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thrombolysis for acute stroke with
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Vincent Costalat10, Sébastien Richard11, Christophe Magni12,
Norbert Nighoghossian4, Ana-Paula Narata3,
Cyril Dargazanli10, Benjamin Gory6, Jean-Louis Mas1,
Catherine Oppenheim2,* and Jean-Claude Baron1,*

Abstract

In large vessel occlusion (LVO) stroke, it is unclear whether severity of ischemia is involved in early post-thrombolysis

recanalization over and above thrombus site and length. Here we assessed the relationships between perfusion param-

eters and early recanalization following intravenous thrombolysis administration in LVO patients. From a multicenter

registry, we identified 218 thrombolysed LVO patients referred for thrombectomy with both (i) pre-thrombolysis MRI,

including diffusion-weighted imaging (DWI), T2*-imaging, MR-angiography and dynamic susceptibility-contrast perfusion-

weighted imaging (PWI); and (ii) evaluation of recanalization on first angiographic run or non-invasive imaging� 3 h from

thrombolysis start. Infarct core volume on DWI, PWI-DWI mismatch volume and hypoperfusion intensity ratio (HIR;

defined as Tmax� 10 s volume/ Tmax� 6 s volume, low HIR indicating milder hypoperfusion) were determined using a

commercially available software. Early recanalization occurred in 34 (16%) patients, and multivariable analysis was

associated with lower HIR (P¼ 0.006), shorter thrombus on T2*-imaging (P< 0.001) and more distal occlusion

(P¼ 0.006). However, the relationship between HIR and early recanalization was robust only for thrombus length

<14 mm. In summary, the present study disclosed an association between lower HIR and early post-thrombolysis

recanalization. Early post-thrombolysis recanalization is therefore determined not only by thrombus site and length

but also by severity of ischemia.
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Introduction

Perfusion imaging is of considerable interest in the
acute stroke setting as it allows one to measure the
presence and volume of infarct core – the already irre-
versibly injured tissue – and penumbra – the severely
hypoperfused but still salvageable tissue – and thereby
brings on powerful information on patient’s response
to reperfusion therapies such as intravenous thromb-
olysis (IVT) and mechanical thrombectomy, that may
in turn help decision-making.1–3 Regarding IVT, perfu-
sion imaging may improve the identification of patients
likely to benefit.4,5 Regarding thrombectomy, several
reports have shown that both infarct core volume,
assessed using either MR-6 or CT-based approaches,7

and penumbral volume8,9 strongly predict three-month
functional outcome within early time windows,
i.e.� 6 h, and that the clinical benefit of adding thromb-
ectomy to medical therapy (including IVT or not) is
related to infarct core volume.6,10 Moreover, perfusion
imaging also guides thrombectomy decisions beyond
6 h, and based on the results of the DAWN and
DEFUSE-3 trials,11,12 infarct core measurement is
now recommended for thrombectomy eligibility in
LVO patients seen 6–24 h from last known normal.13

Consequently, perfusion imaging is used in some cen-
ters to guide thrombectomy decisions both within and
beyond the 6-h time window.14

The main therapeutic target of reperfusion therapies
in acute stroke with LVO is early recanalization (i.e.
within the very first few hours), because recanalization
is strongly associated with smaller infarct growth,12,15

and consequently with improved functional out-
come.9,15,16 However, IVT has limited efficacy to
induce early recanalization (10–30% early recanaliza-
tion rate in LVO patients17–20), which has led to the
testing and subsequent licensing of thrombectomy
added on IVT (so-called ‘bridging therapy’). Yet, the
mechanisms underlying early recanalization failure fol-
lowing IVT, i.e., clot resistance, remain inadequately
understood. Thrombus site is one key factor explaining
resistance to IVT,17,19 while thrombus length, as deter-
mined on admission T2*-weighted MR or CT angiog-
raphy (CTA),17,19–23 as well as thrombus perviousness
on CTA,20,21,24,25 may also help predict recanalization.
Finally, thrombus composition may also be
involved.26,27 Due to the relatively low early recanaliza-
tion rate following IVT together with its potential
harmful effects, some authors have even called into

question the implementation of IVT before thrombec-
tomy in LVO patients.28,29 This issue will only be
resolved by randomized controlled trials, and several
trials testing thrombectomy alone vs. bridging are
currently underway (e.g. SWIFT-DIRECT
[NCT03192332] and MR-CLEAN NO-IV
[ISRCTN80619088]). Identifying strong predictors of
post-IVT early recanalization may help to identify
LVO patients most likely to benefit from thrombolysis
before thrombectomy. It is therefore important to
investigate the mechanisms and predictors of post-
IVT early recanalization.

Perhaps surprisingly, the potential predictive value
of perfusion parameters for post-IVT early recanaliza-
tion in LVO patients has been little studied so far. One
study found that core volume was not associated with
post-IVT early recanalization.26 Two studies have
investigated the relationship between severity of hypo-
perfusion and post-IVT recanalization assessed at 24 h
post-stroke30,31 which is not relevant to the current
thrombectomy paradigm and in addition includes
futile reperfusion, i.e. recanalization occurring too late
to save sizeable penumbral volumes.

In the present primarily mechanistic study, we
assessed the relationships between core volume and
markers of hypoperfusion severity on one hand, and
occurrence of early post-IVT recanalization on the
other hand, in LVO patients undergoing multimodal
admission MRI. In order to assess post-IVT early reca-
nalization, we exploited a large multi-centric sample of
LVO patients intended for thrombectomy since brid-
ging therapy became standard-of-care, i.e. in whom
early recanalization is routinely assessed on first-run
conventional angiography.

Methods

Patients

From a large French multi-center registry (PREDICT-
RECANAL) of consecutive LVO stroke patients
referred for thrombectomy after IVT,19 we analyzed
for the present study the data of the six centers that
carry out perfusion-weighted imaging (PWI) as part
of routine admission imaging (Sainte-Anne [Paris],
Hospices civils [Lyon], Orléans, Tours, Montpellier
and Nancy university hospitals). Among these six cen-
ters, the data were collected prospectively or retrospect-
ively for three centers each. All centers had on-site
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endovascular capabilities except one, whose eligible
patients were transferred to the nearest thrombectomy
capable center (i.e. drip-and-ship, as opposed to
mothership, paradigm). In line with French recommen-
dations,32 MRI was implemented as first-line imaging
in candidates for reperfusion therapy in all centers of
the present study. CT and CTA were performed in case
of contraindication to MRI. The stroke MRI protocol
in the participating centers included diffusion-weighted
imaging (DWI), T2*, intracranial MR angiography
(MRA) and dynamic susceptibility-contrast PWI,
whenever feasible with no delay. The PWI acquisition
parameters used in each participating center are pre-
sented in Supplemental Table 1. The PWI data were
not a basis for decision-making in routine except in
borderline cases.

Inclusion criteria for the present study were there-
fore (1) patient admitted for acute stroke with LVO of
the anterior circulation between May 2015 (when
thrombectomy became routine care in these centers)
and March 2017; (2) pre-IVT imaging with MRI,
including DWI, T2*, MRA and PWI; (3) IVT with
alteplase 0.9mg/kg; and (4) evaluation of early recana-
lization before thrombectomy (see below).

In accordance with French legislation, approval by
an Ethics Committee was not required as this study
only implied retrospective analysis of anonymized
data collected as part of routine care. However, each
patient was informed by post of his/her participation in
this study, and was offered the possibility to withdraw.

Clinical data

The following variables were extracted from the regis-
tries: age, sex, vascular risk factors and past medical
history, pre-stroke medication, National Institutes of
Health Stroke Scale (NIHSS) score on admission,
time between symptom onset and start of IVT (onset-
to-IVT time), and time elapsed between start of IVT
and evaluation of early recanalization (see below).

Imaging data

A stroke neurologist with experience in neuroimaging
(PS) reviewed the pre-IVT anonymized imaging of all
included patients, blinded to recanalization status. The
following variables were collected: (1) occlusion site,
according to four categories: intracranial internal car-
otid artery T or L (ICA-T/L), M1 proximal, M1 distal
and M2, where the M1 segment was defined as the first
portion of the MCA up to the main bifurcation, and
dichotomized as proximal or distal based on the MCA
origin-to-thrombus distance (<10mm and �10mm,
respectively)21,33; (2) length of the susceptibility vessel
sign, a marker of thrombus on T2*, based on

previously published methodology34; (3) DWI lesion
volume, semi-automatically segmented by means of
Olea Sphere software (Olea Medical SAS, La Ciotat,
France) after applying a threshold of 620� 10�6 mm2/s
on apparent diffusion coefficient maps,35 with manual
correction when necessary; (4) PWI-DWI mismatch
volume, calculated as the volumetric difference between
the time-to-maximum (Tmax)� 6 s volume and the
DWI lesion volume, the Tmax�6 s volume being auto-
matically segmented from PWI using Olea Sphere36

with manual correction whenever necessary; and (5)
severity of hypoperfusion, assessed using the hypoper-
fusion intensity ratio (HIR),37 defined here as the
proportion of the Tmax�6 s volume with Tmax�10 s
(i.e. HIR¼ [Tmax�10 s volume / Tmax� 6 s vol-
ume]� 100),38–41 low HIR indicating milder hypoperfu-
sion. Note that the HIR is derived only from perfusion
maps, i.e. the Tmax volumes do not take into consid-
eration the DWI lesion.

The inter-observer agreement for occlusion site and
thrombus length for a larger cohort from which the
present sample was extracted was high for both.19

Regarding perfusion data, an independent rater mea-
sured the Tmax� 6 s and � 10 s volumes in a random
sub-sample of 25% (n¼ 53) of the total patient sample.
Inter-rater reproducibility was determined by means of
the intraclass correlation coefficient.

Early recanalization evaluation

Early recanalization was defined as recanalization
occurring within 3 h after initiation of IVT, a delay
that includes typical ‘drip-and-ship’ situations.42 In all
participating centers, eligible patients were referred for
thrombectomy as soon as possible after start of IVT.
Consequently, early recanalization was evaluated on
the first angiographic run carried out as part of
intended thrombectomy. However, in some patients
with significant improvement in neurological status
before reaching the angiosuite, recanalization was eval-
uated using non-invasive vascular imaging (MRA or
CTA). Two readers independently evaluated recanali-
zation, blinded to clinical and imaging data.
Discrepancies were resolved by consensus. On conven-
tional angiography, recanalization was defined as 2b-3
on the modified Thrombolysis in Cerebral infarction
scale for ICA-T/L or M1 occlusions, and 3 on the
Arterial Occlusive Lesion scale for M2 occlusions.33

Otherwise, recanalization was defined as 3 on the
Arterial Occlusive Lesion scale on CTA or MRA.

Statistical analysis

Continuous variables were described as mean� stand-
ard deviation or median (interquartile range),
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as appropriate, and categorical variables as number
(percentage). Univariable comparison of patients with
and without early recanalization was performed using
Student t or Mann–Whitney U tests for continuous
variables, and Chi-square or Fisher exact test for cat-
egorical variables, as appropriate. Baseline variables
associated with early recanalization in univariable ana-
lysis were candidates for inclusion into a multivariable
binary logistic regression model, with early recanaliza-
tion as dependent variable. We used a hybrid stepwise
selection method, in which variables are entered into
the model at P< 0.20, and retained only if they
remained associated at P< 0.05 with the dependent
variable, in such a way that each forward selection
step can be followed by one or more backward elimin-
ation steps. The order in which the variables enter the
model was entirely automated, based on the results of
the Chi-square statistic. We alternatively used back-
ward variable selection to ensure that the same candi-
date variables were included in the multivariable model.
Covariates were assessed for potential collinearity and
interaction effects. The overall performance of the
model was estimated using c-statistic (i.e. the area
under the receiver-operating characteristic curve), and
internal cross-validation of the model was based on
5000 bootstrap replicates. Probability curves and con-
tour plots were created based on the predictions of the
final multivariable logistic model. Statistical analyses
were performed using SAS 9.4 (SAS Institute, Inc.,
Cary, NC) and SPSS 16.0 (SPSS Inc.). Two-tailed
P< 0.05 was considered statistically significant.

Results

Patients’ characteristics

Across the six participating centers, 386 patients with
ICA-T/L, M1 or M2 occlusion and eligible for thromb-
ectomy received IVT during the study period. Of these,
168 were excluded (see Figure 1 for the reasons for
exclusion), leaving 218 patients for the final analysis.
Excluded patients with baseline MRI but without
PWI or with poor quality PWI (n¼ 109) had similar
age (P¼ 0.66), sex (P¼ 0.27), NIHSS score (P¼ 0.08),
occlusion site (P¼ 0.57) and early recanalization rate
(P¼ 0.60) than included patients. The intra-class cor-
relation coefficient between the two observers was
excellent for HIR, Tmax� 6s and Tmax� 10 s volumes
(0.92 [95%CI 0.87–0.96], 0.99 [95%CI 0.98–0.99] and
0.98 [95%CI 0.96–0.99], respectively).

The baseline characteristics of included patients are
presented in Table 1. Patients were managed according
to the mothership or drip-and-ship paradigms in 88%
(191/218) and 12% (27/218), respectively. Early recana-
lization was evaluated on first angiographic run in

207/218 (95%) patients, and on non-invasive imaging
in the remaining. Early recanalization occurred in 34/
218 (16%) patients, with rates of 3% (1/40), 7% (6/91),
28% (11/39) and 33% (16/48) in ICA-T/L, proximal
M1, distal M1 and M2 occlusions, respectively.
Considering the similar incidence of early recanaliza-
tion in ICA-T/L and proximal M1, and in distal M1
and M2 occlusions, respectively, these four subsets were
collapsed into two categories for further analyses (distal
M1 or M2 vs. ICA-T/L or proximal M1 occlusions).

Variables associated with early recanalization
in univariable analysis

The univariable associations between early recanaliza-
tion and baseline variables are presented in Table 1.
The following variables were significantly associated
with early recanalization occurrence: lower baseline
NIHSS, more distal occlusions, shorter thrombus,
smaller DWI lesion, Tmax � 6s, Tmax� 10s and
PWI-DWI mismatch volumes, and lower HIR.

Multivariable analysis with early recanalization
as the dependent variable

The multivariable model (n¼ 198 patients; 20 patients
without susceptibility vessel sign were excluded for this
analysis) is presented in Table 2. Lower HIR
(P¼ 0.006), smaller thrombus length (P< 0.001) and
more distal occlusion site (P¼0.006) were associated
with early recanalization occurrence. Other candidate
variables for the multivariable model (i.e. with P< 0.20
in the univariable analysis), namely NIHSS score,
DWI, Tmax� 10s, Tmax� 6s and PWI-DWI mismatch
volumes, statin use and history of diabetes mellitus,

Figure 1. Study flow chart.

CT: computerized tomography; ER: early recanalization; ICA-T/L:

intracranial internal carotid artery occlusion; M1: first segment of

the middle cerebral artery; M2: second segment of the middle

cerebral artery; MRI: magnetic resonance imaging.
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Table 1. Baseline characteristics of the population and univariable relationships with early recanalization.a

Whole cohort

n¼ 218

Early recanalization

n¼ 34

No early

recanalization

n¼ 184 P

Patient history

Age (years) 72 (61–80) 72 (59–83) 72 (61–80) 0.78

Men 120 (55) 18 (53) 102 (55) 0.79

Hypertension 122 (56) 19 (56) 103 (56) 0.99

Diabetes mellitus 35 (16) 9 (27) 26 (14) 0.07

Current smoking 27 (12) 5 (15) 22 (12) 0.66

Antiplatelet use 73 (34) 13 (38) 60 (33) 0.52

Statin use 68 (31) 14 (41) 54 (29) 0.17

Pre-IVT characteristics

NIHSS score 16 (10–20) 12 (6–17) 16 (10–20) <0.01

Onset-to-IVT time (min) 160 (130–192) 163 (144–194) 158 (129–192) 0.48

Pre-IVT MRI

Occlusion site <0.01

ICA-T/L 40 (18) 1 (3) 39 (21)

Proximal M1 91 (42) 6 (18) 85 (46)

Distal M1 39 (18) 11 (32) 28 (15)

M2 48 (22) 16 (47) 32 (17)

Thrombus lengthb (mm) 12.6 (9.2–17.6) 7.2 (5.8–8.9) 14.0 (10.2–19.7) <0.01

DWI volume (ml) 12 (5–23) 9 (2–18) 12 (5–29) 0.04

PWI-DWI mismatch volume (ml) 62 (34–100) 39 (17–63) 71 (40–104) <0.01

Tmax� 6s volume (ml) 83 (45–127) 44 (27–88) 88 (57–130) <0.01

Tmax� 10s volume (ml) 31 (13–63) 13 (4–37) 37 (15–66) <0.01

HIR (%) 43 (30–53) 31 (19–49) 43 (32–54) <0.01

Recanalization evaluation

IVT to recanalization assessment time (min) 62 (37–97) 61 (44–118) 62 (35–97) 0.68

aCategorical variables are expressed as numbers (%) and continuous variables as median (IQR). bMissing values: 20 patients without visible susceptibility

vessel sign (4 with early recanalization and 16 without). DWI: diffusion-weighted imaging; ICA-T/L: intracranial internal carotid artery occlusion; M1:

first segment of the middle cerebral artery; M2: second segment of the middle cerebral artery.

Table 2. Variables associated with early recanalization in multivariable logistic regression.a

b coefficient Standard error P

HIR, per 10% increase �1.19 0.43 0.006

Thrombus length, per 1 mm increase �0.78 0.22 <0.001

Occlusion site 0.006

ICA-T/L or M1 proximal 0 (Reference) –

M1 distal or M2 1.54 0.56

Interaction term (HIR*thrombus length) 0.09 0.04 0.02

Note: Due to the presence of an interaction term in the logistic model, results are presented as beta coefficients and standard error rather than odds

ratios and 95% confidence intervals. aTwenty patients without visible susceptibility vessel sign were excluded from the model, which therefore included

198 patients (30 with early recanalization and 168 without). HIR: hypoperfusion intensity ratio; ICA-T/L: intracranial internal carotid artery occlusion;

M1: first segment of the middle cerebral artery; M2: second segment of the cerebral artery.
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were not retained in the multivariable model (see details
in Supplemental Results). Given the presence of a sig-
nificant (P¼ 0.02) interaction between thrombus length
and HIR, the HIR�thrombus length interaction term
was also included in the multivariable model. There was
no notable multicollinearity within the multivariable
model presented in Table 2 (largest variance inflation
factor: 1.17, condition index: 7.42). The c-statistic of
the final multivariable model was 0.913 (95%CI:
0.860–0.967). The internal cross-validation of the
model based on 5000 bootstrap replicates showed a
similar c-statistic (0.920; 95%CI: 0.862–0.965). Based
on these results, and as an ancillary analysis, we com-
pared the performance of the model for early recanali-
zation prediction with and without adding HIR; the
results are presented in Supplemental Results.

The predicted probability of post-IVT early recana-
lization as a function of HIR and occlusion site, illu-
strated for different thrombus lengths, is presented in
Figure 2. Figure 3 displays the predicted probability of
post-IVT early recanalization according to thrombus
length, HIR and occlusion site, taking into account
the interaction between HIR and thrombus length. To
allow individual assessment, each patient’s data accord-
ing to early recanalization status are also plotted in the

figure. Typical patients with and without early recana-
lization are shown in Figures 4 and 5, respectively.

Further investigation of the above HIR�thrombus
interaction showed that it can be summarized as fol-
lows: lower odds of early recanalization with increasing
HIR in patients with thrombus length up to approxi-
mately 13mm, and an inverse tendency in patients with
thrombus length �14mm (data not shown). Close
inspection of our datasets revealed that this effect is
in fact entirely driven by 2 out of the 86 patients with
thrombus length �14mm, who both experienced early
recanalization despite high HIR (see Figure 3). Even
though apparently driven by these two patients, this
interaction affects the interpretation of the above
model, and we accordingly conducted a post hoc ana-
lysis including only the patients with thrombus length
<14mm (n¼ 112). As expected, there was no remaining
HIR�thrombus interaction (P¼ 0.50), and the model
yielded thrombus length, occlusion site and HIR as
independent ER predictors (see Supplemental Table 2).

Discussion

In this large multicenter cohort of large vessel occlusion
patients who underwent pre-thrombolysis PWI and

Figure 2. Probability of post-thrombolysis early recanalization according to hypoperfusion intensity ratio, occlusion site and

thrombus length. The regression curves are estimates of the probability of post-thrombolysis early recanalization according to the

hypoperfusion intensity ratio for average patients with thrombus lengths of (a) 5 mm, (b) 10 mm, (c) 15 mm and (d) 20 mm. The red

curve corresponds to ICA-T/L/proximal M1 occlusions, and the blue curve to distal M1/M2 occlusions. The shaded area corresponds

to the 95% confidence interval (logistic regression model). Regression curves for patients with thrombus length >20 mm are not

shown as no patient recanalized in this subgroup. ICA-T/L: intracranial internal carotid artery occlusion; M1: first segment of the

middle cerebral artery; M2: second segment of the middle cerebral artery.
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were referred for thrombectomy following thromboly-
sis, multivariable analysis revealed that milder hypoper-
fusion severity – evaluated using the HIR – was
associated with post-IVT early recanalization, together
with smaller thrombus and more distal occlusion sites.
As a note of caution, our data do not formally allow
the evaluation of the effect of HIR in patients with
thrombus length �14mm, in whom the probability of
early recanalization is, however, very close to zero.

Our study is the first to report an association
between post-IVT early recanalization and HIR. This
finding is, however, consistent with two previous stu-
dies that reported an association between other indexes
of hypoperfusion severity and post-IVT recanaliza-
tion,30,31 with the caveat that recanalization was eval-
uated at 24 h, which included futile recanalization and
is not relevant anymore in the thrombectomy era. In
addition, neither study adjusted the observed associ-
ation for occlusion site or thrombus length.

Several mechanisms might explain the observed
association between lower HIR and post-IVT early

recanalization. First, good collaterals, which are
strongly associated with lower HIR,37,38,43 may increase
the odds of early recanalization via enhanced delivery
of the thrombolytic agent to both ends of the throm-
bus.44–46 Second, non-fully occlusive thrombi, which
likely are also associated with milder hypoperfusion
and lower HIR, may enhance the odds of the thrombo-
lytic agent permeating the thrombus.20,21,24,25 Last,
severe hypoperfusion might favor more organized
thrombi, which might in turn be more resistant to alte-
plase.31 The choice of Tmax cutoffs for the HIR
in the present study was based on Olivot et al.,38

who found the so defined HIR to be strongly
associated with infarct growth and functional outcome.
As sensitivity analysis, we also assessed the HIR using
Tmax �4 s instead of 6 s as it includes mild hypoperfu-
sion and may better reflect good collaterals,47

which was similarly independently associated (data
not shown).

Perfusion imaging has been shown to bring powerful
prognostic information for three-month functional

Figure 3. Contour plots showing post-thrombolysis early recanalization probability according to hypoperfusion intensity ratio and

thrombus length in patients with (a) ICA-T/L or proximal M1, and (b) distal M1 or M2 occlusions. Red and blue dots correspond to

individual patients with and without early recanalization, respectively. The shading and the concentric contour curves depict the

probability of post-thrombolysis early recanalization predicted by the multivariable logistic regression model (Table 2), which includes

HIR, thrombus length, occlusion site in two categories and the HIR�thrombus length interaction term. Red and blue shading cor-

responds to predicted probabilities of early post-thrombolysis recanalization over or beyond 50%, respectively. The contour curves

represent predicted probabilities of early recanalization equal to 80%, 60%, 40% and 20%. The interaction term in the model causes

the curvature of the contour lines and shows how the effect of HIR on the predicted probability of early recanalization differs with

thrombus length and vice versa.

HIR: hypoperfusion intensity ration; ICA-T/L: intracranial internal carotid artery occlusion; M1: first segment of the middle cerebral

artery; M2: second segment of the middle cerebral artery.
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outcome after both IVT and thrombectomy, which may
in turn help decision-making in early time windows,1,4,9

while infarct core measurement is now recommended
beyond 6 h to guide indications for thrombectomy.13

Our results underline another potential utility of perfu-
sion imaging, namely the use of HIR, which can be
quickly determined using automated software.38

Relevant to this point, CTP- and MR-derived Tmax

Figure 4. Typical patient with early recanalization. Thirty-five years old patient with left hemiparesis; MRI obtained 180 min after

stroke onset (baseline NIHSS¼8). (a) Diffusion-weighted imaging showing a right-sided deep lesion in the middle cerebral artery

territory (volume¼4 ml); (b) MRA showing a right proximal M1 occlusion (arrow); (c) Tmax� 6s lesion (yellow area, volume¼61 ml)

and Tmax� 10s lesion (orange area, volume¼19 ml) projected onto the fluid-attenuated inversion recovery sequence; corresponding

HIR¼31%; (d): T2*-imaging showing a small susceptibility vessel sign (arrow, 5 mm). Intravenous thrombolysis was started 210 min

after stroke onset and the patient was immediately transported to the angiosuite, where the first angiographic run (e, performed

45 min after thrombolysis start) showed early recanalization (mTICI score¼ 2b).

Figure 5. Typical patient without early recanalization. Sixty-six years old patient with right hemiparesis and dysphasia; MRI obtained 90 min

after stroke onset (baseline NIHSS¼22). (a) Diffusion-weighted imaging showing a left-sided deep and superficial lesion in the MCA territory

(volume¼28 ml); (b) MRA showing a left proximal M1 occlusion (arrow); (c) Tmax� 6 s lesion (yellow area, volume¼176 ml) and

Tmax� 10 s lesion (orange area, volume¼109 ml) projected onto the FLAIR sequence; corresponding HIR¼62%; (d) T2*-imaging showing a

long susceptibility vessel sign (arrow, 14 mm). IVTwas started 115 min after stroke onset and the patient was immediately transported to the

angiosuite, where the first angiographic run (e, performed 70 min after IVT start) showed persistent occlusion (mTICI score¼ 0).
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volumes have been found to be very similar when
assessed in the same patients.48

Of note, the stepwise selection process did not retain
other imaging markers of brain ischemia in the multi-
variable model, including the Tmax� 10s volume,
although replacing the HIR by the latter within the
model resulted in similar discrimination (data not
shown). Because the Tmax� 10s volume is intrinsic to
the HIR, the relationship between these two variables is
by definition complex. Further studies should clarify
the added value of the HIR over simple hypoperfusion
volumes. Contrary to two recent studies,19,20 we found
that the time elapsed between IVT start and recanaliza-
tion assessment was not associated with early recanali-
zation, which can be explained by the fact that the
present study covered shorter time-intervals, namely
the vast majority of patients were managed according
to the mothership paradigm (see Results).

Our study has several strengths. First, it is based on
a large multicentric sample of LVO patients referred for
thrombectomy since bridging therapy became standard
of care, thereby limiting potential selection biases typ-
ical of the pre-thrombectomy era. Also, patients with
early neurological improvement, in whom early recana-
lization was evaluated using non-invasive vascular ima-
ging, were also included, again limiting potential bias.
Second, the method used for HIR determination was
mostly automatized and therefore objective, using a
licensed and widely available software, and accordingly
the inter-rater reproducibility was excellent. Last, early
recanalization was assessed independently by two
experienced raters, reducing the risk of classification
errors.

This study also has limitations. First, the decision to
refer patients for thrombectomy was under the treating
physician, which might have induced bias. For instance,
patients with large core volumes may less likely be
referred for thrombectomy. That said, the median
DWI volume in our population (Table 1) was similar
to both DWI6 and CT-perfusion7 median core volumes
reported in recent thrombectomy trials. Second,
one-third of patients from our MR-assessed popula-
tion were excluded because PWI was not performed
or was of poor quality, which may have impacted
our results. Note, however, that the included and
excluded MRI populations had similar baseline
characteristics.

Conclusion

This mechanistic study revealed an association between
milder hypoperfusion severity and early post-IVT reca-
nalization. However, this association was statistically
robust only for thrombus length <14mm. Early post-
thrombolysis recanalization is therefore determined not

only by thrombus site and length but also by the sever-
ity of ischemia.
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