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Plasma neurofilament light chain level
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Abstract

Background: Timely endovascular thrombectomy (EVT) significantly improves outcomes in patients with acute
ischemic stroke (AIS) with large vessel occlusion type. However, whether certain central nervous system-specific
plasma biomarkers correlate with the outcomes is unknown. We evaluated the temporal changes and prognostic
roles of the levels of these biomarkers in patients with AIS undergoing EVT.

Methods: We enrolled 60 patients who received EVT for AIS and 14 controls. The levels of plasma biomarkers,
namely neurofilament light chain (NfL), glial fibrillary astrocytic protein (GFAP), tau, and ubiquitin C-terminal
hydrolase L1 (UCHL1), were measured with an ultrasensitive single molecule array before, immediately after, and 24
h after EVT (T1, T2, and T3, respectively). The outcomes of interest were death or disability at 90 days (defined as a
modified Rankin Scale score of 3–6) and types of hemorrhagic transformation (hemorrhagic infarction or
parenchymal hemorrhage).

Results: Of the 180 blood samples from the 60 patients who received EVT, the plasma NfL, GFAP, and UCHL1 levels
at T1 were significantly higher than those of the controls, and the levels of all four biomarkers were significantly
higher at T3. Patients with parenchymal hemorrhage had a significantly higher rate of increase in GFAP (Pinteraction =
0.005) and UCHL1 (Pinteraction = 0.007) levels compared with those without parenchymal hemorrhage. In a
multivariable analysis with adjustment for age, sex, National Institute of Health Stroke Scale score, history of atrial
fibrillation, and recanalization status, higher NfL levels at T1 (odds ratio [OR] 2.05; 95% confidence interval [CI], 1.03–
4.08), T2 (OR, 2.08; 95% CI, 1.05–4.01), and T3 (OR, 3.94; 95% CI, 1.44–10.79) were independent predictors of death or
disability at 90 days.

Conclusion: Among patients with AIS who received EVT, those with hemorrhagic transformation exhibited
significant increase in plasma GFAP and UCHL1 levels over time. Higher plasma NfL were predictive of unfavorable
functional outcomes.
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Introduction
Acute ischemic stroke (AIS) with large vessel occlusion
(LVO) has a considerably poorer prognosis than do
other types of stroke [1]. When an intracranial artery be-
comes occluded, the brain tissues in the relevant region
become ischemic within minutes and become irrevers-
ibly infarcted if the blood flow is lower than the thresh-
old that brain tissues can tolerate. With advances in
intravenous thrombolysis and endovascular thrombec-
tomy (EVT), patients with AIS with LVO may benefit
from timely recanalization to restore normal perfusion
[2]. However, successful recanalization may not always
translate into favorable outcomes because ischemia-
reperfusion injury may result in progressive infarct
growth or hemorrhagic transformation with detrimental
effects; nevertheless, patients for whom recanalization is
unsuccessful may experience persistent ischemia [3]. In
such cases, the complex ischemic cascades, which in-
volves interactions between infiltrated immune cells, cir-
culating cytokines, activated platelets, the endothelium,
and even central nervous system (CNS) cells, is a major
contributor to post-stroke inflammatory responses that
directly influence on the brain cell death [4].
Fluid biomarkers for such process involving ischemia-

reperfusion and neuroinflammation may facilitate the
prediction of stroke outcome. Studies have suggested
that various circulating proteins are directly related to
acute ischemic injury or inflammation of the CNS [5–7].
Brain tissues that become necrotic after stroke and the
associated inflammation may release neuronal or glial-
specific proteins into the cerebrospinal fluid and the
blood, but their concentration in the peripheral blood is
usually extremely low [8]. With advancements in detec-
tion technology, such as ultrasensitive immunoassays,
these trace biomarkers can now be measured with confi-
dence, potentially assisting in stroke prognosis
prediction.
For example, a panel of single-molecule arrays fo-

cused on the CNS can simultaneously measure the
levels of several biomarkers, including neurofilament
light chain (NfL), glial fibrillary astrocytic protein
(GFAP), tau, and ubiquitin C-terminal hydrolase L1
(UCHL1) [9, 10]. NfL is a neuronal scaffolding pro-
tein, and its levels in cerebrospinal fluid and plasma
are elevated in individuals with neurological disorders,
including acute stroke [11]. NfL may also reflect CNS
inflammation-related injury and can be regarded as
“the C-reactive protein of neurology” [12]. GFAP is a
brain-specific intermediate filament protein that can
distinguish intracerebral hemorrhage (ICH) from AIS
according to the level of glial damage [13–15]. Tau
protein is a critical biomarker of neurological disor-
ders and is related to neuronal damage and blood–
brain barrier instability [16]. UCHL1 is a neuronal

cytoplasmic deubiquitinating enzyme with elevated
levels in acute stroke [17].
Whether such a panel can be applied in patients with

acute stroke treated with EVT remains unclear. We hy-
pothesized that these plasma biomarkers would change
with the recanalization status and progression of ische-
mia. Therefore, we evaluated the prognostic roles of
these plasma biomarkers in patients with AIS with LVO
receiving EVT, focusing on the changes in their levels
before ET, immediately after EVT, and 24 h after stroke
onset.

Methods
The study protocol was approved by the Institutional
Ethics Committee of National Taiwan University Hos-
pital (NTUH-REC No. 201807029RINA). Written in-
formed consent was obtained from all patients or their
relatives. The study data are available from the corre-
sponding author upon reasonable request by qualified
investigators.

Study population
Patients who experienced AIS and underwent EVT at
National Taiwan University Hospital between February
and December 2019 were enrolled. Participants without
stroke from the cardiovascular department were re-
cruited as the control group. The following clinicodemo-
graphic data were obtained from the patients with
stroke: age; sex; medical history of hypertension, diabetes
mellitus, hyperlipidemia, and atrial fibrillation; National
Institute of Health Stroke Scale (NIHSS) score; causative
occluded arteries; and use of intravenous recombinant
tissue plasminogen activator. Causes of ischemic stroke
were classified on the basis of the Trial of ORG 10172 in
Acute Stroke Treatment classification as cardioembo-
lism, large-artery atherosclerosis, or others [18]. The fol-
lowing clinicodemographic data were collected from the
controls: age, sex, and medical history of hypertension,
diabetes mellitus, hyperlipidemia, and atrial fibrillation.

Endovascular treatment
The eligibility criteria for EVT were based on the guide-
lines published by the American Stroke Association [19].
In accordance with the protocol, after the stroke code
had been initiated [20], the neurologist on duty visited
the patient; computed tomography (CT) angiography
with perfusion study was arranged if LVO was suspected
[21]. Typically, in patients with anterior circulation
stroke, EVT is indicated if the following criteria are met:
(1) the patient has an Alberta Stroke Program Early CT
Score (ASPECTS) ≥ 6, (2) occlusion is present in the in-
ternal carotid artery (ICA) or in segments M1 to M2 of
the middle cerebral artery, and (3) groin puncture could
be initiated within 6 h. For patients with (1) intracranial
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LVO of other arteries (e.g., the anterior cerebral, poster-
ior cerebral, vertebral, or basilar arteries) or (2) an ex-
pected groin puncture time between 6 and 24 h, EVT
was only indicated if a substantial mismatch between the
infarct core and penumbra was observed through CT
perfusion imaging.
The choice of the thrombectomy technique—stent re-

triever, thrombosuction, or a hybrid method—was made
by the neurointerventionist [21]. Successful recanaliza-
tion was defined as a grade of 2c or 3 on the modified
Thrombolysis in Cerebral Infarction (mTICI) scoring
system (grade 0, no perfusion; grade 1, minimal recanali-
zation; grade 2a, partial antegrade reperfusion of <50%
of the previously occluded target artery ischemic terri-
tory; grade 2b, antegrade reperfusion of ≥50% of the pre-
viously occluded target artery ischemic territory; grade
2c, near-complete reperfusion with slow flow or distal
emboli in a few distal cortical vessels; and grade 3,
complete reperfusion) [22]. The recanalization status
and time metrics of the EVT procedure were recorded.

Measurement of plasma biomarkers
All patients with stroke underwent peripheral blood
draws at three time points: before groin puncture (T1),
immediately after the completion of the EVT procedure
(T2), and 24 h after stroke (T3). At each time point, 10
mL of venous or arterial blood was collected and centri-
fuged (2500g for 15 min) within 1 h of collection, and
the plasma aliquots were stored in cryotubes at −80 °C
until analysis. From the controls, 10-mL samples of ven-
ous blood were collected and prepared according to the
same method. The plasma samples were tested through
a Neurology 4-Plex assay established by the Simoa plat-
form (Quanterix; Lexington, MA, USA); this assay can
measure NfL, GFAP, tau, and UCHL1 levels simultan-
eously. The development of multiplex immunoassays for
measuring CNS-related biomarkers would enable
quicker and less expensive measurements through the
use of samples with smaller volumes. The samples were
analyzed by board-certified technicians blinded to the
patients’ clinical status. All samples were analyzed in du-
plicates for inter-test validation, and the two results were
averaged to determine the mean concentration. In
addition, two internal quality control samples were re-
quired: one at the beginning and end of each run. The
quality control samples for all four biomarkers were
passed. For NfL, GFAP, tau, and UCHL1, the lower
limits of detection were 0.104, 0.221, 0.024, and 1.74 pg/
mL, respectively, and the average coefficients of variation
were 4.8%, 4.6%, 10.5%, and 16.1%, respectively.

Clinical and neuroimaging outcomes
To evaluate the clinical outcomes, all patients were
followed up for 90 days after stroke. Their functional

status was evaluated on the modified Rankin Scale
(mRS), on which scores range from 0 (no symptoms) to
6 (death), with higher scores indicating more severe
functional deficits. All patients were visited in person or
contacted by phone for follow-up assessment, and the
assessors were blinded to each patient’s biomarker sta-
tus. To measure neuroimaging outcomes, data related to
the initial CT perfusion study were collected and sub-
jected to computer-assisted volumetric analysis (MIStar;
Apollo Medical Imaging Technology, Melbourne,
Australia) to quantify the infarct core and perfusion de-
fect under a delay-corrected cerebral blood flow thresh-
old of < 30% and delay time of > 3 s, respectively. The
penumbra was defined as the difference between the in-
farct core and perfusion defect. Follow-up CT or mag-
netic resonance imaging was performed approximately
24 h after EVT to evaluate any hemorrhagic transform-
ation and determine the final infarct size. Hemorrhagic
transformation was further classified as hemorrhagic in-
farction (HI; Heidelberg Bleeding Classification of 1a
and 1b) or parenchymal hemorrhage (PH; Heidelberg
Bleeding Classification of 1c and 2) [23]. The lesions of
the final infarct were judged on the basis of the corre-
sponding hypodense areas on follow-up CT or hyperin-
tense regions on diffusion-weighted magnetic resonance
imaging, and OsiriX image analysis software (Pixmeo
SALR, Geneva, Switzerland) was used to quantify the in-
farct volumes. The main clinical outcomes were death or
disability (mRS score 3–6) at 90 days, whereas the main
neuroimaging outcomes were the presence of any
hemorrhagic transformation or PH.

Statistical analyses
Because the levels of the four plasma biomarkers were
not normally distributed, their values underwent natural
log transformation before further analysis. The continu-
ous variables are reported as a means ± standard devia-
tions or medians (interquartile ranges), whereas the
nominal and ordinal variables are presented as numbers
and percentages. First, clinicodemographic data were
compared between patients with favorable and unfavor-
able functional outcomes. The continuous and categor-
ical variables underwent the Mann–Whitney U and chi-
square tests, respectively. Biomarkers levels were com-
pared between the controls and patients with stroke
after adjustment for age because of the age imbalance.
Next, linear mixed models were applied to evaluate
changes in biomarkers levels across the three time
points, and the data were stratified according to the pa-
tients’ status of recanalization (mTICI grade 2c or 3 vs
TICI 0–2b), hemorrhagic transformation (no ICH, HI,
or PH), and functional dependency status (mRS scores
3–6 vs. mRS scores 0–2) at 90 days. Spearman’s rank
sum test was then used to determine correlations
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between plasma biomarkers and neuroimaging features,
including ASPECTS, initial infarct core, initial perfusion
defect, final infarct volume, and extent of infarct growth.
To test for temporal relationship, estimations were made
for the correlations of all neuroimaging features with
biomarkers at T1 and with the final infarct volume and
biomarkers at T2 and T3.
Furthermore, multivariable logistic regression models

were applied to test the prognostic role of biomarkers in
determining clinical outcomes, including death or dis-
ability at 90 days (mRS score: 3–6), any hemorrhagic
transformation, and PH. Models were adjusted for age,
sex, NIHSS score, and covariates associated with out-
comes in the univariate analyses. These covariates in-
cluded history of atrial fibrillation and successful

recanalization for death or disability (Table 1) and
hypertension for any hemorrhagic transformation (Sup-
plemental Table I). No further adjustment was made for
PH because of its rarity. The false discovery rate was
used to control for potential errors during multiple com-
parisons of a given biomarker with outcomes at three
time points. Finally, a generalized linear mixed model
was employed to enable the repeated measurement of
individual biomarkers at different time points, which
served as independent variables, while the dependent
variables and covariates were the same as those used in
the logistic regression models. All statistical analyses
were performed using SAS software, Version 9.4 (SAS
Institute Inc., Cary, NC, USA), and P < 0.05 indicated
statistical significance.

Table 1 Comparison between favorable and unfavorable outcomes in patients receiving EVT

All patients mRS 0–2 (n = 32) mRS 3–6 (n = 28) P

Age 71.2±11.8 68.4±11.3 74.4±11.6 0.04

Male sex 34 (56.7%) 23 (71.9%) 11 (39.3%) 0.01

Hypertension 39 (65.0%) 19 (59.4%) 20 (71.4%) 0.33

Diabetes mellitus 22 (36.7%) 11 (34.4%) 11 (39.3%) 0.69

Hyperlipidemia 33 (55.0%) 17 (53.1%) 16 (57.1%) 0.76

Atrial fibrillation 37 (61.7%) 16 (50.0%) 21 (75.0%) 0.046

tPA administration 16 (26.7%) 7 (21.9%) 9 (32.1%) 0.37

NIHSS 16.3±6.9 15.1±6.3 17.7±7.5 0.18

Stroke subtype 0.59

Cardioembolism 43 (71.7%) 22 (68.8%) 21 (75.0%)

Large-artery atherosclerosis 10 (16.7%) 5 (15.6%) 5 (17.9%)

Others 7 (11.7%) 5 (15.6%) 2 (7.1%)

ICA/M1 occlusion 44 (73.3%) 23 (71.9%) 21 (75.0%) 0.78

Procedure time

Onset-to-puncture (min) 210 (138, 360) 239 (144, 418) 203 (134, 278) 0.30

Onset-to-recanalized (min) 234 (156, 391) 259 (159, 439) 215 (144, 336) 0.37

mTICI 2c-3 43 (71.7%) 27 (84.4%) 16 (57.1%) 0.02

Neuroimaging

ASPECTS 8 (7, 9) 9 (7, 9) 8 (7, 10) 0.38

Initial core (ml) 20 (6, 38) 14 (3, 26) 26 (12, 47) 0.03

Penumbra (ml) 64 (32, 89) 57 (32, 79) 65 (43, 102) 0.40

Final infarct (ml) 13.9 (3.8, 61.4) 8.7 (1.7, 22.4) 24.5 (6.5, 139.1) 0.01

Outcome

mRS score 2 (1, 4) 1 (1, 2) 5 (4, 5) <0.001

Mortality 4 (6.7%) 0 (0%) 4 (14.3%) 0.04

Any ICH 20 (33.3%) 9 (28.1%) 11 (39.3%) 0.36

Hemorrhagic infarct 14 (23.3%) 7 (21.9%) 7 (25.0%) 0.78

Parenchymal hemorrhage 6 (10.0%) 2 (6.3%) 4 (14.3%) 0.40

The Mann–Whitney U test was used for the continuous variables, whereas the chi-square test was used for the categorical variables. Bold type indicates significant
results (P < 0.05)
ASPECTS Alberta Stroke Program Early CT Score, ICA internal carotid artery, ICH intracerebral hemorrhage, mRS modified Rankin Scale, mTICI modified Thrombolysis
in Cerebral Infarction, NIHSS National Institute of Health Stroke Scale, tPA tissue-type plasminogen activator

Chen et al. Journal of Neuroinflammation          (2021) 18:195 Page 4 of 12



Results
Baseline characteristics of the patients with stroke and
controls
During the study period, 88 patients with stroke received
EVT at the study hospital. After the exclusion of 28 pa-
tients because of unavailable or missing blood samples
or because informed consent was not provided, 60 pa-
tients with fully available blood samples obtained at the
three time points remained for analysis. Among those 60
individuals, the most common types of occlusions were
ICA and M1 occlusion (73.3%), and successful recanali-
zation was achieved in 71.7% of them (Table 1). Follow-
up imaging revealed that 20 patients (33.3%) had
hemorrhagic transformation (14 and 6 with HI and PH,
respectively). At 90 days, 53.3% of patients achieved
functional independence (mRS score 0–2). The patients
who achieved functional independence were significantly
younger, were predominantly men, more frequently had
atrial fibrillation and successful recanalization, and had a
smaller initial infarct core volume (Table 1) compared
with those who did not achieve functional
independence.
The mean time between stroke onset and blood draws

was 5.13 ± 4.47 h for T1, 5.54 ± 4.66 h for T2, and 27.21
± 6.23 h for T3. In addition, 14 participants without
stroke were included as controls. A comparison of base-
line characteristics and biomarker levels between the pa-
tients and controls is presented in Table 2. The natural
log–transformed plasma levels of NfL, GFAP, tau, and

UCHL1 in the controls were 2.33 ± 0.37, 4.35 ± 0.50,
0.31 ± 0.75, and 1.95 ± 0.91, respectively, whereas those
of the patients with stroke at T1 (before EVT) were 3.74
± 1.17 (P < 0.001), 5.63 ± 0.97 (P < 0.001), 0.38 ± 1.12 (P
= 0.82), and 4.41 ± 0.4 (P < 0.001; Fig. 1), respectively.
Although the controls had a lower mean age than did
the patients with stroke (66.0 ± 1.41 years vs 71.2 ± 11.8
years; P = 0.001), an age-adjusted comparison yielded
similar results (P < 0.001, P < 0.001, P = 0.61, and P <
0.001 respectively; Table 2).

Time trends of biomarkers in patients with stroke
Figure 1 presents the serial changes in the levels of each
biomarker in the patients with stroke. The levels of all
four biomarkers increased significantly with time (Ptrend
< 0.001, Table 3). The NfL, GFAL, and UCHL1 levels
were comparable between T1 and T2 and significantly
higher at T3. The temporal change in the levels of all of
these plasma biomarkers did not differ significantly be-
tween patients with successful recanalization (mTICI
grade 2c or 3) and those without (mTICI grade 0–2b; all
Pinteraction > 0.05; Fig. 2). UCHL1 levels increased more
notably in patients with death or disability at 90 days
(mRS scores 3–6) than in patients with functional inde-
pendence (mRS score 0–2; Pinteraction = 0.04), and NfL
levels exhibited a similar trend between these two
groups (Pinteraction = 0.06; Fig. 3). When stratified accord-
ing to the type of hemorrhagic transformation, patients
with PH had a significantly higher rate of increase in
GFAP (Pinteraction = 0.005) and UCHL1 (Pinteraction =
0.007) levels compared with that of patients with HI or
no ICH, especially at T3 (Fig. 4).

Associations between biomarkers and outcomes
In the age- and time-adjusted Spearman correlation ana-
lyses (Supplemental Table II), initial ASPECTs were
negatively correlated with UCHL1 levels at T1 (Spear-
man’s ρ = −0.33, P = 0.02) and T2 (ρ = −0.41, P =
0.005). Final infarct volumes were positively correlated
with GFAP levels at T3 (ρ = 0.60, P < 0.001) and UCHL1
levels at T3 (ρ = 0.44, P = 0.006) but negatively corre-
lated with tau levels at T1 (ρ = −0.35, P = 0.02) and T2
(ρ = −0.31, P = 0.04).
Table 4 presents the associations of biomarkers at dif-

ferent time points with prespecified outcomes. Higher
NfL levels at T1 (odds ratio [OR], 2.05 for each natural
log–transformed unit increase; 95% confidence interval
[CI], 1.03–4.08; P = 0.042), T2 (OR, 2.05; 95% CI, 1.05–
4.01; P = 0.035), and T3 (OR, 3.94; 95% CI, 1.44–10.79;
P = 0.008) were significant predictors of death or disabil-
ity at 90 days after adjustment for age, sex, NIHSS score,
history of atrial fibrillation, and recanalization status.
The level of significance was still reached after false dis-
covery rate adjustment for multiple comparisons. These

Table 2 Comparison between the controls and the patients
with stroke (at baseline before thrombectomy)

Control (n = 14) Stroke (n = 60) P value

Age 66.0±1.41 71.2±11.8 0.001

Male sex 8 (57.1%) 34 (56.7%) 0.97

Hypertension 12 (85.7) 39 (65.0%) 0.20

Diabetes mellitus 5 (35.7%) 22 (36.7%) 0.95

Hyperlipidemia 10 (71.4%) 33 (55.0%) 0.37

Atrial fibrillation 5 (35.7%) 37 (61.7%) 0.13

NfL pg/ml 9.44 (7.73, 13.0) 33.3 (19.6, 88.9) 0.046

GFAP pg/mL 82.9 (55.3, 114.0) 238.8 (146.0, 330.5) 0.015

Tau pg/mL 1.62 (1.12, 2.00) 1.71 (0.97, 2.87) 0.26

UCHL1 pg/mL 7.30 (4.13, 13.5) 83.6 (64.8, 107.6) <0.001

Log NfL 2.33±0.37 3.74±1.17 <0.001

Log GFAP 4.35±0.50 5.63±0.97 <0.001

Log Tau 0.31±0.75 0.38±1.12 0.61

Log UCHL1 1.95±0.91 4.41±0.40 <0.001

The count and continuous variables are expressed as numbers (percentages)
and as mean ± standard deviations, respectively, except for the raw biomarker
data, which are presented as medians (first quartile, third quartile) because of
their nonnormal distributions. The Mann–Whitney U test was used for the raw
biomarker data, a t test was used for the natural log–transformed biomarkers,
and the P values for biomarkers were adjusted for age

Chen et al. Journal of Neuroinflammation          (2021) 18:195 Page 5 of 12



associations were also detected in the generalized linear
mixed model, which accounted for repeated measure-
ments of NfL across the three time points (OR, 2.22;
95% CI, 1.27–3.88; P = 0.006). GFAP, tau and UCHL1
levels were not associated with death or disability at 90
days.
Higher GFAP levels at T3 were independently associ-

ated with the presence of any hemorrhagic transform-
ation (OR, 2.39; 95% CI, 1.21–4.72; P = 0.012), and
predicted PH (OR, 2.51; 95% CI, 1.18–5.34; P = 0.017).
Similarly, higher UCHL1 levels at T3 were associated
with PH (OR, 5.98; 95% CI, 1.31–27.24; P = 0.021).
Moreover, higher tau levels at T1 and T2 were inversely
associated with any hemorrhagic transformation. How-
ever, none of these associations reached statistical sig-
nificance after the application of the false discovery rate
or after their input into the generalized linear mixed
model accounting for repeated measurements, excepting

the association of higher GFAP levels at T3 with
hemorrhagic transformation (Table 4).

Discussion
The results suggest that in patients with AIS and LVO
who underwent EVT, temporal changes in plasma bio-
markers levels were associated with neuroimaging and
clinical outcomes. The main findings were as follows: (1)
higher NfL levels before, immediately after EVT, and 24
h after EVT were associated with unfavorable outcomes;
(2) GFAP and UCHL1 levels changed notably within 24
h; and (3) higher GFAP and UCHL1 levels at 24 h after
EVT were associated with the severity of hemorrhagic
transformation. These findings provide strong evidence
of the usefulness of this plasma biomarker panel as a
prognostic measure in patients with AIS and LVO
undergoing EVT.

Fig. 1 Comparison of biomarkers levels between patients and controls
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Table 3 Changes in biomarker levels according to different outcomes

Time
points

Overall (n =
60)

TICI 2c–3 (n =
43)

TICI 0–2b (n =
17)

mRS 0–2 (n =
32)

mRS 3–6 (n =
28)

No ICH (n =
40)

HI (n =
14)

PH (n =
6)

NfL T1 3.74±1.17 3.80±1.19 3.58±1.13 3.55±1.27 3.95±1.03 3.86±1.19 3.42±0.71 3.66±1.84

T2 3.70±1.23 3.76±1.26 3.55±1.16 3.48±1.33 3.95±1.62 3.83±1.25 3.36±0.76 3.65±1.91

T3 4.30±1.15 4.35±1.13 4.14±1.22 3.95±1.09 4.79±1.06 4.35±1.22 3.91±0.55 4.69±1.37

P<0.001 PTICI=0.42, Pinteraction=0.63 PmRS=0.09, Pinteraction=0.06 PICH=0.43, Pinteraction=0.88

GFAP T1 5.63±0.97 5.56±0.85 5.82±1.25 5.50±0.99 5.78±0.96 5.64±0.96 5.64±1.00 5.55±1.16

T2 5.76±0.99 5.66±0.87 6.02±1.23 5.60±0.98 5.95±0.98 5.73±0.98 5.77±1.02 5.94±1.16

T3 7.81±1.79 7.83±1.77 7.76±1.95 7.50±1.64 8.25±1.94 7.44±1.60 8.08±1.98 9.99±1.32

P<0.001 PTICI=0.41, Pinteraction=0.23 PmRS=0.09, Pinteraction=0.44 PICH=0.14, Pinteraction=0.005

Tau T1 0.38±1.12 0.44±1.15 0.23±1.06 0.39±1.28 0.37±0.93 0.55±1.10 0.21±0.98 −0.37±
1.39

T2 0.76±0.90 0.83±0.83 0.58±1.07 0.83±0.89 0.68±0.92 0.89±0.90 0.48±0.73 0.51±1.20

T3 1.43±1.35 1.36±1.48 1.69±0.67 1.30±1.18 1.61±1.57 1.51±1.48 1.04±1.03 1.60±0.70

P<0.001 PTICI=0.86, Pinteraction=0.43 PmRS=0.83, Pinteraction=0.35 PICH=0.31, Pinteraction=0.39

UCHL1 T1 4.41±0.40 4.41±0.42 4.40±0.37 4.39±0.39 4.42±0.42 4.41±0.41 4.49±0.40 4.18±0.35

T2 4.41±0.41 4.39±0.44 4.46±0.32 4.32±0.42 4.51±0.37 4.40±0.40 4.46±0.47 4.33±0.39

T3 4.83±0.69 4.81±0.67 4.89±0.79 4.65±0.54 5.08±0.81 4.71±0.62 4.87±0.69 5.61±0.81

P<0.001 PTICI=0.69, Pinteraction=0.67 PmRS=0.04, Pinteraction=0.04 PICH=0.52, Pinteraction=0.007

PTICI, PmRS, PICH = overall group difference, Pinteraction= whether groups diverged differently over time. ICH intracerebral hemorrhage, HI hemorrhagic infarction, PH
parenchymal hemorrhage

Fig. 2 Changes in biomarkers levels in patients with successful recanalization (modified Thrombolysis in Cerebral Infarction [mTICI] score 2c or 3)
versus unsuccessful recanalization (mTICI score 0–2b)
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Fig. 3 Changes in biomarkers levels in patients with death or disability (modified Rankin Scale [mRS] score 3–6) versus functional independency
(mRS score 0–2) at 90 days after stroke

Fig. 4 Comparison of changes in biomarker levels between patients stratified according to type of hemorrhagic transformation (no hemorrhage,
hemorrhagic infarction, or parenchymal hemorrhage).
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Neurofilaments are cytoskeletal proteins expressed ex-
clusively in neurons. When the axon is injured, neurofi-
laments are released into the extracellular space and
then into the cerebrospinal fluid and blood. Thus, they
act as a specific biomarker of neuronal injury. They have
diagnostic and prognostic values for numerous neuro-
logical disorders, such as multiple sclerosis, dementia,
traumatic brain injury, and stroke [24]. Studies have re-
ported that plasma NfL levels are elevated soon after
cerebral infarction and are related to functional out-
comes [11, 25]. In our study, plasma NfL levels were
higher among the patients with stroke than among the
controls, thus aiding the differentiation of patients with
acute neurological disorders from those without. More-
over, NfL levels measured as early as at the time of
stroke onset could predict functional outcomes, even be-
fore any intervention had been implemented (OR at T1
= 2.07). Relevant studies have also indicated that NfL
levels are temporally dynamic: they are elevated in the
first few days after acute stroke, peak at day 7, and then
remained elevated for 3 months [11, 24, 26]. Consistent
with these reports, our findings indicated that the NfL
levels increased with time; we further discovered that
these increases were more substantial in patients with
unfavorable outcomes (Pinteraction = 0.06).
GFAP is a brain-specific astrocytic intermediate fila-

ment protein that can be released into the cerebrospinal
fluid or the blood following brain injury. GFAP levels
can thus reflect the severity of neuronal damage and are

believed to be higher in patients with ICH than in con-
trols or even in patients with AIS [14, 15, 17]. However,
UCHL1, a neuronal cytoplasmic deubiquitinating en-
zyme abundantly expressed in neurons, is associated
with synaptic plasticity and self-repair mechanisms after
injury. When GFAP and UCHL1 levels were simultan-
eously assessed in patients with acute stroke, GFAP
levels were usually more useful than were UCHL levels
in early differentiation between patients with ICH and
those with AIS [17, 27]. However, in our study, which
focused on EVT-treated patients, GFAP and UCHL1
levels exhibited comparable temporal changes and clin-
ical associations. For example, the levels of both bio-
markers at 24 h after EVT were positively correlated
with final infarct volumes and could predict PH (OR,
2.51–5.98). Furthermore, both increased significantly
over time in patients with a more severe hemorrhagic
transformation. Compared with the GFAP levels,
UCHL1 levels were notably higher in the patients with
unfavorable outcomes. Overall, these results accord with
the previous observation of a close correlation between
GFAP level and hemorrhagic stroke, even in patients
with AIS who received EVT. They also provide new in-
sights on the comparable relationship identified for
UCHL1 level.
Our data indicated that NfL levels are associated with

functional dependency but not hemorrhagic transform-
ation, whereas GFAP and UCHL1 levels can predict
hemorrhagic transformation but not functional

Table 4 Associations between biomarker levels and clinical outcomes

Time points Death or disability (n=28) Any hemorrhagic transformation (n=20) Parenchymal hemorrhage (n=6)

OR (95% CI) OR (95% CI) OR (95% CI)

NfL T1 2.05 (1.03–4.08)* 0.64 (0.35–1.17) 0.94 (0.45–1.98)

T2 2.05 (1.05–4.01)* 0.65 (0.37–1.16) 0.96 (0.48–1.94)

T3 3.94 (1.44–10.79)* 0.74 (0.39–1.42) 1.35 (0.64–2.84)

All 2.22 (1.27–3.88) 0.67 (0.40–1.15) 1.05 (0.44–2.55)

GFAP T1 1.42 (0.73–2.78) 1.01 (0.53–1.91) 0.90 (0.36–2.26)

T2 1.49 (0.75–2.97) 1.19 (0.64–2.24) 1.21 (0.55–2.70)

T3 1.28 (0.84–1.95) 2.39 (1.21–4.72)* 2.51 (1.18–5.34)

All 1.18 (0.91–1.52) 1.21 (0.96–1.53) 1.29 (0.97–1.70)

Tau T1 1.19 (0.66–2.14) 0.48 (0.25–0.93) 0.57 (0.29–1.11)

T2 1.13 (0.50–2.55) 0.43 (0.20–0.95) 0.73 (0.30–1.78)

T3 1.14 (0.70–1.86) 0.85 (0.53–1.39) 1.10 (0.57–2.14)

All 1.11 (0.76–1.63) 0.63 (0.38–1.07) 0.79 (0.46–1.36)

UCHL1 T1 0.83 (0.19–3.70) 0.84 (0.16–4.49) 0.22 (0.03–1.85)

T2 2.60 (0.53–12.64) 1.04 (0.20–5.35) 0.60 (0.08–4.46)

T3 2.73 (0.88–8.51) 2.64 (0.83–8.41) 5.98 (1.31–27.24)

All 1.76 (0.59–5.23) 1.38 (0.53–3.61) 1.56 (0.56–4.31)

Covariates adjusted for in the logistic regression models were age, sex, NIHSS score, atrial fibrillation, and successful recanalization for death or disability; age, sex,
hypertension, and NIHSS score for any hemorrhagic transformation; and none for parenchymal hemorrhage. Generalized linear mixed models were employed to
model all of the time points together. Bold type indicates significant results (P < 0.05). *False discovery rate–adjusted P < 0.05
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outcomes. Symptomatic ICH after EVT is associated
with unfavorable outcomes and higher mortality [28].
However, in our study, the incidence of symptomatic
ICH was low (only one case, 1.7%), thus preventing the
acquisition of valid statistical results. However, accord-
ing to the latest Heidelberg Bleeding Classification, PH
is closely related to symptomatic ICH and can serve as a
surrogate neuroimaging outcome [29]. A larger infarct
size could increase the probability of PH; this idea is
supported by our study results, which revealed that
GFAP and UCHL1 levels not only predicted PH but
were also strongly correlated with final infarct volumes.
In addition, the rate of increase in UCHL1 level over
time was also higher among patients who had unfavor-
able outcomes (Fig. 2 and Table 2). However, although
NfL level was not associated with signs of hemorrhage,
hemorrhagic transformation itself did not necessarily
correspond to unfavorable outcomes because it may
have been caused by recanalization or reperfusion in
some cases. Factors that typically predict functional out-
comes after EVT include age, initial NIHSS score, pre-
stroke mRS score, ASPECTS, time from onset-to-groin
puncture, and glucose level [30]. In our study, NfL levels
were not correlated with age (ρ = −0.03, P = 0.81) or
NIHSS score (ρ = 0.05, P = 0.72), but they independently
predicted death or disability in the multivariable-
adjusted models. Therefore, the prognostic role of NfL
level is based on its direct association with neuronal in-
jury in the event of acute stroke and may even reflect
underlying CNS degeneration, which is believed to be
linked to unfavorable functional outcomes after stroke.
The four investigated biomarkers exhibited similar

patterns in terms of temporal changes: the levels were
almost the same at T1 and T2 but were considerably
higher at T3. A notable finding is that even within mi-
nutes to hours after stroke onset, these plasma bio-
markers already reflected neuronal injury caused by the
ischemic cascade [31]. However, the prognostic role of
plasma biomarkers levels at T2, which we initially hy-
pothesized to be dependent on recanalization status,
may not differ substantially from the prognostic role of
these levels at T1 because the median puncture-to-
recanalization time was only 16 min in our patient
group. Moreover, the death of neurons and astrocytes
following the ischemic cascade may continue for several
hours and even days after successful recanalization. This
explains why the plasma biomarkers levels peaked at T3
and were unaffected by recanalization status.
Notably, a similar study reported that plasma levels of

NfL, tau, and GFAP also increased over time in patients
treated with EVT and were correlated with stroke clin-
ical severity and outcomes [26]. They reported that
plasma tau and GFAP levels peaked at 24–72 h and were
lower at 3 months after stroke. However, plasma NfL

levels continued to increase even at 3 months, possibly
reflecting the chronic post-ischemic Wallerian degener-
ation of myelinated axons. Our study results echo their
findings regarding the initial increase in plasma bio-
marker levels after stroke and their potential prognostic
roles.
Our study has several strengths. The included patients

were recruited from a prospective stroke registry and
had relatively complete clinical and neuroimaging pro-
files. Blood samples were measured thrice, not only
once, thus providing a clear view of the temporal rela-
tionship between plasma biomarker levels and clinical
outcomes. Also, we used a modern multiplex single-
molecule array to simultaneously quantify several rele-
vant biomarkers. Our study also has several limitations.
First, the sample size was relatively small, limiting the
statistical power of our findings. Nevertheless, the bio-
markers exhibited clear associations with clinical and
neuroimaging outcomes. Our study can serve as a pilot
study, and our results can be verified in larger-scale in-
vestigations. Second, even in a prospective registration
setting, some factors for which adjustments were neces-
sary in the multivariable analysis may not have been ad-
justed. Third, we did not determine a clear cutoff value
for the biomarkers for predicting outcomes, unlike sev-
eral relevant studies [10, 13, 17]. However, variations
among stroke centers in terms of patient profiles, acute
treatment strategies, and standard care protocols may
complicate the acquisition of a universally applicable set
of values for predicting outcomes. Finally, the plasma
biomarkers levels before stroke onset were unknown. A
history of neurological diseases prior to AIS may have
affected the patients’ biomarker levels. Nevertheless, the
results of comparisons between patients with stroke and
controls and those for temporal changes in plasma bio-
marker levels indicate that this limitation likely did not
have any major effects on the findings.
In conclusions, in patients with AIS and LVO who

underwent EVT, higher plasma NfL levels were predict-
ive of unfavorable functional outcomes. Substantial in-
crease in UCHL1 levels after stroke—measured before,
immediately after, and 24 h after EVT—was observed in
the patients with unfavorable outcomes; moreover, tem-
poral change in of GFAP and UCHL1 levels were associ-
ated with more severe types of hemorrhagic
transformation, especially PH. Our findings jointly imply
that these biomarkers have clinical value for prognostic
prediction. Larger-scale studies are warranted to verify
our findings.
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