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ABSTRACT
Introduction  Plasma biomarkers may be useful in 
diagnosing acute cerebral infarction requiring urgent 
reperfusion, but their performance remains to be 
confirmed. If confirmed, these molecules could be used 
to develop rapid and reliable decentralised measurement 
methods, making it possible to initiate reperfusion therapy 
before hospital admission. The FLAG-1 large prospective 
study will constitute a plasma bank to assess the 
diagnostic performance of two biomarkers: glutathione 
S-transferase-π and peroxiredoxin 1. These molecules 
are involved in the oxidative stress response and could 
identify cerebral infarction within a therapeutic window 
of less than 4.5 hours following the onset of symptoms. 
Secondary objectives include assessing performance of 
these biomarkers within 3-hour and 6-hour windows; 
identifying additional biomarkers diagnosing cerebral 
infarction and significant criteria guiding therapeutic 
decisions: ischaemic features of stroke, presence of 
diffusion/fluid-attenuated inversion recovery mismatch, 
volume of cerebral infarction and penumbra on cerebral 
MRI.
Methods and analysis  The exploratory, prospective, 
multicentre FLAG-1 Study will include 945 patients with 
acute stroke symptoms (onset ≤12 hours, National Institute 
of Health Stroke Scale score ≥3). Each patient’s 25 mL 
blood sample will be associated with cerebral MRI data. 
Two patient groups will be defined based on the time 
of blood collection (before and after 4.5 hours following 
onset). Receiver operating characteristic analysis will 
determine the diagnostic performance of each biomarker, 
alone or in combination, for the identification of cerebral 
infarction <4.5 hours.
Ethics and dissemination  The protocol has been 
approved by an independent ethics committee. Biological 
samples are retained in line with best practices and 

procedures, in accordance with French legislation. 
Anonymised data and cerebral imaging records are stored 
using electronic case report forms and a secure server, 
respectively, registered with the French Data Protection 
Authority (Commission Nationale de l'Informatique et des 
Libertés (CNIL)). Results will be disseminated through 
scientific meetings and publication in peer-reviewed 
medical journals.
Trial registration number  ​ClinicalTrials.​gov Registry 
(NCT03364296).

INTRODUCTION
Research into plasma biomarkers of poten-
tial interest in the neurovascular field has 

Strengths and limitations of this study

►► The FLAG-1 Study is an exploratory prospective 
multicentre interventional study to collect plasma 
samples from patients with stroke symptoms.

►► Time from symptom onset to collection has to be 
less than 12 hours, and leads to dichotomising in-
cluded patients (less than and more than 4.5 hours).

►► Patients are examined with cerebral MRI with usual 
sequences to explore cerebrovascular diseases, in-
cluding perfusion sequence.

►► Levels of relevant biomarkers, including enzymes 
glutathione S-transferase-π and peroxiredoxin 1 in-
volved in the oxidative stress response in cerebral 
infarction, are assessed using ELISA method.

►► Receiver operating characteristic analysis will be 
performed to determine diagnostic performance of 
biomarkers to identify stroke, onset time, infarction 
and penumbra volumes.
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generated a huge body of literature. However, most 
studies only attempt to predict prognosis for patients 
who had a stroke, and their sample sizes are too small to 
provide robust results.1 The potential for use of plasma 
biomarkers as an aid to stroke diagnosis remains rarely 
studied. The identification of biomarkers allowing rapid 
stroke diagnosis would improve patient management in 
practice, in the same way as troponin levels have improved 
management of myocardial infarction. A key parameter to 
determine would be cerebral infarction onset time, which 
could be estimated from biomarker kinetics. Indeed, 
stroke onset time is unknown for one-third of patients 
admitted to hospital.2 3 This parameter is nevertheless 
important, as it is associated with the success of reperfu-
sion therapy and risk of haemorrhagic transformation.4 
Previous results from our team revealed the ability of 
two proteins involved in the oxidative stress response 
(glutathione S-transferase-π (GST-π) and peroxiredoxin 
1 (PRDX1)) to estimate the time of cerebral infarction 
onset.5 6

Currently, imaging remains the only method by which 
stroke can be definitively diagnosed in patients presenting 
acute neurological deficits. In some countries, ambulances 
are equipped with CT scanner to diagnose stroke before 
hospital admission, making it possible to initiate intrave-
nous thrombolysis (IVT) at an early stage.7 However, this 
practice is quite onerous, and its use remains exceptional. 
If plasma biomarkers specific for cerebral infarction were 
identified, rapid and reliable decentralised measurement 
methods could be developed to facilitate diagnosis before 
hospital admission. Additional biomarkers estimating 
significant criteria guiding therapeutic decisions in 
case of cerebral infarction, such as necrosis volume and 
penumbra, would also be of considerable interest.

Based on our previous results, we hypothesise that 
GST-π and PRDX1 plasma levels can identify patients 
with cerebral infarction within the therapeutic window of 
less than 4.5 hours since onset. To test this hypothesis, we 
have developed the exploratory prospective multicentre 
FLAG-1 Study. During this study, we will constitute a 
plasma bank with samples from patients with acute neuro-
logical deficits for whom cerebral MRI data are available. 
Moreover, we aim to identify biomarkers for diagnosis of 
cerebral infarction, and related to criteria such as infarc-
tion and penumbra volume, that could guide important 
treatment decisions.

METHODS AND ANALYSIS
Objectives and endpoints
The main objective of the FLAG-1 Study is to determine 
the diagnostic performance of circulating levels of GST-π 
and PRDX1, alone or in combination, to identify cere-
bral infarction within 4.5 hours in a prospective cohort 
of patients in whom stroke symptoms appeared less than 
12 hours before samples were collected. The primary 
endpoint of the study is the time from symptom onset to 

blood sampling, dichotomised as less than and more than 
4.5 hours.

Secondary objectives are as follows:
►► Determine the diagnostic performance of GST-π and 

PRDX1 levels for the identification of cerebral infarc-
tion at less than 3 hours and less than 6 hours.

►► Examine how levels of GST-π, PRDX1, S100 calcium-
binding protein B (S100b) and glial fibrillar astrocytic 
protein (GFAP) associate with:
–– Stroke diagnosis.
–– Ischaemic or haemorrhagic features of stroke.
–– The presence of diffusion/fluid-attenuated in-

version recovery (FLAIR) mismatch on cerebral 
MRI.

–– The volume of cerebral infarction and penumbra.
The corresponding secondary endpoints are thus:
►► Time from symptom onset to blood draw dichoto-

mised as less than and more than 3 hours, and less 
than and more than 6 hours.

►► Stroke diagnosis (vs stroke mimics).
►► Ischaemic features of stroke (vs haemorrhagic 

features).
►► Presence of diffusion/FLAIR mismatch (vs no diffu-

sion/FLAIR mismatch).
►► Extent of cerebral infarction, and penumbra volume, 

both quantified by MRI.

Study setting
FLAG-1 is an exploratory prospective multicentre inter-
ventional study, for which 945 patients will be included 
from six stroke centres in France. The study was awarded 
funding from the French Health Ministry–Groupement 
Interrégional de Recherche Clinique et d’Innovation de 
l’Est (Programme Hospitalier de Recherche Clinique 
Interrégional—PHRCI-16-050). The first patient was 
included on 15 October 2018; inclusions are planned 
until 15 October 2021 (36 months), and the study will 
end before 15 April 2022. The duration of participation 
for patients ranges from 1 day to 6 months following 
diagnosis. Data collection and analysis are planned to be 
completed by 15 April 2023.

Population study
Patients will be included if:

►► They have reached the legal age of majority (18 years).
►► They present symptoms consistent with stroke.
►► Their National Institute of Health Stroke Scale 

(NIHSS) score at inclusion is greater than or equal 
to 3.

►► Time of symptom onset is known.
►► The symptom-onset-to-inclusion time is less than or 

equal to 12 hours.
Patients will be not included if:
►► They have a disease interfering with biomarker 

levels (known oncological disease, cirrhosis, medical 
history of myocardial infarction or history of stroke in 
previous 3 months).
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►► They present traumatic cerebral lesions (including 
subdural, epidural or parenchymal haematoma, suba-
rachnoid haemorrhage or contusions).

►► There are contraindications to performing MRI.
As no data are available in the literature that would 

predict the impact of renal failure on biomarker levels, 
the study protocol allows inclusion of patients with renal 
failure. To determine any effect, analysis of circulating 
biomarker concentrations will be conducted with due 
consideration of the glomerular filtration rate.

Intervention
Patients are included after admission to one of the stroke 
centres with access to MRI, following an assessment by a 
neurologist, verification of inclusion and non-inclusion 
criteria, and if the time of stroke onset is precisely spec-
ified by the patient, relatives, and/or during the first 
medical assistance interview. Inclusion will not alter clin-
ical handling of patients with suspected stroke, which will 
conform to current guidelines.

Blood collection
To determine biomarker levels, a 25 mL blood sample is 
collected, ideally at the same time as the standard venous 
puncture for blood collection during the acute phase of 
stroke for urgent biological assays.

Cerebral MRI
Cerebral MRI is performed within 30 min of blood collec-
tion with the sequences commonly used to diagnose 
stroke: diffusion-weighted imaging with apparent diffu-
sion coefficient mapping, FLAIR imaging, T2*-weighted 
gradient-recalled echo imaging, time-of-flight MR angi-
ography and dynamic susceptibility contrast-enhanced 
MR perfusion. In each centre of inclusion, sequences are 
implemented in line with technical specifications defined 
in the study protocol to obtain consistent data.

Follow-up
A final examination is scheduled between 3 and 6 months 
after inclusion (only for patients for whom cerebral 
infarction was confirmed by MRI) to complete infor-
mation relating to investigations to determine stroke 
aetiology, and to determine the modified Rankin Scale 
(mRS) score.

Data collection
Data management is performed by a data manager at 
Nancy Clinical Investigation Center (CIC-P), France.

Clinical data
Data are collected relating to:

►► Patient characteristics (sex, age, vascular risk factors 
including hypertension, diabetes, tobacco use, dyslip-
idaemia, alcohol consumption, medical history of 
migraine, atrial fibrillation, coronary heart disease, 
medical history of stroke, medication).

►► Clinical state at admission (time of symptom onset, 
NIHSS score).

►► Therapies (reperfusion with IVT and/or mechanical 
thrombectomy (MT)).

►► Stroke aetiology (ASCOD classification).8

►► Degree of dependence (mRS) assessed between 3 and 
6 months after inclusion.

Biological data
The plasma bank is constituted from blood samples. After 
centrifugation (3000 g) of blood samples, EDTA plasma 
is immediately aliquoted and stored at −80°C until anal-
ysis. Biomarker levels in plasma are determined using the 
ELISA method. GST-π concentration is determined using 
the Abbexa colorimetric assay (abx151762) according 
to the manufacturer’s recommendations, on samples 
diluted 1/5. The PRDX1 level is determined using the 
Abnova ELISA kit, on samples diluted 1/4, and PRDX1 
concentrations are measured by a colorimetric detection 
system. S100b concentrations are measured by a colori-
metric detection system from Millipore (EZHS100B-33K) 
and GFAP concentration levels are determined using 
the Meso Scale Discovery GFAP assay (F211M), both in 
accordance with the recommendations of the kit manu-
facturers. All measurements are blinded, samples are 
randomly distributed on 96-well ELISA plates and anal-
ysed in duplicate. Assay reproducibility is assessed based 
on standards, by determining intrarun and inter-run coef-
ficients of variation (<10% for results to be valid).

Imaging data
Imaging parameters include:

►► Diagnosis (stroke or not).
►► Ischaemic or haemorrhagic features of stroke.
►► Infarct volume.
►► Vascular occlusion.
►► Diffusion/FLAIR mismatch.
►► Penumbra volume.
They are determined by a semiautomated method and 

independent blinded analysis by two neuroradiologists. 
In case of disagreement on diagnosis, a third assessment 
is performed in consultation with both radiologists. All 
imaging analyses are performed in the same centre, 
University Hospital Nancy (France), following data 
storage in a secure server (ArchiMed Database).

Statistical analysis
Statistical analysis will be performed at Nancy CIC-P.

Sample size estimates
A sample size of 756 included patients (378 with cere-
bral infarction  <4.5 hours and 378 with cerebral infarc-
tion  >4.5 hours) is required to measure a sensitivity of 
75% and a specificity of 75% for a two-biomarker strategy 
(conservative estimation to identify cerebral infarc-
tion  <3 hours based on Turck et al5 for GST-π alone—
68% sensitivity and 82% specificity—and on Richard 
et al6 for PRDX1 alone—53% sensitivity and 86% speci-
ficity), with a precision of 5% (half CI of sensitivity lower 
than 5%), an alpha risk of 5% (2.5% alpha for sensi-
tivity and 2.5% alpha for specificity), and proportion of 

 on D
ecem

ber 8, 2021 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2020-046167 on 20 A
ugust 2021. D

ow
nloaded from

 

http://bmjopen.bmj.com/


4 Karakus A, et al. BMJ Open 2021;11:e046167. doi:10.1136/bmjopen-2020-046167

Open access�

cerebral infarctions <4.5 hours of 50%. Because patients 
are included before MRI scans are performed, we have 
to consider that about 20% of initially included patients 
will present parenchymal haematoma and stroke mimics. 
Therefore, a total of 945 patients will be included.

Analysis to meet the main objective
Patients included in the study are classified into two 
groups based on the time of blood draw (before and after 
4.5 hours following the onset of symptoms). Receiver 
operating characteristic analysis will be performed, and 
the area under the curve will be determined for each 
biomarker with the maximal sum of sensitivity and spec-
ificity to determine the diagnostic performance (sensi-
tivity, specificity) of GST-π and PRDX1 levels, alone or in 
combination, to identify cerebral infarction at less than 
4.5 hours.

Analysis to meet the secondary objectives
To meet secondary objectives, associations will be sought 
between biomarker levels and dichotomous endpoints 
using univariate and multivariate logistic regression, and 
associations between biomarker levels and continuous 
endpoints will be assessed using linear regression models.

The methods and analysis to be applied in the FLAG-1 
Study are summarised in figure 1.

Amendments
To facilitate inclusion of patients for whom the onset-to-
inclusion period was  >4.5 hours, the following amend-
ments have been submitted to the ethics committee for 
approval.

1.	 Knowledge of symptom onset time for patients with 
onset-to-inclusion time  >4.5 hours is no longer re-
quired. For these patients, to ensure onset-to-inclusion 
time is between 4.5 and 12 hours at inclusion:
–– Last time patient presented no deficit must be less 

than 12 hours.
–– Symptoms must have been first recognised more 

than 4.5 hours before blood draw.
2.	 Distribution of the sample size according to onset-to-

inclusion time has been changed, with 75% and 25% 
of included patients with onset-to-inclusion time less 
than and more than 4.5 hours, respectively. Overall 
sample size is therefore slightly modified, requiring 
930 patients to meet the primary objective, including:
–– 558 patients with onset-to-inclusion time of less than 

4.5 hours,
–– 186 patients with onset-to-inclusion time of greater 

than 4.5 hours,
–– 186 patients (20%) presenting haemorrhagic stroke 

or stroke mimics.

Patient and public involvement
None in the FLAG-1 Study.

ETHICS AND DISSEMINATION
Approval by Research Ethics Committee
The promoter of the FLAG-1 Study is University Hospital 
Nancy (France). The protocol has been approved by an 
independent ethics committee (Comité de Protection 

Figure 1  FLAG-1 Study flow chart. ASCOD: classification of cerebral infarction aetiologies.8 FLAIR, fluid-attenuated inversion 
recovery; GST-π: glutathione S-transferase-π, mRS: modified Rankin Scale, PRDX1: peroxiredoxin 1.
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des Personnes EST I; approval decision 12 April 2018, 
under number 2018/27).

Patient consent
In line with French legislation for interventional studies 
presenting a moderate risk for included patients, oral 
consent will be obtained from each patient after presen-
tation of clear written information. For patients who 
are unable to give consent at the time of inclusion, oral 
consent will be obtained from their relatives, and if this is 
not possible, investigators can include patients following 
the emergency procedure. In these cases, consent is 
obtained from included patients as soon as possible. 
Patient information and consent are reported in the 
medical records, along with a statement that collected 
data will only be used for ancillary studies in the neuro-
vascular field.

Data management
All data (including clinical, biological and imaging data) 
collected for the study are anonymised. Study data will 
be collected in an electronic Case Report Form (eCRF) 
created using Ennov Clinical Electronic Data Capture 
software V.7.5. For each patient included, an eCRF is 
created with only the patient’s initials, month and year of 
birth, and a number is attributed to ensure confidentiality. 
Remote access to the eCRFs, via a web browser (https), 
will be provided to authorised users only, with specific 
authorisations controlled through a personal login 
and passwords. Data quality will be ensured by testing 
for inconsistencies. The database will be locked once 
discrepancies have been resolved. Data will be provided 
to the statistical team for analysis in the form of SAS V.9.4 
tables (SAS Institute). Analysis will be conducted under 
the supervision of the trial’s methodologist. Data are 
monitored by the Research and Innovation Unit (Data 
Management Department) at University Hospital Nancy, 
independently from investigators. Investigators commit 
to submitting to audits from the promoter or regulatory 
authorities.

Throughout the study, plasma samples are sent to and 
stored at the Biological Resource Center at University 
Hospital Nancy (France), in line with best practices and 
procedures set out in the French legislation, until they 
have been used up, notably in ancillary studies. All cere-
bral imaging data are anonymised and sent from centres 
to the ‘CIC–Innovations Technologies’ at University 
Hospital Nancy (France), and stored in a secure server 
(ArchiMed Database) registered at the French CNIL.

Results will be disseminated through communications 
in scientific meetings and publications in peer-reviewed 
medical journals.

Due to the minimal risk of adverse events for patients 
included in this study, no independent data safety moni-
toring board is required. A steering committee will 
monitor the study’s progress, respond to scientific issues 
and may suggest amendments.

DISCUSSION
The FLAG-1 Study aims to set up a major plasma bank 
consisting of samples from a large cohort of patients 
who had a stroke associated with comprehensive clin-
ical and imaging data to (1) assess the ability of PRDX1 
and GST-π, both involved in oxidative stress, to act as 
biomarkers for the identification of cerebral infarction 
within a time frame compatible with reperfusion therapy, 
(2) identify biomarkers allowing early diagnosis of cere-
bral infarction, and (3) select biomarkers through which 
to estimate crucial factors, such as volume of irreversible 
ischaemia and penumbra, guiding the therapeutic deci-
sion to implement cerebral infarction reperfusion.

The timing of the decision to implement reperfusion 
therapy in patients with cerebral infarction is no longer 
an impenetrable barrier. Initial studies demonstrating 
gain of IVT included only patients for whom the timing of 
symptom onset was precisely known, to determine a thera-
peutic time window (treatment within 3 hours for NINDS 
Study, and 4.5 hours for ECASS III).9 10 Subsequently, a 
therapeutic time window of 6 hours was used for most MT 
studies in 2015.11 Therefore, guidelines stated reperfu-
sion therapy should be used in patients presenting cere-
bral infarction for whom symptom onset time is known, 
within the time windows defined by studies.12 The FLAG-1 
Study was developed in this context, with the main objec-
tive of assessing the ability of biomarkers to identify 
patients presenting cerebral infarction within the time 
window compatible with reperfusion. However, subse-
quent studies, some including patients for whom the 
timing of symptom onset was unknown, identified other 
criteria indicating benefits of implementing reperfusion 
therapy. These included the diffusion/FLAIR mismatch 
from the WAKE-UP Study.13 Results from DAWN14 and 
DEFFUSE 315 Studies demonstrated dramatic clinical 
gain for patients treated with MT outside the usual ther-
apeutic time windows, up to 24 hours after the onset of 
symptoms, leading to immediate modification of guide-
lines.16 The issue for the FLAG-1 Study was: is there 
any remaining need to determine the time of cerebral 
infarction to decide on the implementation of reperfu-
sion therapy? Analyses of results from patients who had 
a stroke included in studies assessing outcomes following 
reperfusion therapy demonstrated that clinical gains 
and risk of haemorrhagic transformation (ie, efficiency 
and safety) were closely related to onset-to-treatment 
time.4 17 While time must not be considered as an exclu-
sive criterion for excluding cerebral reperfusion therapy, 
it nevertheless remains one of the most important criteria 
predicting treatment success.

The secondary objectives of the FLAG-1 Study are as 
important as the primary objective, as they aim to iden-
tify biomarkers in patients who had a stroke related to 
crucial criteria that could guide physicians in making 
their decision to implement reperfusion therapy (or 
not). In practice, evidence of diffusion/FLAIR mismatch 
provided by MRI is used as a means to consider cerebral 
infarction within the therapeutic window of 4.5 hours 
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between onset and examination. However, Thomalla et 
al18 demonstrated that it was not a reliable criterion to 
classify patients with certainty within this time window. In 
contrast, the WAKE-UP Study13 found it was sufficient to 
use IVT effectively and safely. The DAWN,14 DEFFUSE 315 
and EXTEND-IV19 Studies all emphasised how the volume 
of cerebral infarction and penumbra were crucial criteria 
to guide the decision to implement reperfusion therapy, 
beyond a simple question of time. These studies included 
patients with a high potential for long-term functional 
recovery, with limited irreversible necrosis volumes and 
presence of penumbra (ie, cerebral tissue with decreased 
cerebral blood flow allowing neuronal survival but not 
electrical activity) demonstrated by a radiological/clinical 
mismatch, or diffusion/perfusion mismatch, and repre-
senting reversible ischaemia. The decision to implement 
reperfusion is thus a compromise between enhancing 
restoration of cerebral blood flow in penumbra, and 
the risk of haemorrhagic transformation in necrosis. All 
patients included in the FLAG-1 Study are assessed by 
cerebral MRI, and in particular perfusion sequences will 
be obtained. It will thus be possible to identify biomarkers 
related to both necrosis and penumbra volume. Along 
these lines, plasma levels of oxidative stress molecules 
have been reported to be related to penumbra volume, 
and we are particularly interested in the ability of PRDX1 
and GST-π to estimate this criterion.20

The final goal of identifying biomarkers related to cere-
bral infarction is to allow early diagnosis, before patient 
admission and imaging. A decentralised immunological 
method to determine biomarker thresholds could be 
used to diagnose cerebral infarction, and thus initiate 
IVT, before hospital admission.21 To achieve this goal, 
the FLAG-1 Study aims to identify high-performance 
biomarkers specifically identifying stroke (as distinct 
from stroke mimics such as epilepsy, migraine or func-
tional troubles), and ischaemia (as distinct from cere-
bral haematoma, which is the main contraindication to 
exclude before initiating IVT). However, any such diag-
nostic method requires biomarkers identifying cerebral 
infarction with a high positive predictive value. Previous 
studies from our team reported increased PRDX1 and 
GST-π plasma levels within 3 hours of stroke onset.5 6 
These enzymes are produced by astrocytes and endothe-
lial cells, and released by apoptotic cells in response to 
the oxidative stress inherent to cerebral ischaemia. 
They promote neutralisation of reactive oxygen species 
and prevent transmigration of leucocytes across the 
blood–brain barrier.6 The FLAG-1 Study will also assess 
the diagnostic performance of S100b and GFAP plasma 
levels for the identification of cerebral infarction. Both 
these molecules are released during cerebral necrosis. 
Increased plasma levels could be specific evidence of 
cerebral damage, as their interest to diagnose head 
injury.22 We would like to assess the utility of these two 
biomarkers in the context of cerebrovascular damage. 
Studies from other groups suggest that S100b can differ-
entiate between patients with cerebral ischaemia and 

stroke mimics.23 This molecule has notably been reported 
to identify cerebral infarction in patients presenting non-
specific clinical signs, such as dizziness.24 GFAP would be 
of considerable interest to diagnose haemorrhagic stroke, 
but it lacks sensitivity for low-volume haematomas.25–28 
Alternative research directions include the identifica-
tion of biomarkers from other pathways triggered during 
ischaemia, such as neuronal and glial necrosis, and the 
inflammatory response. The volume of plasma collected 
from each patient during the FLAG-1 Study will allow 
us to assess many other biomarkers through ancillary 
studies. The literature reports significant results for 
cerebral infarction diagnosis based on the detection of 
exosomal miRNAs, glycogen phosphorylase isoenzyme 
BB and retinol-binding protein 4.29–31 During ischaemia, 
cell adhesion molecules are expressed at the endothe-
lial surface to promote migration of leucocytes toward 
necrotic sites and initiate inflammation. We have already 
reported increased E-selectin and vascular cell adhesion 
molecule-1 during the acute phase of stroke.32 However, 
all these previous studies share the limitation of a small 
patient cohort. Larger cohorts, such as that planned for 
FLAG-1, are needed to confirm the hypotheses.

The FLAG-1 Study is thus the first step to building 
diagnostic methods. Biomarkers of potential interest for 
cerebral infarction diagnosis must be validated following 
clinical studies, first confirming their capacity to allow 
reliable diagnosis, and thereafter their efficiency and 
safety with a view to initiating reperfusion therapy.

Through the FLAG-1 Study, we will constitute an exten-
sive bank of plasma samples from patients who had a 
stroke along with exhaustive clinical and radiological 
data. This resource will be used to identify biomarkers 
of interest for early diagnosis of cerebral infarction. 
The objectives are to identify biomarkers with a good 
diagnostic performance to identify cerebral ischaemia, 
and to clearly differentiate between important criteria 
guiding the therapeutic decision to introduce reperfu-
sion therapy, such as time since stroke onset, volume of 
necrosis and penumbra. This research could lead to the 
development of a rapid decentralised diagnostic method 
in clinical practice, thanks to which it would become 
possible to initiate reperfusion therapies before hospital 
admission.

Author affiliations
1Department of Neurology, Stroke Unit, University Hospital Centre Nancy, 54035 
Nancy, France
2University of Lorraine, Nancy, France
3Plurithematic Clinical Investigation Center, CIC-P 1433, INSERM U1116, University 
Hospital Centre Nancy, 54500 Vandoeuvre-lès-Nancy, France
4Department of Human Protein Sciences, University of Geneva Medical Centre, 1206 
Geneva, Switzerland
5Stroke Unit, Rothschild Foundation, 7519 Paris, France
6Stroke Unit, Bar-le-Duc Hospital Centre, 55000 Bar-le-Duc, France
7Stroke Unit, Verdun Hospital Centre, 55100 Verdun, France
8Stroke Unit, Hospital Centre Troyes, CS 20718, 10003 Troyes, France
9Department of Diagnostic and Therapeutic Neuroradiology, INSERM U1254, IADI, 
University Hospital Centre Nancy, 54035 Nancy, France

 on D
ecem

ber 8, 2021 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2020-046167 on 20 A
ugust 2021. D

ow
nloaded from

 

http://bmjopen.bmj.com/


7Karakus A, et al. BMJ Open 2021;11:e046167. doi:10.1136/bmjopen-2020-046167

Open access

Twitter Anthony Wietrich @poldupol

Acknowledgements  We thank Professor Nathalie Thilly for her expertise, 
Marjorie Starck, Isabelle Costa, Valérie Georges, Anne Chatelain, and Sarah Guy for 
investigation (Research and Innovation Unit), Xavier Lepage, and Ludovic Merckle 
(CIC-P 1433), Marine Beaumont (CIC-IT), Catherine Malaplate, and Sandra Lomazzi 
(Biological Resource Center), and Alexia Valle for her help in inclusions (all from 
University Hospital of Nancy), Leopoldine Durupt (Verdun Hospital Centre) for 
inclusions, Vanessa Lapierre (University of Geneva Medical Centre) for her expertise. 
We are grateful to all stroke professionals involved in the FLAG-1 Study.

Contributors  All authors contributed to the intellectual content of the protocol. 
AK, SR and SB drafted the manuscript, with J-CS for the processing of biological 
samples, BG for imaging data and NG for statistical analysis. All authors (AK, NG, 
J-CS, CS, AW, KL, SM, AA, LH, GM, SB, KD, SR, BG and SR) revised the manuscript 
critically for important intellectual content and gave their approval for the final 
submitted form.

Funding  This work was supported by the French Health Ministry-Groupement 
Interrégional de Recherche Clinique et d’Innovation de l’Est (GIRCI Est), Programme 
Hospitalier de Recherche Clinique Interrégional-PHRCI-16-050.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not required.

Provenance and peer review  Not commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/.

ORCID iD
Sébastien Richard http://​orcid.​org/​0000-​0002-​0945-​5656

REFERENCES
	 1	 Whiteley W, Tian Y, Jickling GC. Blood biomarkers in stroke: research 

and clinical practice. Int J Stroke 2012;7:435–9.
	 2	 Wouters A, Lemmens R, Dupont P, et al. Wake-Up stroke and stroke 

of unknown onset: a critical review. Front Neurol 2014;5:153.
	 3	 Barber PA, Zhang J, Demchuk AM, et al. Why are stroke patients 

excluded from TPA therapy? an analysis of patient eligibility. 
Neurology 2001;56:1015–20.

	 4	 Goyal M, Almekhlafi M, Dippel DW, et al. Rapid alteplase 
administration improves functional outcomes in patients with stroke 
due to large vessel occlusions. Stroke 2019;50:645–51.

	 5	 Turck N, Robin X, Walter N, et al. Blood glutathione S-transferase-π 
as a time indicator of stroke onset. PLoS One 2012;7:e43830.

	 6	 Richard S, Lapierre V, Girerd N, et al. Diagnostic performance 
of peroxiredoxin 1 to determine time-of-onset of acute cerebral 
infarction. Sci Rep 2016;6:38300.

	 7	 Weber JE, Ebinger M, Rozanski M, et al. Prehospital thrombolysis 
in acute stroke: results of the PHANTOM-S pilot study. Neurology 
2013;80:163–8.

	 8	 Amarenco P, Bogousslavsky J, Caplan LR, et al. The ASCOD 
phenotyping of ischemic stroke (updated ASCO phenotyping). 
Cerebrovasc Dis 2013;36:1–5.

	 9	 National Institute of Neurological Disorders and Stroke rt-PA Stroke 
Study Group. Tissue plasminogen activator for acute ischemic 
stroke. N Engl J Med 1995;333:1581–8.

	10	 Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with alteplase 
3 to 4.5 hours after acute ischemic stroke. N Engl J Med 
2008;359:1317–29.

	11	 Rodrigues FB, Neves JB, Caldeira D, et al. Endovascular treatment 
versus medical care alone for ischaemic stroke: systematic review 
and meta-analysis. BMJ 2016;353:i1754.

	12	 Jauch EC, Saver JL, Adams HP, et al. Guidelines for the early 
management of patients with acute ischemic stroke: a guideline 
for healthcare professionals from the American heart Association/
American stroke association. Stroke 2013;44:870–947.

	13	 Thomalla G, Simonsen CZ, Boutitie F, et al. Mri-Guided 
thrombolysis for stroke with unknown time of onset. N Engl J Med 
2018;379:611–22.

	14	 Nogueira RG, Jadhav AP, Haussen DC, et al. Thrombectomy 6 to 
24 hours after stroke with a mismatch between deficit and infarct. N 
Engl J Med 2018;378:11–21.

	15	 Albers GW, Marks MP, Kemp S, et al. Thrombectomy for stroke at 
6 to 16 hours with selection by perfusion imaging. N Engl J Med 
2018;378:708–18.

	16	 Powers WJ, Rabinstein AA, Ackerson T, et al. 2018 guidelines for the 
early management of patients with acute ischemic stroke: a guideline 
for healthcare professionals from the American heart Association/
American stroke association. Stroke 2018;49:e46–99.

	17	 Campbell BCV, Majoie CBLM, Albers GW, et al. Penumbral imaging 
and functional outcome in patients with anterior circulation ischaemic 
stroke treated with endovascular thrombectomy versus medical 
therapy: a meta-analysis of individual patient-level data. Lancet 
Neurol 2019;18:46–55.

	18	 Thomalla G, Cheng B, Ebinger M, et al. DWI-FLAIR mismatch for the 
identification of patients with acute ischaemic stroke within 4·5 H 
of symptom onset (PRE-FLAIR): a multicentre observational study. 
Lancet Neurol 2011;10:978–86.

	19	 Ma H, Campbell BCV, Parsons MW, et al. Thrombolysis guided by 
perfusion imaging up to 9 hours after onset of stroke. N Engl J Med 
2019;380:1795–803.

	20	 Lorenzano S, Rost NS, Khan M, et al. Early molecular oxidative 
stress biomarkers of ischemic penumbra in acute stroke. Neurology 
2019;93:e1288–98.

	21	 He L, Nan T, Cui Y, et al. Development of a colloidal gold-based 
lateral flow dipstick immunoassay for rapid qualitative and semi-
quantitative analysis of artesunate and dihydroartemisinin. Malar J 
2014;13:127.

	22	 Kim HJ, Tsao JW, Stanfill AG. The current state of biomarkers of mild 
traumatic brain injury. JCI Insight 2018;3:e97105.

	23	 Monbailliu T, Goossens J, Hachimi-Idrissi S. Blood protein 
biomarkers as diagnostic tool for ischemic stroke: a systematic 
review. Biomark Med 2017;11:503–12.

	24	 Deboevere N, Marjanovic N, Sierecki M, et al. Value of copeptin 
and the S-100b protein assay in ruling out the diagnosis of stroke-
induced dizziness pattern in emergency departments. Scand J 
Trauma Resusc Emerg Med 2019;27:72.

	25	 Luger S, Jæger HS, Dixon J, et al. Diagnostic accuracy of glial 
fibrillary acidic protein and ubiquitin carboxy-terminal hydrolase-L1 
serum concentrations for differentiating acute intracerebral 
hemorrhage from ischemic stroke. Neurocrit Care 2020;33:39–48.

	26	 Luger S, Witsch J, Dietz A, et al. Glial fibrillary acidic protein serum 
levels distinguish between intracerebral hemorrhage and cerebral 
ischemia in the early phase of stroke. Clin Chem 2017;63:377–85.

	27	 Rozanski M, Waldschmidt C, Kunz A, et al. Glial fibrillary acidic 
protein for prehospital diagnosis of intracerebral hemorrhage. 
Cerebrovasc Dis 2017;43:76–81.

	28	 Perry LA, Lucarelli T, Penny-Dimri JC, et al. Glial fibrillary acidic 
protein for the early diagnosis of intracerebral hemorrhage: 
systematic review and meta-analysis of diagnostic test accuracy. Int 
J Stroke 2019;14:390–9.

	29	 Zhou J, Chen L, Chen B, et al. Increased serum exosomal miR-
134 expression in the acute ischemic stroke patients. BMC Neurol 
2018;18:198.

	30	 Park K-Y, Ay I, Avery R, et al. New biomarker for acute ischaemic 
stroke: plasma glycogen phosphorylase isoenzyme BB. J Neurol 
Neurosurg Psychiatry 2018;89:404–9.

	31	 Liu C, Che Y. Retinol-Binding protein 4 predicts lesion volume 
(determined by MRI) and severity of acute ischemic stroke. Neurotox 
Res 2019;35:92–9.

	32	 Richard S, Lagerstedt L, Burkhard PR, et al. E-Selectin and vascular 
cell adhesion molecule-1 as biomarkers of 3-month outcome in 
cerebrovascular diseases. J Inflamm 2015;12:61.

 on D
ecem

ber 8, 2021 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2020-046167 on 20 A
ugust 2021. D

ow
nloaded from

 

https://twitter.com/poldupol
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-0945-5656
http://dx.doi.org/10.1111/j.1747-4949.2012.00784.x
http://dx.doi.org/10.3389/fneur.2014.00153
http://dx.doi.org/10.1212/WNL.56.8.1015
http://dx.doi.org/10.1161/STROKEAHA.118.021840
http://dx.doi.org/10.1371/journal.pone.0043830
http://dx.doi.org/10.1038/srep38300
http://dx.doi.org/10.1212/WNL.0b013e31827b90e5
http://dx.doi.org/10.1159/000352050
http://dx.doi.org/10.1056/NEJM199512143332401
http://dx.doi.org/10.1056/NEJMoa0804656
http://dx.doi.org/10.1136/bmj.i1754
http://dx.doi.org/10.1161/STR.0b013e318284056a
http://dx.doi.org/10.1056/NEJMoa1804355
http://dx.doi.org/10.1056/NEJMoa1706442
http://dx.doi.org/10.1056/NEJMoa1706442
http://dx.doi.org/10.1056/NEJMoa1713973
http://dx.doi.org/10.1161/STR.0000000000000158
http://dx.doi.org/10.1016/S1474-4422(18)30314-4
http://dx.doi.org/10.1016/S1474-4422(18)30314-4
http://dx.doi.org/10.1016/S1474-4422(11)70192-2
http://dx.doi.org/10.1056/NEJMoa1813046
http://dx.doi.org/10.1212/WNL.0000000000008158
http://dx.doi.org/10.1186/1475-2875-13-127
http://dx.doi.org/10.1172/jci.insight.97105
http://dx.doi.org/10.2217/bmm-2016-0232
http://dx.doi.org/10.1186/s13049-019-0651-1
http://dx.doi.org/10.1186/s13049-019-0651-1
http://dx.doi.org/10.1007/s12028-020-00931-5
http://dx.doi.org/10.1373/clinchem.2016.263335
http://dx.doi.org/10.1159/000453460
http://dx.doi.org/10.1177/1747493018806167
http://dx.doi.org/10.1177/1747493018806167
http://dx.doi.org/10.1186/s12883-018-1196-z
http://dx.doi.org/10.1136/jnnp-2017-316084
http://dx.doi.org/10.1136/jnnp-2017-316084
http://dx.doi.org/10.1007/s12640-018-9933-z
http://dx.doi.org/10.1007/s12640-018-9933-z
http://dx.doi.org/10.1186/s12950-015-0106-z
http://bmjopen.bmj.com/

	Identifying patients with cerebral infarction within the time window compatible with reperfusion therapy, diagnostic performance of glutathione ﻿
﻿S-­transferase-π (GST-π) and peroxiredoxin 1 (PRDX1): exploratory prospective multicentre study FLAG-1 proto
	Abstract
	Introduction﻿﻿
	Methods and analysis
	Objectives and endpoints
	Study setting
	Population study
	Intervention
	Blood collection
	Cerebral MRI
	Follow-up

	Data collection
	Clinical data
	Biological data
	Imaging data

	Statistical analysis
	Sample size estimates
	Analysis to meet the main objective
	Analysis to meet the secondary objectives

	Amendments
	Patient and public involvement

	Ethics and dissemination
	Approval by Research Ethics Committee
	Patient consent
	Data management

	Discussion
	References


