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A B S T R A C T

Microvascular dysfunction and no-reflow are considered a major cause of secondary damage despite revascu-
larization in acute ischemic stroke (AIS), ultimately affecting patient outcomes. We used quantitative PET-MRI
imaging to characterize early microvascular damages in a preclinical non-human primate model mimicking
endovascular mechanical thrombectomy (EVT). During occlusion, PET perfusion and MRI diffusion were used to
measure ischemic and lesion core volumes respectively. Following revascularization, multiparametric PET-MRI
included perfusion, diffusion, blood-brain barrier (BBB) permeability MRI, and 15O-oxygen metabolism PET.
Lesion growth on MRI was evaluated at one week, and the neurological score was assessed daily; a poor outcome
was defined as a score>6 (0-normal, 60-death) after one week. Early after recanalization, the gold-standard PET
ischemic threshold (<0.2 mL/min/g) identified post-EVT hypoperfusion in 67 % of the cases (14/21) located in
the occlusion acute lesion. Acquired 110 min post-EVT, the area of MRI Tmax hypoperfusion was larger and even
more frequent (18/20) and was also located within the acute lesion. Eight of the total cases (38 %) had a poor
outcome, and all of them had no-reflow (7/8 MRI no-reflow and 6/8 PET no-reflow). Diffusion ADC alterations
and post-EVT oxygen extraction fraction (OEF) values were significantly different in PET no-reflow cases
compared to those without no-reflow, exhibiting an inverse correlation. Independently of no-reflow, long
perfusion Tmax and post-EVT high BBB Ktrans in the lesion core were the hallmarks of poor outcome and infarct
growth. This early quantitative imaging signature may predict infarct growth and poor outcome and help to
identify neuroprotection targets.
Introduction

In the management of patients with acute ischemic stroke (AIS),
intravenous thrombolysis and endovascular mechanical thrombectomy
(EVT) have proven their efficacy in improving functional outcomes [1].
However, despite successful recanalization, up to 50% of patients remain
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disabled [2]. This futile recanalization can potentially be attributed to
ischemia-reperfusion injuries [3,4]. The occurrence of microvascular
damages and the subsequent no-reflow appear as direct consequences of
endothelial activation and immune cell interaction during ischemia and
early post-recanalization periods. The aforementioned phenomenon is
intricately linked to thrombotic pathways as well as instability of
nuary 2025
rimental NeuroTherapeutics. This is an open access article under the CC BY-NC-

s No-reflow in predicting functional outcomes in a translational stroke

mailto:emmanuelle.canet-soulas@univ-lyon1.fr
www.sciencedirect.com/science/journal/18787479
www.sciencedirect.com/journal/neurotherapeutics
https://doi.org/10.1016/j.neurot.2025.e00529
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neurot.2025.e00529


J. Debatisse et al. Neurotherapeutics xxx (xxxx) xxx
hemodynamics, blood shear stress, and cerebrovascular autoregulation
during acute phases [5]. Although no-reflow appears as a major factor in
ischemia-reperfusion injury in preclinical stroke research [6–9] and in
acute myocardial ischemia [10], its impact on the outcome in AIS pa-
tients is still a matter of debate and its clinical prevalence has only
recently been confirmed in a large cohort of patients after mechanical
thrombectomy [11,12].

The no-reflow is characterized by a high degree of variability, and
clinical outcomes may not be consistent across all no-reflow cases [13,
14]. Additionally, a discrepancy exists between clinical and pre-clinical
data, mainly rodent studies, hindering an in-depth understanding of
this microvascular impairment to identify potential therapeutic targets
[15]. The modified thrombolysis in cerebral infarction (mTICI) grade is
the clinical standard used to evaluate recanalization in patients with AIS.
Recent studies showed that reperfusion assessed by perfusion imaging
better predicts good outcomes than recanalization using mTICI scores
[13,14]. However, readouts following recanalization to predict poor
outcomes have not yet been established [15]. The definition of the
post-EVT hypoperfused volume is also subject to significant variation
based on the imaging modality, i.e. PET, CT, or MRI, as well as the
post-processing software used [11,14–16].

This retrospective study aims to evaluate the dynamic features of
microvascular damages in a non-human primate (NHP) model mimicking
thrombectomy. We developed a sophisticated model of ischemia-
reperfusion in NHP with extensive PET-MRI characterization [17]. We
used standard stroke MRI protocols associated with quantitative PET
cerebral blood flow (CBF) and gold standard cerebral metabolic rate of
oxygen (CMRO2), as well as quantitative blood-brain barrier (BBB)
permeability MRI with two contrast agents of different molecular weights
[18]. Preceding analysis uncovered that ciclosporin A (CsA), a potent
protector against reperfusion injury, was able to decrease early BBB
Fig. 1. Flow chart and longitudinal PET-MRI imaging follow-up of the preclinical stu
MRI ¼ magnetic resonance imaging; PET ¼ positron emission tomography.
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damage [19] and limit late inflammation [20]. Here, we further analyzed
PET-MRI parameters during the critical early stages of AIS to investigate
the relationship between microvascular damages and subsequent evo-
lution and assess their possible relation to the functional outcome.

Material and Methods

Experimental design

The animal model and the experimental protocol described previ-
ously [19], followed the European guidelines for pre-clinical stroke
studies. The trial was approved by the authorities (registration numbers
APAFIS#4702 and #8901). Middle cerebral artery occlusion (MCAo)
was induced in 7-year-oldmaturemaleMacaca fascicularis for 110min by
an endovascular coil under sevoflurane anesthesia and continuous
monitoring. PET-MRI imaging was performed during occlusion, after coil
and thrombus retrieval (post-EVT-like), and after one week (Fig. 1 for
study design). Neuro-scores were monitored daily for one month (0 ¼
normal to 60 ¼ death) as described by Debatisse et al. [17]. A persistent
score above 6 after one week was considered a poor outcome.

The inclusion criterion was successful occlusion and the exclusion
criteria were no revascularization and missing or poor data quality from
post-EVT perfusion imaging. The no-reflow was assessed from the de-
cision tree in Fig. 1A using the gold standard PET hypoperfusion
threshold (CBF<0.20 mL/min/g) and the Time-to-maximum (Tmax >

2sec) MRI previously established in this model at the occlusion phase
[17]. Treatment was randomized after inclusion, and analysis was
performed blindly at all time points. Ciclosporin A (iv injection 5 min
prior to recanalization, 2 mg/kg, Sandimmun®, Novartis) was used as a
potential neuroprotective treatment, and saline injection was used as a
placebo [19].
dy (a-b). CsA ¼ ciclosporin A; EVT ¼ endovascular mechanical thrombectomy;



Table 1
Characteristics of the Ciclosporin A and Placebo groups.

CsA (n ¼ 11) Placebo (n ¼
10)

p

Age, years 7 [6,7] 7 [6.75–7] >0.99
BW, kg 8.5 [7–9.6] 7.25

[6.85–9.22]
0.14

M2 MCA segment occlusion side
(right/left)

6/5 7/3

Day 1 neuroscore 21 � 18 14 � 11 0.33
SBP at occlusion, mmHg 101 � 8 99 � 13 0.11
DBP at occlusion, mmHg 41 � 7 42 � 13 0.91
EtCO2 at occlusion, mmHg 32 � 4 29 � 4 0.09
Occlusion DWI lesion volume, mL 4 � 3.5 4.7 � 2.7 0.62
Occlusion PET CBF ischemic volume,
mL

1.2 [0.5–4.1] a 3 [2.1–11.1] b 0.1

Ischemic penumbra volume, mL 0.9 [0.4–1.6] a 1.4 [0.9–9.4] b 0.17
Occlusion MRI Tmax ischemic
volume, mL

12.5�4.2c 14.6�4.7d 0.35

Post-recanalization DWI volume, mL 4 � 3.6 3.7 � 2.9 0.85
Presence of PET no-reflow 7/11 7/10
PET CBF no-reflow volume, mL 0.7 [0.5–6.1] 0.4 [0.1–5.4] 0.46
PET CBF value in no-reflow area, mL/
min/g

0.2 [0.1–0.2] 0.2 [0.2–0.2] 0.9

Presence of MRI no-reflow 11/11 6/9$

MRI Tmax no-reflow volume, mL 5.2
[1.7–11.9]

11.8 [9.7–15] $ 0.15

Day 7 FLAIR lesion volume, mL 1.6 [0.5–5.9]
e

2 [0.4–4.2] f 0.89

Infarct growth, mL 0.5[0.3–1.6]
e

0.7 [0.1–1.5] f 0.97

Hemorrhage (HI1) 5/11 4/10
Day 7 neuroscore 2.5 [0.8–7.3]

e
5 [0–8] f 0.82

Poor outcome 3/11 5/10 0.39

BW ¼ body weight; CsA ¼ ciclosporin A; CBF ¼ cerebral blood flow; DBP ¼
diastolic blood pressure; DWI ¼ diffusion-weighted imaging; FLAIR ¼ fluid-
attenuated inversion recovery; SBP ¼ systolic blood pressure.

a n ¼ 10 (1 missing PET).
b n ¼ 8 (2 missing PET).
c n ¼ 10 (1 missing MRI, artifact).
d n ¼ 8 (2 missing MRI, artifact); n ¼ 9 (1 missing MRI, artifact).
e n ¼ 10 (1 premature death).
f n ¼ 9 (1 premature death).
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PET-MRI protocol

The PET-MRI protocol is summarized in Fig. 1B and was described
previously [19]. MRI with standard clinical AIS management sequences
was acquired at occlusion, 2 h after revascularization, and at day 7. MRI
perfusion-weighted imaging was obtained and analyzed as previously
described (Supplemental method) to obtain Tmax maps. [15O]H2O PET
was used to quantify perfusion and quantitatively measure the hypo-
perfused areas at occlusion (ischemic volume) and immediately after
revascularization (post-EVT hypoperfused volume) [21–24]. CBF images
were obtained from modeling of [15O]H2O PET, using a one-tissue
compartment to compute quantitative CBF maps. In addition, [15O]O2
was used to measure the cerebral metabolic rate of oxygen (CMRO2) and
oxygen extraction fraction (OEF) immediately after revascularization, as
previously established using bolus inhalation [25] (Supplemental).

High-resolution T1-weighted MPRAGE images were acquired and
used to calculate the transformation matrix and non-linear warping was
applied to co-register all imaging data on a common space using the
Macaca fascicularis 3D template [20,26].

Imaging variables

Thresholds of critical hypoperfusion were established at CBF<0.2
mL/min/g for PET and Tmax>2 s for MRI [17]. Hypoperfused volumes
were measured during occlusion and post-recanalization. The post-EVT
hypoperfused volumes measured in PET and MRI using the same
respective thresholds characterized the no-reflow PET and MRI areas.

Acute lesion core at occlusion and after revascularization and estab-
lished infarct at day 7 were measured by an experienced stroke neurol-
ogist blinded to all preclinical data from diffusion-weighted imaging
(DWI) and fluid-attenuated inversion recovery (FLAIR) T2 respectively
(Supplemental). Lesion core and hypoperfused (ischemic) volumes were
measured in the native space before registration using occlusion data.
Penumbra (ischemic tissue not in the core) and lesion growth (FLAIR
positive tissue not initially DWI positive) volumes were determined by
voxel-based analysis after warping on theMacaca fascicularis 3D template
space [17]. The DWI core volume was used as the lesion mask to evaluate
the quantitative parameters before and after recanalization.

Recanalization was evaluated using MR time-of-flight (TOF) angiog-
raphy after coil retrieval. It was further confirmed using post-
recanalization dynamic susceptibility contrast subtraction analysis to
evaluate vascular filling (early, mid, late) [27].

Hemorrhage was evaluated on T2*-weighted imaging as the presence
of hypo-intense sub-regions, and graded according to the clinical Hei-
delberg Classification [28] with HI1 corresponding to small petechiae
with no mass effect. BBB damage was visually evaluated by enhancement
on post-gadolinium FLAIR and 3D T1 and quantified by dynamic
contrast-enhanced (DCE) MRI as previously described [19] using both
small Gd-DOTA and larger gadolinium nanoparticles (AGuIX®) (Sup-
plemental) and the same clinical DCE Ktransmethod. Quantitative values
of perfusion, ADC, permeability, and oxygen consumption are obtained
after registration and warping on the atlas template space. The mean of
voxel's values inside the lesion mask is used for all parameters except for
Ktrans and Tmax, where the median is selected due to a non-gaussian
distribution of values. Data are expressed as absolute values as previ-
ously described [18].

Statistical analysis

Data were analyzed using GraphPad Prism (9.4.1 version, GraphPad
Software, LLC, San Diego, USA). Continuous variables are expressed as
means (standard deviation, �SD) or medians with lower and upper
quartiles ([Quartile 1-Quartile 3]) depending on their distributions, and
categorical variables as percentages. Means were compared with the
Student parametric t-test and medians using the Mann–Whitney test for
independent samples and the Wilcoxon test for paired comparisons.
3

Normality was evaluated using the D'Agostino and Pearson test. Corre-
lations between continuous variables were tested using the Spearman
rank test. Logistic regression evaluated quantitative parameters toward
poor outcome prediction. The post-hoc evaluation of identified param-
eters' prognostic value was done by the receiver operator characteristic
(ROC) curve. The area under the curve (AUC) was given with 95 %
confidence interval. Tests were two-sided and p < 0.05 was considered
significant.

Results

Twenty-three animals were included and imaged during occlusion,
with a mean DWI lesion core of 4.1 � 3.2 mL (12 % of the 35 mL
hemisphere). They received either ciclosporin A (CsA; n ¼ 12) or saline
(n ¼ 11) 5 min before coil retrieval. The post-EVT perfusion PET was
acquired 35 [30–40] minutes after revascularization and post-EVT
perfusion MRI 110 [105–120] minutes after revascularization. For
post-EVT perfusion analysis, one animal was excluded because of the
absence of revascularization due to a defective coil, and another animal
did not have perfusion PET after recanalization due to a radiosynthesis
issue (Fig. 1A). Table 1 summarizes results in the two groups and Sup-
plemental Tables 1–2 display individual results per group. No differences
were observed between the CsA and placebo groups in relation to the
considered parameters.
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PET and MRI no-reflow volumes

All cases presented successful revascularization evidenced by MR
angiography TOF. In the post-revascularization PET analysis (acquired
35 min post-EVT), 14 out of 21 (67 %) of the animals had areas of
hypoperfusion, the larger hypoperfused areas occurring in animals with
large ischemic volumes at occlusion (median post-EVT hypoperfused PET
volume of 0.7 mL [0.2–5.6], n ¼ 14) (Fig. 2a and Supplemental
Tables 1–2 for individual results). Overall, 90 % of the animals (18/20)
exhibited hypoperfusion from MRI conducted 110 min after recanaliza-
tion. The estimated hypoperfusion volume was larger using the MRI
Tmax threshold (>2 s) (7.9 [3.3–15] mL, n ¼ 18) compared to the PET
CBF threshold (0.7 [0.2–5.6] mL, n ¼ 14, p ¼ 0.0018) (Fig. 2b and
Supplemental Tables 1–2). All poor outcome cases (8/21) had either PET
or MRI hypoperfusion (Supplemental Tables 1–2). Two poor outcome
cases without initial PET no-reflow had large MRI no-reflow (Fig. 2c–d),
BBB damage, and persistent no-reflow at day 7. There were small hem-
orrhagic petechiae in 9/21 cases (43%), all of them being PET or MRI no-
reflow cases (with premature death for two of them and poor outcomes
for four) (Table 1 and Supplemental Tables 1–2). Alternatively, 9/13
good outcome cases had either PET or MRI no-reflow.

Multiparametric quantitative PET-MRI and clinical outcome

Using multiparametric quantitative PET-MRI in the DWI core region,
the only parameters that significantly differed between PET no-reflow
cases (n ¼ 14) and those without no-reflow (n ¼ 7) were ADC at occlu-
sion and post-EVT (p ¼ 0.036 and 0.005, respectively), post-EVT CBF (p
¼ 0.02) and post-EVT OEF (p ¼ 0.02) (Supplemental Table 3). MRI
showed a limited number of cases without no-reflow (n¼ 3) compared to
those with no-reflow (n ¼ 15), and only post-EVT ADC was significantly
different (p ¼ 0.027). We next focused on multiparametric quantitative
PET-MRI and clinical outcome, and evaluated whether poor outcome
cases could be distinguished from those with good outcomes in the 21
NHPs.

In cases with poor outcomes, occlusion and post-revascularization
Tmax were significantly longer than in good outcome cases (p ¼
0.0018 and 0.019 for occlusion and post-EVT, respectively) (Fig. 3a–b).
CBF values (p¼ 0.53 and 0.064 for occlusion and post-EVT, respectively)
or other MRI perfusion parameters (regional blood flow or volume, rBF or
rBV, or mean transit time, MTT) were not different except for post-EVT
rBV (for occlusion and post-EVT respectively: rBF p ¼ 0.54 and 0.31,
rBV p¼ 0.15 and 0.037,MTT p¼ 0.13 and 0.57) (Supplemental Fig. 1 for
longitudinal MRI perfusion maps). After revascularization, poor outcome
cases tend to have a compromised oxygen metabolism (CMRO2 is
decreased despite high OEF), though not reaching significance. We next
examined BBB damage with DCE Ktrans after revascularization. Ktrans
values in the no-reflow region were correlated to those in the lesion core
for both small and larger contrast agents (for Gd-DOTA, r ¼ 0.78, p ¼
0.0025 and AGuIX, r ¼ 0.76, p ¼ 0.0055 respectively) (Supplemental
Fig. 2a and b). Ktrans with both contrast agents is significantly higher in
poor outcome cases than in good outcome cases (Fig. 3c–d and Fig. 4).
Fig. 4 illustrates the multiparametric features in good and poor outcome
cases. The poor outcome signature included severe ischemia with long
Tmax above the threshold at occlusion and still severely altered after
recanalization, presence of small petechial hemorrhagic transformation
at the time of occlusion, impaired CMRO2 in the same area, and BBB
damage (Fig. 4 and Supplemental Fig. 3).

We next evaluated the predictive value of these parameters toward a
poor outcome. First, we confirm that infarct growth (voxel-based eval-
uation) correctly predicts poor outcome (AUC: 0.86; sensitivity: 67 %,
specificity: 85 %). We found that, among early quantitative parameters,
occlusion Tmax and post-EVT Gd Ktrans showed similar high predictive
value (Fig. 5a–b). Correlation analysis demonstrated the interdepen-
dence of the evaluated parameters (Fig. 5c). It confirmed the link be-
tween Tmax (occlusion and post-EVT), Gd Ktrans, and infarct growth. It
4

highlighted the relationship between the post-EVT low CMRO2 and the
low CBF or long Tmax, as well as between low ADC values (occlusion and
post-EVT) and high OEF (Fig. 5d–e, Supplemental Fig. 3).

Discussion

We used quantitative PET-MRI to investigate the dynamic nature of
microvascular damage in a pre-clinical stroke model mimicking me-
chanical thrombectomy. There was post-EVT PET-MRI hypoperfusion in
over 50 % of cases, with 50 % poor outcomes in these cases. Low ADC
values at occlusion correlated with post-EVT high OEF and characterized
no-reflow cases. In this NHP model, severe occlusion and post-EVT al-
terations, such as lengthy Tmax and increased Ktrans, are the best in-
dicators to uncover cases with detrimental consequences, infarct growth,
and poor outcomes.

In acute ischemic stroke, the clinical standard to assess recanalization
status is the mTICI grade. It paralleled the TIMI score in acute myocardial
ischemia, but the clinical assessment of no-reflow strikingly differs be-
tween these two pathologies. The myocardial no-reflow corresponds to
hypointense sub-regions within the established contrast-enhanced infarct
area at one week on late gadolinium contrast-enhanced MRI [10], or its
early assessment is done using the index of microvascular resistance at
the end of the percutaneous coronary intervention [29]. Myocardial
no-reflow is common and is associated with a poor outcome and a higher
risk of heart failure independently of the infarct size [29]. The protection
of the myocardial microcirculation early after revascularization is
therefore a therapeutic target but is still an unmet clinical need. In
clinical stroke, the reported incidence of no-reflow is highly variable but
can be as high as 57 %, the etiologies are still unclear, and the dynamics
of the no-reflow area over time are far from being fully characterized [15,
30,31]. In this study, we found hemorrhage (HI1) in half of the no-reflow
cases and the endothelial damage was characterized by increased
permeability: Ktrans was three times higher in poor compared to good
outcome cases. Abnormal flow kinetics signed by long MRI Tmax at oc-
clusion and 110 min post-EVT, BBB damage characterized by higher
Ktrans, were the hallmarks of poor prognosis in our model.

Under the ischemia-reperfusion disturbed flow condition, interaction
between the activated endothelium and circulating blood cells including
neutrophils results in flow stagnation that seems to peak 2–3 h after
recanalization in both core and penumbra [9]. These effects may persist
for a while in the core region, along with permanent capillary constric-
tion due to pericyte death [6]. Results on our NHP pre-clinical model
demonstrated that the no-reflow or “low-reflow” (longer Tmax) area was
located within the lesion core on the MRI conducted 2 h after recanali-
zation. Consistent with prior observations in the core and penumbra
during occlusion, we also found that oxygen metabolism was character-
ized by an increased OEF and a relatively preserved CMRO2 after revas-
cularization. CBF, OEF, and CMRO2 are highly influenced by both
systemic and local blood hemodynamics, as well as arterial levels of
O2/CO2with cerebrovascular autoregulation. This balance is known to be
compromised and varies over time during the acute phases of ischemic
stroke, however, further research is required to investigate this matter
thoroughly [32]. We provide evidence that NHPs with poor outcomes
exhibit a more significant increase in Tmax values at occlusion and after
revascularization in the lesion core. It has been emphasized recently that
Tmax values could be more valuable than using the established threshold
to define hypoperfusion [16,33,34]. Indeed, we found that neither CBF
nor MRI blood flow or blood volume were different in poor outcome
cases. Further investigation is required to determine the etiologies of
no-reflow, which may be attributed to various factors including poor
collaterals inducing fast progression of cytotoxic edema, hemodynamic
instability (important variations in systolic blood pressure, oxygen
saturation or EtCO2), early microvascular damage inducing metabolic
disruption, hemorrhage, or inflammation [15].

Furthermore, it is proposed that OEF and CMRO2 may serve as
additional viable metrics for assessing the efficacy of neuroprotective



Fig. 2. PET no-reflow volumes after revascularization (post-EVT) compared to their corresponding ischemic volumes at occlusion. (a). Post-revascularization (post-
EVT) no-reflow areas were larger with MRI Tmax acquired 75 min after their respective PET (b). Two examples without initial PET CBF no-reflow where MRI Tmax
map identifies large no-reflow (4 slices) resulting in poor outcome (c-d). Boxes (left) represent the lesion masks defined at occlusion (DWI core, white and PET
ischemia, red overlay). Case#4 (initial and day 7 neuroscores:18–8) had large MRI no-reflow with blood-brain barrier (BBB) damage (high transfer rate Ktrans) for
both small gadolinium (Gd, 0.5 kDa) and nanoparticles (AGuIX, 10 kDa) contrast agents (c); case #17 (initial and day 7 neuroscores: 18–60, coma and death after
imaging) had large MRI no-reflow, with BBB damage (high Ktrans for the small Gd contrast agent) (d) and persistent no-reflow at day 7 (deconvolution for Tmax
mapping failed due to abnormally slow kinetics).
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Fig. 3. Occlusion and post-revascularization (post-EVT) multiparametric quantification in poor outcome (PO) and good outcome (GO) in the DWI lesion core. At
occlusion (a) and post-EVT (b), MRI Tmax were significantly longer in PO compared to GO. Blood-brain barrier damage measured by transfer rate Ktrans is signif-
icantly more pronounced in PO using both small gadolinium (Gd) and large (AGuIX nanoparticles) contrast agents (c, d).

J. Debatisse et al. Neurotherapeutics xxx (xxxx) xxx
interventions during the acute phase combined with diffusion measure-
ments [35]. The relationship between low ADC values from the occlusion
time and increased OEF together with reduced CBF (Fig. 5) after revas-
cularization should be confirmed by further studies and mechanistic
approaches [6]. One limitation is that PET CMRO2 is no longer possible in
clinical stroke studies [23,36] due to radioprotection regulations. Vali-
dation of MRI OEF and CMRO2 using the blood oxygenation
level-dependent (BOLD) effect as a substitute is necessary in the
post-revascularization scenario [37]. Future studies may also use MRI
OEF/CMRO2 imaging to predict motor/cognitive deficits during the
chronic phases after stroke.

One important consideration for future clinical study design is the
timing to start the protection of the microcirculation. Our study showed
that no-reflow damage and its related poor outcome may have early
determinants during the occlusion time, as evidenced by the long Tmax
and low ADC value correlating with the post-EVT no-reflow BBB leakage
and altered oxygen metabolism. From these findings, we could infer that
microcirculation protection should start as soon as possible, even during
the occlusion period as evidenced in recent and ongoing studies of neu-
roprotection against excitotoxicity (the ESCAPE-NEXT and the ongoing
FRONTIER trials): the earlier the better, and possibly in the golden hour
of ischemic stroke [38].

As with any model, we acknowledge certain limitations. The occlu-
sion is induced by a thrombogenic coil, which may exhibit differences
from the thromboembolic conditions observed in patients. In addition,
the evaluation of recanalization was assessed using the MR angiography
TOF sequence after coil retrieval, rather than the gold-standard
digital subtraction angiography and the mTICI score. The no-reflow
6

phenomenon was assessed using quantitative perfusion measurement,
which indeed corresponds to the current recommendations for myocar-
dial ischemia-reperfusion [10]. Up to now, Ng et al. recommended to use
of MRI or CT rBF or rBV in acute ischemic stroke [12] but post-EVT
perfusion imaging is still rarely performed and usually at 24 h or later
[15]. In our hand, Tmax at occlusion and post-EVT was the most robust
MRI perfusion parameter, compared to the other parameters (Supple-
mental Fig. 1). In a recent retrospective clinical study [39], long Tmax
(>10s) was found to be the best predictor of fast early infarct growth,
which aligns with our findings. Furthermore, this marker was suggested
for patient eligibility to new treatment targeting fast progression. Tmax
may not reflect only microvascular flow. As very recently exposed by
Yedavalli et al. [40], the venous outflow can be evaluated on Tmax maps
in specific venous regions. In this article, patients with poor venous
outflow also had larger areas with Tmax values > 10s in the lesion.

We also acknowledge that we were not able to find a protective effect
of CsA on clinical outcomes despite its pleiotropic targeting of the no-
reflow features (BBB, mitochondria, inflammation). This is certainly
due to the small sample size as the retrospective power calculation
indicated that a sample size of 40–50 per group would have been
necessary given the variability in lesion core and infarct size. However, it
is difficult to perform larger study groups in NHP research for obvious
ethical reasons.

In conclusion, we found early no-reflow in a preclinical model
mimicking EVT evolving during the first 2 h after successful revascular-
ization. The prevalence and magnitude of the observed phenomenon
were greater when evaluated through MRI Tmax as opposed to PET CBF.
We further evaluated perfusion, edema, BBB damage, and oxygen



Fig. 4. Multiparametric maps at occlusion and post-
revascularization as differential readouts of no-
reflow cases. Post-EVT maps (4 slices) of two no-
reflow cases (a-b). The white boxes (left column)
represent the masks defined at occlusion, respectively
DWI lesion core (white) and PET ischemia (red over-
lay). Both cases had large no-reflow areas on MRI
Tmax (a-b, first line). Case#20 (initial neuroscore ¼
3; day 7 neuroscore ¼ 0) showed a post-EVT pre-
served oxygen consumption (CMRO2) and high oxy-
gen extraction fraction (OEF) (a), whereas case#23
(initial neuroscore ¼ 33; deceased at D1) showed
profound post-recanalization perfusion (CBF PET) and
CMRO2 defect and large area of suffering tissue (high
OEF) (b). These features were associated with small
hemorrhagic petechiae on T2* already present at oc-
clusion (arrow) and marked blood-brain barrier
damage (post-gadolinium enhancement on FLAIR and
T1, and transfer rate Ktrans maps with high Ktrans
values). Ktrans with the larger AGuIX contrast agent
was not available for case#23.
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Fig. 5. Predictive values of parameters and their
interrelationship at occlusion and after revascu-
larization. Occlusion Tmax value in the lesion core
had a good ability to predict poor outcome (AUC: 0.9,
sensitivity: 86 %, specificity: 83 %) (a) as well as the
post-revascularization (post-EVT) permeability mea-
surement Ktrans using large nanoparticles AGuIX
(AUC: 0.98, sensitivity: 83 %, specificity: 86 %) (b).
Correlation analysis demonstrated the inter-
relationship of the evaluated parameters (c) and
confirmed the link between Tmax (occlusion and post-
EVT), Ktrans, and infarct growth. Post-EVT, the Gd
Ktrans is correlated to the perfusion Tmax measured
during occlusion (d), and the oxygen extraction frac-
tion (OEF) is inversely correlated to the apparent
diffusion coefficient (ADC) measured during occlusion
(e). Poor outcome (PO) cases are in magenta and good
outcome (GO) cases are in black.
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metabolism and found that quantitative parameters in the lesion core
better predict infarct growth and poor outcome than no-reflow. In future
studies, they may be used to monitor early treatment effects and predict
futile recanalization.
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