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Background: Hemorrhagic transformation (HT) is an important complication of
intravenous thrombolysis with alteplase. HT can show a wide range from petechiae to
parenchymal hematoma with mass effect with varying clinical impact. We studied clinical
and imaging characteristics of patients with HT and evaluated whether different types of
HT are associated with functional outcome.

Methods: We performed a post-hoc analysis of WAKE-UP, a multicenter, randomized,
placebo-controlled trial of MRI-guided intravenous alteplase in unknown onset stroke.
HT was assessed on follow-up MRI or CT and diagnosed as hemorrhagic infarction type
1 and type 2 (HI1 and HI2, combined as HlI), and parenchymal hemorrhage type 1 and
type 2 (PH1 and PH2, combined as PH). Severity of stroke symptoms was assessed
using the National Institutes of Health Stroke Scale (NIHSS) at baseline. Stroke lesion
volume was measured on baseline diffusion weighted imaging (DWI). Primary endpoint
was a favorable outcome defined as a modified Rankin Scale score 0-1 at 90 days.

Results: Of 483 patients included in the analysis, 95 (19.7%) showed Hl and 21 (4.4%)
had PH. Multiple logistic regression analysis identified treatment with alteplase (OR, 2.08
[95% Cl, 1.28-3.40]), baseline NIHSS score (OR, 1.11 [95% ClI, 1.05-1.17]), DWI lesion
volume (OR, 1.03 [95% CI, 1.01-1.05]), baseline glucose levels (OR, 1.01 [95% ClI,
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1.00-1.01]) and atrial fibrillation (OR, 3.02 [95% Cl, 1.57-5.80]) as predictors of any HT.
The same parameters predicted HI. Predictors of PH were baseline NIHSS score (OR,
1.11 [95% CI, 1.01-1.22]) and as a trend treatment with alteplase (OR, 2.40 [95% Cl,
0.93-6.96]). PH was associated with lower odds of favorable outcome (OR 0.25, 95%
[Cl 0.05-0.886]), while HI was not.

Conclusion:  Our results indicate that HI is associated with stroke severity,
cardiovascular risk factors and thrombolysis. PH is a rare complication, more frequent
in severe stroke and with thrombolysis. In contrast to HI, PH is associated with
worse functional outcome. The impact of HT after MRI-guided intravenous alteplase for
unknown onset stroke on clinical outcome is similar as in the trials of stroke thrombolysis

within a known early time-window.

Keywords: ischemic stroke, WAKE-UP, thrombolysis, intracerebral hemorrhage, hemorrhagic transformation

INTRODUCTION

Hemorrhagic transformation (HT) represents an important
complication of intravenous thrombolysis with alteplase for acute
ischemic stroke. However, HT of ischemic stroke can show a wide
range from small petechiae with no clinical impact to massive
parenchymal hematoma with space-occupying effect associated
with neurological deterioration. The following four subtypes
of HT have been distinguished radiologically: hemorrhagic
infarction type 1 (HI1; scattered small petechiae, no mass effect),
hemorrhagic infarction type 2 (HI2; confluent petechiae, no
mass effect), parenchymal hemorrhage type 1 (PH1; hematoma
within infarcted tissue, occupying < 30%, no substantive mass
effect) and parenchymal hemorrhage type 2 (PH2; hematoma
occupying 30% or more of the infarcted tissue, with obvious
mass effect) (1). In addition, intracerebral hemorrhage outside
infarcted brain tissue or intracranial-extracerebral hemorrhage
is considered a separate category, including subarachnoidal
hemorrhage and subdural hematoma. The clinical significance
of different types of HT after thrombolysis is a matter of
debate (2). While there is no doubt that massive HT, meeting
criteria of PH2, is likely to be associated with clinical worsening,
mere hemorrhagic infarction (HI) may also be understood as
a marker of successful recanalization into partially ischemic
damage with no adverse clinical effect (3, 4). Previous work
has suggested a different pathogenesis for HI and PH. While
HI might be a clinically irrelevant epiphenomenon of ischemic
damage and reperfusion, PH appears to be related to biological
effects of alteplase and other pre-existing pathologic conditions
and also carries the potential of clinical deterioration (4). At
the same time, it is still uncertain how—if at all—patients at
high risk of severe intracerebral hemorrhage after thrombolysis
can be identified beforehand based on clinical or imaging
characteristics. In the present study, our first objective was to
identify possible clinical and imaging parameters that predict
HT after acute ischemic stroke. Second, we aimed to study the
functional outcome of patients with different types of HT to
get further insights into the clinical significance of HT after
intravenous thrombolysis.

METHODS

Study Design

In this exploratory post-hoc analysis of the WAKE-UP trial,
we reviewed patients for intracerebral hemorrhage on follow-
up imaging 22-36 h after stroke. WAKE-UP was a multicenter,
randomized, double-blind, placebo-controlled clinical trial to
study the efficacy and safety of intravenous thrombolysis with
alteplase in patients with an acute stroke of unknown onset
time, guided by MRI. Inclusion criteria comprised the mismatch
between an acute ischemic lesion visible on diffusion-weighted
imaging (DWI) but with no corresponding marked parenchymal
hyperintensity on fluid-attenuated inversion recovery (FLAIR)
as a surrogate marker of lesion age, indicating that the stroke
had most likely occurred within 4.5h (5). Patients or their legal
representatives provided written informed consent according to
national and local regulations. There was an exception from
explicit informed consent in emergency circumstances in some
countries. For each study site, the competent authorities and
the corresponding ethics committee approved the trial. The
detailed trial protocol has been published together with its main
results (5). The trial was registered at ClinicalTrials.gov number
(NCT01525290) and EudraCT (2011-005906-32).

In this analysis, we examined demographic characteristics,
medical history, clinical and imaging data at baseline and
follow-up, including final follow-up at 90 days after stroke.
HT was assessed on MRI or, if MRI was not feasible, on CT
22-36h after randomization and categorized into established
radiologic subtypes HI1, HI2, PH1, PH2, and other hemorrhages
(1). Image reading was performed by the central image
reading board consisting of experienced neuroradiologists. For
statistical analysis, we collapsed the subtypes of HT into two
categories HI (HI1 and HI2), and PH (PH1 and PH2). Other
subtypes of hemorrhages outside the infarcted brain tissue or
intracranial-extracerebral hemorrhage were disregarded in the
current analysis. DWI lesions were segmented and quantified
on apparent diffusion coefficient (ADC) maps calculated from
DWTI using a semi-automated procedure based on an upper ADC
threshold of 620 mm?/s.
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Outcome Measures and Endpoints

Clinical outcome was assessed at 90 days after stroke. The
primary endpoint was favorable outcome defined as a score of
0-1 on the modified Rankin Scale (mRS). Secondary endpoint
in this analysis comprised the ordinal analysis of the mRS
(“shift analysis”).

Statistical Analysis

Baseline characteristics were compared between patients with
and without hemorrhage using Chi-square test, t-tests, ANOVA
or non-parametric Kruskall-Wallis test as appropriate. In
addition, multiple logistic regression analysis was used to assess
the association between HT and baseline clinical and imaging
characteristics in a joint model. To investigate the association
between HT and functional outcome, we fitted three separate
unconditional logistic regression models to associate the log
odds of achieving a mRS score of 0-1 with the occurrence
of any HT, HI, or PH. All models were adjusted for the
stratification parameters age and NIHSS score, treatment group,
and parameters that were predictive of any HT, HI, or PH in
multivariate analysis (i.e., baseline NIHSS score, baseline glucose
levels, atrial fibrillation (AF), and DWI lesion volume). Odds
ratios were tested against the null hypothesis of no association
using f-tests and presented with 95% confidence intervals
obtained from profiling the likelihood function. Associations
between HT and a shift in the distribution of mRS scores
were assessed by fitting ordinal logistic regression models under
the proportional odds assumptions with the same covariates as
above. All tests were carried out with a two-sided significance
level of 5% without correction for multiple comparisons.

RESULTS

Patient Characteristics

Of 503 patients randomized in WAKE-UP, follow-up imaging
and data on the primary endpoint was available for 486 patients.
Follow-up imaging was performed by MRI in 457 (94%) patients
and by CT in 29 patients (6%). Three patients with hemorrhage
outside the infarcted brain tissue were excluded from further
analysis. HT, either HI or PH, was present in 116 (24%) patients.
We observed HI1 in 44 (9.1%), HI2 in 51 (10.6%), PHI1 in
11 (2.3%), and PH2 in 10 (2.1%) patients. Figure 1 illustrates
the distribution of HT type in relation to the treatment group.
Subgroup analysis revealed that PH2 was more frequent with
alteplase as compared to placebo (3.7 vs. 0.41%, p = 0.01), while
HI1 (10.8 vs. 7.45%, p = 0.26), HI2 (12.9 vs. 8.3%, p = 0.14), and
PHI (2.5 vs. 2.1%, p = 0.99) did not show significant differences
between treatment groups.

Clinical and imaging characteristics of patients with and
without HT are shown in Table 1. Treatment with alteplase was
more prevalent in patients with HT (62 vs. 46%, p = 0.004). Those
with hemorrhage were more severely affected, with a higher
median NIHSS score on admission (9 vs. 5, p < 0.001), and
more often had cardiovascular comorbidities including AF (25
vs. 9%, p < 0.001) and diabetes mellitus (26 vs. 13%, p = 0.002).
Accordingly, medication with antidiabetics was more frequent
(23 vs. 11%, p = 0.001), and glucose levels on admission were
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FIGURE 1 | Distribution of Hemorrhages in relation to the treatment group.
Distribution of Hemorrhage in relation to the treatment groups shows that any
hemorrhage was more frequent in patients treated with alteplase. While HI
occurred in both treatment groups, PH was mainly seen in patients treated
with alteplase. ICH, intracerebral hemorrhage; HI1, hemorrhagic infarction type
1; HI2, hemorrhagic infarction type 2; PH1, parenchymal hemorrhage type 1;
PH2, parenchymal hemorrhage type 2.

higher in patients with HT (median 124 vs. 113 mg/dL, p <
0.001). DWI lesion volume at baseline was significantly higher
(median 7.33 vs. 1.53 mL, p < 0.001) in patients with hemorrhage.

Clinical and Imaging Predictors of

Hemorrhagic Transformation

For analysis, data from 29 patients were excluded due to
missing data (i.e, 1 patient without information on glucose
level and AF 11 patients without information on glucose levels,
7 patients without information on AF, and 10 patients in
whom quantification of DWI lesion volume was not possible).
Among all randomized patients, the following parameters were
associated with any HT on follow-up in multiple regression
analysis (see Table 2): treatment with alteplase (OR, 2.08 [95%
CI, 1.28-3.40]), baseline NIHSS score (OR, 1.11 [95% CI, 1.05-
1.17]), DWI lesion volume (OR, 1.03 [95% CI, 1.01-1.05]), serum
glucose levels (OR, 1.01 [95% CI, 1.00-1.01]), and AF (OR,
3.02 [95% CI, 1.57-5.80]). HI was predicted by treatment with
alteplase (OR, 1.73 [95% CI, 1.05-2.89]), baseline NIHSS score
(OR, 1.08 [95% CI, 1.02-1.14]), DWI lesion volume (OR, 1.03
[95% CI, 1.01-1.05]), serum glucose (OR, 1.01 [95% CI, 1.00-
1.01]), and AF (OR, 2.58 [95% CI, 1.32-4.97]). NIHSS score on
admission predicted the occurrence of PH (OR, 1.11 [95% CI,
1.01-1.22]), and there was a trend for an association of alteplase
treatment with PH (OR, 2.40 [95% CI, 0.93-6.96]).
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TABLE 1 | Baseline characteristics of patients with and without HT.

Patients, No. (%)

Variable No HT Any HT Group comparison HI PH Group comparison
(n =367) (n=116) No HT vs. any HT (n =95) (n=21) No HT vs. Hl vs.
p-value PH
p-value
Age, mean (SD), y 64.8 (11.7) 66.4 (10.9) 0.19 66.4 (11.3) 66.4 (9.38) 0.45
Female 128 (34.9) 44 (37.9) 0.63 36 (37.9) 8(38.1) 0.84
Medical history or risk factors
Arterial hypertension 187 (561.2) 67 (58.3) 0.23 58 (61.7) 9 (42.9) 0.12
Diabetes mellitus 48 (13.2) 30 (26.3) 0.002 28 (30.1) 2(9.5) 0.001
Hypercholesterolemia 128 (36.4) 46 (42.2) 0.32 43 (48.9) 3(14.3) 0.007
Atrial fibrillation 31(8.6) 28 (24.6) <0.001 23 (24.5) 5 (25) <0.001
History of ischemic stroke 49 (13.4) 17 (14.7) 0.85 15 (15.8) 2(9.5) 0.79
Medication classes
Antiplatelets 118 (32.2) 40 (34.5) 0.72 34 (35.9) 6 (28.6) 0.73
Statins 106 (28.9) 43 (37.1) 0.12 39 (41.1) 4(19) 0.04
Antihypertensives 173 (47.1) 62 (53.4) 0.28 52 (54.7) 10 (47.6) 0.42
Antidiabetics 40 (10.9) 27 (23.9) 0.001 26 (27.4) 1(4.8) <0.001
Laboratory parameters
Platelet count, median (IQR), 10%/uL 230 222 0.67 226 200 0.34
(191-273) (189-270) (188-281) (195-232)
Serum glucose, median (IQR), mg/dL 113 124 <0.001 124 124 0.001
(101-133) (107-164) (107-167) (110-146)
National Institute of Health Stroke Scale 5(3-8) 9 (6-15) <0.001 9 (5-15) 11 (6-12) <0.001
score, median (IQR)
Diffusion-weighted imaging lesion volume 1.53 7.33 <0.001 7.02 10.3 <0.001
at baseline, median (IQR), mL (0.61-5.68) (3.16-23) (8.12-22.7) (5.1-23.3)
Time from last-seen-well to treatment 605 660 0.044 658 690 0.12
initiation, median (IQR), min (485-714) (520-751) (637-739) (455-815)
Time from symptom recognition to 186 192 0.72 192 175 0.72
treatment initiation, median (IQR), min (155-230) (144-236) (146-234) (133-240)
Treatment with Alteplase 169 (46) 72 (62.1) 0.004 57 (60) 15 (71.4) 0.007

HT, hemorrhagic transformation; HI, hemorrhagic infarction; PH, parenchymal hemorrhage; SD, standard deviation, IQR, interquartile range.

Influence of Intracerebral Hemorrhage on

Stroke Outcome

Figure 2 shows the distribution of modified Rankin Scale scores
at 90 days after stroke by hemorrhage group. Multivariate
analysis adjusted for age, baseline NIHSS, treatment group, AE,
serum glucose and DWI lesion volume revealed an independent
association of PH with lower odds of favorable outcome.
Favorable outcome was observed in 3 of 21 patients (14.3%)
in the PH group and in 227 of 462 patients (49.1%) in the
group without PH [OR, 0.25 [95% CI, 0.05-0.86]; see Table 3]. In
ordinal analysis of the mRS at 90 days, PH was associated with a
shift toward worse functional outcomes (OR, 0.39 [95% CI, 0.17-
0.89]). Neither any HT nor HI showed a significant association
with outcome.

DISCUSSION

In this post-hoc analysis of HT after intravenous thrombolysis
for acute ischemic stroke in the WAKE-UP trial we demonstrate
that: (1) HI, although slightly more prevalent in alteplase-treated

patients, may occur as part of natural history of ischemic
stroke with or without thrombolysis, while severe HT was
more frequently seen in the context of alteplase treatment; (2)
treatment with alteplase, baseline NIHSS Score, DWI lesion
volume, serum glucose levels, and AF are predictors of HT and
HI, and (3) PH but not HI was associated with worse functional
outcome after correction for baseline predictors.

In our cohort, HT occurred in 18.2% of patients with placebo
and in 29.9% with alteplase. The observed rate of hemorrhage
was slightly lower as compared to a pooled analysis of previous
clinical trials of stroke thrombolysis, in which radiographic
evidence of HT occurred in 24.2% of placebo-treated patients
and 32.5% of alteplase-treated patients (6, 7). However, the
distribution between both groups was similar. The lower rate
of hemorrhage is also remarkable, as we used MRI for follow-
up imaging in the vast majority (>90%) of patients, and MRI
is known to be more sensitive to HT than CT (8), which
was the main follow-up imaging modality in the pooled stroke
thrombolysis trials. Amongst other factors, the overall lower rate
of HT in our population may be attributable to the trial design,
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which led to the exclusion of very elderly patients (>80 years
of age) as age was associated with HT in other studies (9-11).
The fact that our population was less severely affected with a
median NTHSS of 6 as compared to 11 in previous pooled stroke
thrombolysis trials may also have contributed to overall lower
rates of HT.

It has been suggested that the underlying mechanisms of HI
and PH differ from each other (12). Our results showed that
HI occurred in 15.7% of placebo-treated patients and 23.7% of
alteplase-treated patients. In contrast, PH is uncommon and was
found in only 2.5% of placebo-treated patients, but in 6.2% of
alteplase-treated patients. Especially PH2 (0.4 vs. 3.7%, p = 0.01)
was associated with intravenous thrombolysis. These findings

TABLE 2 | Clinical and imaging predictors of any HT, HI, and PH.

p-value  OR* (95% CI)

Predictors of any HT
< 0.001 1.11 (1.05-1.17

National Institute of Health Stroke Scale score ( )
0.004  1.01(1.00-1.01)
( )
( )

Baseline blood glucose

Atrial fibrillation < 0.001 3.02 (1.57-5.80
Diffusion-weighted imaging lesion volume at 0.005 1.03 (1.01-1.05
baseline, mL

Age, y 0.32 1.01 (0.99-1.04)
Treatment with Alteplase 0.003 2.08 (1.28-3.40)

Predictors of HI

National Institute of Health Stroke Scale score 0.005 1.08 (1.02-1.14)
Baseline blood glucose 0.003 1.01 (1.00-1.01)
Atrial fibrillation 0.005 2.58 (1.32-4.97)
Diffusion-weighted imaging lesion volume at 0.006 1.08 (1.01-1.05)
baseline, mL

Age, y 0.42 1.01 (0.99-1.04)
Treatment with Alteplase 0.033 1.73 (1.05-2.89)

Predictors of PH

National Institute of Health Stroke Scale score 0.027 1.11 (1.01-1.22)
Baseline blood glucose 0.90 1.00 (0.99-1.01)
Atrial fibrillation 0.26 1.90 (0.57-5.43)
Diffusion-weighted imaging lesion volume at 0.80 1.00 (0.97-1.04)
baseline, mL

Age, y 0.58 1.01 (0.97-1.07)
Treatment with Alteplase 0.08 2.40 (0.93-6.96)

HT, hemorrhagic transformation; HI, hemorrhagic infarction; PH, parenchymal
hemorrhage; OR, odds ratio; Cl, confidence interval. *multiple logistic regression analysis.

are in line with previous studies, that showed that HI is also
encountered without the use of thrombolytic agents and thus
occurs as a part of natural history of ischemic stroke, while severe
PH appears mainly attributable to biological effects of treatment
with alteplase (12).

However, the coagulopathy induced by alteplase is not the
only determinant of HT occurring after ischemic stroke. We
additionally identified NIHSS score and DWI lesion volume on
admission, blood glucose levels and AF as independent predictors
of HT. The same risk factors were observed for HI, which
accounts for the majority of HTs (i.e., 82%). These results are in
line with previous findings. DWI lesion volume was associated
with the occurrence of HT/HI (13). Higher NIHSS score values,
which were also associated with HT, also reflect more severe
strokes and larger infarcts (4). The association of AF with HT that
we observed in our analysis has also been reported in previous
studies (14-16). AF is associated with higher volumes of more
severe baseline hypoperfusion leading to greater infarct growth
(17). The more severe ischemia with this type of stroke has
been postulated to damage blood vessel integrity, resulting in
increased HT, especially with reperfusion (18). Elevated glucose
levels are usually considered to be a risk factor for HT, especially
in the setting of thrombolysis (19). Accordingly, in our study
patients with HT had higher baseline glucose levels. Experimental
studies have suggested that several pathological mechanisms, e.g.,
increased activity of matrix metalloproteinases and enhanced
apoptosis of smooth muscle cells, might result in diffuse damage
of the microvasculature and thus increase infarct size and risk of
HT (20).

Although the absolute difference between the percentage
of patients treated with alteplase in the PH and no HT
group was high (71 vs. 46%), multiple regression analysis
failed to demonstrate a significant association of alteplase
treatment with PH (p = 0.08). In our study, solely NIHSS
score on admission was significantly associated with PH (p
= 0.027). The reviewed literature additionally identifies large
lesions attributable to cardioembolism, hyperglycemia, extent of
parenchymal hypoattenuation on baseline CT scan, a history
of congestive heart failure, increasing age, and baseline systolic
blood pressure as predictors of PH (9, 21, 22). We assume that the
low number of patients with PH in our study limits the statistical
power to detect possible associations of risk factors with PH.

Previous studies have suggested that most types of HT in acute
stroke do not have a relevant effect on the clinical outcome in

TABLE 3 | Association of any HT, HI, and PH with favorable functional outcome.

Type of hemorrhage
Any HT (HI and PH) HI PH
Assessment Variable at 90 days OR* (95% CI) p-value OR* (95% CI) p-value OR* (95% CI) p-value
Primary end point (Modified Rankin Scale score 0-1) 0.64 (0.37-1.09) 0.10 0.83 (0.47-1.46) 0.52 0.25 (0.05-0.86) 0.043
Secondary end point (“Shift analysis”) 0.69 (0.46-1.06) 0.09 0.88 (0.57-1.36) 0.56 0.39 (0.17-0.89) 0.026

*Multiple logistic regression analysis including age > 60, baseline NIHSS score > 10, DWI lesion volume, treatment with alteplase, baseline glucose, and atrial fibrillation. HT, hemorrhagic
transformation; HI, hemorrhagic infarction; PH, parenchymal hemorrhage; OR, odds ratio,; Cl, confidence interval.
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FIGURE 2 | Distribution of Modified Rankin Scale scores at 90 days after stroke by hemorrhage groups. Modified Rankin Scale scores range from 0 to 6 (0, no
symptoms; 1, no clinically significant disability; 2, slight disability; 3, moderate disability; 4, moderately severe disability; 5, severe disability; and 6, death). HT,
hemorrhagic transformation; HI, hemorrhagic infarction; PH, parenchymal hemorrhage.
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the majority of cases. On the contrary it has been suggested that
mild to moderate HT represents a marker of successful treatment
and vascular recanalization (4, 23, 24). In support of this notion,
in our analysis HI was not associated with poor outcome at 3
months. In contrast and in agreement with previous studies, PH
was associated with worse functional outcome (2, 9).

There are limitations to our study. Due to the observational
design of the analysis of hemorrhage, we cannot claim a causal
relationship between hemorrhage and functional outcome. In
addition, as study inclusion and exclusion criteria entailed
a selected and relatively young sample of stroke patients,
generalizability of our results is limited. Finally, the small number
of patients with severe intracerebral hemorrhagic complications
limits the statistical power of our analysis.

CONCLUSION

HT is a frequent observation in acute ischemic stroke and more
frequent with intravenous thrombolysis as compared to placebo.
Our results support the hypothesis that HI pathogenesis may
be related to stroke severity, cardiovascular risk factors and
thrombolysis but does not negatively influence stroke outcome.
PH is a rare complication, more frequent in severe stroke and
after treatment with alteplase, and is associated with worse
functional outcome. The impact of HT in the WAKE-UP trial of
MRI-guided intravenous alteplase for unknown onset stroke on
clinical outcome is similar as in the trials of stroke thrombolysis
within a known early time-window.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the ethics committee of the Hamburg
chamber of physicians, Weidestr. 122b, 22083 Hamburg,
Germany was the primary ethics committee that
approved the trial (PVN3857). For each study site, the
competent authorities and the corresponding ethics
committee approved the trial. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

MJ] and GT developed the study protocol, interpreted the
data, and drafted the manuscript. ES and FB provided support
with statistical analysis. BC, MEb, MEn, JBE, JE IG, VT,
RL, KM, NN, SP, CS, CG, and GT collected data. ES, BC,
IL, FQ, FB, MEb, MEn, JBE JE IG, VT, RL, KM, NN, SP,
CS, and CG interpreted the data and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

WAKE-UP received funding from the European Union Seventh
Framework Program [FP7/2007-2013] under grant agreement
no. 278276 (WAKE-UP). The European Union Seventh
Framework Program [FP7/2007-2013] had no role in the design
and conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manuscript
for publication.

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 957


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jensen et al.

HT After IVT in WAKE-UP

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. von Kummer R, Broderick JP, Campbell BC, Demchuk A, Goyal M, Hill MD,

et al. The Heidelberg bleeding classification: classification of bleeding events
after ischemic stroke and reperfusion therapy. Stroke. (2015) 46:2981-6.
doi: 10.1161/STROKEAHA.115.010049

. Berger C, Fiorelli M, Steiner T, Schabitz WR, Bozzao L, Bluhmki E, et al.

Hemorrhagic transformation of ischemic brain tissue: asymptomatic or
symptomatic? Stroke. (2001) 32:1330-5. doi: 10.1161/01.STR.32.6.1330

. Fiehler J, Remmele C, Kucinski T, Rosenkranz M, Thomalla G, Weiller C,

et al. Reperfusion after severe local perfusion deficit precedes hemorrhagic
transformation: an MRI study in acute stroke patients. Cerebrovasc Dis. (2005)
19:117-24. doi: 10.1159/000083180

. Thomalla G, Sobesky ], Kohrmann M, Fiebach JB, Fiehler J, Zaro Weber

O, et al. Two tales: hemorrhagic transformation but not parenchymal
hemorrhage after thrombolysis is related to severity and duration of
ischemia: MRI study of acute stroke patients treated with intravenous
tissue plasminogen activator within 6 hours. Stroke. (2007) 38:313-8.
doi: 10.1161/01.STR.0000254565.51807.22

. Thomalla G, Simonsen CZ, Boutitie F, Andersen G, Berthezene Y, Cheng B,

et al. MRI-guided thrombolysis for stroke with unknown time of onset. N Engl
] Med. (2018) 379:611-22. doi: 10.1056/NEJMoa1804355

. Yaghi S, Willey JZ, Cucchiara B, Goldstein JN, Gonzales NR, Khatri P, et al.

Treatment and outcome of hemorrhagic transformation after intravenous
alteplase in acute ischemic stroke: a scientific statement for healthcare
professionals from the American Heart Association/American Stroke
Association. Stroke. (2017) 48:e343-61. doi: 10.1161/STR.0000000000000152

. Lees KR, Bluhmki E, von Kummer R, Brott TG, Toni D, Grotta JC, et al. Time

to treatment with intravenous alteplase and outcome in stroke: an updated
pooled analysis of ECASS, ATLANTIS, NINDS, and EPITHET trials. Lancet.
(2010) 375:1695-703. doi: 10.1016/S0140-6736(10)60491-6

. Arnould MC, Grandin CB, Peeters A, Cosnard G, Duprez TP. Comparison

of CT and three MR sequences for detecting and categorizing early (48
hours) hemorrhagic transformation in hyperacute ischemic stroke. AJNR Am
J Neuroradiol. (2004) 25:939-44.

. Larrue V, von Kummer RR, Muller A, Bluhmki E. Risk factors for

severe hemorrhagic transformation in ischemic stroke patients treated with
recombinant tissue plasminogen activator: a secondary analysis of the
European-Australasian Acute Stroke Study (ECASS II). Stroke. (2001) 32:438-
41. doi: 10.1161/01.STR.32.2.438

Hacke W, Donnan G, Fieschi C, Kaste M, von Kummer R, Broderick JP,
et al. Association of outcome with early stroke treatment: pooled analysis of
ATLANTIS, ECASS, and NINDS rt-PA stroke trials. Lancet. (2004) 363:768—
74. doi: 10.1016/S0140-6736(04)15692-4

Tanne D, Kasner SE, Demchuk AM, Koren-Morag N, Hanson S, Grond M,
et al. Markers of increased risk of intracerebral hemorrhage after intravenous
recombinant tissue plasminogen activator therapy for acute ischemic stroke
in clinical practice: the Multicenter rt-PA Stroke Survey. Circulation. (2002)
105:1679-85. doi: 10.1161/01.CIR.0000012747.53592.6A

Cerebral Embolism Study Group. Immediate anticoagulation of embolic
stroke: brain hemorrhage and management options. Stroke. (1984) 15:779-89.
doi: 10.1161/01.STR.15.5.779

Selim M, Fink JN, Kumar S, Caplan LR, Horkan C, Chen Y, et al.
Predictors of hemorrhagic transformation after intravenous recombinant
tissue plasminogen activator: prognostic value of the initial apparent diffusion
coefficient and diffusion-weighted lesion volume. Stroke. (2002) 33:2047-52.
doi: 10.1161/01.STR.0000023577.65990.4E

He W, Ruan Y, Yuan C, Cheng Q, Cheng H, Zeng Y, et al. High
neutrophil-to-platelet ratio is associated with hemorrhagic transformation
in patients with acute ischemic stroke. Front Neurol. (2019) 10:1310.
doi: 10.3389/fneur.2019.01310

Nogueira RG, Gupta R, Jovin TG, Levy EI, Liebeskind DS, Zaidat OO,
et al. Predictors and clinical relevance of hemorrhagic transformation after
endovascular therapy for anterior circulation large vessel occlusion strokes: a
multicenter retrospective analysis of 1122 patients. ] Neurointerv Surg. (2015)
7:16-21. doi: 10.1136/neurintsurg-2013-010743

Tan S, Wang D, Liu M, Zhang S, Wu B, Liu B. Frequency and
predictors of spontaneous hemorrhagic transformation in ischemic
stroke and its association with prognosis. J Neurol. (2014) 261:905-12.
doi: 10.1007/s00415-014-7297-8

17. Tu HT, Campbell BC, Christensen S, Desmond PM, De Silva DA, Parsons
MW, et al. Worse stroke outcome in atrial fibrillation is explained by more
severe hypoperfusion, infarct growth, and hemorrhagic transformation. Int J
Stroke. (2015) 10:534-40. doi: 10.1111/ijs.12007

18. Campbell BC, Christensen S, Butcher KS, Gordon I, Parsons MW,
Desmond PM, et al. Regional very low cerebral blood volume predicts
hemorrhagic transformation better than diffusion-weighted imaging volume
and thresholded apparent diffusion coefficient in acute ischemic stroke.
Stroke. (2010) 41:82-8. doi: 10.1161/STROKEAHA.109.562116

19. Demchuk AM, Morgenstern LB, Krieger DW, Linda Chi T, Hu W, Wein TH,
et al. Serum glucose level and diabetes predict tissue plasminogen activator-
related intracerebral hemorrhage in acute ischemic stroke. Stroke. (1999)
30:34-9. doi: 10.1161/01.STR.30.1.34

20. Kerenyi L, Kardos L, Szasz J, Szatmari S, Bereczki D, Hegedus K, et al.
Factors influencing hemorrhagic transformation in ischemic stroke:
a clinicopathological comparison. Eur ] Neurol. (2006) 13:1251-5.
doi: 10.1111/j.1468-1331.2006.01489.x

21. Paciaroni M, Agnelli G, Corea F, Ageno W, Alberti A, Lanari A, et al. Early
hemorrhagic transformation of brain infarction: rate, predictive factors, and
influence on clinical outcome: results of a prospective multicenter study.
Stroke. (2008) 39:2249-56. doi: 10.1161/STROKEAHA.107.510321

22. Bruno A, Levine SR, Frankel MR, Brott TG, Lin Y, Tilley BC, et al.
Admission glucose level and clinical outcomes in the NINDS rt-
PA stroke trial. Neurology. (2002) 59:669-74. doi: 10.1212/WNL.59.
5.669

23. Molina CA, Alvarez-Sabin ], Montaner J, Abilleira S, Arenillas JE, Coscojuela
P, et al. Thrombolysis-related hemorrhagic infarction: a marker of early
reperfusion, reduced infarct size, and improved outcome in patients
with proximal middle cerebral artery occlusion. Stroke. (2002) 33:1551-6.
doi: 10.1161/01.STR.0000016323.13456.E5

24. von Kummer R. Brain hemorrhage after thrombolysis: good or
bad? Stroke. (2002) 33:1446-7. doi: 10.1161/01.STR.0000016923.99
605.75

Conflict of Interest: FB reports grants from University Medical Center Hamburg-
Eppendorf during the conduct of the study. BC reports grants from European
Union 7th Framework Program during the conduct of the study. MEb reports
grants from European Union 7th Framework Program during the conduct of the
study. MEn reports grant support from Bayer, the German Research Foundation
(DFG), the German Federal Ministry of Education and Research (BMBF), the
German Center for Neurodegenerative Diseases (DZNE), the German Center for
Cardiovascular Research (DZHK), the European Union, Corona Foundation, and
Fondation Leducgq; and fees paid to the Charité from Bayer, Boehringer Ingelheim,
Bristol-Myers Squibb, Pfizer, Daiichi Sankyo, Amgen, GlaxoSmithKline, Sanofi,
Covidien, Novartis, all outside the submitted work. JBF reports grants from
European Union 7th Framework Program during the conduct of the study and
personal fees from Bioclinica, Artemida, Cerevast, Brainomix, BMS, Merck, Eisai,
Biogen, Guerbet, and Nicolab outside the submitted work. JF reports grants and
personal fees from Acandis, personal fees from Cerenovus, grants and personal
fees from Medtronic, grants and personal fees from Microvention, personal fees
from Penumbra, personal fees from Route92, outside the submitted work. IG
reports grants from European Union 7th Framework Program during the conduct
of the study. VT reports grants from European Union 7th Framework Program
during the conduct of the study, and personal fees and non-financial support
from Boehringer Ingelheim, Pfizer/BMS, Bayer, Sygnis, Amgen and Allergan,
outside the submitted work. RL reports institutional fees from Bayer, Boehringer
Ingelheim, Genentech, Ischemiaview, Medtronic and Occlutech outside the
submitted work. KM reports grants from European Union 7th Framework
Program during the conduct of the study, and personal fees and non-financial
support from Boehringer Ingelheim, outside the submitted work. SP reports grants
from European Union 7th Framework Program during the conduct of the study.
CS reports grants from Novo Nordisk Foundation and personal fees from Bayer,
outside the submitted work. CG reports, outside the submitted work, funding
from German Research Council (DFG), European Union, Federal Ministry of
Education and Research (BMBF), German Statutory Pension Insurance Scheme
(RV Nord), National Innovation Fond, Wegener Foundation, Hertie Foundation,
and Schilling Foundation, and received, outside the submitted work, personal fees
from Abbott, Amgen, Bayer Vital, Bristol-Myers-Squibb, Boehringer Ingelheim,
Daiichi-Sankyo, Sanofi Aventis, and Prediction Biosciences. GT reports grants
from European Union 7th Framework Program during the conduct of the study

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 957


https://doi.org/10.1161/STROKEAHA.115.010049
https://doi.org/10.1161/01.STR.32.6.1330
https://doi.org/10.1159/000083180
https://doi.org/10.1161/01.STR.0000254565.51807.22
https://doi.org/10.1056/NEJMoa1804355
https://doi.org/10.1161/STR.0000000000000152
https://doi.org/10.1016/S0140-6736(10)60491-6
https://doi.org/10.1161/01.STR.32.2.438
https://doi.org/10.1016/S0140-6736(04)15692-4
https://doi.org/10.1161/01.CIR.0000012747.53592.6A
https://doi.org/10.1161/01.STR.15.5.779
https://doi.org/10.1161/01.STR.0000023577.65990.4E
https://doi.org/10.3389/fneur.2019.01310
https://doi.org/10.1136/neurintsurg-2013-010743
https://doi.org/10.1007/s00415-014-7297-8
https://doi.org/10.1111/ijs.12007
https://doi.org/10.1161/STROKEAHA.109.562116
https://doi.org/10.1161/01.STR.30.1.34
https://doi.org/10.1111/j.1468-1331.2006.01489.x
https://doi.org/10.1161/STROKEAHA.107.510321
https://doi.org/10.1212/WNL.59.5.669
https://doi.org/10.1161/01.STR.0000016323.13456.E5
https://doi.org/10.1161/01.STR.0000016923.99605.75
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jensen et al.

HT After IVT in WAKE-UP

and personal fees from Acandis, Boehringer Ingelheim, BMS/Pfizer, Stryker,
Daiichi Sankyo, grants and personal fees from Bayer, grants from Corona
Foundation, German Innovation Fonds and Else Kroener Fresenius Foundation,
outside the submitted work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Jensen, Schlemm, Cheng, Lettow, Quandt, Boutitie, Ebinger,
Endres, Fiebach, Fiehler, Galinovic, Thijs, Lemmens, Muir, Nighoghossian, Pedraza,
Simonsen, Gerloff and Thomalla. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 957


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Clinical Characteristics and Outcome of Patients With Hemorrhagic Transformation After Intravenous Thrombolysis in the WAKE-UP Trial
	Introduction
	Methods
	Study Design
	Outcome Measures and Endpoints
	Statistical Analysis

	Results
	Patient Characteristics
	Clinical and Imaging Predictors of Hemorrhagic Transformation
	Influence of Intracerebral Hemorrhage on Stroke Outcome

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


