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Abstract

Background

The impact of leukoaraiosis on the risk of symptomatic intracerebral hemorrhage (SICH)

after stroke thrombolysis is conflicting, and the data on Asian populations are lacking.

Therefore, in this study, we assessed the association between leukoaraiosis and SICH,

and the association between leukoaraiosis and the 90-day functional outcome in the Asian

population.

Methods

Data were collected from a two-center prospective registry of acute ischemic stroke patients

given intravenous tissue plasminogen activator between 2006 and 2014. A total of 614 pre-

treatment brain CT and 455 posttreatment MRI were retrospectively assessed using two

different rating scales for the presence of leukoaraiosis. Outcome measures were the occur-

rence of SICH with three definitions and any hemorrhage after thrombolysis and functional

outcome at 3 months.

Results

Of the 614 patients assessed, 30.3% showed severe leukoaraiosis on the baseline brain

CT. The SICH rate was 4.6% - 7.2% based on different definitions, and overall, 24.9% of

patients showed any post-tPA hemorrhage. No association was observed between the

severity of leukoaraiosis and SICH, regardless of having used different leukoaraiosis rating

scales or as assessment using different imaging modalities. However, severe leukoaraiosis
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was independently associated with poor functional outcome at 3 months (OR 1.96, 95% C1

1.24–3.11, P = 0.004) after adjustment for confounders.

Conclusions

Our results showed no association between leukoaraiosis and the risk of SICH. Although

the presence of severe leukoaraiosis predicted a poor functional outcome after stroke, IV

thrombolysis might not be withheld in acute ischemic stroke patients solely based on the

presence of severe leukoaraiosis on pre-thrombolytic CT scans.

Introduction

Stroke is a major cause of disability and death. The use of intravenous (IV) thrombolysis

with recombinant tissue plasminogen activator (tPA) given within 3 hours of onset or within

3–4.5 hours of specific selected strokes in improving the outcome of patients with acute

ischemic stroke (AIS) has been well demonstrated [1, 2]. Although IV-tPA is an effective

therapy, it also increases the risk of intracerebral hemorrhage (ICH). Symptomatic ICH

(SICH) occurs in 2.4% - 10% of patients within 24–36 hours after thrombolysis [3].

Researchers have made efforts to investigate the predictors of post-tPA SICH, including the

timing of thrombolysis, tPA dose, patient age, clinical stroke severity, blood pressure before

and after tPA treatment, stroke subtype, and imaging features [3, 4]. Potential imaging pre-

dictors include early ischemic signs, and stroke lesions covering more than a third of middle

cerebral artery territory.

Leukoaraiosis, also known as white matter changes (WMC), is defined as a diffuse, conflu-

ent white matter abnormality (with a low density on brain computed tomography [CT] images

and hyperintensity on T2-weighted or fluid-attenuated inversion recovery sequences [FLAIR]

MRI images) [5]. Although age and hypertension are the strongest risk factors for leukoaraio-

sis [6, 7], the disease is also commonly associated with other vascular risk factors, such as dia-

betes, cardiac diseases, or stroke [5]. Leukoaraiosis has been reported to predispose to ICH,

commonly located in the basal ganglia and deep cerebral areas [8]. The association between

leukoaraiosis and ICH might be attributed to same small vascular pathology induced by

chronic hypertension (lipohyalinosis and Charcot-Bouchard aneurysm) [8, 9]. Severe leukoar-

aiosis may also be associated with an 8.4-fold increased risk of ICH during oral anticoagulation

(warfarin) treatment administered for stroke prevention [10].

The association between leukoaraiosis and post-tPA SICH has been reported, but the

results were conflicting. Recent meta-analyses have showed that leukoaraiosis may be asso-

ciated with a 1.5- to 1.9-fold increase in risk for SICH after tPA treatment [11–13] and a

2-fold greater risk of a poor functional outcome after stroke [11]. In previous studies,

patient population, rating scales used to determine leukoaraiosis severity, imaging modali-

ties (CT or MRI used to assess leukoaraiosis), and definitions of SICH have been heteroge-

neous. In addition, most related studies have been performed in Western countries. Thus,

the association of leukoaraiosis and SICH after tPA treatment in Asian population needs

further investigation.

The present study aimed to explore the association between leukoaraiosis and the risk of

post-tPA SICH. In addition, the relationship between leukoaraiosis and functional outcome

after tPA treatment was assessed.

The impact of leukoaraiosis on post-tPA hemorrhage and outcome
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Materials and methods

Study participants

This study was approved by the Institutional Ethics Review Board of National Cheng Kung

University Hospital (NCKUH) and the ethics committee waived the requirement for

informed consent for each patient. As participants of the nationwide Taiwan Stroke Registry

(TSR) [14], the two medical centers in this study (NCKUH and the Chi-Mei Hospital

(CMH)) have maintained prospective stroke registries according to TSR protocol since 2006.

The TSR protocol was described previously [14]. In brief, we prospectively enrolled patients

who presented to the hospital within 10 days after stroke onset and received CT and/or MRI

for the index stroke. Patient characteristics, comprising demographic data, medical history,

comorbidities, stroke severity, treatments, hospital course, and complications, are recorded

according to a pre-defined system. In the present study, we retrieved the data of patients

with AIS receiving IV-tPA treatment within 4.5 hours after onset from 2006 to 2014. IV

thrombolysis was administered according to the National Institute of Neurological Disorders

and Stroke (NINDS) criteria and Taiwan Stroke Society guidelines [1, 14, 15]. Age over 80

years was not an absolute contraindication. Initial stroke severity was assessed by the

National Institute of Health Stroke Scale (NIHSS) [16]. Prior to the tPA treatment, all

patients underwent brain CT scans to exclude ICH. Dose of tPA ranged from 0.6 mg/Kg to

0.9 mg/Kg depending on the discretion of the treating physician, as recommended by the

2008 Taiwan Stroke Society Guidelines [15]. After administration of IV-tPA, all patients

were admitted to a stroke intensive care unit for observation for at least 24 hours before

being transferred to a stroke unit for continued care. All patients had follow-up brain scans

(either CT or MRI) between 24–36 hours after thrombolysis, except for four patients who

died after admission without any follow-up brain imaging. Additional scans would be

obtained in case of clinical deterioration.

Assessment of leukoaraiosis

The pre-tPA brain CT scans were retrospectively reviewed by a single reader (PS), who was

blinded to the clinical data, including the initial NIHSS and post-tPA outcomes. The presence

and extent of WMCs were assessed using the modified Van Swieten scale (mVSS) [17–19].

The mVSS is an extension of the Van Swieten scale and grades the anterior and posterior peri-

ventricular WMCs for each hemisphere on a three point scales: 0 (no white matter hypoden-

sity), 1 (restricted to the region adjacent to the ventricle), and 2 (confluent white matter

hypodensity from ventricle to the gray matter). The total mVSS scores were obtained by sum-

ming the two scores in the anterior and posterior head regions of each hemisphere for a total

mVSS score of 0 to 8. An mVSS> 4 was defined as severe leukoaraiosis as per the previous

description [19].

For further confirming the association between leukoaraiosis and SICH, we assessed the

extent of leukoaraiosis again by reviewing available post-tPA brain MRI scans by the same

reader (PS) after completing all the pre-tPA CT reading. The extent of leukoaraiosis was deter-

mined on the FLAIR or T2-weighted images, and the severity of leukoaraiosis was rated by

another rating system: Age-Related White Matter Changes (ARWMC) scales for MRI scans

[20]. Five different regions were assessed in the right and left hemispheres separately, including

frontal, parieto-occipital, temporal, basal ganglia and infratentorial region (brainstem and

cerebellum). The WMCs were graded as absent (score = 0), focal (score = 1), confluent

(score = 2), and diffuse on the entire region (score = 3). The basal ganglia lesion was graded as

absent (score = 0), 1 focal lesion (� 5mm, score = 1), more than 1 focal lesion (score = 2), and

The impact of leukoaraiosis on post-tPA hemorrhage and outcome
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confluent lesions (score = 3). We then assessed the association between leukoaraiosis in MRI

scans and SICH.

Outcome

We defined SICH using three different sets of criteria: SICH_NINDS [1], SICH_ECASS-II

[21] and SICH_SITS-MOST [22]. The protocol of determining SICH in each patients were

ever described in our previous study [23]. In brief, after reviewing the post-tPA CT or MRI

scans and clinical neurological status, the classification of SICH was determined by one senior

stroke neurologist in each stroke center (NCKUH, CHC; CMH, LHJ). The functional outcome

after tPA treatment was evaluated with modified Rankin Scales (mRS) at 3 months (90-day) by

telephone interview. We defined a poor functional outcome as mRS score of 3–6.

Statistical analysis

Categorical variables were presented as numbers (percentage), and continuous variables as

means (standard deviation). Patients with no or mild leukoaraiosis (mVSS 0–4) on pre-tPA

CT scans were compared with those with severe leukoaraiosis (mVSS > 4 points). We used the

Chi-square test to compare categorical variables and the independent T-test to compare con-

tinuous variables. The impact of leukoaraiosis on SICH was evaluated by logistic regression

analysis. First, we assessed the effect of severe leukoaraiosis (mVSS> 4 points) or any leukoar-

aiosis (mVSS� 1) in pre-tPA CT scans on SICH. Then we re-evaluated the association

between leukoaraiosis in post-tPA MRI scans and SICH by using ARWMC scores as continu-

ous variables. For assessing the intra-rater reliability by one single rater (PS), the kappa statistic

was used to compare the scoring of leukoaraiosis between CT and MRI scans for a selected

group of 41 patients aged older than 80 years. Logistic regression was then used to assess the

relationship between the severe leukoaraiosis (mVSS > 4 points) and the 90-day poor func-

tional outcome (mRS� 3). Potential confounders with P< 0.2 in univariate analysis were

included in the multivariate model to examine whether an independent relationship exists

between severe leukoaraiosis and 90-day functional outcome.

All analyses were conducted using the statistical software package SAS version 9.4 (SAS

Institute Inc., Cary, North Carolina). Statistical significance was set at the P< 0.05 level, two-

tailed.

Results and discussion

Results

A total of 614 eligible patients with AIS who received IV thrombolysis were identified,

comprising 253 patients in CMH and 361 patients in NCKUH (Fig 1). The mean age was

67.4 ± 12.6 years and 61.9% of patients were male. The median NIHSS was 12.5 points. The

kappa statistics for the neuroimages of the 41 patients aged older than 80 years ranged from

0.8 to 1.0 for the grading of white matter changes in the four regions examined (the white mat-

ter in the left and right frontal and parieto-occipital areas), indicating sufficient agreement of

leukoaraiosis severity between CT and MRI.

Among all 614 patients, severe leukoaraiosis, defined as mVSS > 4, was present in 186

patients (30.3%), whereas 246 patients (40.1%) exhibited no leukoaraiosis. Comparisons

between the patients with mVSS> 4 and those with mVSS� 4 are presented in Table 1. The

patients with severe leukoaraiosis were significantly older than patients with no or mild leu-

koaraiosis. They also had a smaller percentage of patients with a good pre-stroke functional

status (defined as mRS 0–1), hypertension, stroke history and ischemic heart disease than
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those with no or mild leukoaraiosis. There was no difference in the stroke severity evaluated

by the NIHSS, and the prevalence of pre-stroke anti-thrombotic or anti-coagulation therapy

between the groups. The mean dose of tPA was similar between the patients with mVSS> 4

and those with mVSS� 4, However, exact body weight was not available before IV-tPA

administration in the emergency department. The dose of tPA was depending on the patient’s

estimated body weight provided by family. The final dose of tPA may exceed 0.9 mg/Kg in

some cases while the exact body weight obtained after admission was lower than the estimated

body weight.

The occurrence of any post-tPA hemorrhage and SICH, based on the aforementioned

three definitions, are listed in Table 2. There was no significant difference in the risk of SICH

between patients with and without severe leukoaraiosis, regardless of the SICH definition used

for analysis. The association between any post-tPA hemorrhage and SICH and any leukoaraio-

sis was also analyzed and is presented in S1 Table. It showed no difference in the risk of hemor-

rhage between patients with or without any leukoaraiosis (defined as mVSS = 0 vs. mVSS� 1).

We further analyzed the association of leukoaraiosis with SICH (using the ECASS-II defini-

tion, median value of three SICH rate by different definitions) stratified by different baseline

factors. It was noted that age, more severe stroke, prior antithrombotic use or the presence of

Fig 1. Flow chart of this study. Four patients were excluded in the association analysis of leukoaraiosis and SICH (Expired without post-tPA brain

CT). Total 83 patients were excluded (poor pre-morbid function and loss of follow-up at 3 months) in the association analysis of leukoaraiosis and

90-day functional outcome. Note that all 455 patients with post-tPA MRI had post-tPA CT follow-up images, too.

https://doi.org/10.1371/journal.pone.0196505.g001
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HTN, DM, prior stroke, ischemic heart disease, chronic kidney disease, or the dose of tPA had

no effect on the association of leukoaraiosis and SICH (S2 Table).

Of the 614 patients, 455 (74%) had post-tPA brain MRI data. The proportion of patients

who had any hemorrhage or SICH was lower among patients who underwent post-tPA brain

MRI than those who did not (SICH_NINDS: 4.8% vs. 14%; any hemorrhage: 22% vs. 33%).

The association between leukoaraiosis in post-tPA MRI scans and SICH still showed a nega-

tive correlation between the risk of SICH or any hemorrhage and the total ARWMC scores

(Table 3).

For analyzing the association between leukoaraiosis and the 90-day functional outcome, we

first excluded patients with poor pre-morbid functional status (defined as mRS > 2;n = 37)

and also excluded patients with missing follow-up at 3 months (n = 46). Data from 531 patients

were analyzed. Univariate analysis showed severe leukoaraiosis predicted a poor 90-day func-

tional outcome (P< 0.001). Other potential predictors included older age (P = 0.002), female

(P = 0.03), greater initial stroke severity (P< 0.001), DM history (P = 0.02), the presence

of any post-tPA hemorrhage (P< 0.001) or SICH after tPA (P< 0.001 in SICH_NINDS,

P< 0.001 in SICH_ECASS-II, P< 0.001 in SICH_SITS-MOST), and lower body weight

Table 1. Demographic data and baseline characteristics.

mVSS� 4 (N = 428) mVSS > 4 (N = 186) P values

Age, mean (SD) 64.4 (12.7) 74.1 (9.3) <0.001

Male, N(%) 273 (63.8) 107 (57.5) 0.14

Good pre-MRS (0–1), N (%) 400 (93.5) 145 (78.0) <0.001

Vascular risk factors, N(%)

HTN 311 (72.7) 153 (82.3) 0.01

DM 145 (33.9) 61 (32.8) 0.79

Prior stroke 68 (15.9) 49 (26.3) 0.002

CHF 21 (4.9) 16 (8.6) 0.08

Af 129 (30.1) 56 (30.1) 0.99

IHD 89 (20.9) 52 (28.0) 0.05

Smoking 140 (32.71) 54 (29.0) 0.37

Hyperlipidemia 249 (58.2) 111 (59.7) 0.73

CKD (Cr � 1.5) 60 (14.0) 36 (19.4) 0.09

NIHSS at ER, median (range, IQR) 12.0 (2–38, 10) 13.0 (3–29, 12) 0.18

Prior AP/ AC use, N(%) 132 (30.8) 70 (37.6) 0.10

tPA dose/Kg, mean (SD) 0.86 (0.09) 0.86 (0.09) 0.81

Af: atrial fibrillation; AP: antiplatelet; AC: anticoagulant; CHF: congestive heart failure; CKD: chronic kidney disease; DM: Diabetes mellitus; ER: emergency room;

HTN: hypertension; IHD: ischemic heart disease.

https://doi.org/10.1371/journal.pone.0196505.t001

Table 2. The incidence of SICH and any hemorrhage in patients with different severity of leukoaraiosis and the effect of leukoaraiosis on SICH.

N(%) Incidence mVSS� 4 (n = 424�) mVSS > 4 (n = 186) OR 95%CI p

SICH(NINDS) 44(7.2) 29 (6.8) 15 (8.1) 1.20 0.63–2.29 0.59

SICH(ECASS-II) 33(5.4) 24 (5.7) 9 (4.8) 0.85 0.39–1.86 0.68

SICH (SITS-MOST) 28(4.6) 20 (4.7) 8 (4.3) 0.87 0.38–1.99 0.73

Any post-tPA hemorrhage 152(24.9) 107 (25.2) 45 (24.2) 0.93 0.62–1.39 0.71

OR: Odds ratio

�The mVSS of four patients who died during admission without follow-up brain CT were all� 4.

https://doi.org/10.1371/journal.pone.0196505.t002
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(P = 0.001) (S3 Table). The impact of leukoaraiosis on poor functional outcome at 3 months

remained significant after adjustment for potential confounders (OR 1.96, 95% CI 1.24–3.11,

P = 0.004). Higher initial NIHSS, the presence of baseline DM and lower body weight, and the

presence of any post-tPA hemorrhage were also independent predictors for poor functional

outcome at 3 months (Table 4).

Discussion

The main finding of our results is that the presence of severe leukoaraiosis on pre-tPA brain

CT scans was not associated with the risk of any hemorrhage or SICH after tPA treatment.

This lack of association was further confirmed by using different leukoaraiosis assessment

scales (ARWMC) on post-tPA MRI scans, which are usually considered more sensitive for

detecting WMCs. For comparison with previous reports, we tested the three commonly used

definitions of SICH. Although there was no association between leukoaraiosis and SICH, the

presence of severe WMCs increased the risk of poor functional outcome at 3 months after

acute stroke, and leukoaraiosis remained an independent predictor after adjustment for con-

founding factors.

The SICH rate in our study, 7.2% per the NINDS and 5.4% per the ECASS-II definition,

was similar to the mean SICH rate in clinical trials (7.61% in NINDS and 5.61% in ECASS)

[24] and previous studies conducted in Taiwan (7.8–8.2% per the NINDS definition and 5.4%

per the ECASS-II definition) [14, 25]. However, the SICH rate per the SITS-MOST definition

(4.6%) was slightly higher than the mean SICH rate from other studies (3.25%) [24]. No differ-

ence existed in the mean age of study participants, initial stroke severity assessed by NIHSS

Table 3. The risk of SICH and any hemorrhage in patients with different levels of severity of leukoaraiosis based

on MRI examination (N = 455).

MR ARWMC total scores † OR 95%CI P value

SICH(NINDS) 0.95 0.86–1.05 0.30

SICH(ECASSII) 0.94 0.82–1.07 0.32

SICH (SITS-MOST) 0.91 0.77–1.07 0.24

Any post-tPA hemorrhage 0.96 0.91–1.00 0.07

OR: Odds ratio
† ARWMC used as a continuous variable

https://doi.org/10.1371/journal.pone.0196505.t003

Table 4. Independent predictors of poor functional outcome at 3 months determined using multivariate analysis.

ORa 95% CI P values

Age 1.00 0.98–1.02 0.86

Male 1.09 0.70–1.70 0.70

NIHSS at ER 1.13 1.09–1.17 <0.001

DM 1.86 1.22–2.83 0.004

CHF 1.32 0.56–3.11 0.52

Any post-tPA hemorrhage 3.03 1.84–4.99 <0.001

CT_mVSS > 4 1.96 1.24–3.11 0.004

Body weight 0.98 0.96–0.99 0.01

a Logistic regression

ER: emergency room; DM: Diabetes mellitus; CHF: congestive heart failure.

https://doi.org/10.1371/journal.pone.0196505.t004
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and tPA dosage compared with that in the SITS-MOST trial and SITS-ISTR studies [22, 26,

27]. The GWTG -Stroke program in the Unites States [28] has indicated that Asians may have

a higher risk of post-tPA SICH rate (per the NINDS definition) than the White, Black, and

Hispanic populations. However, the SICH rate per the NINDS definition in our study

appeared to be similar to the SICH rate in other trials conducted in western countries.

In our study, the percentage of patients with severe leukoaraiosis (30.3%) was higher than

that found in previous studies (15% - 25%) [18, 19, 29–33]. Furthermore, patients with severe

leukoaraiosis (mVSS >4) were younger in our cohort than those with similarly severe leukoar-

aiosis in other studies (mean age 71 years vs. 75–81 years). The higher prevalence of severe leu-

koaraiosis in our cohort may be explained by the higher percentage of pre-existing HTN in

our cohorts (82%, which was similar to the 79.2% reported by GWTG-Taiwan [14]) compared

with the 56% - 79% prevalences of pre-existing HTN among patients in previous studies on

leukoaraiosis and post-tPA hemorrhage [18, 19, 30, 31]. Another explanation may be a higher

proportion of small vessel disease and intracranial large artery stenosis in Taiwanese and East

Asian populations as compared with people in western countries [14, 34, 35], these two stroke

subtypes being associated with leukoaraiosis [5, 36]. Any genetic susceptibility for various eth-

nicities to develop leukoaraiosis is still undetermined.

Our data showed negative results regarding the association between leukoaraiosis and the

risk of SICH or any post-tPA hemorrhage. Very few studies regarding this issue were con-

ducted in Asian countries [30], and conflicting results were shown in previous studies per-

formed in Western populations [18, 19, 29, 31–33]. Variations in rating tools, imaging

modalities, and various definitions of SICH used in other studies made comparison difficult.

To further confirm the relationship between leukoaraiosis and SICH, two different rating

scales were applied to grade images obtained using two imaging modalities, and three different

definitions of SICH were used. All results showed a lack of association between leukoaraiosis

and SICH or any hemorrhage. By contrast, previous research demonstrated a positive and sig-

nificant association between leukoaraiosis and SICH only in univariate analysis, but the associ-

ation became nonsignificant after adjustment for other confounders [31]. Additionally, studies

showing that leukoaraiosis increases the risk of SICH have all been conducted in the Western

populations. Thus, ethnic differences may be another explanation for the difference between

our results and those of previous studies.

As with most previous studies and meta-analysis, our findings showed that leukoaraiosis

may increase the risk of poor functional outcome after stroke and was a predictor independent

of age, stroke severity, and the presence of any hemorrhage. The potential mechanisms leading

to poor functional recovery include that leukoaraiosis may increase the risk of recurrent

stroke, dementia and death [37, 38], may be associated with reduced cerebral resting blood

flow [39], and may impair the brain connectivity system that is important for recovery from

ischemic damage [40].

Our study had several limitations. The first was potential selection bias. Because of the

selection of IV-tPA, patients prone to bleeding tendency such as those of very old age; patients

with poorly controlled blood pressure; and patients with high pre-morbid mRS scores may

have been excluded. Therefore, we might have underestimated the association between leu-

koaraiosis and risk of ICH, and thus the generalizability of our study findings might be limited.

Additionally, patients with post-tPA SICH or any hemorrhage may not undergo subsequent

MRI. Therefore, the proportion of patients who had SICH or any hemorrhage was lower

among patients who received MRI than among those who did not. This may lead to underesti-

mation of the effect of leukoaraiosis on the risk of ICH when post-tPA MRI data were used for

analysis. A third limitation is that there were overall 7.5% of our patients lost to clinical or tele-

phone interview follow-up at 3 months after stroke, and we used telephone interview in this
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study to assess the functional outcome. This might potentially underestimate or overestimate

the functional recovery. The severity of leukoaraiosis was rated by a single reader, and thus the

readings may have been subject to errors. However, the mVSS is a simple and straightforward

rating scale. In the CASES study [19], the inter-rater agreement between two readers was near

perfect with kappa values ranging from 0.9 to 1.0. In addition, the single reader in our study

demonstrated adequate agreement in grading white matter severity. Therefore, we deemed

that the inclusion of only one reader did not substantially affect our results. Finally, including

only participants in two medical centers in the Southern part of Taiwan might limit the gener-

alizability of our results. However, our patient number was large and we used two imaging

modalities (CT and MRI) and various definitions of SICH for re-confirming the association of

leukoaraiosis and SICH. Therefore, our results may serve as reliable reference points for com-

parisons with the results of other studies.

Conclusion

Our study demonstrated that presence of leukoaraiosis did not increase the risk of SICH after

IV thrombolysis. The lack of association did not alter in patients with different baseline risk

factors, such as age, stroke severity or different dose of tPA. However, severe leukoaraiosis was

associated with poor functional outcomes at 3 months. Despite the potential risk of poorer

functional outcome, IV thrombolysis might not be withheld in patients with AIS solely on the

basis of the presence of severe leukoaraiosis on pre-thrombolytic CT images.
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22. Wahlgren N, Ahmed N, Dávalos A, Ford GA, Grond M, Hacke W, et al. Thrombolysis with alteplase for

acute ischaemic stroke in the Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-

MOST): an observational study. The Lancet. 2007; 369(9558):275–82.

23. Sung SF, Chen SC, Lin HJ, Chen YW, Tseng MC, Chen CH. Comparison of risk-scoring systems in pre-

dicting symptomatic intracerebral hemorrhage after intravenous thrombolysis. Stroke; a journal of cere-

bral circulation. 2013; 44(6):1561–6. Epub 2013/05/02. https://doi.org/10.1161/strokeaha.111.000651

PMID: 23632979.

24. Seet RC, Rabinstein AA. Symptomatic intracranial hemorrhage following intravenous thrombolysis for

acute ischemic stroke: a critical review of case definitions. Cerebrovascular Diseases. 2012; 34(2):106–

14. https://doi.org/10.1159/000339675 PMID: 22868870

25. Chao A-C, Hsu H-Y, Chung C-P, Liu C-H, Chen C-H, Teng MM-H, et al. Outcomes of Thrombolytic

Therapy for Acute Ischemic Stroke in Chinese Patients. Stroke; a journal of cerebral circulation. 2010;

41(5):885–90.

26. Ahmed N, Wahlgren N, Grond M, Hennerici M, Lees KR, Mikulik R, et al. Implementation and outcome

of thrombolysis with alteplase 3–4� 5 h after an acute stroke: an updated analysis from SITS-ISTR. The

Lancet Neurology. 2010; 9(9):866–74. https://doi.org/10.1016/S1474-4422(10)70165-4 PMID:

20667790

27. TSIVQOULIS G, VALEXANDROV A, WAHLGREN N, AHMED N, DDVALOS A, HACKE W, et al.

Thrombolysis with alteplase 3–4.5 h after acute ischaemic stroke (SITS-ISTR): an observational study.

Commentary. Lancet. 2008; 372(9646).

28. Mehta RH, Cox M, Smith EE, Xian Y, Bhatt DL, Fonarow GC, et al. Race/Ethnic differences in the risk

of hemorrhagic complications among patients with ischemic stroke receiving thrombolytic therapy.

Stroke; a journal of cerebral circulation. 2014; 45(8):2263–9. Epub 2014/07/30. https://doi.org/10.1161/

strokeaha.114.005019 PMID: 25070958.

29. Willer L, Havsteen I, Ovesen C, Christensen AF, Christensen H. Computed Tomography—Verified Leu-

koaraiosis Is a Risk Factor for Post-thrombolytic Hemorrhage. Journal of stroke and cerebrovascular

diseases: the official journal of National Stroke Association. 2015; 24(6):1126–30. Epub 2015/04/30.

https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.018 PMID: 25920756.

30. Choi JH, Bae HJ, Cha JK. Leukoaraiosis on magnetic resonance imaging is related to long-term

poor functional outcome after thrombolysis in acute ischemic stroke. Journal of Korean Neurosurgical

Society. 2011; 50(2):75–80. Epub 2011/11/05. https://doi.org/10.3340/jkns.2011.50.2.75 PMID:

22053223

31. Aries MJ, Uyttenboogaart M, Vroomen PC, De Keyser J, Luijckx GJ. tPA treatment for acute ischaemic

stroke in patients with leukoaraiosis. European journal of neurology. 2010; 17(6):866–70. Epub 2010/

03/20. https://doi.org/10.1111/j.1468-1331.2010.02963.x PMID: 20236179.

32. Demchuk AM, Khan F, Hill MD, Barber PA, Silver B, Patel S, et al. Importance of leukoaraiosis on CT

for tissue plasminogen activator decision making: evaluation of the NINDS rt-PA Stroke Study. Cerebro-

vascular diseases (Basel, Switzerland). 2008; 26(2):120–5. Epub 2008/06/19. https://doi.org/10.1159/

000139658 PMID: 18560214

33. Neumann-Haefelin T, Hoelig S, Berkefeld J, Fiehler J, Gass A, Humpich M, et al. Leukoaraiosis is a risk

factor for symptomatic intracerebral hemorrhage after thrombolysis for acute stroke. Stroke; a journal of

cerebral circulation. 2006; 37(10):2463–6. Epub 2006/08/26. https://doi.org/10.1161/01.STR.

0000239321.53203.ea PMID: 16931786.

34. Choi JC. Genetics of cerebral small vessel disease. Journal of stroke. 2015; 17(1):7–16. Epub 2015/02/

19. https://doi.org/10.5853/jos.2015.17.1.7 PMID: 25692103

The impact of leukoaraiosis on post-tPA hemorrhage and outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0196505 May 1, 2018 11 / 12

https://doi.org/10.1016/j.jocn.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22245278
https://doi.org/10.1212/01.wnl.0000257817.29883.48
https://doi.org/10.1212/01.wnl.0000257817.29883.48
http://www.ncbi.nlm.nih.gov/pubmed/17389306
https://doi.org/10.1161/strokeaha.111.000651
http://www.ncbi.nlm.nih.gov/pubmed/23632979
https://doi.org/10.1159/000339675
http://www.ncbi.nlm.nih.gov/pubmed/22868870
https://doi.org/10.1016/S1474-4422(10)70165-4
http://www.ncbi.nlm.nih.gov/pubmed/20667790
https://doi.org/10.1161/strokeaha.114.005019
https://doi.org/10.1161/strokeaha.114.005019
http://www.ncbi.nlm.nih.gov/pubmed/25070958
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.018
http://www.ncbi.nlm.nih.gov/pubmed/25920756
https://doi.org/10.3340/jkns.2011.50.2.75
http://www.ncbi.nlm.nih.gov/pubmed/22053223
https://doi.org/10.1111/j.1468-1331.2010.02963.x
http://www.ncbi.nlm.nih.gov/pubmed/20236179
https://doi.org/10.1159/000139658
https://doi.org/10.1159/000139658
http://www.ncbi.nlm.nih.gov/pubmed/18560214
https://doi.org/10.1161/01.STR.0000239321.53203.ea
https://doi.org/10.1161/01.STR.0000239321.53203.ea
http://www.ncbi.nlm.nih.gov/pubmed/16931786
https://doi.org/10.5853/jos.2015.17.1.7
http://www.ncbi.nlm.nih.gov/pubmed/25692103
https://doi.org/10.1371/journal.pone.0196505


35. Holmstedt CA, Turan TN, Chimowitz MI. Atherosclerotic intracranial arterial stenosis: risk factors, diag-

nosis, and treatment. The Lancet Neurology. 2013; 12(11):1106–14. Epub 2013/10/19. https://doi.org/

10.1016/S1474-4422(13)70195-9 PMID: 24135208

36. Lee S-J, Kim J-S, Lee K-S, An J-Y, Kim W, Kim Y-I, et al. The leukoaraiosis is more prevalent in the

large artery atherosclerosis stroke subtype among Korean patients with ischemic stroke. BMC neurol-

ogy. 2008; 8(1):31.

37. Ntaios G, Lip GY, Lambrou D, Papavasileiou V, Manios E, Milionis H, et al. Leukoaraiosis and stroke

recurrence risk in patients with and without atrial fibrillation. Neurology. 2015; 84(12):1213–9. Epub

2015/02/20. https://doi.org/10.1212/WNL.0000000000001402 PMID: 25695964.

38. Xiong YY, Mok V. Age-related white matter changes. J Aging Res. 2011; 2011:617927. Epub 2011/08/

31. https://doi.org/10.4061/2011/617927 PMID: 21876810

39. O’Sullivan M, Lythgoe DJ, Pereira AC, Summers PE, Jarosz JM, Williams SC, et al. Patterns of cerebral

blood flow reduction in patients with ischemic leukoaraiosis. Neurology. 2002; 59(3):321–6. Epub 2002/

08/15. PMID: 12177363.

40. Nordahl CW, Ranganath C, Yonelinas AP, Decarli C, Fletcher E, Jagust WJ. White matter changes

compromise prefrontal cortex function in healthy elderly individuals. Journal of cognitive neuroscience.

2006; 18(3):418–29. Epub 2006/03/04. https://doi.org/10.1162/089892906775990552 PMID:

16513006

The impact of leukoaraiosis on post-tPA hemorrhage and outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0196505 May 1, 2018 12 / 12

https://doi.org/10.1016/S1474-4422(13)70195-9
https://doi.org/10.1016/S1474-4422(13)70195-9
http://www.ncbi.nlm.nih.gov/pubmed/24135208
https://doi.org/10.1212/WNL.0000000000001402
http://www.ncbi.nlm.nih.gov/pubmed/25695964
https://doi.org/10.4061/2011/617927
http://www.ncbi.nlm.nih.gov/pubmed/21876810
http://www.ncbi.nlm.nih.gov/pubmed/12177363
https://doi.org/10.1162/089892906775990552
http://www.ncbi.nlm.nih.gov/pubmed/16513006
https://doi.org/10.1371/journal.pone.0196505

