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Abstract
Objectives
To assess whether plasma biomarkers of oxidative stress predict diffusion-perfusion mismatch
in patients with acute ischemic stroke (AIS).

Methods
Wemeasured plasma levels of oxidative stress biomarkers such as F2-isoprostanes (F2-isoPs),
total and perchloric acid Oxygen Radical Absorbance Capacity (ORACTOT and ORACPCA),
urinary levels of 8-oxo-7,8-dihydro-29-deoxyguoanosine, and inflammatory and tissue-
damage biomarkers (high-sensitivity C-reactive protein, matrix metalloproteinase-2 and -9) in
a prospective study of patients with AIS presenting within 9 hours of symptom onset.
Diffusion-weighted (DWI) and perfusion-weighted (PWI) MRI sequences were analyzed
with a semiautomated volumetric method. Mismatch was defined as baseline mean transit
time volume minus DWI volume. A percent mismatch cutoff of >20% was considered clin-
ically significant. A stricter definition of mismatch was also used. Mismatch salvage was the
region free of overlap by final infarction.

Results
Mismatch >20% was present in 153 of 216 (70.8%) patients (mean [±SD] age 69.2 ± 14.3
years, 41.2% women). Patients with mismatch >20% were more likely to have higher baseline
plasma levels of ORACPCA (p = 0.020) and F2-isoPs (p = 0.145). Multivariate binary logistic
regression demonstrated that lnF2-isoP (odds ratio [OR] 2.44, 95% confidence interval [CI]
1.19–4.98, p = 0.014) and lnORACPCA (OR 4.18, 95% CI 1.41–12.41, p = 0.010) were
independent predictors of >20% PWI-DWI mismatch and the stricter mismatch definition,
respectively. lnORACTOT significantly predicted mismatch salvage volume (>20% mismatch p
= 0.010, stricter mismatch definition p = 0.003).

Conclusions
Elevated hyperacute plasma levels of F2-isoP and ORAC are associated with radiographic
evidence of mismatch and mismatch salvage in patients with AIS. If validated, these findings
may add to our understanding of the role of oxidative stress in cerebral tissue fate during acute
ischemia.
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Ischemic stroke is a leading cause of mortality and disability in
United States.1 Thrombolytic therapy with IV tissue-type
plasminogen activator (tPA) and, more recently, endovas-
cular treatment showed consistent efficacy in acute ischemic
stroke (AIS) also outside the clinical trials.2–4 The time
window for acute reperfusion/recanalization therapies is
narrow, representing a therapeutic challenge to stroke
physicians in that many patients with acute stroke are not
eligible for these treatments because of delayed presentation.3

The concept of ischemic penumbra provides hope in this
regard. The ischemic penumbra is an area characterized by
extremely dynamic biochemical processes occurring during
the acute phase of cerebral ischemia and not yet irreversibly
impaired, which can be generally detected by appropriate
methods.5 Timely identification of this brain tissue at risk for
infarction might allow the selection of patients who are most
likely to benefit from reperfusion/revascularization treat-
ments even beyond the current therapeutic time window.6

Advanced neuroimaging techniques such as the MRI
sequences of diffusion (diffusion-weighted imaging [DWI])
and perfusion (perfusion-weighted imaging [PWI]) have
been used to identify a mismatch between the regions of
abnormalities. This imaging mismatch has been used as
a surrogate marker of the ischemic penumbra,6 although
specific radiologic criteria defining mismatch have not yet
been standardized.6–8 However, these imaging techniques are
not widely available in the emergency setting. Hence, more
practical, less expensive, and time-efficient biomarkers of
salvageable brain tissue within the first hours of symptom
onset could become very helpful for clinical decision-making.

There is much evidence to support a major role for oxidative
stress in the pathogenesis of ischemic and reperfusion-related
brain injury.9 Such injury is mediated through free radicals
and lipid peroxidation.10,11 In experimental models of cerebral
ischemia, decreases of enzymatic and nonenzymatic
antioxidants12,13 and, in general, of the total plasma antioxi-
dant capacity14 have been found. It might be expected that
increased oxidative stress will correlate with larger infarct
volumes and more severe neurologic impairment.15

However, there are limited data on oxidative stress bio-
markers in the hyperacute phase of AIS in humans. F2-
isoprostanes (F2-isoPs) are products of noncyclooxygenase

free radical–induced neuronal arachidonic acid peroxidation
of membrane phospholipids and lipoproteins.16 In humans,
they are detectable in plasma, urine, and CSF. We previously
reported an increase of plasma levels of F2-isoPs in patients
with AIS, particularly in the first 8 hours, but not at 24 hours
and later time points, suggesting early oxidative stress acti-
vation after stroke onset.17 Moreover, we found that elevated
hyperacute plasma F2-isoP concentrations independently
predict the occurrence of infarct growth and infarct growth
volume in patients with AIS enrolled within 9 hours of
symptom onset.18 Because mitochondrial DNA is more sus-
ceptible to oxidative stress than nuclear DNA, biomarkers of
oxidative DNA damage in brain mitochondrial DNA such as
8-oxo-7,8-dihydro-29-deoxyguoanosine (8-OHdG) have been
studied in an exploratory manner.19,20 Recently, assays eval-
uating the total plasma antioxidant capacity have been de-
veloped as further methods for studying oxidative stress. The
Oxygen Radical Absorbance Capacity (ORAC) assay is one of
the most commonly used.21,22

Because oxidative stress is one of the earliest responses after
an acute cerebral ischemic injury, its markers might increase
before irreversible energy failure and cell death occur.
Therefore, such biomarkers might indicate the presence of
salvageable brain tissue. Hence, in this study, we sought to
evaluate whether plasma biomarkers of oxidative stress pre-
dict perfusion-diffusion mismatch in patients with AIS.

Methods
Patients
This study is a retrospective analysis of data collected pro-
spectively. Over a period of 3 years, we prospectively measured
the plasma levels of oxidative stress biomarkers (F2-isoP and
ORAC), inflammatory and tissue damage biomarkers (high-
sensitivity C-reactive protein [hs-CRP] and matrix metal-
loproteinase [MMP] -2 and -9), and urinary levels of 8-OHdG
in a prospective study of patients with AIS who were ≥18 years
of age and presented within 9 hours of stroke symptom onset
in 2 large academic centers (Massachusetts General Hospital
and Brigham and Women’s Hospital). If unwitnessed or un-
known, stroke onset was defined as the midway point between
the last seen well and first seen abnormal times. Patients with
any degree of neurologic severity (NIH Stroke Scale [NIHSS]
score ≥1) were eligible. Patients with intracranial hemorrhage,
stroke believed to be due to vasculitis, endocarditis or venous

Glossary
AIS = acute ischemic stroke;AUC = area under the curve;CI = confidence interval;DBP = diastolic blood pressure;DEFUSE =
Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution;DWI = diffusion-weighted imaging;DWIV =
DWI volume; 8-OHdG = 8-oxo-7,8-dihydro-29-deoxyguoanosine; EPITHET = Echoplanar Imaging Thrombolytic Evaluation
Trial; F2-isoP = F2-isoprostane; hs-CRP = high-sensitivity C-reactive protein; IQR = interquartile range; MMP = matrix
metalloproteinase; mRS = modified Rankin Scale; MTT = mean transit time; NIHSS = NIH Stroke Scale; OR = odds ratio;
ORAC = Oxygen Radical Absorbance Capacity; PWI = perfusion-weighted imaging; SBP = systolic blood pressure; TE =
troloxequivalents; TPA = tissue-type plasminogen activator.
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infarction, or TIA and stroke mimics were excluded from the
cohort, as were patients with active infection (body tempera-
ture >38°C or white blood cell count >15 th/mm3), systemic
inflammatory disorders, dialysis-dependent renal failure or
end-stage hepatic dysfunction, active metastatic malignancy at
the time of stroke, or history of stroke, myocardial infarction,
major thromboembolic event, or surgery within 30 days of the
index stroke onset.

Data collection
Demographic and clinical data were collected. Stroke severity
was assessed with the NIHSS at baseline and 48 hours. Rel-
evant baseline and follow-up neuroimaging data were also
recorded.

Stroke subtypes were assigned by stroke neurologists based
on the Causative Classification of Stroke System criteria.23,24

Follow-up assessment was performed at 3 months with the
modified Rankin Scale (mRS) score and Barthel Index
assessed by staff certified in administering in-person or by-
telephone interview of the patient or caregiver.25

Laboratory methods
All patients underwent venous blood sampling at admission
(<9 hours after stroke onset). For logistical reasons and to
avoid delays in patients eligible for IV thrombolytic treatment,
all blood samples were obtained after the treatment was ini-
tiated. A butterfly needle was used to reduce endothelial
membrane shear stress. Biomarker levels were analyzed by
investigators blinded to clinical information.

To assay F2-isoPs, plasma samples were drawn in a 10-mL
ethylenediaminetetraacetic acid tube. Plasma was frozen at
−80°C before processing. F2-isoPs were quantified with an
8-Isoprostane Enzyme Immunoassay Kit (Cayman Chemical,
Ann Arbor, MI) (intra-assay and interassay variability 7.2 and
15.5, respectively) (see e-methods available from Dryad, doi.
org/10.5061/dryad.4j07c14, for details on F2-isoP stability).

The ORAC assay reflects the capacity of compounds in the
sample to retard the free radical–induced loss of fluorescence
of the protein probe phycoerythrin.21,22 The ORAC was
quantified according tomethods previously described.26 Total
ORAC (ORACTOT) represents the antioxidant capacity of
plasma; precipitation of plasma proteins by 0.5 M perchloric
acid (ORACPCA) in a 1:1 ratio with the sample reflects the
antioxidant capacity of the remaining small-molecular-weight
compounds (intra-assay and interassay variability: ORACTOT

3.0 and 7.3, ORACPCA 4.1 and 9.8, respectively). The tubes
were kept on ice until centrifugation and wrapped in foil to
protect them from light. Samples were then centrifuged at
13,000 rpm with a microplate centrifuge for 15 minutes and
frozen at −80°C before processing.

Laboratory methods used for measuring 8-OHdG, MMPs,
and hs-CRP are reported in the supplemental material
(available from Dryad, doi.org/10.5061/dryad.4j07c14).

Neuroimaging analysis
CT or MRI was performed on admission and at follow-up as
part of the routine clinical stroke workup and on the basis of
clinical need. In this analysis, we included only patients with
both DWI and PWI (cerebral blood flow, cerebral blood
volume, and mean transit time [MTT])27 MRI, mostly per-
formed approximately at the time of plasma sampling at ad-
mission (in any case, within 24 hours of stroke onset) to assess
baseline infarct volume, mismatch volume, and percentage
mismatch.6 PWI deficit was measured with MTT sequences.
DWI or CT scans performed at 48 hours (with a range of
24–96 hours) from symptom onset were considered to assess
final infarct size and mismatch salvage volume because both
can reliably and consistently define infarct limits 24 hours
after stroke onset.28,29

Mismatch volume was defined as baseline MTT volume minus
baseline DWI volume (DWIV).5 Percentage mismatch volume
was calculated by using the formula ([mismatch volume/
baseline DWIV] × 100). A percentage mismatch cutoff of
>20% was primarily used because this is the most commonly
used cutoff in clinical practice and in most therapeutic
trials.30–32 In secondary analyses, we also used stricter mis-
match definitions, which exclude too small DWI lesions and
PWI deficit and were found to be associated with improved
clinical outcomes such as those adopted in the Diffusion and
perfusion imaging Evaluation for Understanding Stroke Evo-
lution (DEFUSE) and Echoplanar Imaging Thrombolytic
Evaluation Trial (EPITHET) trials (PWI-DWI ≥ 10 cm3, PWI
≥ 10 cm3).29,33 Mismatch salvaged volume was calculated for
those patients with DWI and PWI MRI at follow-up according
to the following formula: (mismatch volume − final infarct
volume). Mismatch salvaged percentage was calculated as fol-
lows: ([mismatch salvage volume/mismatch volume] × 100).

Evidence of large vessel occlusion was another neuroimaging
characteristic that was included in the analysis. All lesion
volumes were corrected for differences in overall brain size
with midsagittal cross-sectional intracranial area used as
a surrogate measure of the intracranial volume.34 All volu-
metric data were collected with a validated semiautomated
protocol.35 Imaging analyses were performed by trained
readers blinded to clinical data, including biomarker values.
The intraclass correlation coefficient for the volumetric lesion
analysis was 0.99 for both DWIV and final infarct volume.36

Standard protocol approvals, registrations and
patient consents
All patients or their health care proxies provided informed
consent. The study was approved by our Institutional Review
Board.

Statistical analysis
Continuous variables were expressed as medians (inter-
quartile range [IQR]) except for age, systolic blood pressure
(SBP), diastolic blood pressure (DBP), and white blood cell
count, which were expressed as mean ± SD. Categorical
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variables were expressed as counts, and proportions were
calculated by dividing the number of events by the total
number of patients, excluding missing or unknown cases.

The Student t test or Mann-Whitney U test and χ2 or Fisher
exact test were used for univariate analyses, as appropriate.
Correlation coefficients (Spearman ρ) were derived to
quantify the association between biomarkers and mismatch
salvage volume. Natural logarithm transformation of contin-
uous variables was used if appropriate in case of nonnormal
distribution such as for the biomarkers.

Multivariate binary logistic regression and linear regression
modeling was used to adjust for the effects of potential con-
founders and to evaluate whether plasma biomarkers mea-
sured within 9 hours of symptom onset independently
predicted mismatch (both >20% mismatch definition as pri-
mary analysis and the stricter mismatch definition as sec-
ondary analysis) used as both a dichotomous and
a continuous variable. Area under the curve (AUC) and cutoff
levels of biomarkers with corresponding sensitivity and
specificity were also obtained for both definitions of mis-
match. As further secondary analysis, a linear regression
multivariate analysis for mismatch salvage volume was per-
formed by selecting either patients with >20% mismatch or
those with the stricter mismatch definition. Covariates with
a univariate association with mismatch variables at a value of p
≤ 0.15 were included in the multivariate models, plus other
potential predictors of mismatch such as age and NIHSS
score. However, a more conservative approach was also used
by including in the multivariate models either the variables
with a univariate nominal p value (p < 0.05) or those with
a univariate value of p ≤ 0.10, i.e., closer to the nominal p value.
Because in patients treated with thrombolysis blood draws
were performed after the therapy was given, treatment with
tPA was included in the models as a confounder for the as-
sociation between biomarkers and mismatch. Furthermore,
we tested in the resultant multivariate models all of the bio-
markers independently of their univariate significant associa-
tion with mismatch and one by one to avoid model overfitting
and spurious associations. Because only a subgroup of patients
had MRI and blood samples, the inverse propensity score
method was used to adjust for this potential selection bias.
Statistical significance level was set at p < 0.05 for all analyses.
All statistical analyses were performed with SPSS statistical
package (SPSS 22 Inc., Chicago, IL).

Data availability
Anonymized individual participant data and the study pro-
tocol will be shared with qualified parties on request to the
corresponding author.

Results
Overall, we enrolled 525 patients in 2 large academic hospi-
tals. Of these, 489 patients had a definite diagnosis of ischemic

stroke. Both biomarkers and a baseline DWI/PWI study were
available in 216 (44.2%) patients (figure). Compared to these,
the remaining 273 patients without both biomarkers and
baseline DWI/PWI MRI not included in the analysis differed
for a lower proportion of whites (89.7% vs 94.9%, p = 0.035)
and alcohol consumers (35.5% vs 50.7%, p = 0.001), lower
functional independence (mRS score 0–1) before the index
stroke (77.4% vs 87.4%, p = 0.005), and smaller baseline DWI
lesion volume (median 4.3 vs 8.5 cm3, p = 0.002). They were
more likely to have a history of diabetes mellitus (26.8% vs
18.5%, p = 0.030), lacunar stroke (9.5% vs 4.2%, p = 0.023)
more than atherothrombotic stroke (13.6% vs 21.3%, p =
0.024), and higher median baseline plasma levels of hs-CRP
(4.3 vs 3.4 mg/L, p = 0.033) and ORACPCA (1,700.4 vs
1,415.3 μmol troloxequivalents (TE)/L, p < 0.001).

Mismatch of >20% was found in 153 of 216 (70.8%) patients
(mean [±SD] age 69 ± 14.3 years, 41.2% women). Mismatch
using a stricter definition was found in 116 of 216 (53.7%).
Baseline clinical and imaging characteristics and univariate
associations with mismatch are reported in table 1. Approxi-
mately 39% of patients received IV thrombolysis, and only 1
patient was also treated with thrombectomy. Table 2 shows
the distribution of biomarker levels based on mismatch per-
centage. Compared with patients with mismatch ≤20%, those
with >20%mismatch had significantly higher median levels of
baseline ORACPCA (1,473.5 vs 1,330.4, p = 0.020) and a trend

Figure Flowchart of patient selection

From January 2007 to April 2010, 525 patients were enrolled in 2 large aca-
demic hospitals. Of these, 489 patients had a definite diagnosis of ischemic
stroke. Both biomarkers and a baseline diffusion-weighted imaging (DWI)/
perfusion-weighted imaging (PWI) studywere available in 216 (44%) patients.

Neurology.org/N Neurology | Volume 93, Number 13 | September 24, 2019 e1291

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Table 1 Baseline characteristics (unadjusted) of the studied patient population as stratified by mismatch ≤20% vs
mismatch >20%

Characteristics Mismatch (≤20%) (n = 63) Mismatch (>20%) (n = 153) p Value

Age, mean (SD), y 68.1 (±15.5) 69.2 (±14.3) 0.613

Female sex, n (%) 27/63 (42.9) 63/153 (41.2) 0.820

White, n (%) 60/63 (95.2) 145/153 (94.8) 1.000

Prestroke mRS score (0–1), n (%) 51/63 (81.0) 136/151 (90.1) 0.067

Preexisting risk factors, n (%)

Hypertension 45/63 (71.4) 107/153 (69.9) 0.827

Dyslipidemia 28/63 (44.4) 68/153 (44.4) 1.000

Diabetes mellitus 15/63 (23.8) 25/153 (16.3) 0.199

Prior stroke 13/63 (20.6) 24/153 (15.7) 0.380

Atrial fibrillation 17/63 (27.0) 51/153 (33.3) 0.361

Coronary artery disease 19/63 (30.2) 33/153 (21.6) 0.180

Congestive heart failure 5/60 (8.3) 15/150 (10.0) 0.710

Smoking (current) 12/60 (20.0) 31/153 (20.3) 0.966

Alcohol use (current) 30/60 (50.0) 76/149 (51.0) 0.895

Carotid stenosis/occlusion 7/63 (11.1) 20/153 (13.1) 0.692

Preadmission medications, n (%)

Antiplatelet agents 25/55 (45.5) 61/140 (43.6) 0.812

Oral anticoagulation 8/55 (14.5) 19/140 (13.6) 0.859

Statins 18/55 (32.7) 62/140 (44.3) 0.140

SBP, mean (SD), mm Hg 161 (±27.9) 155 (±29.4) 0.177

DBP, mean (SD), mm Hg 85 (±15.9) 83 (±15.4) 0.347

Admission NIHSS score, median (IQR) 6.5 (3–12) 6 (3–12.5) 0.537

Serum markers

Admission glucose, median (IQR), mg/dL 120 (103–138) 120 (105–141) 0.874

Admission white blood cells, ×103/μL 9.0 (±2.1) 9.4 (±2.9) 0.254

IV rtPA, n (%) 24/63 (38.1) 60/152 (39.5) 0.850

Imaging data

Vessel occlusion, n (%) 9/28 (32.1) 16/62 (25.8) 0.534

DWIV, median (IQR), cm3 16.7 (1.5–52.4) 7.2 (2.2–18.7) 0.056

MTTV, median (IQR), cm3 8.4 (0.7–36.5) 52.4 (14.9–104.1) <0.001

Mismatch volume, median (IQR), cm3 2.4 (−9.2 to 0) 39 (9.7–74.3) <0.001

Onset–to–blood draw time, median (IQR), min 410 (309–487.5) 420 (330–495) 0.621

Imaging–to–blood draw time, median (IQR), min 97 (28.5–140) 104 (44.25–168.25) 0.218

Onset-to-imaging time, mean (SD), min 334.5 (204–400.25) 305 (215–380) 0.321

Stroke subtype, n (%) 0.097

Large artery atherosclerosis 11/63 (17.5) 35/153 (22.9) 0.377

Cardioembolic 27/63 (42.9) 84/153 (54.9) 0.107

Continued
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toward higher median levels of baseline F2-isoPs, although
nominal statistical significance was not reached (57.7 vs 52.4
pg/mL, p = 0.145, Mann-Whitney U test) (e-results and table
e-1 available from Dryad, doi.org/10.5061/dryad.4j07c14,
provide further details on univariate analysis).

After adjustment for confounding variables with prespecified
univariate value of p ≤0.15, multivariate analysis, despite the
reduction of the number of patients due to the fact that var-
iables with missing values were included in the analysis,
demonstrated that lnF2-isoPs (odds ratio [OR] 2.44, 95%
confidence interval [CI] 1.19–4.98, p = 0.014) were a pre-
dictor of >20% mismatch, as well as lnDWIV (OR 0.57, 95%
CI 0.38–0.84, p = 0.005), and small vessel stroke subtype (OR
0.12, 95% CI 0.20–0.74, p = 0.023) (table 3) (e-results and
tables e-2 and e-3 available from Dryad, doi.org/10.5061/
dryad.4j07c14, give further details on multivariate analysis).
Of note, it should be taken into account that the number of
small vessel stroke subtypes was very low and the concept of
DWI-PWI mismatch is appropriate for territorial infarctions
but not really helpful in small vessel, i.e., lacunar, strokes.

lnF2-isoPs remained statistically significant even when small
vessel stroke subtype (OR 2.15, 95% CI 1.10–4.18, p = 0.025)
or other variables showing potential interaction with F2-isoPs

such as lnDWIV (OR 1.90, 95% CI 1.01–3.57, p = 0.048) or
lnORACPCA (OR 1.90, 95% CI 1.01–3.59, p = 0.047) were
excluded from the model (e-results and table e-4 available
from Dryad, doi.org/10.5061/dryad.4j07c14, provide further
details, and figure e-1 available from Dryad reports the re-
lationship between baseline levels of oxidative stress bio-
markers and baseline infarct volume when no nominal
significant correlation was observed). Similarly, lnF2-isoPs
were still an independent predictor of >20% mismatch when
the inverse propensity score methods were applied (OR 2.98,
95% CI 1.48–5.99, p = 0.002) and after the inclusion in the
model of time intervals such as onset–to–blood draw,
imaging–to–blood draw, and onset-to-imaging times as con-
tinuous variables (2.13, 95% CI 1.01–4.48, p = 0.046) (see
e-results and table e-5 available fromDryad for further details)
or other biomarkers such as hs-CRP (OR 2.45, 95% CI
1.20–5.01, p = 0.014), MMP-2 (OR 2.48, 95%CI 1.19–5.14, p
= 0.015), MMP-9 (OR 2.35, 95% CI 1.14–4.82, p = 0.021),
and ORACTOT (OR 2.34, 95% CI 1.15–4.75, p = 0.019). No
statistically significant association with any of the other bio-
markers investigated in this study was found (see e-results and
table e-6 available from Dryad for further details). The model
using 8-OHdG or 8-OHdG adjusted by urinary creatinine
levels (8-OHdG_cr) was not reliable due to missing values in
this patient cohort. Even when mismatch was considered as

Table 1 Baseline characteristics (unadjusted) of the studied patient population as stratified by mismatch ≤20% vs
mismatch >20% (continued)

Characteristics Mismatch (≤20%) (n = 63) Mismatch (>20%) (n = 153) p Value

Small vessel 5/63 (7.9) 4/152 (2.6) 0.127

Other cause 4/63 (6.3) 5/153 (3.3) 0.453

Undetermined cause 16/63 (25.4) 25/153 (16.3) 0.123

Abbreviations: DBP = diastolic blood pressure; DWIV = diffusion-weighted imaging volume; IQR = interquartile range; mRS = modified Rankin Scale; MTTV =
mean transit time volume; NIHSS = NIH Stroke Scale; rtPA = recombinant tissue plasminogen activator; SBP = systolic blood pressure.

Table 2 Baseline plasmabiomarkers of the studied patient population as stratified bymismatch ≤20%vsmismatch >20%

Biomarker Mismatch (≤20%) (n = 63) Mismatch (>20%) (n = 153) p Value

F2-isoPs, median (IQR), pg/mL 52.4 (28.2–71.8) 57.7 (39.7–75.3) 0.145

ORACPCA, median (IQR), μmol TE/L 1,330.4 (1,063.6–1,627.3) 1,473.5 (1,185.4–1825.7) 0.020

ORACTOT, median (IQR), μmol TE/L 17,952.1 (12,728.1–23,469.3) 16,965.3 (13,122.9–22,018.1) 0.938

8-OHdG, median (IQR), ng/mL 5.5 (3.1–7.7) 4.8 (2.7–10.0) 0.947

8-OHdG_cr, median (IQR), ng/mL 12.7 (6.0–15.9) 11.6 (7.0–21.5) 0.447

MMP-2, median (IQR), ng/mL 299.2 (248.7–342.1) 310.5 (236.6–382.4) 0.657

MMP-9, ng/mL, median (IQR), ng/mL 155.2 (102.7–302.3) 178.9 (82.9–317.7) 0.978

hs-CRP, median (IQR), mg/L 3.2 (1.8–6.2) 3.6 (1.6–7.3) 0.769

Abbreviations: 8-OHdG = 8-hydro-29-deoxyguoanosine; 8-OHdG_cr = 8-hydro-29-deoxyguoanosineadjusted by urinary creatinine levels; F2-isoPs = F2-iso-
prostanes; hs-CRP = high-sensitivity C-reactive protein; IQR = interquartile range; MMP =metalloproteinase; ORACPCA = Oxygen Radical Absorbance Capacity
perchloric acid; ORACTOT = Oxygen Radical Absorbance Capacity total.
Analyses were carried out with the Mann-Whitney U test.
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a continuous dependent variable in a linear regression model,
baseline lnF2-isoPs were confirmed as a predictor of ln of
mismatch (B = 0.64, 95% CI 0.071–1.210, p = 0.028). The r2

and adjusted r2 of the model were 0.47 and 0.42, respectively.

More conservative approaches including only variables with
a univariate nominal value of p < 0.05 or p ≤ 0.10 in the
multivariate model showed similar results (see e-results
available from Dryad, doi.org/10.5061/dryad.4j07c14).

Both oxidative stress biomarkers F2-isoP and ORACPCA

showed a better predictive performance compared with the
other relevant independent predictor of >20% mismatch,
i.e., baseline DWI infarct volume (ORACPCA: AUC 0.61, 95%
CI 0.52–0.70, p = 0.026; F2isop: AUC 0.58, 95% CI
0.49–0.68, p = 0.083; baseline DWI: AUC 0.42, 95% CI
0.31–0.52, p = 0.086). Cutoff levels of 52.7 pg/mL for F2-
isoPs had a sensitivity of 62% and a specificity of 51%, and
cutoff levels of 1,350.2 μmol TE/L for ORACPCA had a sen-
sitivity of 61% and a specificity of 55%.

When the stricter definition of mismatch was used, lnOR-
ACPCA independently predicted mismatch (OR 4.18, 95% CI
1.41–12.41, p = 0.010) in a model adjusted for age, atrial
fibrillation, coronary artery disease, diabetes mellitus, IV tPA,
SBP, DBP, baseline NIHSS score, stroke subtype, imaging–
to–blood draw and onset-to-imaging interval times, baseline
lnDWIV, and lnMMP-9 (table 4). None of the other bio-
markers investigated in this study resulted as independent
predictor of the stricter mismatch definition, except for
a borderline statistical significance for lnMMP-9 (OR 1.48,

95% CI 1.02–2.13, p = 0.036), which was not confirmed in the
multivariate forward stepwise logistic regression analysis (ta-
ble e-7 available from Dryad, doi.org/10.5061/dryad.
4j07c14). Overall, ORACPCA had a statistically significant
predictive performance for the stricter mismatch definition
similar to that of baseline NIHSS score and better than that of
the other variables that resulted as independent predictors in
the multivariate analysis (ORACPCA AUC 0.59, 95% CI
0.51–0.68, p = 0.032 vs baseline NIHSS score 0.64, 95% CI
0.55–0.72, p = 0.002; SBP AUC 0.39, 95% CI 0.31–0.47, p =
0.013; imaging–to–blood draw time AUC 0.58, 95% CI
0.50–0.67, p = 0.064). Cutoff levels of 1,362.3 μmol TE/L had
a sensitivity of 61% and a specificity of 53%.

Table 3 Multivariate logistic regression analysis formismatch >20% including variableswith the prespecified univariate p
≤ 0.15

Independent variable OR (95% CI) p Value

lnF2-isoPs 2.44 (1.19–4.98) 0.014

lnORACPCA 2.43 (0.68–8.72) 0.173

Age 1.01 (0.98–1.04) 0.463

Prestroke mRS score (0–1) 2.10 (0.68–6.47) 0.196

NIHSS at baseline 1.04 (0.97–1.13) 0.294

IV rtPA 0.87 (0.37–2.04) 0.745

Statin 1.36 (0.61–3.06) 0.453

lnDWIV 0.57 (0.38–0.84) 0.005

Small vessel stroke subtype 0.12 (0.02–0.74) 0.023

Cardioembolic stroke subtype 1.29 (0.50–3.34) 0.597

Undetermined stroke subtype 0.52 (0.16–1.67) 0.273

Abbreviations: CI = confidence interval; lnDWIV = natural logarithm of diffusion-weighted imaging volume; lnF2-isoP = natural logarithm of F2-isoprostane;
lnORACPCA = natural logarithm of Oxygen Radical Absorbance Capacity perchloric acid; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; OR = odds
ratio; rtPA = tissue plasminogen activator.
Multivariate analysis was adjusted for lnF2-isoPs, lnORACPCA, age, prestroke mRS score, NIHSS score at baseline, IV rtPA, statin therapy at stroke onset,
lnDWIV, small vessel stroke subtype, and cardioembolic and undetermined stroke subtypes.

Table 4 Multivariate logistic regression analysis for the
stricter mismatch definition

Independent variable OR (95% CI) p Value

lnORACPCA 4.18 (1.41–12.41) 0.010

NIHSS score at baseline 1.07 (1.01–1.13) 0.021

SBP 0.98 (0.97–0.99) 0.001

Imaging–to–blood draw time 1.002 (1.000–1.004) 0.016

Abbreviations: CI = confidence interval; lnORACPCA = natural logarithm of
Oxygen Radical Absorbance Capacity perchloric acid; NIHSS = NIH Stroke
Scale; OR = odds ratio; SBP = systolic blood pressure.
Multivariate analysis was adjusted for lnORACPCA, age, atrial fibrillation,
coronary artery disease, diabetes mellitus, IV tissue-type plasminogen ac-
tivator, systolic and diastolic blood pressures, baseline NIHSS score, stroke
subtype, imaging–to–blood draw time, onset-to-imaging time, baseline
natural logarithm of diffusion-weighted imaging volume, and natural loga-
rithm of matrix metalloproteinase-9.
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Moreover, in all patients and the subgroup with >20% mis-
match, ORACTOT, as a marker of total plasma antioxidant
capacity, significantly correlated with mismatch salvage vol-
ume (Spearman ρ = 0.18, p = 0.049 and ρ = 0.30, p = 0.006,
respectively) and mismatch salvage percentage (ρ = 0.21, p =
0.025 and ρ = 0.25, p = 0.020, respectively). Linear regression
multivariate analyses for mismatch salvage volume, performed
by selecting either patients with >20%mismatch or those with
the stricter definition of mismatch, confirmed lnORACTOT as
an independent predictor of mismatch salvage volume (B =
44.12, 95% CI 11.07–77.18, p = 0.010 and B = 53.57, 95% CI
11.27–95.86, p = 0.003, respectively) (table 5). No statistically
significant association with any of the other biomarkers in-
vestigated in this study was found (tables e-8 and e-9 available
from Dryad, doi.org/10.5061/dryad.4j07c14). ORACTOT

had a better predictive performance for the presence of mis-
match salvage compared with the other variables that resulted
as independent predictors in the multivariate analysis (for the
stricter mismatch definition: AUC for ORACTOT 0.65, 95%
CI 0.53–0.76, p = 0.023 and AUC for DWIV 0.59, 95% CI
0.48–0.71, p = 0.142; for >20% mismatch: AUC for ORAC-
TOT 0.59, 95% CI 0.49–0.70, p = 0.086 and AUC for DWIV
0.58, 95% CI 0.48–0.68, p = 0.148). Cutoff levels of ORAC-
TOT of 14,982.2 μmol TE/L for the stricter mismatch defi-
nition had a sensitivity of 67% and a specificity of 53%, and
cutoff levels of 14,949.8 μmol TE/L for 20% mismatch had
a sensitivity of 66% and a specificity of 52%.

Of note, even when a dichotomous variable indicating
whether blood draws were performed before imaging was
included in multivariate models for mismatch >20%, for the
stricter definition of mismatch, and for mismatch salvage
volume, the results were consistent and showed that this
variable did not have any effect on the predictive value of

oxidative stress biomarkers for ischemic penumbra (see
e-results available from Dryad, doi.org/10.5061/dryad.
4j07c14, regarding time variables for further details).

Overall, a significant association has been found between
mismatch salvage volume and functional outcome at 3
months as per an mRS score of 2 to 6 (overall: OR 0.989,
95% CI 0.982–0.996, p = 0.002; in patients with >20%
mismatch: OR 0.988, 95% CI 0.979–0.997, p = 0.011; in
patients with stricter mismatch definition: OR 0.986, 95% CI
0.976–0.996, p = 0.007) or an mRS score of 3 to 6 (overall:
OR 0.986, 95% CI 0.979–0.994, p < 0.001; in patients with
>20% mismatch: OR 0.987, 95% CI 0.977–0.996, p = 0.007;
in patients with stricter mismatch definition: OR 0.984, 95%
CI 0.973–0.994, p = 0.003). A smaller mismatch salvage
volume was also statistically significant associated with
a higher mortality at 3 months (OR 0.993, 95% CI
0.987–0.999, p = 0.017). Regarding the association between
biomarkers and 3-month functional outcome and mortality,
this will be the topic of another study on the overall bio-
marker dataset because the current analysis was focused
mainly on the associations with neuroimaging findings (see
e-results available from Dryad, doi.org/10.5061/dryad.
4j07c14, for preliminary results).

Discussion
In this study, we found that plasma levels of F2-isoPs and
ORACPCA, the oxidative stress biomarkers, are independent
molecular predictors of radiographic evidence of ischemic
penumbra in patients with AIS evaluated within 9 hours of
symptom onset. The ischemic penumbra was defined as PWI-
DWI mismatch >20% alone or on the basis of the stricter
definition including PWI-DWI and PWI cutoff of ≥10 cm3.
Moreover, ORACTOT, a biomarker of the total plasma anti-
oxidant capacity, significantly correlates with mismatch sal-
vage volume and percentage and independently predicts
mismatch salvage volume. Therefore, these oxidative stress
biomarkers might contribute to our understanding of the
pathophysiology of ischemic penumbra.

Experimental models have shown that the ischemic cascade is
a series of complex biochemical events that recruit excitotoxic,
oxidative, and inflammatory pathways. These events are
triggered at the onset of stroke and are responsible for evo-
lution from normal brain tissue to salvageable penumbra and
eventually irreversibly infarcted tissue (see also e-references
1–5 available from Dryad, doi.org/10.5061/dryad.4j07c14).
Neuroimaging methods, particularly MRI-based mismatch
between PWI and DWI lesion volumes, may allow us to
identify the ischemic penumbra and predict brain tissue via-
bility in patients with AIS, although criteria to define clinically
relevant mismatch are not yet standardized.7,8 Even if reliable
neuroimaging criteria have been established, MRI is not
widely available in the emergency setting, restricting the
clinical application of these methods to primarily major

Table 5 Multivariate linear regression analysis for
mismatch salvage volume

Independent variable B (95% CI) p Value

For >20% mismatch

lnORACTOT 44.12 (11.07–77.18) 0.010

InDWIV −11.85 (−22.46 to −1.25) 0.029

For the stricter
mismatch definition

lnORACTOT 53.57 (11.27–95.86) 0.003

InDWIV −20.43 (−33.84 to −7.03) 0.006

Abbreviations: CI = confidence interval; lnORACTOT = natural logarithm of
Oxygen Radical Absorbance Capacity total; lnDWIV = natural logarithm of
diffusion-weighted imaging volume.
Multivariate analysis was adjusted for lnORACTOT, age, prestroke modified
Rankin Scale score, history of carotid stenosis, smoking, oral anticoagulant
therapy at stroke onset, baseline NIH Stroke Scale score, baseline lnDWIV,
stroke subtype, and onset–to–blood draw interval time plus baseline natural
logarithm of high-sensitivity C-reactive protein and previous TIA only for the
mismatch >20% definition and plus sex only for the stricter definition of
mismatch.

Neurology.org/N Neurology | Volume 93, Number 13 | September 24, 2019 e1295

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://doi.org/10.5061/dryad.4j07c14
https://doi.org/10.5061/dryad.4j07c14
https://doi.org/10.5061/dryad.4j07c14
https://doi.org/10.5061/dryad.4j07c14
https://doi.org/10.5061/dryad.4j07c14
https://doi.org/10.5061/dryad.4j07c14
http://neurology.org/n


academic institutions. Therefore, there is a need for more
affordable, time-efficient, and widely available methods for
evaluating the presence of salvageable brain tissue.

There is little reported research correlating molecular bio-
markers and mismatch identified by neuroimaging in acute
stroke. A study focused on the association between early se-
rum levels of biomarkers and clinical-diffusion mismatch.37

The authors found that high levels of excitotoxic biomarkers
such as interleukin-10, tumor necrosis factor-α, and glutamate
and low levels of neuronal damage and blood-brain barrier
disruption biomarkers (neuron-specific enolase, interleukin-6,
and active MMP-9) were associated with clinical-diffusion
mismatch.37,38 In our study, we used a well-defined radio-
graphic PWI-DWI mismatch protocol, and we examined
a different set of biomarkers, those of oxidative stress, that
demonstrated potential to identify ischemic brain before ir-
reversible infarction.

Evidence on the contribution of oxidative stress biomarkers in
the hyperacute phase of an ischemic stroke and on their as-
sociation with specific radiologic findings in humans is not so
extensive.9 Studies have found an increase of free radical
formation and lipid peroxidation and a decrease of enzymatic
and nonenzymatic antioxidants and plasma antioxidant ca-
pacity in association with a larger infarct volume and more
severe neurologic deficit.9–15 This oxidative stress–induced
release of molecules is not limited to the necrotic core but
extends to the ischemic penumbra.39

Previous studies have evaluated the role of oxidative bio-
markers such as malondialdehyde, myeloperoxidase, and
urate40,41 (see also e-reference 6 available from Dryad, doi.
org/10.5061/dryad.4j07c14) but did not focus on F2-isoPs
or ORAC. F2-isoPs are stable, sensitive, and specific
markers of oxidative stress–induced lipid peroxidation.16

They are detectable in plasma, urine, and CSF, making them
clinically applicable. Recently, F2-isoP levels were shown to
be significantly higher in patients with stroke at presentation
and at day 3 up to day 7.42 To the best of our knowledge, this
is the first study to demonstrate an association between
oxidative stress biomarkers and mismatch in patients with
ischemic stroke. In this analysis, F2-isoPs were in-
dependently predictive of mismatch after adjustment for
confounding variables. This is consistent with the results of
another recently published study from our biomarker
dataset showing that baseline F2-isoP levels independently
predict infarct growth occurrence (OR 2.57, 95% CI
1.37–4.83, p = 0.007) and infarct growth volume (B = 0.38,
95% CI 0.04–0.72, p = 0.03).18 A further analysis showed
that infarct growth volume positively correlates with mis-
match volume (ρ = 0.17, p = 0.041), i.e., the larger the
mismatch volume, the higher the chance to have infarct
growth. Overall, these findings suggest that baseline plasma
levels of F2-isoP are likely to have a role in predicting that
part of ischemic penumbra that is prone to evolve toward
infarction in the absence of an efficient spontaneous or

pharmacologic/mechanical recanalization/reperfusion. In-
deed, baseline DWI infarct volume and small vessel stroke
subtype resulted as the other independent predictors of
>20%mismatch in terms of lower likelihood of having >20%
mismatch in case of larger lesions on DWI or small vessel
stroke subtype, as expected on the basis of biological plau-
sibility. In any case, F2-isoPs remained statistically signifi-
cant even when small vessel stroke subtype or baseline
DWIV was excluded from the model.

When a stricter definition of mismatch excluding too small
stroke lesions and perfusion deficit were applied, ORACPCA

was an independent predictor of mismatch. In addition, we
found a correlation between a higher total plasma antioxidant
capacity (ORACTOT) and a larger mismatch salvage volume.

This study was limited by the retrospective analysis of the
neuroimaging variables, which were not prespecified in the
protocol. PWI deficit was quantified with the use of theMTT
sequence, which can result in overestimation of mismatch.
Stroke severity in our cohort, as indicated by the median
NIHSS score, was moderate, which limits the generalizability
of these findings to patients with severe strokes. Moreover,
generalizability of this study findings could be further limited
by the exclusion criteria that are usually adopted in bio-
marker research studies so as not to include all those con-
ditions that, for their underlying pathophysiologic
characteristics, could be associated with the increase of in-
flammatory or oxidative stress biomarkers and could be
confounding for the evaluation of association between bio-
marker levels and mismatch. In this analysis, we had a wide
range of missing variables for the biomarkers investigated
and measured at baseline: hs-CRP, 1.4% (3 of 216); MMP-2
and MMP-9, 8.3% (18 of 216) each; F2-isoPs, 12% (26 of
216); ORACTOT and ORACPCA, 16.2% (35 of 216) each;
and 8-OHdG and 8-OHdG_cr, 57.9% and 57.4% (125 and
124 of 216), respectively. However, we think that most of
these percentages can be considered acceptable for an
analysis of biomarkers in the hyperacute phase of stroke like
this, particularly for those biomarkers that have been less
investigated so far such as F2-isoPs, compared with others in
acute stroke in humans. Moreover, no difference in the
baseline characteristics was found between patients with
missing values of F2-isoPs at admission and those with no
such missing values, except for a lower alcohol consumption
(p = 0.046), a lower use of antiplatelet therapy before stroke
onset (p = 0.006), and higher baseline NIHSS scores (p =
0.010) in the group of patients with missing admission F2-
isoP levels. Therefore, we are of the opinion that the per-
centage of missing values for F2-isoPs did not affect the main
results of our study. It is acknowledged that the percentage
of missing values for 8-OHdG and 8-OHdG adjusted by
creatinine levels is relatively high. The reason is that this
biomarker was measured in urine samples, and in an emer-
gency setting, it was not always possible to collect these data.
However, we think that the number of measurements for this
biomarker, which to the best of our knowledge has never
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been studied in the hyperacute phase of stroke in humans,
can still be considered valuable in order to evaluate in an
exploratory manner the presence of an association with
mismatch. The AUC, specificity, and sensitivity of F2-isoPs
and ORACPCA for >20% mismatch and the stricter mis-
match definition, respectively, and of ORACTOT for mis-
match salvage are not so optimal; therefore, further specific
and prospective studies, probably with larger sample size and
without the above-mentioned limitations, are needed to
confirm the promise of these tests for acute stroke.

This study is strengthened by the prospective collection of
biomarker samples, by the investigation of molecular bio-
markers that are novel compared to those usually considered
in studies on acute stroke in humans, and by the analysis of
DWI and PWI MRI sequences with a semiautomated volu-
metric method. The samples were collected in the hours
shortly after onset of cerebral ischemia, making our data ap-
plicable to the initial pathophysiologic processes involved in
ischemic stroke. The relatively large sample size allowed ad-
justment for variables that might have an influence on the
plasma levels of biomarkers and their associations with
mismatch.

In conclusion, this study shows that oxidative stress bio-
markers can help in predicting the presence of tissue at risk
for infarction in patients with AIS. High plasma levels of
baseline F2-isoPs and ORACPCA were independently asso-
ciated with clinically significant mismatch definitions, and
ORACTOT, as a marker of plasma antioxidant capacity,
significantly correlated with more mismatch salvage. How-
ever, at this stage, it is not clear whether any of these markers
will add a clinical meaningful incremental value for identi-
fying patients with tissue at risk. Nevertheless, biomarkers
have the potential to serve the purpose of rapid detection of
salvageable brain tissue. This study provides a platform to
formulate future trials using the full potential of biomarkers.
As an example, after validation of the sensitivity and speci-
ficity of these biomarkers for predicting mismatch in a larger
patient population, such a trial would aim to evaluate
whether these biomarkers can measure the effectiveness of
revascularization (pharmacologic or mechanical) methods
being currently used in the clinical management of patients
with AIS.
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