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Abstract

Objective To determine the temporal profiles of glial fibrillary acidic protein (GFAP), neurofilament light (NFL), total tau
(t-tau), and ubiquitin carboxy-terminal hydrolase L1 (UCHL1) in plasma the first week after acute ischemic stroke, and
identify the optimal time points for assessing infarct volume by these biomarkers.

Patients & Methods 1In this cohort study, biomarker plasma concentrations were determined daily over the first week and
at 90 days after symptom onset in patients with acute ischemic stroke. A brain MRI was performed on day three. Temporal
variations in biomarker levels were analyzed using linear mixed-effects models, and optimal time points for infarct volume
correlation were identified with continuous Pearson analysis.

Results 38 patients with a median age of 78 (IQR 72-86) and mean infarct volume of 5.5 (IQR 1.6-17) cm?® were included.
We identified three distinct temporal patterns: (1) a parabolic trajectory of GFAP, reaching zenith after three days, (2) a
consistent increase in NFL throughout the week, and (3) an initial surge in t-tau and UCHLI1 levels, stabilizing by day three.
The optimal time point for infarct volume correlation occurred at 119 h for GFAP (r=0.94, 95% CI: [0.84-0.98]), 144 h for
NFL (r=0.78, [0.47, 0.92]), 122 h for t-tau (r=0.82, [0.56, 0.93]) and 113 h for UCHLI (r=0.83, [0.60, 0.93]).
Interpretation This high-resolution serial sampling of plasma GFAP, NFL, t-tau, and UCHL1 the first week after acute
ischemic stroke identified three distinct temporal profiles. These biomarkers provided the most accurate infarct volume
assessment 4—6 days after symptom onset. Clinicaltrials.gov NCT03812666 (registration date 2019-01-23).
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Abbreviations mRS Modified Rankin scale

DWI Diffusion-weighted images t-tau Total tau

eGFR Estimated glomerular filtration rate TIA Transient ischemic attack

GFAP  Glial fibrillary acidic protein UCHL1 Ubiquitin carboxy-terminal hydrolase L1
IQR Interquartile range

NFL Neurofilament light
NIHSS National Institutes of Health Stroke Scale
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Introduction

The management of acute stroke has evolved considerably
over the past decades, leading to decreased mortality and
lower risk of recurrence in high-income countries [1, 2].
The acute stroke diagnosis is based on typical medical his-
tory and clinical examination together with neuroimaging
to differentiate between ischemic and hemorrhagic stroke.
Although neuroimaging is the reference standard for assess-
ing structural injury to the brain after an ischemic stroke,
this does not imply that it accurately captures all pathologi-
cal changes [3]. Molecular biomarkers could enhance the
accuracy of estimating the extent of tissue injury as well as
other pathological brain changes after a stroke. In contrast
to the remarkable development in other areas of stroke care,
molecular biomarkers to assist treatment decisions have not
been implemented [4]. There are many applications and sce-
narios where biomarkers could be of significant importance,
e.g., to differentiate between ischemic and hemorrhagic
stroke, to assess the amount of viable versus non-viable
tissue in the ischemic region, or to predict outcomes [4—6].

The neuroglial proteins glial fibrillary acidic protein (GFAP),
neurofilament light (NFL), tau, and ubiquitin carboxy-terminal
hydrolase L1 (UCHL1) are abundant in different cell types and
anatomical regions in the central nervous system (CNS) [7].
These proteins have gained attention in the setting of stroke,
as they are released into the blood after structural injury to the
brain. Multiple studies have shown a correlation between abso-
lute or change in plasma or serum levels of these proteins and
infarct volume, as well as clinical outcomes in ischemic stroke
[8—-20]. However, most of these studies have relied upon a single
blood sample or samples collected at a few time points. It is
presently not known precisely when peak levels occur or when
the correlation to infarct volume is optimal, which are key to
interpreting individual levels correctly. Moreover, understand-
ing biomarker dynamics and their relation with brain tissue
injury provides pathophysiological insights and is important for
comparing studies and validating biomarkers for clinical use.

The aims of this study were to describe the temporal pro-
files of GFAP, NFL, total tau (t-tau), and UCHLI in plasma
during the first week after acute ischemic stroke and deter-
mine the best time point to assess infarct volume with these
biomarkers.

Material and Methods
Ethical Approval & Informed Consent

This study was performed in accordance with the Helsinki
Declaration and approved by the regional ethical review
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board in Uppsala, Sweden (Dnr: 2018/288) and the Swed-
ish Ethical Review Authority (Dnr: 2020-06000). In cases
where patients were unable to provide informed consent
due to aphasia or other cognitive disturbances, consent
was obtained from next of kin. All other patients provided
written informed consent.

Study Design, Participants, and Data Collection

This observational study (Clinicaltrials.gov ID#
NCTO03812666) prospectively included patients with acute
ischemic stroke admitted to the stroke unit at Orebro Uni-
versity Hospital between 2019 and 2021. Inclusion criteria
were symptoms and radiological findings consistent with
acute cerebral infarction and symptom onset less than 48 h
before the first study blood sample collection. Patients
with hemorrhagic stroke or radiological evidence of acute
cerebral infarction but complete reversal of symptoms
within 24 h were excluded (i.e., transient ischemic attack
[TTIA]). Other exclusion criteria were contraindications to
magnetic resonance imaging (MRI) and ongoing inflam-
matory disease. Patients fulfilling inclusion and exclusion
criteria within the time frame were consecutively asked
to participate in the study. Baseline clinical data included
age, sex, time of symptom onset, pre-stroke disability
using the modified Rankin scale (mRS), and stroke sever-
ity using the National Institutes of Health Stroke Scale
(NIHSS). The modified Rankin scale ranges from 0 to 6,
with higher scores indicating more significant disability
[21]. NIHSS ranges from O to 42, with higher scores indi-
cating worse neurological deficits [22]. Comorbidities,
renal function, and reperfusion treatment were assessed by
reviewing medical records. NIHSS and mRS were evalu-
ated by a study nurse at a follow-up visit after 90 days.

Neuroimaging

Patients underwent MRI between 48-72 h after hospi-
tal admission on a Philips Achieva dStream 1.5 Tesla
scanner (Philips, Best, The Netherlands). The protocol
included two-dimensional T2-weighted axial and diffu-
sion-weighted images (DWI). T2-weighted images were
acquired using the following parameters: repetition time
4000 ms, echo time 110 ms, slice thickness 3 mm, in-
plane resolution 0.4 X 0.4 mm. DWI was obtained with
b-value 1000 s/mm?, repetition time 3704 ms, echo time
92 ms, slice thickness 5 mm, and 1.3 X 1.3 mm in-plane
resolution.

Total volumes of ischemic infarcts were assessed on
imaging. All measurements were made by a board-certified



Translational Stroke Research (2025) 16:2185-2194

2187

radiologist and neuroradiology trainee (BF). Infarct volumes
were quantified on DWI using MRIcron (https://people.cas.
sc.edu/rorden/mricron/index.html) with semi-automatic seg-
mentation and manual correction if needed. Apparent diffu-
sion coefficient maps and T2-weighted images were used to
delineate acute infarcts.

Biochemical Analyses

Venous blood samples were collected daily during the first
week after stroke onset and at the 90-day follow-up visit.
Blood samples were aliquoted and stored at —80 °C. The con-
centrations of GFAP, NFL, t-tau, and UCHL1 were determined
in plasma with Single Molecule Array (Simoa®) using the
Neurology 4-Plex B assay on the SR-X™ Biomarker Detec-
tion System (Quanterix Corp., MA, USA). The lower limit of
quantification and the lower limit of detection was 9.38 pg/ml
and 1.04 pg/ml for GFAP, 0.625 pg/ml and 0.0989 pg/ml for
NFL, 0.100 pg/ml and 0.0281 pg/ml for t-tau, and 9.38 pg/ml
and 1.13 pg/ml for UCHLI1. The analyses were run in batches
by the same board-certified technician at the Department of
Clinical Chemistry, Uppsala University Hospital, Sweden.

Statistical Analyses

The modeling of the kinetics of the biomarkers was based on
the assumption that the plasma concentrations were dependent
on both time from symptom onset and infarct volume. First, a
linear mixed-effects model was used to assess the variation in
biomarker concentration over time:

log(C) ~ res(T) + (1 + Tlid)

where C is the biomarker concentration, rcs(T) is a restricted
cubic spline function of time as a fixed effect, and (1+T |
id) represents the random effects (intercept and slope) for
subjects. This means that the functional form of the average
time trend was assumed the same for all patients. Still, the
intercept (overall concentration level of the curve) and the
(linear) slope of the curves were allowed to vary between
patients.

After that, the effect of total infarct volume, V, on biomarker
concentrations was assessed by adding log(V) to the model:

log(C) ~ log(V) + res(T) + (1 + T|id)

When plotting the volume-adjusted concentration
curves, the regression coefficient for log(V) was used to
adjust for infarct volume for each individual. The log(V)
regression coefficient was close to 1/3 for all biomarkers
except for GFAP, where it was close to 2/3, leading to
units of pg/ml/cm for NFL, t-tau, and UCHL1 and ng/
ml/cm? for GFAP, after back transformation. The effect
of accounting for volume is reported as the change in

interindividual variance (square of standard deviation) of
the log concentration.

Adjustments for age and sex were done by fitting a
linear mixed-effects model with the volume-normalized
biomarker level as outcome, accounting for the correla-
tion between measurements within the same subject. Time
since onset, age and sex were included as fixed effects.
The estimated average volume-normalized biomarker level
over time was plotted using predictions from the model
for both sexes and three arbitrarily selected age groups
(Fig. S1-S4, Supplementary Material).

To assess the time point with the highest correlation to
infarct volume (T, n,), @ sequential analysis was done
by calculating the Pearson correlation between biomarker
level and the single time point infarct volume measure-
ment by MRI, for all biomarker measurements within a
moving window of + 12 h at each plotted hour. This is pre-
sented graphically as a moving 24 h correlation. A state-
ment of significance implies statistically significant at the
5% significance level from two-sided tests.

Results
Clinical Characteristics

In total, 38 patients were included in the study (Table 1).
Inclusion was temporarily suspended during specific peri-
ods of the COVID-19 pandemic. All patients received a

Table 1 Clinical characteristics. Binary variables are presented as
number (percent), all other variables are presented as median (inter-
quartile range). eGFR, estimated glomerular filtration rate; IQR,
interquartile range; mRS, modified Rankin scale; NIHSS, National
Institutes of Health Stroke Scale; TIA, transient ischemic attack

Patients, no N=38
Age, median (IQR), yrs 78 (72-86)
Female sex, no. (%) 18 (47)
Previous stroke or TIA, no. (%) 11 (29)
Hypertension, no. (%) 23 (61)
Atrial fibrillation, no. (%) 15 (39)
Diabetes, no. (%) 5(13)
Hyperlipidemia, no. (%) 9(24)
Coronary artery disease, no. (%) 3(7.9)
Heart failure, no. (%) 2(5.3)
NIHSS at inclusion, median (IQR) 5(2-10)
Pre-stroke mRS, median (IQR) 1(0-3)
Infarct volume, median (IQR), cm’® (n=33) 5.5(1.6-17)
eGFR, median (IQR), ml/min per 1.73 m? 67 (54-79)
Treatment with intravenous thrombolysis, no. (%) 5 (13%)
90 days NIHSS, median (IQR) (n=21) 2(1-4)

90 days mRS, median (IQR) (n=27) 1(1-4)
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final diagnosis of acute ischemic stroke. Median age
was 78 years (interquartile range, IQR 72-86), and 47%
were female. A third of the patients (29%) had a history
of stroke or TIA. Hypertension (61%), atrial fibrillation
(39%), and a diagnosis of hyperlipidemia (24%) were
common. Median NIHSS at inclusion was 5 (IQR 2-10),
and median infarct volume was 5.5 (IQR 1.6-17) cm?>.
Five patients did not undergo MRI due to death (n=2),
unknown (rn=2), and patient declined (n=1), and were
therefore excluded in the infarct adjusted analysis. At the
90-day follow-up, median NIHSS was 2 (IQR 1-4, n=21),
and median mRS was 1 (IQR 1-4, n=27). All patients
provided blood samples at a median of 5 (IQR 4-7) dif-
ferent time points, with the first blood sample collected at
a median of 31 (IQR 23-40) hours after symptom onset.
In total, 205 blood samples were analyzed.
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Fig. 1 Temporal profile of neuroglial injury biomarkers. Plasma con-
centrations of GFAP (A), NFL (B), tau (C), and UCHL1 (D) the first
week after ischemic stroke. Each solid blue line represents a single
patient, with darker blue indicating patients with larger infarct vol-
umes. Patients who did not undergo an MRI are indicated with red
dashed lines.. The solid smooth black line indicates a restricted cubic
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Unadjusted concentrations during the first week and after
90 days for all patients and all biomarkers are presented in
Fig. 1. The peak level occurred on average at 82 h (3 days) for
GFAP and > 8 days for NFL, t-tau, and UCHLI1. After adjust-
ment for infarct volume, peak level time points for GFAP and
NFL were essentially unaltered, occurring at 77 h (3 days) for
GFAP and > 8 days for NFL, t-tau, and UCHLI1 after stroke
onset (Fig. 2). Patients with larger infarct volume generally
had higher levels of all biomarkers (as indicated by darker
blue in Fig. 1). There were no substantial differences across
sex and age groups, with the exception of slightly higher NFL.
levels observed in women compared to men (Fig. S1-S4).
Three distinct temporal profiles were observed. GFAP
inclined steeply during the first 3 days after stroke onset,
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spline fitted to all observations up to 9 days, and the solid black dot
is the mean at 90 days. Deviations of times around 90 days have been
scaled by a factor of 1/10 such that 10 days are related to 90 days
as much as 1 day is related to 9 days in the rest of the plot. N=38.
GFAP, glial fibrillary acidic protein; NFL, neurofilament light;
UCHL1, ubiquitin carboxy-terminal hydrolase L1
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Fig.2 Temporal profile of neuroglial injury biomarkers normalized
to infarct volume. Plasma concentrations of GFAP (A), NFL (B),
tau (C), and UCHLI1 (D) after ischemic stroke normalized to infarct
volume. Each solid blue line represents a single patient, with darker
blue indicating patients with larger infarct volumes. The solid smooth
black line indicates a restricted cubic spline fitted to all observations

followed by a gradual decline on days 4-7. In contrast, NFL dis-
played a steady, almost linear (on a logarithmic scale) increase
during the first week. T-tau and UCHL1 demonstrated an initial
increase followed by a plateau by day 3, with a slight increase in
plasma levels at the end of the week. At 90 days follow-up, the
concentration of each neuroglial biomarker was lower than the
concentration of the last measurement of the first week.

By adjusting for log volume, the interindividual vari-
ance (square of standard deviation) of the log concentration
was reduced by 54% for GFAP, 34% for t-tau, and 40% for
UCHLI. In contrast, it increased by 16% for NFL.

Correlation with Infarct Volume

The correlation between biomarker level and infarct vol-
ume within a moving window of 24 h is presented in
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up to 9 days, and the solid black dot is the mean at 90 days. Devia-
tions of times around 90 days have been scaled by a factor of 1/10
such that 10 days are related to 90 days as much as 1 day is related to
9 days in the rest of the plot. N=33. GFAP, glial fibrillary acidic pro-
tein; NFL, neurofilament light; UCHLI, ubiquitin carboxy-terminal
hydrolase L1

Fig. 3. The time point with highest correlation to infarct
volume (T m,) Occurred at 119 h (5.0 days) for GFAP
(r=0.94, 95% confidence interval, CI: [0.84-0.98]),
144 h (6.0 days) for NFL (r=0.78, [0.47, 0.92]),
122 h (5.1 days) for t-tau (r=0.82, [0.56, 0.93]), and
at 113 h (4.7 days) for UCHL1 (r=0.83, [0.60, 0.93])
after symptom onset. At the 90-day follow-up, NFL and
UCHL1 were significantly correlated with infarct vol-
ume (r=0.55, P=0.01 for NFL, and r=0.57, P=0.01
for UCHL1), whereas GFAP and t-tau were not (r=0.43,
P =0.060 for GFAP, and r=0.15, P =0.53 for t-tau).
Figure 4 shows the correlation between biomarker con-
centration and infarct volume at T, within a win-
dow of + 12 h. For comparison, the correlation between
NIHSS at inclusion and log infarct volume was r=0.47
(95% C10.16-0.70, P=0.005).
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Fig.3 Continuous correlation
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Discussion

In this study, we charted the temporal profile of GFAP,
NFL, t-tau, and UCHLI1 concentrations in plasma follow-
ing an ischemic stroke by analyzing daily blood samples
collected throughout the first week after symptom onset.
This approach enabled the identification of peak bio-
marker levels and the optimal time point to assess infarct
volume. GFAP exhibited a parabolic trajectory, reaching
its zenith on the third day after the cerebral insult. NFL
levels increased continuously, suggesting the peak extends
beyond the weeklong observation window. Both t-tau and
UCHLI1 demonstrated an early peak on day three before
stabilizing into a plateau. After adjustment for infarct vol-
ume, the inter-individual variation of GFAP, t-tau, and
UCHLI1 decreased. The correlation between biomarker
level and infarct volume was generally stronger towards
the end of the first week for all biomarkers, except GFAP,
which correlated strongly with infarct volume already at
24 h. At 90 days, NFL and UCHL1 were the only bio-
markers that remained significantly correlated to infarct
volume.
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The findings of this study are consistent with and expand
on previous reports. In particular, the temporal profile of
NFL in plasma or serum after stroke has been character-
ized over the first weeks and months after stroke [20, 23].
According to these reports, the peak of NFL occurs about
two weeks after an ischemic stroke and could, therefore, not
be captured in our study. The strength of the correlations
between NFL levels and infarct volume increased over the
initial five days and was optimal six days after stroke onset.
Earlier research has documented an increasing strength of
correlation between NFL levels and infarct size from day
three to day seven post-stroke [8, 10, 12]. Notably, studies
focusing on very early sampling time points (within the first
24 h) did not establish a significant association between NFL
levels and infarct size, underscoring the importance of tim-
ing in biomarker analyses [11, 16, 24].

Less is documented regarding the plasma or serum profile
of GFAP after ischemic stroke. In two recent studies with
serial sampling the first three days after endovascular treat-
ment (EVT) due to large vessel occlusion stroke, a peak
of GFAP was noted two to three days after the procedure,
with a serum profile similar to our findings, especially for
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Fig.4 Correlation with infarct volume at optimal time point. Infarct
volume versus plasma concentration of GFAP (A), NFL (B), tau (C)
and UCHL1 (D) at the time of maximum correlation, T, ; .+12 h,
which occurred at 119 h (5.0 days) for GFAP (r=0.94, 95% CI:
[0.84-0.98]), 144 h (6.0 days) for NFL (r=0.78, [0.47, 0.92]), 122 h

patients with poor outcome (defined as increased, stabi-
lized, or less than four points improvement from the initial
score on NIHSS) [17, 18]. With a few exceptions, patients
in our study displayed an increase in GFAP between the
first and second samples, indicating that GFAP might be a
robust early stroke biomarker. The early rate of change in
GFAP levels has been reported to be highly correlated to

UCHL1 101-125 h (pg/ml)

(5.1 days) for t-tau (r=0.82, [0.56, 0.93]), and at 113 h (4.7 days) for
UCHLI1 (r=0.83, [0.60, 0.93]). If a patient had more than one obser-
vation within the interval, the first observation was used. CI, confi-
dence interval; GFAP, glial fibrillary acidic protein; NFL, neurofila-
ment light; UCHL1, ubiquitin carboxy-terminal hydrolase L1

outcome, as well as to discriminate between ischemic and
hemorrhagic stroke [17, 25]. A prompt increase of serum
GFAP was also observed in two earlier studies using a less
sensitive ELISA, where a clear peak was discerned after
two and four days respectively in patients with large infarcts
[26, 27]. In our study, a strong correlation between GFAP
levels and infarct volume was observed from day one and
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throughout the first week, with the highest correlation iden-
tified at day five. Similarly, and in contrast to NFL, others
have also reported a significant correlation between GFAP
and infarct volume at the early time points after stroke onset
in patients with large vessel occlusion and patients undergo-
ing EVT [16, 18]. Notably, GFAP was the only biomarker
among several that correlated with infarct volume at the ear-
liest time point two hours after EVT [18]. In summary, the
correlation between GFAP and infarct volume appears to be
less timing-dependent during the first week than the other
investigated biomarkers in our study.

Some previous data exist regarding the temporal profile of
t-tau after stroke, although most studies have focused on the
first three days after onset or at follow-up visits made months
after the cerebral insult [15, 17, 18, 25, 28]. However, with
blood samples collected at four time points over the first
week after stroke, one study reported a prominent increase
in plasma t-tau over the first three days, with a slight rise at
day seven after stroke onset, similar to our findings [29]. In
earlier studies on t-tau in serum after stroke using standard
ELISA, t-tau was below the detection limit in more than
half of the patients studied [30-32]. Nevertheless, a rise of
t-tau levels was discernable after two days in one of the stud-
ies that included only patients with middle cerebral artery
occlusion [31]. This highlights the importance of high-sensi-
tivity biochemical analysis when evaluating these proteins in
plasma or serum after stroke. The correlation between t-tau
and infarct volume became stronger during the first days up
to the optimal time point five days after stroke onset. Consid-
ering previous reports, it seems likely that the optimal time
point for correlating tau with infarct volume occurs between
days four and seven during the first week [18, 29]. How-
ever, considerable within-subject variability across different
time points was observed for t-tau. The underlying reasons
for this, whether stemming from preanalytical or analytical
factors, inherent biological processes, or the fact that tau is
not exclusively expressed in the CNS, remain undetermined.

Few studies have investigated plasma or serum levels of
UCHLL1 after stroke. We found only one study examining
UCHL1 beyond 48 h after stroke. In a randomized con-
trolled trial investigating the effect of erythropoietin in acute
ischemic stroke, a slight increase in UCHL1 during the first
three days after stroke was noted in the placebo group but
not in the treatment group; however, no imaging data was
available [33]. Another study failed to show any difference
in admission serum levels of UCHL1 between patients with
ischemic stroke and a control group [34]. Of note is that in
both these studies, standard ELISA was used, which may not
have quantified UCHL1 correctly. In a study of biomarker
levels after EVT, a slight increase of UCHL1 was observed
24 h after the procedure compared to before, with only a
modest correlation to infarct volume [16]. In our study,
the temporal profile of UCHLI resembled that of t-tau and
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similarly displayed larger within-subject fluctuations than
GFAP and NFL. Nevertheless, a high correlation between
UCHLI1 and infarct volume was found 4.7 days after stroke
onset, and similar to NFL, remained correlated with acute
infarct volume after 90 days.

For these biomarkers to be clinically interpretable at an
individual level, an increased understanding of factors con-
tributing to their levels beyond time and infarct volume is
necessary. There is a lack of precise knowledge of how these
proteins are metabolized, eliminated, and affected by other
clinical factors. Stroke subtype, etiology, location, and treat-
ments may influence the magnitude and speed at which they
enter the bloodstream. A multitude of comorbidities and
clinical factors, such as concurrent cerebrovascular small
vessel disease, renal failure, age, and BMI, may influence
baseline levels and elimination rates [35, 36].

One way of overcoming some of these obstacles might be
to analyze the rate of change rather than looking at absolute
levels. For example, in one study, the rate of increase of
GFAP and t-tau within the first 24 h after symptom onset
outperformed neuroimaging in clinical outcome prediction
(NIHSS at 24 h) after EVT, demonstrating a potential addi-
tion to clinical decision-making, i.e., to identify patients
where reperfusion therapy might be futile [17]. In another
study, a combination of absolute GFAP levels and rate of
change ruled out hemorrhagic stroke with a negative predic-
tive value of 98.4% [25].

For patients suffering from stroke, physical and cog-
nitive function are naturally more important outcomes
than the exact infarct volume. However, infarct volume is
strongly associated with long-term outcomes, even though
non-eloquent brain regions exist [21, 37]. In the current
study, GFAP was the best biomarker for evaluating infarct
volume, considering that this protein had the overall high-
est correlation to infarct volume, with the smallest confi-
dence interval, throughout the whole week in this mixed
ischemic stroke population with a wide range of infarct
volumes. Beyond the first week, NFL. and UCHL1 were
the only biomarkers that, at 90 days, correlated with acute
infarct volume, indicating that these biomarkers still hold
information long after the ischemic event. Similar findings
were reported for NFL in a previous study [18]. In patients
with unknown symptom onset, serial sampling within a
predefined time frame, possibly with a combination of two
or more biomarkers, could be considered. Based on the
result of the present study, a decrease in GFAP and an
increase in NFL would indicate symptom onset more than
24 h ago, which is the current time limit for reperfusion
treatment.

The significant variability of UCHL1 and t-tau poses a
barrier to the interpretability of individual levels within
the context of acute ischemic stroke. There is little benefit
in measuring these proteins in addition to GFAP and NFL
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if the purpose is to determine infarct size through a sin-
gle time point measurement. It is, therefore, encouraging
that recent reports of a newly developed assay analyzing
a CNS-specific tau isomer, brain-derived tau, have shown
promising results, indicating that protein as an emerging
biomarker in acute stroke management [38, 39].

This study has several limitations. Firstly, the number
of patients was limited to 38, with only 33 patients having
complete imaging data. This is explained by the negative
impact of the COVID-19 pandemic on patient inclusion.
Nevertheless, the final study population closely repre-
sents the average Swedish stroke population in terms of
age, sex and stroke severity [40]. Secondly, information
on comorbidities and treatments was collected through
medical records, which might not be as accurate as data
collected prospectively in a case report form. Thirdly, as
less than half of the patients had both biomarker measure-
ment at Ty ;.. & 12 h and clinical outcome assessment at
90 days, no firm analysis of biomarker outcome prediction
was possible. This was, however, not the main focus of this
study. Fourthly, with only eleven patients having samples
collected within the first 24 h of symptom onset, the study
does not sufficiently capture biomarker changes during
this period. Fifthly, infarct volume was measured between
48—72 h after symptom onset, a time point at which brain
swelling may have slightly affected volume estimation.
DWI-based studies show that swelling inflates apparent
infarct volume by roughly one-third at 72 h (peak volume
reached at 74 h; +21% on day 2 and + 10% on day 3) [41].
However, since MRI were performed at the same time
across individuals, this effect is expected to be consistent
throughout the study.

In this high-resolution serial sampling of GFAP, NFL,
t-tau, and UCHL1 in plasma over the first week after
acute ischemic stroke, three distinct temporal patterns
were observed. The most accurate assessments of infarct
volume through these biomarkers occurred between four
to six days after symptom onset. These findings may have
implications for future studies and implementation in
clinical practice.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12975-025-01380-y.

Acknowledgements The authors thank biomedical analyst Asma
Al-Grety.

Author Contribution KS, BR, BF, JOS, and JB planned and designed
the study. BF analyzed and reviewed all neuroimaging data. KS and JL
performed the statistical analyses, and all authors interpreted the final
data report. KS drafted the first version of the manuscript. All authors
critically reviewed and approved the final version of the manuscript.

Funding Open access funding provided by Uppsala University. This
work was supported by the Regional Research Council Mid Sweden,
the Bissen Brainwalk Foundation, Nyckelfonden — Orebro University

Hospital Research Foundation, the Research Committee at Orebro
University Hospital, and Swedish state support for research (ALF
agreement).

Data Availability Raw data are not publicly available to preserve indi-
viduals’ privacy under the European General Data Protection Regula-
tion. A fully anonymized dataset supporting this article is available
upon reasonable request to the corresponding author.

Declarations

Competing interests KS, BRR, BF, JA, KK, JL, and JB report no con-
flict of interest. JOS received fees for participating in scientific advisory
boards for Bayer in 2016 and 2019 and has been hired as an adjudicator
in a trial initiated by Astra Zeneca in 2024.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Thayabaranathan T, Kim J, Cadilhac DA, et al. Global stroke
statistics 2022. Int J Stroke. 2022. https://doi.org/10.1177/17474
930221123175.

2. Hong KS, Yegiaian S, Lee M, et al. Declining stroke and vascular
event recurrence rates in secondary prevention trials over the past
50 years and consequences for current trial design. Circulation.
2011. https://doi.org/10.1161/CIRCULATIONAHA.109.934786.

3. Goyal M, Ospel JM, Menon B, et al. Challenging the ischemic
core concept in acute ischemic stroke imaging. Stroke. 2020.
https://doi.org/10.1161/STROKEAHA.120.030620.

4. Montaner J, Ramiro L, Simats A, et al. Multilevel omics for the
discovery of biomarkers and therapeutic targets for stroke. Nat
Rev Neurol. 2020. https://doi.org/10.1038/541582-020-0350-6.

5. Glushakova OY, Glushakov AV, Miller ER, et al. Biomarkers
for acute diagnosis and management of stroke in neurointensive
care units. Brain Circ. 2016. https://doi.org/10.4103/2394-8108.
178546.

6. Misra S, Montaner J, Ramiro L, et al. Blood biomarkers for the
diagnosis and differentiation of stroke: a systematic review and
meta-analysis. Int J Stroke. 2020. https://doi.org/10.1177/17474
93020946157.

7. Sjolin K, Kultima K, Larsson A, et al. Distribution of five clini-
cally important neuroglial proteins in the human brain. Mol Brain.
2022. https://doi.org/10.1186/s13041-022-00935-6.

8. Tiedt S, Duering M, Barro C, et al. Serum neurofilament light: a
biomarker of neuroaxonal injury after ischemic stroke. Neurology.
2018. https://doi.org/10.1212/WNL.0000000000006282.

9. Liu G, Geng J. Glial fibrillary acidic protein as a prognostic
marker of acute ischemic stroke. Hum Exp Toxicol. 2018. https://
doi.org/10.1177/0960327117751236.

@ Springer


https://doi.org/10.1007/s12975-025-01380-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1161/CIRCULATIONAHA.109.934786
https://doi.org/10.1161/STROKEAHA.120.030620
https://doi.org/10.1038/s41582-020-0350-6
https://doi.org/10.4103/2394-8108.178546
https://doi.org/10.4103/2394-8108.178546
https://doi.org/10.1177/1747493020946157
https://doi.org/10.1177/1747493020946157
https://doi.org/10.1186/s13041-022-00935-6
https://doi.org/10.1212/WNL.0000000000006282
https://doi.org/10.1177/0960327117751236
https://doi.org/10.1177/0960327117751236

2194

Translational Stroke Research (2025) 16:2185-2194

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Onatsu J, Vanninen R, Jakala P, et al. Serum neurofilament light
chain concentration correlates with infarct volume but not prog-
nosis in acute ischemic stroke. J Stroke Cerebrovasc Dis. 2019.
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.008.
Uphaus T, Bittner S, Groschel S, et al. NfL. (Neurofilament Light
Chain) levels as a predictive marker for long-term outcome after
ischemic stroke. Stroke. 2019. https://doi.org/10.1161/STROK
EAHA.119.026410.

Pujol-Calderon F, Portelius E, Zetterberg H, et al. Neurofilament
changes in serum and cerebrospinal fluid after acute ischemic
stroke. Neurosci Lett. 2019. https://doi.org/10.1016/j.neulet.2018.
12.042.

Pedersen A, Stanne TM, Nilsson S, et al. Circulating neurofilament
light in ischemic stroke: temporal profile and outcome prediction.
J Neurol. 2019. https://doi.org/10.1007/s00415-019-09477-9.
Nielsen HH, Soares CB, Hogedal SS, et al. Acute neurofilament
light chain plasma levels correlate with stroke severity and clinical
outcome in ischemic stroke patients. Front Neurol. 2020. https://
doi.org/10.3389/fneur.2020.00448.

Onatsu J, Vanninen R, P JA et al. Tau, S100B and NSE as Blood
Biomarkers in Acute Cerebrovascular Events. In Vivo. 2020;
https://doi.org/10.21873/invivo.12075

Chen CH, Chu HJ, Hwang YT, et al. Plasma neurofilament light
chain level predicts outcomes in stroke patients receiving endo-
vascular thrombectomy. J Neuroinflammation. 2021. https://doi.
org/10.1186/s12974-021-02254-4.

Correia M, Silva I, Gabriel D, et al. Early plasma biomarker
dynamic profiles are associated with acute ischemic stroke out-
comes. Eur J Neurol. 2022. https://doi.org/10.1111/ene.15273.
Pujol-Calderon F, Zetterberg H, Portelius E, et al. Prediction of
outcome after endovascular embolectomy in anterior circulation
stroke using biomarkers. Transl Stroke Res. 2022. https://doi.org/
10.1007/s12975-021-00905-5.

Gattringer T, Enzinger C, Pinter D, et al. Serum glial fibrillary
acidic protein is sensitive to acute but not chronic tissue damage
in cerebral small vessel disease. J Neurol. 2023. https://doi.org/
10.1007/s00415-022-11358-7.

Ferrari F, Rossi D, Ricciardi A, et al. Quantification and pro-
spective evaluation of serum NfL and GFAP as blood-derived
biomarkers of outcome in acute ischemic stroke patients. J Cereb
Blood Flow Metab. 2023. https://doi.org/10.1177/0271678X23
1172520.

Banks JL, Marotta CA. Outcomes validity and reliability of the
modified Rankin scale: implications for stroke clinical trials: a
literature review and synthesis. Stroke. 2007. https://doi.org/10.
1161/01.STR.0000258355.23810.c6.

Adams HP Jr., Davis PH, Leira EC, et al. Baseline NIH stroke
scale score strongly predicts outcome after stroke: a report of the
trial of Org 10172 in acute stroke treatment (TOAST). Neurology.
1999. https://doi.org/10.1212/wnl.53.1.126.

Sanchez JD, Martirosian RA, Mun KT, et al. Temporal patterning
of neurofilament light as a blood-based biomarker for stroke: a
systematic review and meta-analysis. Front Neurol. 2022. https://
doi.org/10.3389/fneur.2022.841898.

De Marchis GM, Katan M, Barro C, et al. Serum neurofilament
light chain in patients with acute cerebrovascular events. Eur J
Neurol. 2018. https://doi.org/10.1111/ene.13554.

Mattila OS, Ashton NJ, Blennow K, et al. Ultra-early differential
diagnosis of acute cerebral ischemia and hemorrhagic stroke by
measuring the prehospital release rate of GFAP. Clin Chem. 2021.
https://doi.org/10.1093/clinchem/hvab128.

Herrmann M, Vos P, Wunderlich MT, et al. Release of glial tis-
sue-specific proteins after acute stroke: a comparative analysis of

Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

serum concentrations of protein S-100B and glial fibrillary acidic
protein. Stroke. 2000. https://doi.org/10.1161/01.str.31.11.2670.
Wunderlich MT, Wallesch CW, Goertler M. Release of glial fibril-
lary acidic protein is related to the neurovascular status in acute
ischemic stroke. Eur J Neurol. 2006. https://doi.org/10.1111/j.
1468-1331.2006.01435 x.

O’Connell GC, Alder ML, Smothers CG, et al. Diagnosis of
ischemic stroke using circulating levels of brain-specific proteins
measured via high-sensitivity digital ELISA. Brain Res. 2020.
https://doi.org/10.1016/j.brainres.2020.146861.

De Vos A, Bjerke M, Brouns R, et al. Neurogranin and tau in cer-
ebrospinal fluid and plasma of patients with acute ischemic stroke.
BMC Neurol. 2017. https://doi.org/10.1186/s12883-017-0945-8.
Bitsch A, Horn C, Kemmling Y, et al. Serum tau protein level as
a marker of axonal damage in acute ischemic stroke. Eur Neurol.
2002. https://doi.org/10.1159/000047946.

Wunderlich MT, Lins H, Skalej M, et al. Neuron-specific enolase
and tau protein as neurobiochemical markers of neuronal damage
are related to early clinical course and long-term outcome in acute
ischemic stroke. Clin Neurol Neurosurg. 2006. https://doi.org/10.
1016/j.clineuro.2005.12.006.

Bielewicz J, Kurzepa J, Czekajska-Chehab E, et al. Does serum
Tau protein predict the outcome of patients with ischemic stroke? J
Mol Neurosci. 2011. https://doi.org/10.1007/s12031-010-9403-4.
Ehrenreich H, Kastner A, Weissenborn K, et al. Circulating dam-
age marker profiles support a neuroprotective effect of erythro-
poietin in ischemic stroke patients. Mol Med. 2011. https://doi.
org/10.2119/molmed.2011.00259.

Ren C, Kobeissy F, Alawieh A, et al. Assessment of serum UCH-
L1 and GFAP in acute stroke patients. Sci Rep. 2016. https://doi.
org/10.1038/srep24588.

Sjolin K, Aulin J, Wallentin L, et al. Serum neurofilament light
chain in patients with atrial fibrillation. J] Am Heart Assoc. 2022.
https://doi.org/10.1161/JAHA.122.025910.

Fohner AE, Bartz TM, Tracy RP, et al. Association of serum neu-
rofilament light chain concentration and MRI findings in older
adults: the cardiovascular health study. Neurology. 2022. https://
doi.org/10.1212/WNL.0000000000013229.

Boers AMM, Jansen IGH, Beenen LFM, et al. Association of fol-
low-up infarct volume with functional outcome in acute ischemic
stroke: a pooled analysis of seven randomized trials. J Neurointerv
Surg. 2018. https://doi.org/10.1136/neurintsurg-2017-013724.
Stanne TM, Gonzalez-Ortiz F, Brannmark C, et al. Association of
plasma brain-derived tau with functional outcome after ischemic
stroke. Neurology. 2024. https://doi.org/10.1212/WNL.00000
00000209129.

Vlegels N, Gonzalez-Ortiz F, Knuth NL, et al. Brain-derived tau
for monitoring brain injury in acute ischemic stroke. PREPRINT
medRxiv. 2023. https://doi.org/10.1101/2023.11.18.23298728.
Riksstroke Collaboration. Stroke and TIA - Annual report from
Riksstroke (The Swedish Stroke Register). https://www.riksstroke.
org/wp-content/uploads/2024/10/Arsrapport-2023-engelsk-samma
nfattning.pdf

Lansberg MG, O’Brien MW, Tong DC, et al. Evolution of cerebral
infarct volume assessed by diffusion-weighted magnetic resonance
imaging. Arch Neurol. 2001. https://doi.org/10.1001/archneur.
58.4.613.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.008
https://doi.org/10.1161/STROKEAHA.119.026410
https://doi.org/10.1161/STROKEAHA.119.026410
https://doi.org/10.1016/j.neulet.2018.12.042
https://doi.org/10.1016/j.neulet.2018.12.042
https://doi.org/10.1007/s00415-019-09477-9
https://doi.org/10.3389/fneur.2020.00448
https://doi.org/10.3389/fneur.2020.00448
https://doi.org/10.21873/invivo.12075
https://doi.org/10.1186/s12974-021-02254-4
https://doi.org/10.1186/s12974-021-02254-4
https://doi.org/10.1111/ene.15273
https://doi.org/10.1007/s12975-021-00905-5
https://doi.org/10.1007/s12975-021-00905-5
https://doi.org/10.1007/s00415-022-11358-7
https://doi.org/10.1007/s00415-022-11358-7
https://doi.org/10.1177/0271678X231172520
https://doi.org/10.1177/0271678X231172520
https://doi.org/10.1161/01.STR.0000258355.23810.c6
https://doi.org/10.1161/01.STR.0000258355.23810.c6
https://doi.org/10.1212/wnl.53.1.126
https://doi.org/10.3389/fneur.2022.841898
https://doi.org/10.3389/fneur.2022.841898
https://doi.org/10.1111/ene.13554
https://doi.org/10.1093/clinchem/hvab128
https://doi.org/10.1161/01.str.31.11.2670
https://doi.org/10.1111/j.1468-1331.2006.01435.x
https://doi.org/10.1111/j.1468-1331.2006.01435.x
https://doi.org/10.1016/j.brainres.2020.146861
https://doi.org/10.1186/s12883-017-0945-8
https://doi.org/10.1159/000047946
https://doi.org/10.1016/j.clineuro.2005.12.006
https://doi.org/10.1016/j.clineuro.2005.12.006
https://doi.org/10.1007/s12031-010-9403-4
https://doi.org/10.2119/molmed.2011.00259
https://doi.org/10.2119/molmed.2011.00259
https://doi.org/10.1038/srep24588
https://doi.org/10.1038/srep24588
https://doi.org/10.1161/JAHA.122.025910
https://doi.org/10.1212/WNL.0000000000013229
https://doi.org/10.1212/WNL.0000000000013229
https://doi.org/10.1136/neurintsurg-2017-013724
https://doi.org/10.1212/WNL.0000000000209129
https://doi.org/10.1212/WNL.0000000000209129
https://doi.org/10.1101/2023.11.18.23298728
https://www.riksstroke.org/wp-content/uploads/2024/10/Arsrapport-2023-engelsk-sammanfattning.pdf
https://www.riksstroke.org/wp-content/uploads/2024/10/Arsrapport-2023-engelsk-sammanfattning.pdf
https://www.riksstroke.org/wp-content/uploads/2024/10/Arsrapport-2023-engelsk-sammanfattning.pdf
https://doi.org/10.1001/archneur.58.4.613
https://doi.org/10.1001/archneur.58.4.613

	Plasma Profiles of Neuroglial Injury Biomarkers after Ischemic Stroke
	Abstract
	Objective 
	Patients & Methods 
	Results 
	Interpretation 

	Introduction
	Material and Methods
	Ethical Approval & Informed Consent
	Study Design, Participants, and Data Collection
	Neuroimaging
	Biochemical Analyses
	Statistical Analyses

	Results
	Clinical Characteristics
	Temporal Profile
	Correlation with Infarct Volume

	Discussion
	Acknowledgements 
	References


