome (adjusted odd ratio 0.24, 95% confidential
intervals 0.06-0.92, P = 0.04). The AUC of D-dimer at 48 h to predict favorable functional outcome was 0.73 (0.60-0.87) and the
optimal cut-off value was 0.92 (sensitivity 0.69, specificity 0.78). Machine learning models with D-dimer at 48 h had superior
performance in predicting favorable functional outcomes and among the input variables in the machine learning models, D-
dimer at 48 h showed the highest weight in predicting mRS 0-1 at discharge (38.44%).
Conclusion: Increased levels of D-dimer at 48 h was associated with lower proportion of favorable functional outcomes in acute
ischemic stroke patients with intravenous thrombolysis.
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Introduction
Stroke is a major cause of disability and death in the world and
ranked third among the top 10 causes of disability-adjusted life-
years in 2019.1 Intravenous thrombolysis with recombinant
tissue plasminogen activator (IV tPA) has been proposed as a
standard of care efficacy to achieve recanalization and
improve functional outcomes for ischemic stroke patients.2,3

However, in the real-world, about 40% of the ischemic stroke
patients that received IV tPA therapy within 4.5 h failed to
achieve favorable functional outcomes at 90-day.4,5

Coagulation cascades play a vital role in the process of onset
and recovery of ischemic stroke.6–8 Some parameters related to
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the coagulation cascades have been identified as predictors of
the prognosis for patients with ischemic stroke including fibrin-
ogen9 and D-dimer.10 In patients treated with IV tPA, coagula-
tion parameters including fibrinogen11,12 and D-dimer13 were
also reported to be related to the prognosis for ischemic
stroke. However, as most studies8,11–13 only investigated the
clinical significance of one coagulation parameter at one or
two time points, still much is unknown on variation trends of
the coagulation parameters before and after IV tPA, and their
association with prognosis of patients treated with IV tPA.

In this study, we aimed to delineate the variation trends of
coagulation parameters at different time points and investigate
the predictors for clinical outcome in patients treated with IV
tPA. Moreover, we established 5 machine learning models
and calculated the diagnostic values among the 5 machine
learning models after adding coagulation parameters to test
their predictive capability in patients treated with IV tPA.

Methods

Study Design
We conducted a retrospective cohort study based on a database
of the patients treated with IV tPA at Beijing Tiantan Hospital.
Ethical approval has been obtained from the ethics committee
of Beijing Tiantan Hospital (No.: KY2019-019- 05). The
Local institutional review board permitted the waiver of
informed consent of our study considering its retrospective
study design and de-indentification of the patient data.

Participants
Patients treated with IV tPA at our emergency department (ED)
from October first, 2018 to November fifth, 2020 were screened
for eligibility and enrolled if they met the following inclusion cri-
teria: 1) diagnosed with ischemic stroke at the ED (focal neurolog-
ical signs or symptoms due to vascular etiology and confirmed by
brain CT); 2) treated with 0.9 mg/kg alteplase within 4.5 h from
stroke onset. We excluded patients 1) with incomplete data on
coagulation tests; 2) without mRS score at discharge; 3) receiving
anticoagulation agents within 24 h before IV tPA and 4) post-tPA
MRI scan and other in-hospital imaging or laboratory tests imply-
ing stroke mimics or non-vascular disease.

Data Collection
A neurological physician (L.G.) collected the clinical, imaging,
and laboratory data blinded to the discharge mRS score. The
clinical data included demographic information (age, sex),
medical history (hypertension, diabetes, hyperlipidemia, atrial
fibrillation, prior stroke, etc), alcohol intake / smoking status,
medication history (prior antiplatelet therapy of oral aspirin /
clopidogrel), and time delay before IV tPA (onset-to-needle
time and door-to-needle time). Neurological impairment
severity was assessed by the National Institute of Health
Stroke Scale (NIHSS) score.14 Etiology of ischemic stroke

was classified according to the Trial of Org 10172 in Acute
Stroke Treatment (TOAST) classification.15 Symptomatic intra-
cerebral hemorrhage was categorized according to the NINDS
criteria.16 White matter hyperintensities severity was evaluated
using the Fazekas scale.17 We recorded periventricular and deep
white matter hyperintensities separately, then the highest score
for white matter hyperintensities were recorded as the score of
Fazekas scale. Large vessel occlusion was identified through
magnetic resonance angiography after tPA. Considering that
some thrombosis events after ischemic stroke onset could be
related to the coagulation parameters and clinical outcomes,
we also recorded the number (proportion) of in-hospital throm-
bosis events including deep vein thrombosis, muscular calf vein
thrombosis and pulmonary embolism.

Peripheral blood samples were collected at 4 time points (0
h, defined as the time point before the initiation of IV tPA; 24 h,
defined as 24 ± 3 h after IV tPA; 48 h, defined as 48 ± 3 h after
IV tPA; and at discharge) for analyzing coagulation parameters
including fibrinogen (Fbg), fibrinogen degradation products
(FDP) and D-dimer. Blood samples were collected in 5 mL
evacuated tubes using one-tenth of 0.129 mol/L saline sodium
citrate as an anticoagulant and analyzed photo-optically using
an ALC-Top coagulometer.

Outcome Evaluation
The study outcome was favorable functional outcome, defined
the modified Rankin Scale (mRS) score 0-1 at discharge. The
mRS score is widely used to assess the independent status
ranging from 0 to 6 and a higher mRS score indicated poorer
independent status.

Statistical Analysis
For continuous variables, normally distributed data were displayed
as mean ± SD and compared using the student t test while non-
normally distributed data were displayed as median (interquartile
range) and compared using Mann–Whitney U test. Shapiro test
was used to test data distribution. Categorical variables were dis-
played as number (percentage) and compared using the χ2 test
or Fisher’s exact test, as appropriate. Boxplots were used to delin-
eate the variation trends of the coagulation parameters with
Wilcoxon tests tested the statistical significance of the change
values between different time points. Multivariable logistics
regression analyses were conducted to find out the independent
predictors of favorable functional outcome among the coagulation
parameters at different time points. Considering the potential col-
linearity among the different coagulation parameters at different
time points, we conducted multivariable logistics regression anal-
yses using the backward stepwise method. Subsequent receiver
operating characteristic (ROC) curves were used to assess the pre-
dictive capability and determine the optimal cut-off value of the
predictive coagulation parameters. All statistical analyses were
performed with the SPSS 25.0. P <0.05 was considered statisti-
cally significant.
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We established 5 machine learning models to predict favor-
able functional outcome and calculated the change value of the
diagnostic ability before and after adding the coagulation
parameters. The 5 machine learning models included the tradi-
tional linear model, k-Nearest Neighbor (kNN) model, multi-
layer perceptron (mlp) model, random forest (rfc) model, and
extreme gradient boosting (XGBoost) model. The mlp model,
also known as a deep neural network model, was an automated
feedforward architecture model with 3 hidden layers, 50
epochs, and mini-batch training. One consecutive step with
no further decrease in the error term was the stopping criterion.
The rfc model consisted of a multitude of 100 decision trees
comprising multiple true or false conditions using input vari-
ables. The sum of the decisions made by the decision trees
was used for the final classification. The rfc model was also
employed to compute the importance of the input variables.
Input variables were 7 acknowledged factors related to func-
tional outcomes of ischemic stroke including bridging mechan-
ical thrombectomy (MT), admission NIHSS score, history of
hypertension, smoking, alcohol intake, large vessel occlusion
and sICH. Continuous variables were standardized to distribu-
tion from 0 to 1 before training the 5 models. We trained all
of the 5 machine learning models with all of the 7 variables
as inputs to classify patients likely to have favorable outcomes
(mRS 0-1 at discharge). Before training the machine learning
models, we divided the included patients into a training
cohort (70%, to establish and train the models) and a test
cohort (30%, to test the predictive capability). ROC curves
with area under curve (AUC) were used to show and compare
the predictive capability of the machine models. P value <
0.05 indicated that the coagulation parameter added to the
model could enhance the predictive capability significantly.
All of the machine models and related ROC curves were per-
formed using Python 3.6 (Python Software Foundation,
Beaverton, OR,USA; https://www.python.org/).

Results
From October first, 2018 to November fifth, 2020, a total of 595
patients treated with IV tPA at Beijing Tiantan Hospital were
screened for eligibility, and 158 of them had complete data
on coagulation tests at 4 time points including at 0 h of IV
tPA, 24 h after IV tPA, 48 h after IV tPA, and at discharge.
Among the patients that had complete data of coagulation
tests, 5 patients were excluded for missing data on mRS score
at discharge, and 1 patient was excluded for having anticoagu-
lation agents within 24 h before IV tPA. Baseline comparisons
between included and excluded patients were summarized in
the Supplemental materials. The included patients tended to
have a worse clinical status (more comorbidity and higher
admission NIHSS score), a higher proportion of MT and be
less likely to achieve favorable functional outcome at discharge.
In the final study, 152 patients were included with an average
age of 63.75 ± 12.60 and 72.37% (110/152) of them were
male. The median time interval from onset to needle was 170
(133.75-228.25) minutes. 21.71% (33/152) of patients received

bridging MT after IV tPA. The median admission NIHSS score
was 8 (4-11.25).

Dynamic Changes at Different Time Points
The dynamic changes of FDP, D-dimer, and Fbg at different
time points were displayed in Figure 1a-c. Among the 4 time
points, the FDP level increased from 0 h at IV tPA injection
to 24 h, then gradually dropped from 24 h to discharge (0 h:
1.31 μg/ml; 24 h: 3.72 μg/ml; 48 h: 3.12 μg/ml; discharge:
2.95 μg/ml). Fbg level was a J curve. It decreased from 0 h to
24 h, then elevated from 24 h to discharge (0 h: 2.95 g/L; 24
h: 2.45 g/L; 48 h: 3.13 g/L; discharge: 4.04 g/L). The
D-dimer level overall increased from 0 h to 24 h and at dis-
charge (0 h: 0.60 μg/ml; 24 h: 1.29 μg/ml; 48 h: 1.05 μg/ml; dis-
charge: 1.30 μg/ml).

Relationship Between Coagulation Parameters and
Functional Outcome
Comparison of baseline information betweenmRS 0-1 and mRS
2-6 at discharge was summarized inTable 1. Compared with the
mRS 2-6 group, mRS 0-1 group had a lower proportion of bridg-
ing MT (6% vs 29.41%, P = 0.001), lower median of NIHSS
score at admission (4 [3-8], vs 9 [5-12], P < 0.001), a lower pro-
portion of history of hypertension (48.00% vs 70.59%, P =
0.01), a higher proportion of smoking (70.00% vs 50.98%, P =
0.03) and alcoholic intake (56.00% vs 35.29%, P = 0.02).The
mRS 0-1 group tended to have fewer patients with ICH (2.00%
vs 13.73%, P = 0.02) and thrombosis events (6.00% vs 24.5%,
P = 0.006). Compared with the mRS 2-6 group, the mRS 0-1
group also showed a lower FDP level at 24 h (2.76 [1.30, 5.78]
vs 4.60 [2.38, 9.33], P = 0.003), lower D-dimer level at 24 h
(0.90 [0.60, 1.42] vs 1.70 [0.90, 4.55], P <0.001), lower FDP
level at 48 h (2.33 [1.77, 3.05] vs 3.83 [1.95, 5.80], P = 0.04),
lower D-dimer level at 48 h (0.77 [0.62, 0.88] vs 1.40 [0.80,
2.15], P= 0.01) and lower D-dimer level at discharge (0.80
[0.64, 1.25] vs 1.42 [0.88, 3.48], P = 0.04). A multivariable
logistics regression model was conducted and found that
D-dimer at 48 h was independently related to favorable func-
tional outcome adjusted for bridging MT, admission NIHSS
score, sICH, thrombosis events and other coagulation parameters
significantly different in the univariate analysis (adjusted odd
ratio 0.24, 95% confidential intervals 0.06-0.92, P = 0.04). A
ROC curve was used to assess the predictive ability of favorable
functional outcome of D-dimer at 48 h (Figure 2). The AUC of
D-dimer at 48 h to predict favorable functional outcomewas 0.73
(95% CI 0.60-0.87, P = 0.02) and the optimal cut-off value was
0.92 μg/ml (sensitivity 0.69, specificity 0.78).

Machine Learning Models with D-Dimer at 48 h
Based on 8 traditional factors related to functional outcomes of
ischemic stroke as input variables (MT, admission NIHSS
score, history of hypertension, smoking, alcohol intake, large
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vessel occlusion and sICH), we employed 5 machine learning
models (traditional linear model, kNN model, mlp model, rfc
model and XGBoost model). As shown in Figure 3, machine
learning models with D-dimer at 48 h had superior performance
in predicting mRS 0-1 at discharge showing larger AUC: 1) tra-
ditional linear model: 0.77 versus 0.79 (P = 0.73); 2) kNN
model: 0.55 versus 0.72 (P = 0.18); 3) mlp model: 0.68
versus 0.89 (P = 0.15); 4) rfc model: 0.57 versus 0.71 (P =
0.023) and 5) XGBoost model: 0.50 versus 0.91 (P < 0.001).
Among the input variables, D-dimer at 48 h showed the
highest weight in predicting mRS 0-1 at discharge (38.44%).

Discussion
In our study, D-dimer at 48 h was suggested to be an indepen-
dent predictor for favorable functional outcome at discharge in
patients treated with IV tPA among the 3 coagulation parame-
ters (Fbg, FDP and D-dimer). The optimal cut-off value was

0.92 μg/ml and the addition of D-dimer at 48 h to machine
learning models was benefit to enhance the predictive ability
of favorable functional outcome at discharge. Our study inves-
tigated 3 different coagulation parameters in one study cohort
and delineated the variation trends at 4 time points.
Moreover, we utilized 5 machine learning models with ROC
curves to demonstrate that D-dimer at 48 h significantly
enhanced the predictive capability.

Our study found different dynamic change trends among the
coagulation parameters. FDP and D-dimer level increased from
baseline (0 h) to 24 h and Fbg level decreased from baseline to
24 h. In the coagulation cascades, the activated protease throm-
bin converts Fbg to fibrin and forms the cross-linked fibrin skel-
eton of a thrombus. Once the thrombus formation occurs, the
fibrinolytic system is activated and tPA converts plasminogen
to plasmin. Activated plasmin breaks down fibrin on the throm-
bus into FDP and forms D-dimer. Hence, thrombosis and sub-
sequent fibrinolytic events deplete Fbg and produce a large

Figure 1. Boxplots to show dynamic change trends of FDP (a), D-dimer (b) and Fbg(c).
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Table 1. Baseline Characteristics Between mRS 2-6 and mRS 0-1 Group in Patients Treated with IV tPA

Overall (n = 152) mRS 2-6 (n = 102) mRS 0-1 (n = 50)
P

value

Age, years (mean (SD)) 63.72 (12.60) 64.14 (12.83) 62.88 (12.18) 0.57
Male, n (%) 110 (72.37) 72 (70.59) 38 (76.00) 0.48
DNT time (median [IQR]) 47.00 [35.00, 66.00] 47.50 [37.00, 61.00] 46.00 [33.00, 74.50] 0.82
Time from symptom onset to IV-tPA, min
(median [IQR])

170.50 [133.75, 228.25] 170.00 [133.25, 229.75] 170.50 [136.00, 219.75] 0.72

Bridging mechanical thrombectomy, n (%) 33 (21.71) 30 (29.41) 3 (6.00) 0.001
Pre-mRS score (%) 0.57
0 129 (84.87) 84 (82.35) 45 (90.00)
1 11 (7.24) 9 (8.82) 2 (4.00)
2 6 (3.95) 5 (4.90) 1 (2.00)
3 6 (3.95) 4 (3.92) 2 (4.00)
Admission NIHSS score (median [IQR]) 8.00 [4.00, 11.25] 9.00 [5.00, 12.00] 4.00 [3.00, 8.00] <0.001
Hypertension, n (%) 96 (63.16) 72 (70.59) 24 (48.00) 0.01
Atrial fibrillation, n (%) 27 (17.76) 21 (20.59) 6 (12.00) 0.19
Diabetes mellitus, n (%) 39 (25.66) 29 (28.43) 10 (20.00) 0.26
Hyperlipidemia, n (%) 17 (11.18) 13 (12.75) 4 (8.00) 0.38
Prior stroke, n (%) 33 (21.71) 26 (25.49) 7 (14.00) 0.11
Smoking, n (%) 87 (57.24) 52 (50.98) 35 (70.00) 0.03
Drinking, n (%) 64 (42.11) 36 (35.29) 28 (56.00) 0.02
TOAST, n (%) 0.03
LAA 103 (67.76) 66 (64.71) 37 (74.00)
CE 36 (23.68) 29 (28.43) 7 (14.00)
SAA 5 (3.29) 1 (0.98) 4 (8.00)
OTHER 4 (2.63) 4 (3.92) 0 (0.00)
UNKNOWN 4 (2.63) 2 (1.96) 2 (4.00)
Admission SBP level, mmHg (median [IQR]) 144.00 [133.00, 164.25] 150.00 [130.00, 164.75] 142.00 [137.00, 160.50] 0.80
Admission DBP level, mmHg (median [IQR]) 84.00 [76.00, 95.00] 84.00 [75.00, 95.00] 83.50 [78.00, 88.00] 0.89
Triglyceride level, mmol/L (median [IQR]) 1.49 [1.00, 2.12] 1.51 [1.04, 2.10] 1.44 [0.84, 2.33] 0.53
Cholesterol level, mmol/L (median [IQR]) 4.54 [3.65, 5.42] 4.55 [3.70, 5.54] 4.54 [3.60, 5.30] 0.65
Low density lipoprotein level, mmol/L (median
[IQR])

2.56 [1.95, 3.19] 2.55 [1.92, 3.15] 2.56 [1.97, 3.26] 0.44

FDP at 0 h, μg/mL (median [IQR]) 1.31 [1.01, 1.92] 1.48 [1.09, 2.17] 1.17 [0.90, 1.80] 0.06
D-dimer at 0 h, μg/mL (median [IQR]) 0.60 [0.40, 0.94] 0.64 [0.44, 0.99] 0.60 [0.40, 0.87] 0.19
Fbg at 0 h, g/L (median [IQR]) 2.95 [2.59, 3.39] 2.88 [2.56, 3.34] 3.07 [2.73, 3.50] 0.09
FDP at 24 h, μg/mL (median [IQR]) 3.72 [1.95, 8.38] 4.60 [2.38, 9.33] 2.76 [1.30, 5.78] 0.003
D-dimer at 24 h, μg/mL (median [IQR]) 1.29 [0.75, 3.62] 1.70 [0.90, 4.55] 0.90 [0.60, 1.42] <0.001
Fbg at 24 h, g/L (median [IQR]) 2.45 [2.07, 2.92] 2.42 [2.08, 2.84] 2.52 [2.09, 3.01] 0.63
FDP at 48 h, μg/mL (median [IQR]) 3.12 [1.81, 5.46] 3.83 [1.95, 5.80] 2.33 [1.77, 3.05] 0.04
D-dimer at 48 h, μg/mL (median [IQR]) 1.05 [0.74, 2.03] 1.40 [0.80, 2.15] 0.77 [0.62, 0.88] 0.01
Fbg at 48 h, g/L (median [IQR]) 3.13 [2.64, 3.51] 3.14 [2.74, 3.64] 3.00 [2.55, 3.29] 0.15
FDP at discharge, μg/mL (median [IQR]) 2.95 [1.80, 4.64] 3.00 [1.55, 6.70] 2.50 [2.34, 3.33] 0.47
D-dimer at discharge, μg/mL (median [IQR]) 1.30 [0.73, 2.70] 1.42 [0.88, 3.48] 0.80 [0.64, 1.25] 0.04
Fbg at discharge, g/L (median [IQR]) 4.04 [3.27, 4.82] 4.08 [3.32, 4.95] 3.59 [3.15, 4.14] 0.14
Fazekas scale, n (%) 0.25
0 13 (11.11) 6 (8.00) 7 (16.67)
1 72 (61.54) 45 (60.00) 27 (64.29)
2 20 (17.09) 14 (18.67) 6 (14.29)
3 12 (10.26) 10 (13.33) 2 (4.76)
Large vessel occlusion, n (%) 44 (28.95) 35 (34.31) 9 (18.00) 0.06
sICH, n (%) 15 (9.87) 14 (13.73) 1 (2.00) 0.02
Thrombosis events, n (%) 28 (18.4) 25 (24.5) 3 (6.00) 0.006
Pulmonary Embolism, n (%) 2 (1.3) 2 (2.0) 0 (0) 1
Intramuscular Venous Thrombosis, n (%) 27 (17.8) 24 (23.5) 3 (6) 0.008

DNT, door-to-needle; IV, intravenous thrombolysis; tPA, tissue plasminogen activator; mRS, modified Rankin Scale; NIHSS, national institutes of health stroke scale;
TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA, large atherosclerosis artery; CE, cardiac embolism; SAA, small artery occlusion; SBP, systolic blood
pressure; DBP, diastolic blood pressure; FDP, fibrinogen degradation products; Fbg, fibrinogen; MCA, middle cerebral artery; sICH, symptomatic intracerebral
hemorrhage;
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amount of FDP as well as D-dimer, indicating decreased Fbg
level but elevated FDP and D-dimer level after ischemic
stroke onset. Considering that IV tPA (alteplase) therapy com-
plements endogenous tPA and accelerates the fibrinolytic
process, these inverse trends should also be observed in patients
treated with IV tPA, as shown in our study. Shi J. et al also
reported a decrease of 0.1 g/L Fbg from baseline to 24 h in a
cohort of 364 patients treated with IV tPA.11 A meta-analysis
enrolling 2901 patients confirmed that patients with ischemic
stroke had elevated level of D-dimer compared with patients
with stroke mimics/controls.18 This high level of D-dimer
could persist as long as 3 months after stroke onset.19,20

Our study found that D-dimer level at 48 h was associated with
functional outcomes and patients with lower D-dimer level at 48 h
tended to have favorable functional outcome. The restricted cubic
spline showed the odd ratio of D-dimer to predict favorable func-
tional outcome was not higher than 1 among the different
D-dimer levels, indicating that D-dimer was always a disruptive
marker of functional outcome in ischemic stroke (Figure 4). In
our study, the ROC curve showed an AUC of 0.73 with an
optimal cut-off value of 0.92, suggesting that the D-dimer level
at 48 h was beneficial in predicting favorable functional
outcome. Several cohort studies confirmed the relationship
between D-dimer level and functional outcome at discharge
reported in our study.13,21 Yao et al conducted a prospective
study enrolling 877 Chinese patients with ischemic stroke and
also confirmed that higher D-dimer level was related to poor clin-
ical outcome.8 However, this prospective study only collected
admission D-dimer and the predictive value was lower compared

with that of D-dimer level at 48 h in our study (AUC, 0.66 vs
0.73). There were 2 hypotheses regarding to the relationship
between D-dimer and functional outcomes of ischemic stroke.
D-dimer may act as an activator of neuroinflammation process
resulting in poor clinical outcomes in ischemic stroke.22,23

Among inflammation biomarkers, CRP was reported to be
related to D-dimer and also predictive of poor clinical outcomes
in ischemic stroke.20,24,25 Unfortunately, we failed to include the
data on CRP level and were not able to investigate the association
between D-dimer and CRP in our study. Elevated D-dimer levels
also indicated hypercoagulation and increased the risk of thrombo-
sis in small vessels and microvascular circulation.26,27 Compared
with other coagulation parameters, D-dimer is more stable with a
longer half-life and can be tested with standard analytical equip-
ment with a lower cost.28 In the future, D-dimer may play a more
crucial role in thepatientswith ischemicstroke.Our studyexcluded
patientswithout complete data on blood routine tests. The included
patients tended to have a worse clinical status (more comorbidity
and higher admission NIHSS score), a higher proportion of MT
and be less likely to achieve favorable functional outcome at dis-
charge because these included patients tended to have better
medical compliance and had complete clinical information.
However, thebaseline characteristics inour studywerecomparable
with other similar studies, suggesting favorable external validation
of our study.13,21 High D-dimer was reported to be associated with
venous thrombosis events including deep vein thrombosis, which
may deteriorate the functional outcome.29 Hence, we evaluated
the impact of thrombosis events. Our study showed that more
patients with thrombosis events (mainly intramuscular venous

Figure 2. Receiver operating characteristic curves D-dimer at 48 h.
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thrombosis) in the mRS 2-6 group. However, multivariable logis-
tics regression analyses showed that thrombosis events did not
impact the functional outcomes. Small number of thrombosis
events might conceal the association between thrombosis events
and functional outcome in our study.

All 5 machine learning models showed that the addition of
D-dimer was beneficial for enhancing the predictive ability,
and the rfc model also demonstrated its importance. After the
addition of D-dimer, the AUC of the mlp and XGBoost
models in the test group was close to 90%. Artificial intelligence
tools including machine learning models have become more and
more widely used in the field of clinical studies. Several studies
employed different machine learning models and demonstrated
their superiority in predicting clinical outcomes of ischemic
stroke compared with traditional prediction scales and other stat-
istical methods.30–32 Lehmann ALCF et al employed neural
network models to separate non-survivors from survivors
using coagulation parameters and other biomarkers and con-
ducted an optimal model with an AUC of 0.975, demonstrating
the predictive value of coagulation parameters and outstanding
performance of machine learning models.33 Neurol network
models contain multiple layers of complex network and may
be suitable for processing complex datawith variables predicting
clinical outcomes of ischemic stroke.30 However, due to the

limited sample size in our study, the AUC of the mlp model
failed to show a statistically significant increase (P < 0.05) after
adding D-dimer, even a great increase in AUC was observed.
In a Korean stroke database enrolling over 6000 patients, an
increase of 0.01 in AUC showed significant differences among
different machine learning models.34

Several limitations have to be acknowledged in our study. First,
the included patientswere derived froma single stroke center rather
than a multi-center registry, indicating potential selection or obser-
vational bias that could weaken the external validation. However,
different investigators collected the data onmRS score at discharge
and other study data independently to minimize the bias.
Considering different laboratory machines, reagents, and blood
routine test kits, additional biases may arise in multicenter cohort
studies. Secondly, the sample size of our study may not be that
large because our study focused on the relationship between coag-
ulation parameters and clinical outcome only in patients treated
with IV tPAandonly included patientswith complete data on coag-
ulation tests. In the future, a large-scale, prospective study is
required to further investigate the relationship between coagulation
parameters and clinical outcomes as well as the validation of the
machine learning models. Third, 90-day mRS score was not
obtained in our study. In the clinical practice, the COVID-19 pan-
demic and population mobility in Beijing, the capital of China,

Figure 3. Receiver operating characteristic curves of different machine learning models: (a) traditional linear model; (b) K-Nearest Neighbor
(kNN) model; (c) multilayer perceptron (mlp) model; (d) extreme gradient boosting (XGBoost) model; (e) random forest (rfc) model
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made face-to-face follow-updifficult to achieve.Besides, discharge
mRS was also reported to be similar and a predictor of 90-d
mRS.35–37 Fourth, large vessel occlusion was assessed by MRA
within 24 h after IV tPA. In the real-world, only non-contrast CT
scan was required before the injection of tPA to reduce the time
delay. It is difficult to assesswhether the patientswere accompanied
with vessel occlusion before tPA injection. Hence, in this study, we
could only assess the proportion of large vessel occlusion using
MRA after tPA injection. A minority of patients might manifest
without vessel occlusion due to the recanalization of tPA and this
study might report a lower proportion considering some patients.
However, considering that the recanalization rate of tPA was low
in patients with large vessel occlusion,38 this bias may be limited.

Conclusion
D-dimer at 48 h can be serve as an important biomarker for
functional outcome at discharge in acute ischemic stroke
patients after IV tPA.
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