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AbSTrACT
background and purpose hemorrhagic 
transformation (hT) is a complication that may cause 
neurological deterioration in patients with acute ischemic 
stroke. Various radiological subtypes of hT can be 
distinguished. Their influence on functional outcome is 
currently unclear. The purpose of this study was to assess 
the associations between hT subtypes and functional 
outcome in acute ischemic stroke patients with proven 
large vessel occlusion included in the Mr clean trial 
(Multicenter randomized clinical Trial of endovascular 
Treatment for acute ischemic stroke in The netherlands).
Methods all patients with follow-up imaging were 
included. hT was classified on follow-up cT scans 
according to the european cooperative acute stroke study 
ii classification. Functional outcome was assessed using 
the modified rankin scale (mrs) 90 days after stroke 
onset. Ordinal logistic regression analysis with adjustment 
for potential confounders was used to determine the 
association of hT subtypes with functional outcome.
results Of 478 patients, 222 had hT. Of these, 76 
(16%) patients were classified as hemorrhagic infarction 
type 1, 71 (15%) as hemorrhagic infarction type 2, 36 
(8%) as parenchymal hematoma type 1, and 39 (8%) as 
parenchymal hematoma type 2. hemorrhagic infarction 
type 2 (adjusted common Or (acOr) 0.54, 95% ci: 0.32 
to 0.89) and parenchymal hematoma type 2 (acOr 0.37, 
95% ci 0.17 to 0.78) were significantly associated with 
a worse functional outcome. hemorrhagic infarction 
type 1 and parenchymal hematoma type 1 were not 
significantly associated, although their point estimates 
pointed in the direction of worse outcome.
Conclusion This study suggests that parenchymal 
hematoma type 2 is relevant for functional outcome after 
an acute ischemic stroke, and smaller hTs might also 
influence long term functional outcome.
Trail registration number isrcTn10888758.

InTroduCTIon
Hemorrhagic transformation (HT) manifests as 
natural progression of acute ischemic stroke (AIS) or 
a complication of thrombolytic treatment1 2 and can 
cause neurological deterioration.1 With the recent 
introduction of endovascular treatment (EVT) as 
standard of care in AIS, the effect of HT on outcome 

has gained increased interest.3–7 Based on the radio-
logical appearance, HT is categorized as hemorrhagic 
infarction (HI) or parenchymal hematoma (PH).8 
Both types have been subdivided into small and large 
subtypes (suffixes 1 and 2, respectively). Some hemor-
rhages cause acute neurological deterioration and are 
classified as symptomatic intracranial hemorrhage 
(sICH). No significant differences in the incidence 
of sICH between patients treated with and without 
EVT have been observed.3–7 The incidence of HT in 
these patients has not been reported. In most sICHs 
the underlying hemorrhages are large.8 9 Therefore, 
it has been suggested that the patient’s well being is 
not influenced by the small hemorrhage subtypes, 
HI1, HI2, and PH1.10 Some studies even suggest 
that HI is associated with better functional outcome 
than patients without HI because it is a sign of early 
revascularization.11 12 However, as some patients 
with HI show acute neurological deterioration, the 
impact of HI on functional outcome might be under-
estimated.13 Even though, most patients with HI do 
not show acute neurological deterioration, it could 
still have a negative impact on long term functional 
outcome.14

The main purpose of this study was to deter-
mine the incidence of HT and assess the association 
between subtypes of HT and functional outcome, 
approximately 90 days after stroke onset in the MR 
CLEAN trial population (Multicenter Randomized 
Clinical Trial of Endovascular Treatment for Acute 
Ischemic stroke in The Netherlands).3

MeThodS
MR CLEAN was a prospective, multicenter, 
randomized clinical trial that assessed the efficacy 
and safety of EVT compared with usual treatment in 
patients with AIS in The Netherlands. Patients with 
a proximal intracranial large vessel occlusion of the 
anterior circulation who could be treated within 
6 hours after symptom onset were included in MR 
CLEAN. The MR CLEAN design and outcomes 
have been previously presented in detail.3 15

A central medical ethics committee and the research 
boards of all participating centers accepted the MR 
CLEAN trial. Written informed consent was obtained 
from all patients or their legal representative.
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In this post hoc analysis, all patients with follow-up imaging 
were eligible for inclusion. HT was classified according to the 
European Cooperative Acute Stroke Study II (ECASS II) classi-
fication.8 Hemorrhagic infarction 1 (HI1) was defined as small 
petechiae along the margins of the infarct; hemorrhagic infarc-
tion 2 (HI2) as confluent petechiae within the infarcted area but 
no space occupying effect; parenchymal hematoma 1 (PH1) as 
blood clots in 30% or less of the infarcted area with some slight 
space occupying effect; and parenchymal hematoma 2 (PH2) as 
blood clots in more than 30% of the infarcted area with substan-
tial space occupying effect.8 HT was identified by two experi-
enced observers from the core imaging committee. Patients with 
any ICH and neurological deterioration (increase of 4 points on 
the National Institute of Health Stroke Scale (NIHSS)) were clas-
sified as sICH.3

Follow-up imaging acquired at approximately 5 days was 
examined to reduce the chance of contrast staining being clas-
sified as HT. When 5 day follow-up imaging was not available, 
24 hour follow-up imaging was used for classification of HT. HI 
rates at 24 hour and 5 day follow-up imaging were compared to 
detect possible overestimation of HI due to contrast staining. 
Functional outcome was defined according to the modified 
Rankin Scale (mRS) assessed at 90 days (±14 days) after AIS 
onset. The mRS is a score to assess functional outcome and 
ranges from 0 to 6, where 0 indicates ‘no symptoms’ and 6 
‘death’.

Statistical analysis
HT was divided in four groups; HI1, HI2, PH1, and PH2.8 The 
effect of HI1, HI2, PH1, and PH2 on functional outcome, with 
no HT as the reference level, was assessed using multivariable 
ordinal logistic regression analysis. Functional outcome was 
assessed on the full mRS at 90 days. Differences in outcome 
between subgroups were estimated as a common OR, which 
summarizes the shift in the direction of a better outcome on 
the mRS. Common ORs <1 signify a shift in the direction of 
worse outcomes. Adjustment for potential confounders included 
diabetes mellitus, systolic blood pressure, intravenous throm-
bolysis (IVT), EVT, time from onset to randomization, history 
of ischemic stroke, age, atrial fibrillation, and follow-up lesion 
volume. Follow-up lesion volume was determined using a vali-
dated automated measurement including both the infarct and 
hemorrhage volume.16 Additionally, we report the median 
follow-up lesion volume for all HT subgroups. The association 
of sICH with full scale functional outcome was analyzed sepa-
rately using ‘no sICH’ as reference. As it is highly likely that 
acute neurological deterioration in patients with sICH was 
caused by hemorrhage and these hemorrhages are mostly large, 
we adjusted for the same potential confounders as mentioned 
above, excluding follow-up lesion volume.

As a secondary outcome we dichotomized mRS (mRS 0–2 vs 
3–6) and assessed the association of HT with good functional 
outcome (mRS 0–2) using multivariable logistic regression. We 
adjusted for the same potential confounders as the primary 
analysis.

Due to death, decreased kidney function, or insufficient scan 
quality, there were no analyzable 24 hour follow-up CT angio-
graphs to evaluate recanalization rate for 96 patients. With the 
large amount of missing values, we chose not to include recanal-
ization rate in the multivariable analysis. Recanalization rate is 
very important to functional outcome and although we adjusted 
for EVT and IVT, which are the two major factors causing reca-
nalization, we conducted a sensitivity analysis with the patients 
for which recanalization rate could be assessed.

Patient characteristics were compared using the Χ2 test for 
trend for categorical data, one way ANOVA for normally distrib-
uted continuous data, and the Kruskal–Wallis test for non-nor-
mally distributed continuous data. The statistical analysis was 
performed using R (R Core Team (V.3.4.2 (2017); R: A language 
and environment for statistical computing, R Foundation for 
Statistical Computing, Vienna, Austria; used packages rms,17 
ggplot2,18 and tableone19).

reSulTS
Twenty-two patients were excluded because of missing follow-up 
imaging due to death. Of the remaining 478 patients, 361 
(76%) had follow-up CT imaging at approximately 5 days. For 
117 (25%) patients, 24 hour follow-up CT was assessed. Of 
all included patients, 222 patients had HT (46%); 16% HI1 
(n=76), 15% HI2 (n=71), 7.5% PH1 (n=36), and 8.2% PH2 
(n=39). Baseline characteristics were evenly distributed 
between all groups except for NIHSS score (P=0.002), atrial 
fibrillation (P=0.003), systolic blood pressure (P<0.001), and 
follow-up lesion volume (P<0.001) (table 1). HI rates did not 
differ between 24 hour and 5 day follow-up imaging. Thirty-six 
patients were classified with HI on 24 hour CT scans (31%) and 
111 patients on 5 day follow-up CT scans (31%).

Primary outcome
The mRS distribution for the individual HT subtypes is shown 
in figure 1. Twenty-three (66%) of the 35 patients with sICH 
died. For HI1, HI2, PH1, and PH2, these rates were 17%, 
28%, 19%, and 46%, respectively. In patients without HT, 18% 
died. None of the patients with any HT had a score of 0 on the 
mRS. After adjustment for potential confounders, PH2 and HI2 
were significantly associated with a worse functional outcome 
(adjusted common OR (acOR) 0.37, 95% CI 0.17 to 0.78 and 
0.54, 95% CI 0.32 to 0.89, respectively). For HI1 and PH1, 
the point estimates also were in the direction of worse outcome 
but were not statistically significant (table 2). Patients with HT 
had larger lesion volumes than patients without HT (P<0.001) 
figure 2).

Of the patients with sICH, 28 had PH2 (80%), 2 had PH1 
(5.7%), 2 had HI2 (5.7%), 1 had HI1 (2.9%), and 2 patients had 
a subarachnoid hemorrhage (5.7%). Both patients with symp-
tomatic PH1 died, as did one of the patients with symptomatic 
HI2. The other patient with symptomatic HI2 had a moderately 
severe disability (mRS 4) as did the patient with symptomatic 
HI1. Two patients with sICH due to PH2 underwent hemicra-
niectomy. Of the 37 patients with PH2, 27 were classified as 
sICH (73%). Patients with sICH had a strong association with 
a worse functional outcome (acOR 0.17, 95% CI 0.08 to 0.35).

Secondary outcome
In the adjusted analysis of the association of HT with functional 
outcome on a dichotomous scale, only HI1 (acOR 0.35, 95% CI 
0.13 to 0.85) and PH2 (acOR 0.22, 95% CI 0.03 to 0.96) 
were significantly associated with a poor functional outcome 
(table 2). HI2 and PH1 were not significantly associated with 
this secondary outcome measure.

recanalization rate
In the sensitivity analysis in which recanalization rate was 
included in the analysis, in the analysis using the full mRS 
scale, HI2 (acOR 0.37, 95% CI 0.21 to 0.67) and PH2 (acOR 
0.21, 95% CI 0.08 to 0.53) were significantly associated with 
a worse functional outcome. In the analysis using the mRS as 
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Table 1 Patient characteristics

no hT
(n=256)

hI1
(n=76)

hI2
(n=71)

Ph1
(n=36)

Ph2
(n=39) P values

EVT (n (%)) 111 (43.4) 28 (36.8) 35 (49.3) 21 (58.3) 17 (43.6) 0.286

Treatment with IV alteplase (n (%)) 228 (89.1) 66 (86.8) 65 (91.5) 33 (91.7) 36 (92.3) 0.398

Age (years) (mean (SD)) 64 (14.3) 65 (12.6) 66 (12.9) 64 (14.8) 68 (14.1) 0.406

Baseline NIHSS (mean (SD)) 17 (5.7) 19 (6.1) 18 (4.4) 18 (4.3) 19 (4.8) 0.002

History of ischemic stroke (n (%)) 26 (10.2) 7 (9.2) 8 (11.3) 1 (2.8) 9 (23.1) 0.233

Atrial fibrillation (n (%)) 58 (22.7) 17 (22.4) 25 (35.2) 15 (41.7) 14 (35.9) 0.003

Diabetes mellitus (n (%)) 27 (10.5) 13 (17.1) 9 (12.7) 5 (13.9) 7 (17.9) 0.192

Systolic blood pressure (mm Hg) (mean (SD)) 143 (22.4) 144 (26) 142 (27.5) 153 (23.6) 160 (31.4) <0.001

Time from stroke onset to randomization per 10 min (median 
(IQR))

19 (15–25) 22 (15–26) 21 (16–28) 21 (17–29) 22 (18–27) 0.112

ASPECTS (median (IQR))* 9 (8–10) 9 (7–10) 8 (7–10) 9 (7–10) 9 (7–10) 0.058

Collateral score (n (%))† 0.205

  Good collaterals 84 (33.1) 11 (14.9) 17 (23.9) 6 (16.7) 9 (24.3)

  Moderate collaterals 100 (39.4) 32 (43.2) 29 (40.8) 12 (33.3) 16 (43.2)

  Poor collaterals 70 (27.6) 31 (41.9) 25 (35.2) 18 (50) 12 (32.4)

  Follow-up lesion volume (median (IQR))‡ 47 (18–118) 132 (58–207) 120 (78–243) 172 (97–274) 165 (93–323) <0.001

Recanalization rate (n (%))§ 0.928

  No recanalization 50 (23) 19 (32.8) 13 (21.3) 6 (24) 2 (9.5)

  Incomplete, no distal flow 11 (5.1) 5 (8.6) 8 (13.1) 1 (4) 1 (4.8)

  Incomplete, any distal flow 30 (13.8) 10 (17.2) 12 (19.7) 8 (32) 3 (14.3)

  Complete recanalization 126 (58.1) 24 (41.4) 28 (45.9) 10 (40) 15 (71.4)

  Symptomatic ICH (n (%)) 2 (0.8) 1 (1.3) 2 (2.8) 2 (5.6) 28 (72)

*ASPECTS was missing for four patients
†Collateral score was assessed on baseline CT angiography as poor collaterals (0% and >50% filling of occluded area), moderate collaterals (filling of 50% and >100% of the 
occluded area), and good collaterals (100% filling). Collateral score was not available for six patients.
‡Follow-up lesion volume was not available for 13 patients due to death or insufficient scan quality.
§24 hour follow-up CT angiography to evaluate recanalization rate was not available for 96 patients due to death, decreased kidney function, or insufficient scan quality.
Mean and SD are used to summarize normally distributed variables; for non-normally distributed variables, median and IQR are used.
ASPECTS, Alberta Stroke Program Early CT Score; EVT, endovascular treatment; HI, hemorrhagic infarction; HT, hemorrhagic transformation; ICH, intracranial hemorrhage; NIHSS, 
National Institutes of Health Stroke Scale; PH, parenchymal hematoma.

Figure 1 Functional outcome defined by the modified Rankin Scale score per group. HI, hemorrhagic infarction; mRS, modified Rankin Scale HT, 
hemorrhagic transformation; PH, parenchymal hematoma. 
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Table 2 Adjusted and unadjusted ORs of the association of hemorrhage with functional outcome

unadjusted or and 95% CI Adjusted or and 95% CI Adjusted P value
Adjusted or and 95% CI 
(including recanalization rate)

Adjusted P value (including 
recanalization rate)

Primary outcome (full mRS scale)

  HI1 0.40 (0.26 to 0.62) 0.63 (0.39 to 1.02) 0.058 0.67 (0.39 to 1.15) 0.146

  HI2 0.35 (0.22 to 0.56) 0.54 (0.32 to 0.89) 0.017 0.37 (0.21 to 0.67) 0.001

  PH1 0.36 (0.20 to 0.65) 0.77 (0.40 to 1.48) 0.42 0.57 (0.26 to 1.25) 0.162

  PH2 0.16 (0.08 to 0.29) 0.37 (0.17 to 0.78) 0.009 0.21 (0.08 to 0.53) <0.001

Secondary outcome (dichotomous mRS scale)

  HI1 0.21 (0.09 to 0.42) 0.34 (0.13 to 0.84) 0.025 0.34 (0.12 to 0.90) 0.035

  HI2 0.29 (0.14 to 0.55) 0.62 (0.26 to 1.39) 0.252 0.40 (0.14 to 1.04) 0.068

  PH1 0.14 (0.03 to 0.41) 0.45 (0.09 to 1.74) 0.283 0.39 (0.05 to 1.82) 0.272

  PH2 0.08 (0.01 to 0.28) 0.22 (0.03 to 0.97) 0.075 0.15 (0.02 to 0.70) 0.03

This table lists the primary outcome which was the association of HT with the full scale mRS score for patients without hemorrhage as the reference. The secondary outcome was 
the association of HT with good functional outcome (mRS 0–2). An additional analysis was conducted where recanalization rate was added to the adjusted analysis.
Adjusted for age, diabetes mellitus, systolic blood pressure, intravenous thrombolysis, endovascular treatment, time from stroke onset to randomization, previous stroke, atrial 
fibrillation, and follow-up lesion volume.
HT, hemorrhagic transformation; HI, hemorrhagic infarction; mRS, modified Rankin Scale; PH, parenchymal hematoma.

Figure 2 Follow-up lesion volume per group. Follow-up lesion volume includes hemorrhage and infarct volume. Patients with any subtype of 
hemorrhagic transformation (HT) have larger lesion volumes than patients without HT (P<0.001). HI, hemorrhagic infarction; PH, parenchymal 
hematoma. 

dichotomous scale, HI1 and PH2 were significantly associated 
with a poor functional outcome (aOR 0.34, 95% CI 0.12 to 0.90 
and aOR 0.15, 95% CI 0.02 to 0.70, respectively) (table 2).

dISCuSSIon
In our patient group, there was a high incidence of HT. HI1, 
HI2, and PH2 were significantly associated with worse func-
tional outcome compared with patients without HT. However, 
point estimates for all types of HT were in the direction of worse 
functional outcome. After adjusting for revascularization rate, 
the results largely did not change and showed comparable point 
estimates as the analysis without adjustment for revasculariza-
tion rate. Patients with PH2 had the largest adverse effect on 
functional outcome and higher mortality than patients with HI1, 
HI2, or PH1.

Only a few studies have reported an association of HI1 or HI2 
with functional outcome. Nogueira et al reported a significant 

association of HI and PH with worse functional outcome.20 
Further, Dzialowski et al reported that HI2, PH1, and PH2 were 
significantly associated with worse functional outcome compared 
with patients without HT.14 Other studies did not find an asso-
ciation of HI or PH1 with worse functional outcome.9–12 21–24 
This difference might be explained by smaller sample sizes in 
some studies11 12 22 24 or by a lower incidence of HT compared 
with our study.9 10 23 Treatment with IVT might be the reason 
for this difference in incidence because IVT increases the risk of 
developing HT.25 26 In our population, 90% of patients received 
IVT whereas these rates were much lower in other studies.9 10 23 
Additionally, the high incidence of HT in our study might be 
explained by the broad inclusion criteria of the MR CLEAN 
trial. Patients with early signs of infarction on CT indicating 
severe strokes were not excluded, in contrast with other studies 
with a lower incidence of HT.9 10 23
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As large infarct volumes are associated with worse functional 
outcome and with HT, a large underlying infarct could drive an 
observed association of HT with functional outcome.10 There-
fore, we adjusted for final lesion volume. However, it should 
be noted that this necessary adjustment for lesion volume might 
lead to underestimation of the association of HT with functional 
outcome. First, because follow-up lesion volume and HT are 
identified on the same follow-up CT, it may be complicated to 
separate them statistically. Also, lesion volume includes infarct 
volume and hemorrhage. However, it is difficult to separate the 
impact of infarct volume and HT on functional outcome since 
the infarct size of patients with PH2 is masked by hemorrhage 
and therefore its size cannot be determined.

Depending on the outcome measure (ie, dichotomized or full 
mRS) both HI1 and HI2 were significantly associated with poor 
functional outcome. Additionally, all point estimates were in the 
direction of poor functional outcome for patients with any HT. 
This might indicate that both HI1 and HI2 could have a nega-
tive influence on functional outcome compared with patients 
without HT. However, due to the alternating statistical signif-
icance it is difficult to determine their actual influence on func-
tional outcome.

HI1, HI2, and PH2 were significantly associated with poor 
functional outcome. In contrast, PH1 was not significantly asso-
ciated with poor functional outcome. This might be explained by 
the small number of patients in the PH1 group, combined with 
less adverse outcomes compared with the similarly common 
PH2. The point estimate, however, indicated an association with 
poor outcome.

In the newly proposed Heidelberg classification, HT is 
defined as HI1, HI2, and PH1. In this classification, PH2 is clas-
sified separately from HT, as the radiological entity PH2 appears 
to be distinctly different, and because of the assumption that 
only PH2 is clinically relevant.27 Our study suggests otherwise. 
While patients with PH2 are likely to show acute neurological 
deterioration in contrast with patients with other subtypes of 
HT, we found that PH2 was not the only condition relevant for 
functional outcome. The smaller subtypes of HT were associ-
ated with worse functional outcome after approximately 90 days 
of stroke onset and should therefore be considered relevant for 
functional outcome.

There are a few limitations of this study. First, this was a 
post hoc analysis of a randomized trial that was not designed 
to determine an association of HT with functional outcome. 
Therefore, the results should be interpreted with caution. 
Second, not all 5 day follow-up CT scans were available. In 
117 cases, 24 hour CT scans were used to identify HT. It is 
possible that some of the patients who were identified with 
HT on a 24 hour CT had contrast staining which cannot be 
distinguished from a hemorrhage on conventional 24 hour 
CT scans. Although these patients with contrast staining 
have blood–brain barrier disruption, they might not all 
develop HT. Therefore, some patients might incorrectly be 
identified with HT while these patients had in fact contrast 
staining. This may have influenced the data in two different 
ways. First, the occurrence of HI might be overestimated. 
Second, patients with contrast staining might not develop 
any hemorrhage and therefore would not have impaired 
functional outcome, resulting in a more positive functional 
outcome for patients with HI. However, the rates of HI were 
not different between the 24 hour and 5 day CT scans.

In conclusion, we found that not only PH2 is relevant for 
functional outcome after AIS but smaller types of HT may 
influence functional outcome. However, it is difficult to 

determine their true impact on functional outcome. Future 
studies should focus on identifying patients with high risk 
characteristics and a suitable treatment that may reduce HT 
development. Treatment with thrombolytic agents is associ-
ated with an increased risk for HT. An upcoming trial (MR 
CLEAN-MED) that will randomize periprocedural anti-
thrombotic drugs and aims to improve microvascular reper-
fusion might further improve our knowledge regarding HT 
risk.28 Additionally, other upcoming trials that will randomize 
treatment with thrombolytic agents (MR CLEAN-NO IV, 
SWIFT DIRECT, DIRECT-SAFE, and DIRECT MT) may 
clarify whether EVT alone will reduce the risk of HT and 
improve functional outcome after AIS.29–32
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