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Thesis Title  :  

Effects of low-dose alteplase and intensive blood pressure 

control on brain (micro-)circulation: imaging analyses from 

the ENCHANTED trial 

Background and aims: Worldwide, the burden of acute ischaemic stroke (AIS) is high in terms of 

disability-adjusted life-years lost. Prior research shows that imaging features of brain frailty (atrophy and 

severe leucoaraiosis) and acute ischaemia (visible ischaemic lesions, hypoattenuation, large ischaemic 

lesion, swelling, and hyper-attenuated arteries) on non-contrast computerised tomography (CT) scans are 

associated with symptomatic intracerebral haemorrhage (sICH) and mortality in thrombolysis-treated AIS 

patients. This thesis aimed to elucidate other CT and magnetic resonance imaging (MRI) factors related to 

abnormalities in the brain (micro-) circulation (including fluid-attenuated inversion recovery hyperintense 

arteries [FLAIR-HAs], a single penetrating artery occlusion presented as a lacunar infarct, and vascular 

obstruction at different sites) that determine prognosis in thrombolysis-treated AIS patients, and that may 

modify the effects of treatment with either intravenous alteplase by dose or in the control of blood pressure 

(BP) according to intensity.   

Methods: Secondary analyses of datasets from the international randomised trial - Enhanced Control of 

Hypertension and Thrombolysis Stroke Study (ENCHANTED) - were conducted after central 

classification of brain scan images.  

Results: FLAIR-HAs on MRI are frequently present in AIS due to presumed cardioembolism. They 

indicate a favourable prognosis in such thrombolysis-treated AIS patients, despite also being associated 

with an increased risk of intracerebral haemorrhage within the region of infarction.  

A meta-analysis of the ENCHANTED data with similar studies shows that FLAIR-HAs are not associated 

with the functional outcome overall but are associated with recovery, specifically in patients with 

endovascular therapy for AIS. FLAIR-HAs are also associated with early recanalisation or haemorrhagic 

complications, and early neurologic deterioration.   

My studies on lacunar AIS show no differences in the treatment effect of low- versus standard-dose 

alteplase, and early intensive versus guideline-recommended BP lowering, on functional recovery and 

sICH across lacunar and non-lacunar cases of AIS. 

Furthermore, functional recovery by alteplase dose or BP lowering intensity is not modified by the degree 

or site of vascular obstruction in cerebral vessels noted on CT or MRI angiography. 

Conclusions: My thesis has established that several CT/MRI brain imaging features of brain (micro-) 

circulation are important prognostic markers of functional recovery and sICH in thrombolysis-treated AIS 

patients.  However, these imaging markers do not appear to modify the treatment effects of randomised 

alteplase dose and degree of BP-lowering among participants of the ENCHANTED trial. 
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Abstract 

Background and aims: Worldwide, the burden of acute ischaemic stroke (AIS) is high in terms 

of disability-adjusted life-years lost. Prior research has shown that imaging features of brain 

frailty (atrophy and severe leucoaraiosis) and acute ischaemia (visible ischaemic lesions, 

hypoattenuation, large ischaemic lesion, swelling, and hyper-attenuated arteries) on non-

contrast computerised tomography (CT) are associated with symptomatic intracerebral 

haemorrhage (sICH) and mortality in thrombolysis-treated AIS patients. This thesis aimed to 

elucidate other brain (micro-) circulation imaging markers (including fluid-attenuated inversion 

recovery hyperintense arteries [FLAIR-HAs], a single penetrating artery occlusion presented 

as a lacunar infarct, and vascular obstruction at different sites) of prognosis in thrombolysis-

treated AIS patients and determine whether any of them modify the effects of a randomised 

dose of intravenous alteplase and intensity of blood pressure (BP) control that was evaluated in 

a large international clinical trial.   

Methods: This work pertains to secondary analyses of datasets from an international 

randomised trial - the Enhanced Control of Hypertension and Thrombolysis Stroke Study 

(ENCHANTED) – involving over 3000 participants, where their brain images were centrally 

analyses with other clinical and outcome data.  

Results: FLAIR-HAs on magnetic resonance imaging (MRI) are common in AIS presumed to 

be due to cardioembolism. They indicate a favourable prognosis in thrombolysis-treated AIS 

patients, despite also being associated with an increased risk of haemorrhage within the area of 

infarction.  

Meta-analysis of the ENCHANTED data with other studies shows that FLAIR-HAs are not 

associated with the functional outcome overall, but are associated with outcomes specifically 

in patients who receive endovascular therapy for AIS. FLAIR-HAs are also associated with 

early recanalisation or haemorrhagic complications and early neurologic deterioration.   

My studies of lacunar AIS show no differences in the treatment effect of low- versus standard-

dose alteplase, and early intensive versus guideline-recommended BP lowering, on functional 

recovery and sICH between lacunar and non-lacunar AIS. 
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Furthermore, functional recovery by alteplase dose or BP lowering intensity is also not 

modified by the location and degree of vascular obstruction within the cerebral circulation noted 

on CT or MRI angiography. 

Conclusions: The data outlined in this thesis has established that several CT/MRI imaging 

markers of brain (micro-) circulation abnormality have prognostic significance for functional 

recovery and sICH in thrombolysis-treated AIS patients. However, no imaging markers appear 

to modify the treatment effects of alteplase dose and BP-lowering in the ENCHANTED trial. 

 

  



xvii 

Ethical Clearance 

All participating hospital sites received approval from their relevant ethics committees (or 

Institutional Review Board) before initiating the ENCHANTED trial. Written informed consent 

was obtained from each patient or his/her legal surrogate in situations where a participant could 

not provide this directly due to neurological impairment. 

  



xviii 

Publications, Conference Presentations, and Awards 

Publications arising from this thesis 

1. Zhou Z, Yoshimura S, Delcourt C, Lindley RI, You S, Malavera A, Torii-Yoshimura T, 

Carcel C, Wang X, Chen X, Parsons MW, Demchuk AM, Wardlaw JM, Mair G, Robinson 

TG, Chalmers J, Xu J, Anderson CS. Thrombolysis outcomes in acute ischaemic stroke by 

fluid-attenuated inversion recovery hyperintense arteries. Stroke 2020;51(7):2240-3. 

2. Zhou Z, Malavera A, Yoshimura S, Delcourt C, Mair G, Al-Shahi Salman R, Demchuk 

AM, Wardlaw JM, Lindley RI, Anderson CS. Clinical prognosis of FLAIR hyperintense 

arteries in ischaemic stroke patients: a systematic review and meta-analysis. J Neurol 

Neurosurg Psychiatry 2020;91(5):475-82. 

3. Zhou Z, Delcourt C, Xia C, Yoshimura S, Carcel C, Torii-Yoshimura T, You S, Malavera 

A, Chen X, Hackett ML, Woodward M, Chalmers J, Xu J, Robinson TG, Parsons MW, 

Demchuk AM, Lindley RI, Mair G, Wardlaw JM, Anderson CS. Low- versus standard-

dose alteplase in acute lacunar ischaemic stroke: the ENCHANTED trial. Neurology 

2021;96(11):e1512-6. 

4. Zhou Z, Xia C, Carcel C, Yoshimura S, Wang X, Delcourt C, Malavera A, Chen X, Mair 

G, Woodward M, Chalmers J, Demchuk AM, Lindley RI, Robinson TG, Parsons MW, 

Wardlaw JM, Anderson CS. Intensive versus guideline-recommended blood pressure 

reduction in acute lacunar stroke with intravenous thrombolysis therapy: the 

ENCHANTED trial. Eur J Neurol 2021;28(3):783-93. 

5. Zhou Z, Xia C, Mair G, Delcourt C, Yoshimura S, Liu X, Chen Z, Malavera A, Carcel C, 

Chen X, Wang X, Al-Shahi Salman R, Robinson TG, Lindley RI, Chalmers J, Wardlaw 

JM, Parsons MW, Demchuk AM, Anderson CS.  Thrombolysis outcomes according to 

arterial characteristics of acute ischaemic stroke by alteplase dose and blood pressure target. 

Int J Stroke. 2021:17474930211025436 (Online ahead of print).   

 

Other publications during the candidature 

1. Li C, Zhou Z, Neuen BL, Yu J, Huang Y, Young T, Li J, Li L, Perkovic V, Jardine MJ, 

Keay L, Markoulli M, Rosenthal N, Capuano G, Yavin Y, Neal B, Arnott C. Sodium-

glucose co-transporter-2 inhibition and ocular outcomes in patients with type 2 diabetes: a 

systematic review and meta-analysis. Diabetes Obes Metab 2021;23(1):252-7. 



xix 

2. Xia C, Wang X, Lindley RI, Delcourt C, Chen X, Zhou Z, Guo R, Carcel C, Malavera A, 

Calic Z, Mair G, Wardlaw JM, Robinson TG, Anderson CS. Early decompressive 

hemicraniectomy in thrombolyzed acute ischemic stroke patients from the international 

ENCHANTED trial. Sci Rep. 2021;11(1):16495. 

3. Yu J, Zhou Z, Mahaffey KW, Matthews DR, Neuen BL, Heerspink HJL, Jardine MJ, Li 

J, Perkovic V, Neal B, Arnott C. An exploration of the heterogeneity in effects of SGLT2 

inhibition on cardiovascular and all-cause mortality in the EMPA-REG OUTCOME, 

CANVAS Program, DECLARE-TIMI 58, and CREDENCE trials. Int J Cardiol 

2021;324:165-72. 

4. Zhou Z, Jardine MJ, Li Q, Neuen BL, Cannon CP, de Zeeuw D, Edwards R, Levin A, 

Mahaffey KW, Perkovic V, Neal B, Lindley RI; CREDENCE Trial Investigators. Effect 

of SGLT2 inhibitors on stroke and atrial fibrillation in diabetic kidney disease: results from 

the CREDENCE trial and meta-analysis. Stroke 2021;52(5):1545-56. 

5. Jardine M, Zhou Z, Lambers Heerspink HJ, Hockham C, Li Q, Agarwal R, Bakris GL, 

Cannon CP, Charytan DM, Greene T, Levin A, Li JW, Neuen BL, Neal B, Oh R, Oshima 

M, Pollock C, Wheeler DC, de Zeeuw D, Zhang H, Zinman B, Mahaffey KW, Perkovic V. 

Kidney, cardiovascular, and safety outcomes of canagliflozin according to baseline 

albuminuria: a CREDENCE secondary analysis. Clin J Am Soc Nephrol 2021;16(3):384-

95. 

6. Jardine MJ, Zhou Z, Mahaffey KW, Oshima M, Agarwal R, Bakris G, Bajaj HS, Bull S, 

Cannon CP, Charytan DM, de Zeeuw D, Di Tanna GL, Greene T, Heerspink HJL, Levin 

A, Neal B, Pollock C, Qiu R, Sun T, Wheeler DC, Zhang H, Zinman B, Rosenthal N, 

Perkovic V; CREDENCE Study Investigators. Renal, cardiovascular, and safety outcomes 

of canagliflozin by baseline kidney function: a secondary analysis of the CREDENCE 

randomised trial. J Am Soc Nephrol 2020;31(5):1128-39. 

7. Delcourt C, Wang X, Zhou Z, Wardlaw JM, Mair G, Robinson TG, Chen X, Yoshimura 

S, Torii-Yoshimura T, Carcel C, Calic Z, Tan WY, Malavera A, Anderson CS, Lindley RI. 

Brain imaging abnormalities and outcome after acute ischaemic stroke: the ENCHANTED 

trial. J Neurol Neurosurg Psychiatry 2020;91(12):1290-6. 

8. Rådholm K, Zhou Z, Clemens K, Neal B, Woodward M. Effects of sodium-glucose co-

transporter-2 inhibitors in type 2 diabetes in women versus men. Diabetes Obes Metab 

2020;22(2):263-6. 



xx 

9. Chen X, Delcourt C, Sun L, Zhou Z, Yoshimura S, You S, Malavera A, Torii-Yoshimura 

T, Carcel C, Arima H, Hackett ML, Robinson T, Song L, Wang X, Lindley RI, Chalmers 

J, Anderson CS; ENCHANTED Investigators. Brain imaging signs and health-related 

quality of life after acute ischaemic stroke: analysis of ENCHANTED alteplase dose arm. 

Cerebrovasc Dis 2020;49(4):427-36. 

10. Xia C, Wang X, Lindley RI, Delcourt C, Zhou Z, Chen X, Carcel C, Malavera A, Calic Z, 

Anderson CS; ENCHANTED Investigators. Combined utility of blood glucose and white 

blood cell in predicting outcome after acute ischaemic stroke: The ENCHANTED trial. 

Clin Neurol Neurosurg 2020;198:106254. 

11. Zhou Z, Lindley RI, Rådholm K, Jenkins B, Watson J, Perkovic V, Mahaffey KW, de 

Zeeuw D, Fulcher G, Shaw W, Oh R, Desai M, Matthews DR, Neal B. Canagliflozin and 

stroke in type 2 diabetes mellitus. Stroke 2019;50(2):396-404. 

12. Morotti A, Boulouis G, Dowlatshahi D, Li Q, Barras CD, Delcourt C, Yu Z, Zheng J, Zhou 

Z, Aviv RI, Shoamanesh A, Sporns PB, Rosand J, Greenberg SM, Al-Shahi Salman R, 

Qureshi AI, Demchuk AM, Anderson CS, Goldstein JN, Charidimou A; International 

NCCT ICH Study Group. Standards for detecting, interpreting, and reporting noncontrast 

computed tomographic markers of intracerebral haemorrhage expansion. Ann Neurol 

2019;86(4):480-92. 

13. Zhou Z, Jardine M, Perkovic V, Matthews DR, Mahaffey KW, de Zeeuw D, Fulcher G, 

Desai M, Oh R, Simpson R, Watts NB, Neal B. Canagliflozin and fracture risk in 

individuals with type 2 diabetes: results from the CANVAS Program. Diabetologia 

2019;62(10):1854-67. 

14. Xu Y, Shanthosh J, Zhou Z, Somerville E, Anderson CS, Glozier N, Hackett ML. 

Prevalence of driving and traffic accidents among people with seizures: a systematic 

review. Neuroepidemiology 2019;53(1-2):1-12. 

15. Xu Y, Zhou Z, Shanthosh J, Hackett ML, Anderson CS, Glozier N, Somerville E. Who is 

driving and who is prone to have traffic accidents? A systematic review and meta-analysis 

among people with seizures. Epilepsy Behav 2019;94:252-7. 

16. Badve MS, Zhou Z, van de Beek D, Anderson CS, Hackett ML. Frequency of post-stroke 

pneumonia: systematic review and meta-analysis of observational studies. Int J Stroke 

2019;14(2):125-36. 



xxi 

17. Ge X, Zhao H, Zhou Z, Li X, Sun B, Wu H, Wan J, Xu J, Villablanca JP, Liu X. 

Association of Fractional Flow on 3D-TOF-MRA with cerebral perfusion in patients with 

MCA stenosis. Am J Neuroradiol 2019;40(7):1124-31. 

18. Zhou Z, Yu J, Carcel C, Delcourt C, Shan J, Lindley RI, Neal B, Anderson CS, Hackett 

ML. Resuming anticoagulants after anticoagulation-associated intracranial haemorrhage: 

systematic review and meta-analysis. BMJ Open 2018;8(5):e019672. 

19. Badve MS, Zhou Z, Anderson CS, Hackett ML. Effectiveness and safety of antibiotics for 

preventing pneumonia and improving outcome after acute stroke: systematic review and 

meta-analysis. J Stroke Cerebrovasc Dis 2018;27(11):3137-47. 

20. Zhang F, Zhou Z, Tang D, Zheng D, Cheng J, Lin L, Xu J, Zhao X, Wu H. Diffusion-

weighted MRI in solitary pulmonary lesions: associations between apparent diffusion 

coefficient and multiple histopathological parameters. Sci Rep 2018;8(1):11248. 

21. Ladwig S, Zhou Z, Xu Y, Wang X, Chow CK, Werheid K, Hackett ML. Comparison of 

treatment rates of depression after stroke versus myocardial infarction: a systematic review 

and meta-analysis of observational data. Psychosom Med 2018;80(8):754-63. 

 

Conference presentations 

1. Zien Zhou, Candice Delcourt, Chao Xia, Sohei Yoshimura, Cheryl Carcel, Takako Torii-

Yoshimura, Shoujiang You, Alejandra Malavera, Xiaoying Chen, Maree L. Hackett, Mark 

Woodward, John Chalmers, Jianrong Xu, Thompson G. Robinson, Mark W. Parsons, 

Andrew M. Demchuk, Richard I. Lindley, Grant Mair, Joanna M. Wardlaw, Craig S. 

Anderson. Low- versus standard-dose alteplase in acute lacunar ischaemic stroke: the 

ENCHANTED trial. 2021 International Stroke Conference, USA, 17-19 March 2021, 

moderated poster (virtual online). 

2. Zien Zhou, Alejandra Malavera, Sohei Yoshimura, Candice Delcourt, Grant Mair, Rustam 

Al-Shahi Salman, Andrew M Demchuk, Joanna M Wardlaw, Richard I Lindley, Craig S 

Anderson. Clinical prognosis of FLAIR hyperintense arteries in ischaemic stroke patients: 

a systematic review and meta-analysis. 2020 European Stroke Organisation and the World 

Stroke Organization Jointing Conference, Vienna, Austria, 7-9 Nov 2020, E-poster (virtual 

online). 

3. Zien Zhou, Meg J. Jardine, Qiang Li, Brendon L. Neuen, Christopher P. Cannon, Dick de 

Zeeuw, Robert Edwards, Adeera Levin, Kenneth W. Mahaffey, Vlado Perkovic, Bruce 



xxii 

Neal, Richard I. Lindley. Canagliflozin and stroke in diabetic kidney disease: results from 

the CREDENCE trial. the American College of Cardiology (ACC) 69th annual scientific 

session and expo, Chicago, USA, 29-30 Mar 2020, E-poster (virtual online). 

4. Zien Zhou, Meg J. Jardine, Hiddo Heerspink, Brendon L. Neuen, Qiang Li, Clare Arnott, 

Kenneth W. Mahaffey, Vlado Perkovic, Bruce Neal. Effects of SGLT2 inhibitors on stroke 

in type 2 diabetes according to baseline kidney function. the American College of 

Cardiology (ACC) 69th annual scientific session and expo, Chicago, USA, 29-30 Mar 2020, 

E-poster (virtual online). 

5. Zhou Z, Yoshimura S, Delcourt C, Lindley RI, You S, Malavera A, Torii-Yoshimura T, 

Carcel C, Wang X, Chen X, Parsons MW, Demchuk AM, Wardlaw JM, Mair G, Robinson 

TG, Chalmers J, Xu J, Anderson CS. Thrombolysis outcomes in acute ischaemic stroke by 

fluid-attenuated inversion recovery hyperintense arteries. Stroke Society of Australasia 

scientific meeting 2019, Canberra, Australia, 10-13 September 2019, oral presentation. 

6. Zien Zhou, Sohei Yoshimura, Candice Delcourt, Richard I Lindley, Shoujiang You, 

Alejandra Malavera, Takako Torii-Yoshimura, Cheryl Carcel, Xia Wang, Xiaoying Chen, 

Mark W Parsons, Andrew M Demchuk, Joanna M Wardlaw, Grant Mair, Thompson G 

Robinson, John Chalmers, Jianrong Xu, Craig S Anderson. Thrombolysis outcomes in 

acute ischaemic stroke by fluid-attenuated inversion recovery hyperintense arteries. 5th 

European Stroke Organisation Conference, Milan, Italy, 22-24 May 2019, E-poster. 

 

Scholarships and awards 

1. UNSW Sydney Scientia PhD Scholarship (March 2018 to March 2022). 

2. Awarded Paul Dudley White International Scholar Award by the American Heart 

Association in March 2021 for the highest ranked abstract from Australia at the 

International Stroke Conference 2021. 

  



xxiii 

Table of Contents 

 

Originality Statement .............................................................................................................. iv 

Copyright Statement ................................................................................................................ v 

Authenticity Statement ........................................................................................................... vi 

Copyright Permission ............................................................................................................ vii 

Inclusion of Publications Statement .................................................................................... viii 

Acknowledgements ................................................................................................................ xiv 

Abstract ................................................................................................................................... xv 

Ethical Clearance ................................................................................................................. xvii 

Publications, Conference Presentations, and Awards ..................................................... xviii 

List of Tables ...................................................................................................................... xxviii 

List of Figures ...................................................................................................................... xxix 

List of Appendices ............................................................................................................... xxxi 

List of Abbreviations ......................................................................................................... xxxiv 

Chapter 1: Introduction........................................................................................................... 1 

1.1 Alteplase dose and thrombolysis outcomes in AIS .......................................................... 3 

1.1.1 Optimal alteplase dose from early pilot studies ........................................................ 3 

1.1.2 Japan approved the use of low-dose alteplase (0.6 mg/kg) in AIS ........................... 4 

1.1.3 Controversy on low-dose alteplase (0.6 mg/kg) for AIS in other Asian 

countries .................................................................................................................... 4 

1.1.4 Alteplase arm of the ENCHANTED trial ................................................................. 5 

1.1.5 Meta-analysis of low-dose versus standard-dose alteplase in AIS ........................... 6 

1.2 BP lowering and thrombolysis outcomes in AIS ........................................................... 13 

1.2.1 High BP levels after stroke predict poor prognosis................................................. 13 

1.2.2 Patients with ICH benefit from early intensive BP lowering .................................. 14 

1.2.3 Current BP management in thrombolysis-treated AIS ............................................ 14 

1.2.4 BP arm of the ENCHANTED trial .......................................................................... 15 

1.2.5 Paradox of BP lowering in AIS ............................................................................... 16 



xxiv 

1.3 Imaging of AIS ............................................................................................................... 17 

1.3.1 Significance of brain imaging in AIS ...................................................................... 17 

1.3.2 Non-contrast computed tomography (NCCT) ......................................................... 18 

1.3.3 Computed tomography angiography (CTA) ........................................................... 20 

1.3.4 Computed tomography perfusion (CTP) ................................................................. 21 

1.3.5 Magnetic resonance imaging (MRI) ....................................................................... 22 

1.3.6 Magnetic resonance angiography (MRA) and perfusion-weighted MRI (PWI)..... 25 

1.3.7 Artificial intelligence (AI) in AIS imaging ............................................................. 26 

1.4 Gaps in current research ................................................................................................. 27 

1.5 Objectives of the thesis .................................................................................................. 31 

1.6 Structure of the thesis ..................................................................................................... 32 

References ............................................................................................................................ 33 

Chapter 2: Thrombolysis Outcomes in Acute Ischaemic Stroke by Fluid-Attenuated 

Inversion Recovery Hyperintense Arteries .......................................................................... 45 

2.1 Link to thesis .................................................................................................................. 45 

2.2 Abstract .......................................................................................................................... 46 

2.3 Background .................................................................................................................... 47 

2.4 Methods .......................................................................................................................... 47 

2.4.1 Study design ................................................................................................................ 47 

2.4.2 Imaging analyses ......................................................................................................... 47 

2.4.3 Outcomes ..................................................................................................................... 48 

2.4.4 Statistical analysis ....................................................................................................... 48 

2.5 Results ............................................................................................................................ 48 

2.6 Discussion and conclusion ............................................................................................. 49 

2.6.1 Discussion ................................................................................................................... 49 

2.6.2 Strengths and limitations ............................................................................................. 50 

2.6.3 Conclusion ................................................................................................................... 50 

References ............................................................................................................................ 51 

Appendices ........................................................................................................................... 52 

Chapter 3: Clinical Prognosis of FLAIR Hyperintense Arteries in Ischaemic Stroke 

Patients: A Systematic Review and Meta-analysis .............................................................. 64 

3.1 Link to thesis .................................................................................................................. 64 

3.2 Abstract .......................................................................................................................... 64 



xxv 

3.3 Background .................................................................................................................... 65 

3.4 Methods .......................................................................................................................... 66 

3.4.1 Search strategy ............................................................................................................ 66 

3.4.2 Eligibility criteria ........................................................................................................ 66 

3.4.3 Study selection and data extraction ............................................................................. 67 

3.4.4 Outcomes ..................................................................................................................... 68 

3.4.5 Statistical analysis ....................................................................................................... 68 

3.5 Results ............................................................................................................................ 68 

3.5.1 Study selection and characteristics .............................................................................. 68 

3.5.2 Association of FLAIR-HAs with functional outcome ................................................ 70 

3.5.3 Association of FLAIR-HAs with other outcomes ....................................................... 73 

3.6 Discussion and conclusion ............................................................................................. 73 

3.6.1 Discussion ................................................................................................................... 73 

3.6.2 Strengths and limitations ............................................................................................. 75 

3.6.3 Conclusion ................................................................................................................... 76 

References ............................................................................................................................ 77 

Appendices ........................................................................................................................... 81 

Chapter 4: Low-Dose versus Standard-Dose Alteplase in Acute Lacunar Ischaemic 

Stroke: The ENCHANTED Trial ....................................................................................... 101 

4.1 Link to thesis ................................................................................................................ 101 

4.2 Abstract ........................................................................................................................ 102 

4.3 Background .................................................................................................................. 103 

4.4 Methods ........................................................................................................................ 103 

4.4.1 Primary research question and evidence level .......................................................... 103 

4.4.2 Design and participants ............................................................................................. 104 

4.4.3 Standard protocol approvals, registrations, and participant consents ....................... 104 

4.4.4 Imaging analysis ........................................................................................................ 104 

4.4.5 Definitions of lacunar and nonlacunar AIS ............................................................... 105 

4.4.6 Outcomes ................................................................................................................... 106 

4.4.7 Statistical analysis ..................................................................................................... 107 

4.5 Results .......................................................................................................................... 107 

4.5.1 Baseline characteristics ............................................................................................. 108 

4.5.2 Lacunar AIS and outcomes ....................................................................................... 109 



xxvi 

4.5.3 Lacunar AIS and alteplase dose ................................................................................ 110 

4.6 Discussion and conclusion ........................................................................................... 115 

4.6.1 Discussion ................................................................................................................. 115 

4.6.2 Strengths and limitations ........................................................................................... 116 

4.6.3 Conclusion ................................................................................................................. 117 

References .......................................................................................................................... 118 

Appendices ......................................................................................................................... 120 

Chapter 5: Intensive versus Guideline-recommended Blood Pressure Reduction in 

Acute Lacunar Stroke with Intravenous Thrombolysis Therapy: The ENCHANTED 

Trial ....................................................................................................................................... 128 

5.1 Link to thesis ................................................................................................................ 128 

5.2 Abstract ........................................................................................................................ 128 

5.3 Background .................................................................................................................. 129 

5.4 Methods ........................................................................................................................ 130 

5.4.1 Design and patients ................................................................................................... 130 

5.4.2 Imaging assessment ................................................................................................... 130 

5.4.3 Outcomes ................................................................................................................... 131 

5.4.4 Statistical analysis ..................................................................................................... 131 

5.5 Results .......................................................................................................................... 132 

5.5.1 Baseline characteristics ............................................................................................. 132 

5.5.2 Blood pressure and other management within 1 week .............................................. 132 

5.5.3 Lacunar AIS and intensive BP reduction .................................................................. 134 

5.6 Discussion and conclusion ........................................................................................... 137 

5.6.1 Discussion ................................................................................................................. 137 

5.6.2 Strengths and limitations ........................................................................................... 140 

5.6.3 Conclusion ................................................................................................................. 140 

References .......................................................................................................................... 141 

Appendices ......................................................................................................................... 143 

Chapter 6: Thrombolysis Outcomes According to Arterial Characteristics of Acute 

Ischaemic Stroke by Alteplase Dose and Blood Pressure Target .................................... 158 

6.1 Link to thesis ................................................................................................................ 158 

6.2 Abstract ........................................................................................................................ 158 

6.3 Background .................................................................................................................. 159 



xxvii 

6.4 Methods ........................................................................................................................ 160 

6.4.1 Patients ...................................................................................................................... 160 

6.4.2 Imaging analysis ........................................................................................................ 160 

6.4.3 Outcomes ................................................................................................................... 161 

6.4.4 Statistical analysis ..................................................................................................... 161 

6.5 Results .......................................................................................................................... 162 

6.5.1 Baseline characteristics ............................................................................................. 162 

6.5.2 Vascular obstruction and outcomes ........................................................................... 163 

6.5.3 Vascular obstruction and alteplase dose .................................................................... 163 

6.5.4 Vascular obstruction and intensive BP reduction ..................................................... 165 

6.6 Discussion and conclusion ........................................................................................... 166 

6.6.1 Discussion ................................................................................................................. 166 

6.6.2 Strengths and limitations ........................................................................................... 169 

6.6.3 Conclusion ................................................................................................................. 169 

References .......................................................................................................................... 170 

Appendices ......................................................................................................................... 172 

Chapter 7: Concluding Remarks ........................................................................................ 194 

7.1 Summary of results ....................................................................................................... 194 

7.2 Strengths, limitations, and future studies ..................................................................... 196 

7.3 Implications for future clinical practice ....................................................................... 198 

7.4 Conclusions .................................................................................................................. 200 

References .......................................................................................................................... 202 

Thesis Appendices ................................................................................................................ 203 

Appendix A. The main paper of the ENCHANTED alteplase dose arm ........................ 203 

Appendix B. The main paper of the ENCHANTED BP arm ........................................... 214 

Appendix C. The ENCHANTED image interpretation form for brain NCCT and 

MRI ........................................................................................................................................ 226 

Appendix D. The ENCHANTED image interpretation form for brain angiography ... 238 

 

 

  



xxviii 

List of Tables 

Table 1.1 Studies by which Japan approved the use of low-dose (0.6 mg/kg) 

intravenous alteplase in AIS and contemporary or earlier studies in the USA 

and Europe 

Table 1.2  Studies from Asian countries (except Japan) on thrombolysis outcomes by 

low-dose intravenous alteplase in AIS 

Table 1.3 Logistic regression analysis of associations between individual imaging 

signs and sICH or functional outcomes in the ENCHANTED trial, adjusted 

for age, NIHSS score, and time to randomisation 

Table 1.4 Full multivariable logistic regression models for symptomatic intracerebral 

haemorrhage and functional outcome at 3 months in the ENCHANTED trial 

Table 1.5 Multivariable logistic regression models selected by stepwise logistic 

regression for sICH (IST3 definition) and functional outcome at 90 days in 

the ENCHANTED trial 

Table 2.1 Thrombolysis outcomes by FLAIR-HAs 

Table 3.1 Meta-analysis of the associations of baseline factors with the presence of 

FLAIR-HAs 

Table 4.1 Baseline characteristics of participants with definite/probable lacunar and 

nonlacunar stroke 

Table 4.2 Thrombolysis outcomes in definite/probable lacunar versus nonlacunar 

stroke 

Table 5.1 Clinical characteristics of participants with lacunar and nonlacunar stroke 

Table 5.2 Mean SBP difference (mmHg) up to 7 days by randomisation in lacunar and 

nonlacunar stroke 

Table 6.1 Thrombolysis outcomes by vascular obstruction status and sites 

 

  



xxix 

List of Figures 

Figure 1.1 Typical imaging signs of acute ischaemic stroke on NCCT 

Figure 1.2 An ENCHANTED participant with middle vessel occlusion on CTA 

Figure 1.3 An ENCHANTED participant with lacunar AIS identified on MRI 

Figure 1.4 Case of FLAIR-HAs on MRI 

Figure 1.5 Case of DWI-FLAIR mismatch 

Figure 1.6 Case of microbleeds on MRI 

Figure 1.7 Case of large vessel occlusion identified on MRA 

Figure 1.8 Effects of low-dose alteplase as compared with standard-dose alteplase on 

the functional outcome (mRS 3-6), according to imaging characteristics in 

the ENCHANTED trial 

Figure 1.9 Effects of low-dose alteplase as compared with standard-dose alteplase on 

the safety outcome (sICH), according to imaging characteristics in the 

ENCHANTED trial 

Figure 3.1 Flow chart of literature search 

Figure 3.2 Meta-analysis of associations between FLAIR-HAs and unfavourable 

functional outcome, by type of treatment administered to the study patients 

Figure 3.3 Meta-analysis of associations between the location or extent of FLAIR-HAs 

and unfavourable functional outcome 

Figure 3.4 Meta-analysis of associations between FLAIR-HAs and death, intermediate 

clinical and imaging outcomes 

Figure 4.1 Examples of lacunar ischaemic stroke at different locations from 

ENCHANTED 

Figure 4.2 Flowchart of participants included in analyses 

Figure 4.3 Thrombolysis outcomes in participants with definite/probable lacunar and 

nonlacunar stroke by randomised treatment 

Figure 4.4 Randomised treatment effects on the ordinal modified Rankin scale (mRS) 

score by lacunar and nonlacunar stroke 

Figure 4.5 Thrombolysis outcomes in participants with definite lacunar and nonlacunar 

stroke by randomised treatment 

Figure 5.1 Flowchart of participants included in analyses 

Figure 5.2 Mean systolic and diastolic blood pressure (mmHg) from randomisation to 

day 7 by treatment in lacunar and nonlacunar stroke 

Figure 5.3 Randomised treatment effects on ordinal mRS score in overall included 

participants and in the subgroups of lacunar and nonlacunar stroke 

Figure 5.4 Thrombolysis outcomes in participants with lacunar and non-lacunar stroke 

by randomised treatment of BP reduction 

Figure 6.1 Association of randomised alteplase dose or BP lowering with ordinal mRS 



xxx 

score across participants stratified by vascular obstruction status and site 

Figure 6.2 Other thrombolysis outcomes by randomised alteplase dose across 

participants stratified by vascular obstruction status and site 

Figure 6.3 Other thrombolysis outcomes by randomised BP lowering across 

participants stratified by vascular obstruction status and site 

 

  



xxxi 

List of Appendices 

Appendix A The main paper of the ENCHANTED alteplase dose arm 

Appendix B The main paper of the ENCHANTED BP arm 

Appendix C The ENCHANTED image interpretation form for brain NCCT and MRI 

Appendix D The ENCHANTED image interpretation form for brain angiography 

Appendix 2.1 Examples of FLAIR-HAs in patients from alteplase-dose arm of 

ENCHANTED trial 

Appendix 2.2 Flowchart of patients included in analyses 

Appendix 2.3 Location of FLAIR-HAs and ischaemic lesion, size of ischaemic lesion, 

and infarct volume in patients with brain MRI including FLAIR and 

DWI sequences scanned <4.5 hours of symptom onset (N=293) 

Appendix 2.4 Baseline characteristics of patients by the presence of FLAIR-HAs 

Appendix 2.5 Association of baseline variables with the presence of FLAIR-HAs 

Appendix 2.6 Thrombolysis outcomes (mRS 0-1) by FLAIR-HAs after adjusting 

different covariables 

Appendix 2.7 Thrombolysis outcomes by FLAIR-HAs in patients with and without 

large vessel occlusion at baseline 

Appendix 2.8 Thrombolysis outcomes in MCA infarct patients by the presence of 

FLAIR-HAs in the MCA territory, different locations of FLAIR-HAs, 

FLAIR-HAs score, and whether FLAIR-HAs are surrounded or beyond 

the boundaries of ischaemic lesion 

Appendix 3.1 Search strategy used in the current systematic review and meta-analysis 

Appendix 3.2 Characteristics of included studies 

Appendix 3.3 Quality assessment of included studies 

Appendix 3.4 Meta-analysis of associations between FLAIR-HAs and 90-day 

unfavourable functional outcome, by type of treatment administered to 

the study patients 

Appendix 3.5 Sensitivity analysis for associations between FLAIR-HAs and 

unfavourable functional outcome in studies with data collecting 

prospectively and recruiting acute ischaemic stroke only 

Appendix 3.6 Assessment of publication bias 

Appendix 3.7 NIHSS score (change) by the presence of FLAIR-HAs 

Appendix 3.8 Infarct volume and growth by the presence of FLAIR-HAs 

Appendix 3.9 Definition of intermediate clinical and imaging outcomes in included 

studies 

Appendix 4.1 Definitions of symptomatic intracerebral haemorrhage 

Appendix 4.2 Definitions and samples of lacunar and nonlacunar stroke 

Appendix 4.3 Baseline characteristics of ENCHANTED rtPA arm participants 



xxxii 

included and excluded for primary analyses 

Appendix 4.4 Thrombolysis outcomes in participants with definite lacunar stroke (≤15 

mm, no LVO adjudicated centrally) identified on baseline images* by 

randomised treatment 

Appendix 4.5 Thrombolysis outcomes in participants with definite/probable lacunar 

and non-lacunar stroke, in whom the presence of white matter lesion 

was eligible to assess on collected images, by randomised treatment 

Appendix 5.1 Definitions of symptomatic intracerebral haemorrhage 

Appendix 5.2 Definitions of lacunar and nonlacunar stroke 

Appendix 5.3 Baseline characteristics of ENCHANTED BP arm participants included 

and excluded for analyses in this study 

Appendix 5.4 Baseline characteristics of participants with definite/probable lacunar 

and nonlacunar stroke 

Appendix 5.5 Use of alteplase, BP lowering treatment within 24 hours, and other 

management from randomisation to Day 7 in participants with 

definite/probable lacunar and nonlacunar stroke 

Appendix 5.6 Details on BP lowering treatment within 24 hours, and in days 2-7 post-

randomisation in participants with definite/probable lacunar and 

nonlacunar stroke 

Appendix 5.7 Baseline characteristics of participants with definite lacunar and 

nonlacunar stroke 

Appendix 5.8 Randomised treatment effects on ordinal mRS score in definite lacunar 

and nonlacunar stroke 

Appendix 5.9 Thrombolysis outcomes in participants with definite lacunar and 

nonlacunar stroke by randomised treatment of BP reduction 

Appendix 5.10 Thrombolysis outcomes in participants with definite lacunar stroke and 

the infarct size ≤15 mm on 24-hour follow-up images by randomised 

treatment 

Appendix 6.1 Scan quality of computed tomographic or magnetic resonance 

angiography 

Appendix 6.2 Scoring for angiogram characteristics in ENCHANTED 

Appendix 6.3 Examples of ENCHANTED participants with different vascular 

obstruction status and site 

Appendix 6.4 Flowchart of participants included in analyses 

Appendix 6.5 Baseline characteristics of ENCHANTED rtPA arm participants 

included and excluded for vascular analyses 

Appendix 6.6 Baseline characteristics of ENCHANTED BP arm participants included 

and excluded for vascular analyses 

Appendix 6.7 Baseline characteristics and presumed diagnosis of participants by 

vascular obstruction status and site 



xxxiii 

Appendix 6.8 Baseline characteristics of participants by randomised alteplase dose in 

different vascular obstruction status and site 

Appendix 6.9 Baseline characteristics of participants by randomised BP lowering in 

different vascular obstruction status and site 

Appendix 6.10 Distribution of alteplase dose based on measured body weight by 

randomised group in participants with and without vascular obstruction, 

and different sites of obstruction 

Appendix 6.11 Mean blood pressure (mmHg) from randomisation to day 7 by 

randomised group of BP lowering in participants with and without 

vascular obstruction, and different sites of obstruction 

Appendix 6.12 Sensitivity analyses for association of randomised alteplase dose or BP 

lowering with ordinal mRS score across participants stratified by 

vascular obstruction status and site 

Appendix 6.13 Sensitivity analyses 1* for other thrombolysis outcomes by randomised 

alteplase dose across participants stratified by vascular obstruction 

status and site 

Appendix 6.14 Sensitivity analyses 2* for other thrombolysis outcomes by randomised 

alteplase dose across participants stratified by vascular obstruction 

status and site 

Appendix 6.15 Sensitivity analyses 1* for other thrombolysis outcomes by randomised 

BP lowering across participants stratified by vascular obstruction status 

and site 

Appendix 6.16 Sensitivity analyses 2* for other thrombolysis outcomes by randomised 

BP lowering across participants stratified by vascular obstruction status 

and site 

  



xxxiv 

List of Abbreviations 

ACA:                anterior cerebral artery 

ACEI:               angiotensin converting enzyme inhibitor 

ADC:                apparent diffusion coefficient 

AF:                   atrial fibrillation 

AI:                    artificial intelligence 

AIC:                 acute ischaemic change 

AIS:                  acute ischaemic stroke 

AOL:                arterial occlusive lesion score 

AOR:                adjusted odds ratio 

ASPECTS:       Alberta Stroke Program Early CT score 

BA:                   basilar artery 

BP:    blood pressure 

CAA:                cerebral amyloid angiopathy 

CAD:                coronary artery disease 

CBF:                 cerebral blood flow 

CBV:                                          cerebral blood volume 

CE-MRA:                     contrast-enhanced magnetic resonance angiography 

CI:                     confidence interval 

CT:                    computed tomography 

CTA:                 computerised tomographic angiography 

DBP:     diastolic blood pressure  

DICOM:            Digital Imaging and Communications in Medicine  

DM:                   diabetes mellitus 

DWI:                 diffusion-weighted imaging 

ECASS:             European-Australian Cooperative Acute Stroke Study 

ENCHANTED: Enhanced Control of Hypertension and Thrombolysis Stroke Study 

END:                 early neurological deterioration 

EVT:                  endovascular therapy 



xxxv 

FLAIR:              fluid-attenuated inversion recovery sequence 

FLAIR-HAs:      FLAIR hyperintense arteries 

FU:                     follow-up 

GCS:                  Glasgow coma scale 

HI:                      haemorrhagic infarcts 

ICA:                   internal carotid artery 

ICAO:                internal carotid artery occlusion (or obstruction) 

ICH:      intracerebral haemorrhage 

IQR:                   interquartile range 

IST-3:                 the third International Stroke Trial 

LVO:                  large vessel occlusion (or obstruction) 

MCA:                 middle cerebral artery                

MRA:                 magnetic resonance angiography 

MRI:                   magnetic resonance imaging 

mRS:                         modified Rankin scale 

MTT:                  mean transit time 

MVO:                  medium vessel occlusion (or obstruction) 

NIHSS:      National Institutes of Health Stroke Scale   

NINDS:               National Institutes of Neurological Diseases and Stroke 

NNCT:                non-contrasted computed tomography 

NVO:                  no vessel occlusion (or obstruction) 

OCSP:                 the Oxfordshire Community Stroke Project 

OR:                     odds ratio 

PCA:                   posterior cerebral artery 

PH:                      parenchymal haematomas 

PWI:                    perfusion-weighted imaging 

RR:                      risk ratio 

SE/GRE:             spin echo/gradient recalled echo sequence 

rtPA:                   recombinant human tissue plasminogen activator 

SBP:       systolic blood pressure  



xxxvi 

SD:                      standard deviation 

sICH:                  symptomatic intracerebral haemorrhage 

SITS-MOST:      Safe Implementation of Thrombolysis in Stroke Monitoring Study 

TGI:                    The George Institute for Global Health 

TIA:                    transient ischaemic attack 

TICI:                   thrombolysis in cerebral infarction 

TIMI:                  thrombolysis in myocardial infarction grade. 

Tmax:                    time to maximum 

TOAST:              The Trial of ORG 10172 in Acute Stroke Treatment classification 

TTP:                    time to peak 

WAKE-UP:        The Efficacy and Safety of MRI-based Thrombolysis in Wake-Up Stroke 

trial 



1 

Chapter 1: Introduction 

Stroke is a leading cause of death and disability. It induces a heavy disease burden globally. 

The Global Burden of Disease Study 2016 showed that there were 5.5 (95% uncertainty interval 

[UI] 5.3 to 5.7) million deaths and 116.4 (95% UI 111.4 to 121.4) million years lived with 

disability due to stroke in 2016, worldwide.1 In China, the most populous country, stroke was 

the first cause of years of life lost in 2017, although there was a decrease in disability-adjusted 

life-years from 1990 to 2017.2  Furthermore, there are enormous direct and indirect economic 

losses due to the treatment and rehabilitation in stroke patients: the total costs of post-stroke 

care for inpatient and outpatient were highest in the USA ($4850 per patient-month) and lowest 

in Australia ($752 per patient-month) according to a recent systematic review of related 

economic data published from January 2000 to August 2016.3 Thus, strategies to prevent stroke 

by modifying conventional risk factors (such as high blood pressure [BP], diabetes mellitus, 

hyperlipaemia, atrial fibrillation, smoking) and effective treatments to reduce poor prognosis 

after stroke are urgently needed, albeit challenging.    

There are two main pathological subtypes (ischaemic and haemorrhagic) of stroke, and a 

majority of stroke patients (80%) have an ischaemic stroke, caused by the obstruction/occlusion 

of carotid or a cerebral artery (named as “culprit artery”), resulting in a reduction of downstream 

cerebral blood flow and dysfunction of corresponding cerebral tissue. Growth or rupture of 

atherosclerotic plaque and cardiogenic embolus usually account for forming the “culprit artery.” 

Clinical symptoms after ischaemic stroke onset include face dropping on one side, limb paresis, 

vision disturbance, dizziness/vertigo, difficulty in speaking and understanding speech, and 

disability of walking. Modern treatment for acute ischaemic stroke (AIS) is based on the 

principle that a better recovery of cerebral function and a more favourable prognosis depends 

on earlier recanalisation of the “culprit artery” and quicker reperfusion of the ischaemic brain 

area. The first approved treatment for AIS is intravenous thrombolysis using recombinant tissue 

plasminogen activator (rt-PA, alteplase), converting plasminogen to plasmin followed by 

breaking down fibrin, an essential protein for the formation of thrombus.4 In 1996, based on the 

National Institute of Neurological Disorders and Stroke (NINDS) trial,5 alteplase was licensed 

in North America for intravenous use in AIS patients within 3 hours after stroke onset. Since 

then, there have been rapid developments in the strategies of AIS administration. Some 

treatments have been applied in clinical practice based on large-scale randomised clinical trials 
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or related meta-analysis with confirmed results, such as extending the time window of 

intravenous thrombolysis to 4.5 hours,6-8 dual antiplatelet therapy (clopidogrel plus aspirin) in 

minor AIS or transient ischaemic attack,9-11 endovascular treatment for large vessel 

occlusion,12-18 and multi-model imaging-guided intravenous thrombolysis in wake-up stroke 

patients or endovascular treatment.18-23 Meanwhile, the efficacy and safety of other promising 

interventions are still in debate due to limited evidence from high-quality clinical trials or 

conflicting results in observational studies, such as new drugs of intravenous thrombolysis, low-

dose intravenous alteplase use, intensive BP management in candidates for intravenous 

thrombolysis or endovascular treatment, and the necessity of intravenous thrombolysis before 

endovascular treatment.   

The Enhanced Control of Hypertension and Thrombolysis Stroke Study (ENCHANTED) was 

the first large-scale, international, multicentre, 2×2 quasi-factorial, prospective, randomised, 

open-label, blinded-endpoint trial that assessed the effectiveness of low-dose (0.6 mg/kg; 15% 

as bolus, 85% as infusion during 1 hour) versus standard-dose (0.9 mg/kg; 10% as bolus, 90% 

as infusion during 1 hour) intravenous alteplase (alteplase arm), and more intensive BP 

lowering (target systolic BP [SBP] 130-140 mmHg within 1 hour after randomisation) versus 

guideline-recommended BP control (SBP <180 mmHg) (BP arm) in adult patients with AIS.24-

28 The main result papers of the ENCHANTED trial are outlined in Appendices A and B. In 

August 2016, the ENCHANTED Imaging Project was set out to explore associations of imaging 

signs with thrombolysis outcomes in AIS patients and identify any imaging signs that would 

modify the randomised treatment effects of alteplase dose and BP target. After receiving 

standardised training whereby each reader completed the ACCESS (Acute Cerebral CT 

Evaluation of Stroke Study) training module of recognised acute and pre-existing AIS imaging 

features (http://www.ed.ac.uk/edinburgh-imaging/access), a research team with a background 

in stroke but not necessarily imaging interpretation expertise (non-expert: one radiologist 

[myself], eight-stroke neurologists and two-stroke neurology trainees) assessed the presence, 

extent, and severity of, and swelling from, acute ischaemic changes (including arterial territory, 

border zone, small subcortical and brainstem/cerebellar infarcts), coexisting old vascular 

lesions and their subtypes, white matter lesions, and brain volume loss, on all collected images 

from the ENCHANTED trial, using an electronic scoring system modified from the third 

International Stroke Trial (IST-3).29  Since September 2019, the team also assessed the presence, 

location, extent (IST-3 angiography score and modified Thrombolysis in Cerebral Infarction 

[TICI] score),30 clot burden score,31 visual residual flow,32 the collateral score of vascular 
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obstruction33 on collected baseline computed tomographic angiography (CTA) or magnetic 

resonance angiography (MRA), and recanalisation (revised Arterial Occlusive Lesion [rAOL] 

score)32 after alteplase treatment in participants with both baseline and follow-up angiography. 

Copies of the ENCHANTED image interpretation forms are list in Appendices C and D.    

This thesis is based on clinical and adjudicated imaging data from both arms of the 

ENCHANTED trial. This Chapter provides an overview of prior studies on which my research 

is based. Firstly, I perform a literature review on the association of alteplase dose and 

thrombolysis outcomes, followed by an overview of the current status of BP management in 

AIS candidates for intravenous thrombolysis and an introduction to AIS-related imaging signs. 

Finally, I present an outline of gaps in current research, the objectives of my studies, and a 

description of thesis structure. 

1.1 Alteplase dose and thrombolysis outcomes in AIS 

1.1.1 Optimal alteplase dose from early pilot studies  

In the early 1990s, before carrying out the NINDS trial, two pilot studies investigated the 

optimal dose of alteplase for its urgent use in AIS with an open-label, dose-escalation design. 

The first study included 74 adult AIS patients (18 to 80 years) within 1.5 hours after symptom 

onset and grouped according to different doses of alteplase received: 0.35 mg/kg (n=6), 0.60 

mg/kg (n=12), 0.85 mg/kg (n=30), 0.95 mg/kg (n=25) and 1.08 mg/kg (n=1).34 The results 

showed there were numerically more patients with major neurological improvement at 24 hours 

post-treatment in high-dose groups (0.85 mg/kg, 55%; 0.95 mg/kg, 50%) than in low-dose 

groups (0.35 mg/kg, 33%; 0.6 mg/kg, 33%) (statistical test not reported). No intracerebral 

parenchymal haematoma or other major haemorrhagic complications occurred in dose groups 

of ≤0.85 mg/kg, but they were observed in the remaining groups with the higher dose. The 

second study investigated the efficacy and safety of alteplase in 20 adult AIS patients who had 

longer time intervals (1.5 to 3 hours) from symptom onset to treatment.35 Participants were 

grouped as 0.6 mg/kg (n=8), 0.85 mg/kg (n=6) and 0.95 (n=6) mg/kg.  No intracerebral 

haemorrhage (ICH) occurred in the 0.6 mg/kg group, and each of the other two groups had one 

case of ICH (17%). The number (percentage) of significant neurological improvements at 24 

hours in the three groups were 2 (25%), 1 (17%), and 0 (0%), respectively (statistical test not 

reported).   
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These two early pilot studies suggested that intravenous thrombolysis by alteplase with a dose 

of ≤0.95 mg/kg was relatively safe and effective for early neurological improvement. 

Subsequently, the NINDS trial, the first randomised, double-blind study to assess the 

effectiveness of alteplase versus placebo in AIS within 3 hours of onset, adopted a dose of 0.9 

mg/kg. It confirmed the efficacy of alteplase on 90-day improved functional outcome post-

randomisation, despite an increase of symptomatic ICH (sICH).5 Unfortunately, there had been 

no randomised trial to compare 0.9 mg/kg versus a lower dose of alteplase directly in the 1990s 

because of no approval for funding.    

1.1.2 Japan approved the use of low-dose alteplase (0.6 mg/kg) in AIS 

From 2002 to 2010, a series of cohort studies in Japanese AIS patients were conducted to 

investigate the association of low-dose (0.6 mg/kg) intravenous alteplase with 90-day 

functional outcome and the incidence of early symptomatic ICH (sICH): Japan Alteplase 

Clinical Trial (J-ACT),36 Stroke Acute Management with Urgent Risk-factor Assessment and 

Improvement Study (SAMURAI),37 Japan Alteplase Clinical Trial II (J-ACT II),38 and the 

Japan post-Marketing Alteplase Registration Study (J-MARS).39 Based on comparable 

proportions of functional recovery and sICH between the J-ACT and earlier studies conducted 

in the USA and Europe where 0.9 mg/kg alteplase was adopted, Japan approved the intravenous 

use of 0.6 mg/kg alteplase (the only dose) in AIS within 3 hours after stroke onset in October 

2005. Subsequent SAMURAI, J-ACT II, and J-MARS, with larger samples or in patients with 

large vessel occlusion (LVO) identified by image, further suggested the safety and efficacy of 

its use in routine clinical practice for Japanese AIS patients. Table 1.1 summarises these four 

cohort studies and contemporary or earlier randomised placebo-controlled trials whereby 0.9 

mg/kg alteplase was adopted. A direct comparison of 0.6 mg/kg versus 0.9 mg/kg intravenous 

alteplase or 0.6 mg/kg versus placebo through a randomised control trial (RCT) was never 

undertaken in Japan due to concern over ethics and because RCTs conducted in the 1990s had 

identified the superiority of 20 million international units (MIU) of duteplase (equal to 0.6 

mg/kg alteplase) versus placebo with respect to clinical improvement after AIS.40-42 

1.1.3 Controversy on low-dose alteplase (0.6 mg/kg) for AIS in other Asian countries 

Some pathophysiological mechanisms support the use of low-dose intravenous alteplase in 

Asian patients with AIS: these include race difference in the levels of plasma fibrinogen, 

plasminogen activator inhibitor-I, and coagulation factor XIII activity (lower in Japanese than 
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in Caucasians);46-48 different composition of AIS causes between Asians and Caucasians 

(intracranial atherosclerosis being the primary cause of AIS in Asian patients);49,50 and genetic 

differences.51-53 Furthermore, the use of 0.6 mg/kg alteplase can save half of the cost compared 

with 0.9 mg/kg, ideal for patients with limited income in developing Asian countries.   

After approving 0.6 mg/kg intravenous alteplase use for AIS in Japan, researchers from other 

Asian countries investigated its efficacy and safety for patients in their own countries, with 

controversial results. An observational study conducted in Singapore (where multi-ethnic 

Asians) did not favour low-dose intravenous alteplase for AIS.54 The results showed standard-

dose intravenous alteplase (0.9 mg/kg) was associated with a lower rate of sICH (1.2%) and 

higher rate of 90-day functional independence (59%) compared with the low-dose (0.5 mg/kg) 

group (14.5% and 35%, respectively). As assumed by the authors, a delay in recanalisation by 

low-dose alteplase might cause an increased risk of sICH and disability after thrombolysis.55 

According to a search strategy made by our team,56 I identified 15 observational studies from 

Asian countries (except Japan) after searching in Medline and Embase from inception to the 

end of December 2020. Seven studies favoured low-dose intravenous alteplase (1 from Vietnam, 

1 from Pakistan, and 5 in the Chinese population),57-63 three studies favoured standard-dose 

alteplase (1 from Singapore and 2 in the Chinese population),54,64,65 and five studies showed 

neutral results (1 from South Korea and 4 in the Chinese population).66-70 Table 1.2 summarises 

these studies. Potential reasons for the controversial results include various definitions of low-

dose alteplase across studies, differences in the expertise of intravenous thrombolysis across 

hospitals, small samples in most of the studies, and bias caused by being prone to assign AIS 

patients with a high risk of ICH to receive low-dose alteplase.  

1.1.4 Alteplase arm of the ENCHANTED trial 

The alteplase arm of the ENCHANTED trial firstly investigated the association of low-dose 

versus standard-dose intravenous alteplase with thrombolysis outcomes in AIS patients with an 

international, multicentre, prospective, randomised, open-label, blinded-endpoint design.24-26 

From March 2012 to August 2015, 3310 AIS patients (63% Asians) recruited at 111 clinical 

centres from 13 countries and randomised to receive low-dose intravenous alteplase (N=1654; 

0.6 mg/kg, 15% as bolus, 85% as infusion during 1 hour) or standard-dose intravenous alteplase 

(N=1643; 0.9 mg/kg, 10% as bolus, 90% as infusion during 1 hour) within 4.5 hours after 

symptom onset. The study aimed to identify the noninferiority between the two-dose groups 

with respect to death or disability (primary outcome, defined as modified Rankin scale [mRS] 



6 

scores 2-6) and ordinal mRS scores shift (secondary outcome) at 90-day post-randomisation 

and to determine whether low-dose intravenous alteplase was superior to standard-dose with 

respect to sICH (safety outcome, defined by SITS-MOST criteria). Other outcomes included 

major disability (mRS scores 3-6) at 90-day post-randomisation, mortality at 7 and 90 days, and 

early neurologic deterioration (END, increase of ≥4 points in the NIHSS score) within 72 hours 

post-randomisation. The results, published in 2016, did not show the noninferiority of low-dose 

versus standard-dose intravenous alteplase for the primary outcome (odds ratio [OR], 1.09; 95% 

confidence interval [CI], 0.95-1.25) (upper limit of 95% CI > noninferiority margin of 1.14). 

The noninferiority between the two-dose groups for 90-day ordinal mRS scores shift was 

confirmed (OR 1.00, 95% CI 0.89-1.13). Low-dose alteplase significantly reduced the risk of 

sICH (OR 0.48 0.27-0.86). 

Several pre-specified or post-hoc subgroup analyses from ENCHANTED by baseline 

characteristics were performed to identify what kind of AIS patients would benefit from low-

dose intravenous alteplase. Clinical factors (age, ethnicity, severity, prior stroke, and diabetes 

mellitus, prior treatment of lipid-lowering agents, and kidney function) did not modify the 

randomised treatment effects of low-dose versus standard-dose alteplase on 90-day functional 

outcomes,71-75 except for prior antiplatelet treatment that low-dose alteplase improved the 90-

day functional outcome in thrombolysis-treated AIS patients with prior antiplatelet therapy 

(mRS score shift: no prior antiplatelet therapy OR 1.07, 95% CI 0.93-1.23, with prior 

antiplatelet therapy OR 0.76, 95% CI 0.59-0.98, Pinteraction =0.02).76 An observational study 

based on the ENCHANTED data showed a combination of favourable clinical characteristics, 

including younger age, lower SBP, mild neurological impairment, and no atrial fibrillation, 

diabetes mellitus, or premorbid symptoms predicted a net advantage from low-dose alteplase 

compared with standard-dose. Corresponding logistic regression models were also validated 

externally using real-world registry data.77 However, direct application of these models in 

clinical practice is infeasible since cut-off values of these factors to predict good prognosis by 

low-dose alteplase were not provided. In addition, the models did not involve critical factors 

from neuroimaging data, such as recanalisation, collateral circulation, infarct size, and location.   

1.1.5 Meta-analysis of low-dose versus standard-dose alteplase in AIS 

There were seven systematic reviews and meta-analyses on low-dose versus standard-dose 

alteplase in AIS published from 2013 to 2019, including one involving individual participant 



 

Table 1.1. Studies by which Japan approved the use of low-dose (0.6 mg/kg) intravenous alteplase in AIS and contemporary or earlier studies in the USA and 

Europe 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

patients 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Studies in Japan       

J-ACT,  

2006 (36) 

Japan,  

04/2002-09/2003 

Prospective  

cohort 

As in the NINDS trial 0.6 

mg/kg 

103 mRS scores 0-1:  

38 (36.9)  

sICH within 36 hrs: 6 (5.8) 

Death within 3 months: 10 (9.7) 

SAMURAI, 

2009 (37) 

Japan,  

10/2005-07/2008 

 

Retrospective 

cohort 

As in the NINDS trial 0.6 

mg/kg 

600 mRS scores 0-1:  

199 (33.2)  

sICH within 36 hrs: 23 (3.8) 

Any ICH within 36 hrs: 119 (19.8)  

Death within 3 months: 43 (7.2) 

J-ACT II,  

2010 (38) 

Japan,  

03/2007-07/2008 

Prospective  

cohort 

AIS patients within 3 hours of onset  

& MRA identified MCA occlusion 

0.6 

mg/kg 

58 mRS scores 0-1:  

27 (46.6)  

sICH within 36 hrs: 0 (0.0) 

Death within 3 months: 1 (1.7) 

J-MARS,  

2010 (39) 

Japan,  

10/2005-10/2007 

Prospective  

cohort 

AIS patients within 3 hours of onset  

who received 0.6 mg/kg intravenous  

alteplase in Japan 

0.6 

mg/kg 

7492 mRS scores 0-1:  

1637/4944 (33.1)  

sICH within 36 hrs: 259 (3.5) 

sICH at 3 months: 329 (4.4) 

Death within 3 months: 985 (13.1) 

Contemporary or earlier studies in the USA and Europe     

NINDS 

Part 2,  

1995 (5) 

USA, 

01/1991-10/1994 

 

Randomised 

control trial 

AIS patients with known time of  

onset, a deficit measurable on the 

NIHSS and no intracranial  

haemorrhage on CT scan 

0.9 

mg/kg 

168 mRS scores 0-1:  

39 (23.2) 

sICH: 12 (7.1); Any ICH: 21 (12.5) 

[within 36 hrs] 

Placebo 165 mRS scores 0-1:  

26 (15.8) 

sICH: 2 (1.2); Any ICH: 8 (4.8) 

[within 36 hrs] 

ECASS II,  

1998 (43) 

Europe, Australia, 

and New Zealand 

10/1996-01/1998 

Randomised 

control trial 

AIS patients (18-80 years) who 

could be treated within 6 hrs of  

symptom onset, no or only minor  

early signs of infarction on the initial  

CT scan 

0.9 

mg/kg 

409 mRS scores 0-1:  

165 (40.3) 

PH2: 33 (8.1); PH1+PH2: 48 (11.8) 

Any ICH: 197 (48.4) [within 7 days] 

Placebo 391 mRS scores 0-1:  

143 (36.6) 

PH2: 3 (0.8); PH1+PH2: 12 (3.1) 

Any ICH: 155 (40.2) [within 7 days] 

 



 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

participants 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Contemporary or earlier studies in the USA and Europe     

SITS-MOST,  

2007 (44) 

Europe, 

12/2002-04/2006 

Prospective  

cohort 

AIS patients (18-80 years) within 3 

hrs of stroke onset 

0.9 

mg/kg 

6483 mRS scores 0-2:  

3362/6136 (54.8) 

sICH within 24 hrs: 107/6444 (1.7) 

sICH at 7 days: 468/6438 (7.3) 

Death within 3 months: 701/6218 

(11.3) 

ECASS III, 

2008 (7) 

Europe, 

07/2003-11/2007 

Randomised 

control trial 

AIS patients (18-80 years), onset of  

symptoms 3 to 4.5 hrs before 

initiation of study-drug 

0.9 

mg/kg 

418 mRS scores 0-1:  

219 (52.4) 

sICH: 10 (2.4) 

Any ICH: 113 (27.0) 

Death within 3 months: 28 (6.7) 

Placebo 403 mRS scores 0-1:  

182 (45.2) 

sICH: 1 (0.2) 

Any ICH: 71 (17.6) 

Death within 3 months: 31 (7.7) 

IST-3, 

2012 (45) 

 

12 countries, 

05/2000-07/2011 

 

Randomised 

control trial 

AIS patients; the time of stroke onset  

was known; treatment could be  

started within 6 hrs of onset; no  

intracranial haemorrhage and  

structural brain lesions on CT or  

MRI 

0.9 

mg/kg 

1515 OHS 0-2 at 6 

months: 554 (36.6) 

sICH within 7 days: 104 (6.9) 

Death within 7 days: 163 (11) 

Death at 6 months:  408 (26.9) 

Placebo 1520 OHS 0-2 at 6 

months: 534 (35.1) 

sICH at 7 days: 16 (1.1) 

Death within 7 days: 107 (7.0) 

Death at 6 months:  407 (26.8) 

AIS denotes acute ischaemic stroke; CT, computerised tomography; ECASS II, The Second European Cooperative Acute Stroke Study; ECASS III, The Third European 

Cooperative Acute Stroke Study; ICH, intracerebral haemorrhage; IST-3, The Third International Stroke Trial; J-ACT, Japan Alteplase Clinical Trial; J-ACT II, Japan 

Alteplase Clinical Trial II; J-MARS, The Japan post-Marketing Alteplase Registration Study; NIHSS, National Institute of Health stroke scale; NINDS, The National 

Institute of Neurological Disorders and Stroke rt-PA Stroke Study; MCA, middle cerebral artery; MRA, magnetic resonance angiography; MRI, magnetic resonance 

imaging; mRS, modified Rankin scale; OHS, Oxford Handicap Score; PH, parenchymal haemorrhage; rt-PA: recombinant tissue-type plasminogen activator; 

SAMURAI, Stroke Acute Management with Urgent Risk-factor Assessment and Improvement Study; sICH, symptomatic intracerebral haemorrhage; SITS-MOST, 

The Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 



 

Table 1.2. Studies from Asian countries (except Japan) on thrombolysis outcomes by low-dose intravenous alteplase in AIS 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

patients 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Favoured low-dose intravenous alteplase      

Chao et al,  

2010 (57) 

Taiwan China,  

12/2004-07/2008 

Prospective  

cohort 

AIS patients who were admitted to  

Taiwan hospitals and used alteplase  

to treat 

0.7 

mg/kg 

116 mRS scores 0-2:  

60/102 (58.8)  

sICH* within 3 months: 6 (5.2) 

Death within 3 months: 8 (6.9) 

0.9 

mg/kg 

125 mRS scores 0-2:  

57/117 (48.7)  

sICH* within 3 months: 13 (10.4) 

Death within 3 months: 16 (12.8) 

Nguyen et al,  

2010 (58) 

 

Vietnam, 

05/2006-05/2009 

Prospective  

cohort 

As in the NINDS trial 0.6 

mg/kg 

48 mRS scores 0-1:  

27 (56.3) 

sICH within 24 hrs: 1 (2.1) 

Death within 3 months: 1 (2.1) 

0.9 

mg/kg 

73 mRS scores 0-1: 

25 (34.2) 

sICH within 24 hrs: 4 (5.5) 

Death within 3 months: 9 (12.3) 

Chao et al, 

2014 (59)† 

Taiwan China,  

12/2004-11/2011 

Prospective  

cohort 

As in the SITS-MOST study, 

including an upper age limit of 80 

years 

0.6 

mg/kg 

181 mRS scores 0-1: 

56/146 (38.4) 

sICH* within 3 months: 10 (5.5) 

Death within 3 months: 14 (7.7) 

0.7 

mg/kg 

199 mRS scores 0-1: 

44/156 (28.2) 

sICH* within 3 months: 10 (5.0) 

Death within 3 months: 19 (9.6) 

0.8 

mg/kg 

202 mRS scores 0-1: 

46/171 (26.9) 

sICH* within 3 months: 12 (5.9) 

Death within 3 months: 18 (8.9) 

0.9 

mg/kg 

422 mRS scores 0-1: 

124/367 (33.8) 

sICH* within 3 months: 31 (7.3) 

Death within 3 months: 35 (8.3) 

AIS denotes acute ischaemic stroke; ICH, intracerebral haemorrhage; mRS, modified Rankin scale; NIHSS, National Institute of Health stroke scale; NINDS, The 

National Institute of Neurological Disorders and Stroke rt-PA Stroke Study; NR, not reported; sICH, symptomatic intracerebral haemorrhage; SITS-MOST, The Safe 

Implementation of Thrombolysis in Stroke-Monitoring Study. 

  



 

 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

patients 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Zheng et al, 

2016 (60)† 

Mainland China, 

06/2012-02/2014 

Retrospective  

cohort 

AIS patients admitted within 4.5 hrs 

after onset; without intracranial 

haemorrhage; NIHSS scores 4-22. 

0.6-0.7‡ 

mg/kg 

90 mRS scores 0-1: 

65 (72.2) 

ICH: 0 (0.0) 

Death within 3 months: 2 (2.2) 

0.6-0.7§ 

mg/kg 

90 mRS scores 0-1: 

49 (54.4) 

ICH: 0 (0.0) 

Death within 3 months: 3 (3.3) 

0.9  

mg/kg 

40 mRS scores 0-1: 

22 (55.0) 

ICH: 0 (0.0) 

Death within 3 months: 0 (0.0) 

Ong et al, 

2017 (61) 

Taiwan China,  

01/2007-12/2015 

Retrospective  

cohort 

AIS patients (aged ≤80 years) who  

received intravenous alteplase ≤0.9  

mg/kg 

0.6  

mg/kg 

71 mRS scores 0-2 at 6  

months: 32/63 (50.8) 

sICH at discharge: 1 (1.4) 

0.7  

mg/kg 

59 mRS scores 0-2 at 6  

months: 32/57 (56.1) 

sICH at discharge: 5 (8.5) 

0.8 

mg/kg 

88 mRS scores 0-2 at 6  

months: 55/85 (64.7) 

sICH at discharge: 8 (9.1) 

0.9  

mg/kg 

56 mRS scores 0-2 at 6  

months: 21/55 (38.2) 

sICH at discharge: 12 (21.4) 

Zhao et al, 

2018 (62) 

Mainland China, 

07/2012-12/2016 

Retrospective  

cohort 

AIS patients (18-80 years) within 4.5  

hrs of onset; no ICH; NIHSS scores  

<25; normal activated partial  

thromboplastin time, prothrombin  

time, and fibrinogen. 

0.6-0.89 

mg/kg 

1115 mRS scores 0-1: 

402 (36.1) 

sICH within 24 hrs: 25 (2.2) 

Death within 3 months: 61 (5.5) 

0.9 

mg/kg 

372 mRS scores 0-1: 

140 (37.6) 

sICH within 24 hrs: 22 (5.9) 

Death within 3 months: 27 (7.3) 

Zaman Babar  

et al,  

2019 (63) 

Pakistan, 

01/2007-10/2016 

Retrospective  

cohort 

AIS patients who received  

intravenous altepalse 

0.6  

mg/kg 

79 mRS scores 0-2: 

40 (50.6) 

sICH*: 3 (3.8) 

Death within 3 months: 1 (1.3) 

 



 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

patients 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Favoured standard-dose intravenous alteplase      

Sharma et al, 

2010 (54) 

Singapore, 

01/2000-05/2008 

Retrospective  

cohort 

As in the NINDS trial 0.5 

mg/kg 

48 mRS scores 0-1: 

17 (35.4) 

sICH within 24 hrs: 7 (14.5) 

Death within 3 months: 5 (10.4) 

0.9 

mg/kg 

82 mRS scores 0-1: 

48 (58.5) 

sICH within 24 hrs: 1 (1.2) 

Death within 3 months: 11 (13.4) 

Liao et al,  

2014 (64) 

Mainland China, 

05/2007-04/2012 

Prospective  

cohort 

Patients presenting with AIS who 

were given intravenous alteplase 

within 4.5 hours after symptom 

onset (as in the SITS-MOST study) 

0.5-0.7 

mg/kg 

75 mRS scores 0-1: 

31/74 (41.9) 

sICH* within 36 hrs: 0 (0.0) 

Death within 3 months: 4/74 (5.4) 

0.7-0.85 

mg/kg 

131 mRS scores 0-1: 

61/127 (48.0) 

sICH* within 36 hrs: 12 (9.2) 

Death within 3 months: 11/127 (8.7) 

0.9 

mg/kg 

678 mRS scores 0-1: 

358/665 (53.8) 

sICH* within 36 hrs: 33 (4.9) 

Death within 3 months: 49/666 (7.4) 

Liu et al, 

2019 (65) 

Mainland China, 

05/2007-04/2012 

Prospective  

cohort 

AIS patients (70-80 years) with 

alteplase treatment within 4.5 hrs  

after onset; with diabetes or serum  

glucose >9.0 mmol/L; NIHSS  

score >20; or with cardioembolism 

0.5-0.7 

mg/kg 

60 mRS scores 0-1: 

17 (28.3) 

sICH* within 36 hrs: 3 (5.0) 

Death within 3 months: 11 (18.3) 

0.85- 

0.95 

mg/kg 

494 mRS scores 0-1: 

209 (42.3) 

sICH* within 36 hrs: 30 (6.1) 

Death within 3 months: 66 (13.4) 

Comparable between low-dose and standard-dose alteplase     

Zhou et al, 

2010 (66) 

Mainland China, 

1998-2008 

 

Retrospective  

cohort 

As in the NINDS trial (AIS patients 

who were given alteplase within 4.5 

hours) 

0.6-0.7 

mg/kg 

23 mRS scores 0-1:  

8 (34.8) 

sICH* within 24 hrs: 1 (4.3) 

Death within 3 months: 4 (17.4) 

0.8  

mg/kg 

31 mRS scores 0-1:  

12 (38.7) 

sICH* within 24 hrs: 3 (9.7) 

Death within 3 months: 5 (16.1) 

0.9  

mg/kg 

51 mRS scores 0-1:  

26 (51.0) 

sICH* within 24 hrs: 5 (9.8) 

Death within 3 months: 6 (11.8) 

 



 

Source Location and  

conducting period 

Study design Included criteria rt-PA  

dose 

Number of  

patients 

Functional outcome  

at 3 months, n (%) 

Safety outcome, n (%) 

Chen et al, 

2012 (67) 

Taiwan China,  

08/2006-12/2010 

Retrospective  

cohort 

As in the SITS-MOST study, but 

without an upper age limit 

0.7 

mg/kg 

105 mRS scores 0-1: 

43 (41.0) 

sICH* within 36 hrs: 5 (4.8) 

Death in hospital: 8 (7.6) 

0.9 

mg/kg 

156 mRS scores 0-1: 

60 (38.4) 

sICH* within 36 hrs: 4 (2.6) 

Death in hospital: 9 (5.8) 

Pan et al, 

2013 (68) 

Mainland China, 

NR 

Retrospective  

cohort 

As in the NINDS trial  <0.75 

mg/kg 

31 mRS scores 0-1:  

16 (51.5) 

sICH* within 24 hrs: 3 (9.1) 

Death within 3 months: 1 (3.0) 

0.75-0.9 

mg/kg 

33 mRS scores 0-1:  

20 (61.2) 

sICH* within 24 hrs: 5 (16.1) 

Death within 3 months: 1 (3.2) 

0.9  

mg/kg 

19 mRS scores 0-1:  

11 (57.1) 

sICH* within 24 hrs: 2 (10.5) 

Death within 3 months: 1 (5.3) 

Kim et al, 

2015 (69) 

South Korea, 

11/2009-03/2013 

Prospective  

cohort 

AIS patients (within 4.5 hrs after  

onset) identified by neuroimage and  

received intravenous alteplase 

0.6  

mg/kg 

450 mRS scores 0-1:  

146 (32.4) 

sICH: 38 (8.4) 

Death within 3 months: 57 (12.7) 

0.9  

mg/kg 

1076 mRS scores 0-1:  

380 (35.3) 

sICH: 69 (6.4) 

Death within 3 months: 151 (14.0) 

Yang et al, 

2016 (70) 

Mainland China, 

01/2013-01/2016 

Retrospective  

cohort 

AIS patients (with mild symptom 

defined as NIHSS score ≤5 at 

admission) who received alteplase 

within 4.5 hrs after symptom onset 

0.6  

mg/kg 

46 mRS scores 0-1:  

34 (73.9) 

sICH within 24 hrs: 2 (4.3) 

Death in hospital: 2 (4.3) 

0.9 

mg/kg 

62 mRS scores 0-1:  

44 (71.0) 

sICH within 24 hrs: 3 (4.8) 

Death in hospital: 1 (1.6) 

*NINDS criteria. 

†Favoured low-dose (0.6 mg/kg) alteplase in elderly patients (71–80 years). 

‡With no consideration of the results of blood clotting and hepatic and kidney function.  

§After receiving the normal results of blood clotting and hepatic and kidney function.
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data from Asian stroke registers.78-84 All these studies concluded a comparable efficacy of low-

dose versus standard-dose alteplase for 90-day functional outcomes. Two studies confirmed a 

reduced risk of sICH by low-dose alteplase after data pooling.80,82 

1.2 BP lowering and thrombolysis outcomes in AIS 

1.2.1 High BP levels after stroke predict poor prognosis 

Elevated BP is common in acute stroke patients, with around 70% of the patients having 

SBP >140 mmHg at presentation in hospital, as reported in one cross-sectional survey based on 

a nationally registered dataset from the USA (N=563,704, 31% with SBP <140 mmHg, 56% 

with SBP 140-184 mmHg, 13% with SBP 185-219 mmHg, 0.1% with SBP ≥220 mm Hg).85 

Several factors or mechanisms contribute to the evaluation of BP after stroke onsets, such as 

pain, pre-existing hypertension, infection or inflammatory reaction, mental stress caused by 

hospitalisation, activation of the renin-angiotensin-aldosterone system and sympathetic 

neuroendocrine system, compromised sensitivity of cardiac baroreceptor, and raised 

intracranial pressure caused by the growth of brain parenchymal haematoma or oedema.86   

Although evaluated BP levels would decrease spontaneously in part of the patients within seven 

days post-stroke onset, around one-third of stroke patients have persistent hypertension in the 

first week, which is associated with poor clinical prognosis. A systematic review, including 32 

cohort studies and 10,892 stroke patients, found high BP in AIS or primary ICH was associated 

with subsequent death (mean arterial BP OR [95% CI] 1.61 [1.12-2.31] for ICH), death or 

dependency (SBP OR [95% CI] 2.69 [1.13-6.40] for ICH, weighted mean difference [95% CI] 

+11.73 mmHg [1.30-22.16] for AIS), and death or neurologic deterioration (SBP OR [95% CI] 

5.57 [1.42-21.86] for ICH).87 A recent observational study in AIS with larger samples 

(N=309,611) showed a J-shaped/U-shaped relationship between SBP and outcomes with 

comparable results when other BP parameters were analysed: both higher and lower SBP 

(versus central reference value) increased the risk of in-hospital death (adjusted OR [95% CI] 

1.24 [1.19-1.30] for 200 versus 150 mmHg, 1.16 [1.13-1.20] for 120 versus 150 mmHg), not 

discharged home (1.15 [1.12-1.18] for 200 versus 150 mmHg, 1.11 [1.09-1.13] for 120 versus 

150 mmHg), and inability to walk independently at discharge (1.09 [1.06-1.11] for 200 versus 

150 mmHg, 1.16 [1.13-1.18] for 120 versus 150 mmHg).88 
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1.2.2 Patients with ICH benefit from early intensive BP lowering 

Early BP lowering showed some benefit in acute ICH, as confirmed in the second Intensive 

Blood Pressure Reduction in Acute Cerebral Haemorrhage Trial 2 (INTERACT2).89 

INTERACT2 was an international, multicentre, prospective, randomised, open-label, blinded 

end-point trial that investigated the effects of rapid lowering of elevated BP to improve the 

outcome in patients with ICH. The trial included 2,839 participants who had spontaneous ICH 

and elevated SBP (150-220 mm Hg) within 6 hours after ICH onset and randomly assigned 

them to receive intensive BP-lowering treatment (with a target SBP <140 mmHg within 1 hour) 

or contemporary guideline-recommended treatment (with a target SBP <180 mmHg) through 

the use of BP-lowering agents according to local physician’s choosing.90-91 The results 

indicated intensive BP lowering versus the control improved 90-day functional outcomes 

defined by ascending ordinal mRS shift (OR [95% CI] 0.87 [0.77-1.00], P=0.04), although there 

was no significant reduction in the rate of death or severe disability (mRS 3-6 [primary 

outcome], 0.87 [0.75-1.01], P = 0.06). The rates of mortality and nonfatal serious adverse events 

were comparable between the two randomised groups.89    

Intensive BP lowering reduced haematoma growth without compromising peri-haematoma 

cerebral blood flow and aggravating peri-haematoma oedema, as identified from INTERACT2, 

INTERACT1 (pilot-phase study of INTERACT2), and other imaging studies,92-94 might 

account for the favourable clinical prognosis from early intensive BP lowering in patients with 

primary ICH. Based on the results of INTERACT2, a revision of guidelines for the management 

of spontaneous ICH by the American Heart Association (AHA)/American Stroke Association 

(ASA) was made in 2015: “acute lowering of SBP to 140 mm Hg is recommended for ICH 

patients presenting with SBP between 150 to 220 mmHg and no contraindication to acute BP 

treatment or suggested for those presenting with SBP >220 mm Hg and having the condition of 

continuous intravenous infusion and frequent BP monitoring.”95  

1.2.3 Current BP management in thrombolysis-treated AIS 

Contrary to the benefit of early intensive BP lowering in ICH, the optimal BP management in 

AIS patients who are candidates for reperfusion treatment (intravenous thrombolysis or 

mechanical thrombectomy [MT]) remains uncertain. Current guideline recommendation (BP 

<185/110 and <180/105 mmHg, before and for 24 hours after alteplase, respectively)96,97 is 

based on expert opinion, given an apparent association of elevated BP and increased risk of 
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symptomatic ICH in thrombolysis-treated AIS.88,98 Results from observational studies on the 

association of decreased BP levels with thrombolysis outcomes in AIS are inconsistent. Post-

hoc analyses from the IST-3 trial defined a potential benefit of BP reduction or receiving BP-

lowering treatment over 24 hours in AIS patients, with a significant reduction of 6-month poor 

outcome regardless of intravenous use of alteplase (a large BP reduction, OR [95% CI] 0.93 

[0.89-0.97]; receiving BP-lowering treatment: 0.78 [0.65-0.93]).99 However, two recent studies 

observed adverse effects of intraprocedural BP lowering on the growth of infarct volume and 

functional outcomes in patients who received MT.100,101 A meta-analysis of 13 RCTs with 

12,703 participants reported a neutral effect of BP lowering on the prevention of 90-day death 

or dependency in the early period of AIS (pooled relative risk by random-effects model [95% 

OR] 1.04 [0.96-1.13]) as well as the neutral effect on recurrent vascular events, disability or 

death, all-cause mortality, recurrent stroke, and serious adverse events.102 In summary, there 

had been insufficient evidence to form management recommendations on early BP lowering 

target in AIS.    

1.2.4 BP arm of the ENCHANTED trial 

The BP arm of the ENCHANTED trial investigated the effectiveness of more intensive versus 

contemporaneous guideline-recommended management of BP in thrombolysis-treated AIS 

patients with an international, multicentre, prospective, randomised, open-label, blinded-

endpoint design.24,27,28 From March 2012 to April 2018, 2196 thrombolysis-eligible AIS 

patients within 6 hours of symptom onset and with a baseline SBP ≥150 mmHg were randomly 

assigned to intensive BP lowering group (target SBP 130-140 mmHg within 1 hour, N=1081) 

or guideline-recommended BP control group (target SBP <180 mmHg, N=1115) over 72 hours. 

The study aimed to test the hypotheses that following the use of intravenous thrombolysis, a 

strategy of early intensive BP lowering is superior to guideline-recommended BP control for 

improving 90-day functional recovery (ascending ordinal mRS shift [primary outcome], 

disability or death [mRS scores 2-6], major disability or death [mRS scores 3-6]) and reducing 

the risk of ICH (safety outcome) in AIS patients. Other outcomes included death or END (≥4 

points increase in NIHSS) within 24 hours and 72 hours post-randomisation and sICH defined 

by the SITS-MOST criteria and several criteria from other studies.   

The results, published in 2019, showed significantly less intracranial haemorrhage in the early 

intensive BP lowering group (n=160, 14.8%) compared with guideline-recommended BP 

control group (n=209, 18.7%) (OR [95% CI] 0.75 [0.60-0.94]). There was no difference in the 
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functional recovery at 90 days post-randomisation between the two randomised groups (mRS 

ordinal shift, OR [95% CI] 1.01 [0.87-1.17]). The rate of any serious adverse events that 

occurred during the trial was also comparable between the two groups (19.4% versus 22.0%, 

OR [95% CI] 0.86 [0.70-1.05]).  

1.2.5 Paradox of BP lowering in AIS 

Currently, there is still no defined optimal early BP-lowering target to recommend for AIS 

patients. The association of early BP lowering with thrombolysis outcomes in AIS may be 

modified by whether or not there is successful recanalisation (or reperfusion) after intravenous 

thrombolysis or MT.103 Before recanalisation, cerebral blood perfusion in the infarct lesion 

mainly comes from posterior blood flow through collateral circulation in leptomeningeal, with 

no or a small amount of anterior cerebral blood flow. At this stage, BP-lowering might induce 

adverse influence on establishing collateral circulation, followed by less cerebral blood 

perfusion in the vulnerable and evolving, ischaemic penumbral region to accelerate infarct core 

growth. All these will lead to unfavourable functional recovery in both the short and long term. 

Thus, increased BP level before recanalisation may benefit patients with AIS, as identified in 

several studies based on imaging findings.100,101,104 Once successful recanalisation is achieved, 

evaluated BP levels will promote injury of the fragile blood-brain barrier and increase ICH risk 

in the ischaemic territory. Thus, BP-lowering after recanalisation is beneficial for AIS, as 

confirmed in recent findings in AIS patients who received endovascular treatment with 

successful recanalisation.105-107   

In the ENCHANTED BP arm, there is a possibility that participants received BP lowering 

before alteplase initiating fibrinolysis of the thrombus and achieving recanalisation, which 

might offset any benefit of reduced ICH after reperfusion and lead to a neutral outcome of 90-

day functional recovery by intensive BP lowering versus guideline-recommended BP control. 

Smaller than envisaged SBP difference between groups (mean ± standard 144.3 ± 10.2 mmHg 

in the intensive BP lowering group, 149.8 ± 12.0 mmHg in the guideline-recommended group, 

deviation ∆6 mmHg over 24 hours) and inclusion of good prognosis patients with mild-to-

moderate severity (baseline NIHSS median score 7) are another two explanations to the neutral 

results of 90-day functional recovery.  
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1.3 Imaging of AIS 

1.3.1 Significance of brain imaging in AIS 

Brain CT and MRI are essential for AIS diagnosis. Multi-model CT and MRI scanning, 

including non-contrast CT (NCCT) and MRI, CT angiography (CTA) and MRI angiography 

(MRA), perfusion imaging, and magnetic susceptibility imaging, can help to exclude ICH and 

provide important information related to AIS, including acute ischaemic change in parenchymal, 

infarct location, the site of vascular obstruction or occlusion, clot length and permeability, the 

volume of infarct core and penumbra, collateral circulation status, and coexisting old vascular 

lesions, small vessel diseases (white matter hyperintensity, lacune, perivascular space 

enlargement, microbleed), and brain volume loss.108-110   

It is hard to say which imaging modality is better for the diagnosis of AIS.  NCCT remains the 

primary imaging modality used to evaluate patients with suspected AIS, given its 24 hours 

availability in the emergency department, fast scanning time, and high sensitivity and 

specificity to identify primary ICH or haemorrhagic transformation after AIS.111 However, it is 

challenging to detect acute ischaemic change on NCCT within 3 hours after AIS onset. In 

contrast, MRI has a high sensitivity in detecting early infarct lesions, and there is signal change 

on diffusion-weighted imaging (DWI) within minutes after AIS onset, even the infarct lesion 

is small or located in the posterior fossa.112-114 Nevertheless, MRI has apparent shortcomings, 

such as not being available widely, no use at night in most hospitals, long scanning time, and 

ineligibility to patients with a pacemaker, defibrillator, cardiac stent, artificial heart valve, and 

claustrophobia.   

Besides the necessity in detecting AIS, there is increasing recognition of the importance of brain 

images in predicting clinical prognosis and guiding the management of AIS patients.115 For 

patients with wake-up stroke who is unclear of the stroke onset, the WAKE-UP (Efficacy and 

Safety of MRI-based Thrombolysis in Wake-Up Stroke) trial showed intravenous alteplase use 

led to significantly better 90-day functional recovery and numerically more intracranial 

haemorrhages compared to no use in those who had DWI-FLAIR mismatch (having signal 

change on DWI but no on FLAIR sequence).20 The result supports using the DWI-FLAIR 

mismatch sign to indicate whether a patient with wake-up stroke is within the time window of 

intravenous thrombolysis (<4.5 hours after stroke onset). Based on perfusion imaging-guided 

thrombolysis, the EXTEND (Extending the Time for Thrombolysis in Emergency Neurological 
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Deficits) trial showed a possibility of intravenous alteplase use between 4.5 and 9 hours after 

stroke onset in patients with a sign of perfusion lesion-ischaemic core mismatch, given 

significantly more participants with favourable 90-day functional outcome in the alteplase 

group than the placebo group.21 The DEFUSE 3 (Endovascular Therapy Following Imaging 

Evaluation for Ischaemic Stroke) trial18 and the DAWN (DWI or CTP Assessment with Clinical 

Mismatch in the Triage of Wake-Up and Late Presenting Strokes Undergoing 

Neurointervention with Trevo) trial19 confirmed imaging signs from CTP and MRI could be 

used to select AIS patients (with intracranial ICA or proximal MCA occlusion and presenting 

at 6 to 24 hours after stroke onset) who would benefit from thrombectomy. Accordingly, CTP 

or DWI sequence with or without MR perfusion is recommended in these clinical populations 

in an updated guideline from the AHA/ASA.116  

1.3.2 Non-contrast computed tomography (NCCT) 

Brain NCCT can provide a series of two-dimensional, cross-sectional, anatomical images of 

the brain based on X-rays having different attenuation levels when passing through different 

brain tissues, as measured by different CT values and corresponding normalised grayscale 

images. Unfortunately, there is no consensus on the optimal acquisition parameters of brain 

NCCT for a suspected AIS patient, and brain NCCT acquisition protocols are reported 

inconsistently across the publications. Nonetheless, image acquisition should follow the 

principle of optimised dose reduction and image quality.117-121 Before obtaining the brain 

NCCT scan, all items that may result in artefacts around the head need to be removed.  In order 

to suppress motion artefacts, the patient’s head could be immobilised with wedge sponges on 

either side of the head or to use a helical scan model with faster scanning speed compared with 

axial mode.  

Acute ischaemic changes on brain NCCT include signs of swelling (cortical sulcal effacement, 

obscuration of sylvian fissure, and loss of insular ribbon), brain parenchymal CT density change 

(loss of grey-white matter cortex differentiation, loss of basal ganglia outline, and focal 

hypoattenuation), and hyper-attenuated artery sign.110  Cortical sulcal effacement is defined as 

loss of precise delineation of the grey-white interface in the margins of the cortical sulci, and 

the sulci are obscured when comparing with contralateral counterpart (Figure 1.1-a). 

Obscuration of sylvian fissure and loss of insular ribbon is presented as decreased precision in 

the delineation of the grey-white interface at the lateral margin of the insula. A mild decrease 

of x-ray attenuation in the infarct lesion will lead to the loss of grey-white matter differentiation 
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in the cortex or basal ganglia, and an apparent decrease of X-ray attenuation will further cause 

focal hypoattenuation with a clear borderline (Figure 1.1-b). It is important to discriminate focal 

hypoattenuation led by ischaemia with the coexisting old vascular lesion(s), which usually has 

lower CT density values with a sharper outline than acute infarct lesion (Figure 1.1-a). Hyper-

attenuated artery sign consists of hyper-density of an arterial structure; this is highly specific 

to an acute thrombus.122 An absolute density of >43 HU on brain NCCT with thin slices (slice 

thickness ≤3 mm) can determine a hyperdense artery sign (Figure 1.1-c).  In addition, brain 

atrophy and white matter lesions can be semi-quantitatively measured on NCCT (Figure 1.1-

d).123,124 

 

Figure 1.1. Typical imaging signs of acute ischaemic stroke on NCCT 

 
(a) cortical sulcal effacement (arrow head) and coexisting old vascular lesion (arrow); (b) focal 

hypoattenuation (arrow); (c) hyper-attenuated artery sign (arrow); (d) white matter lesions (arrow) and brain 

atrophy. 

 

The reader reliability and accuracy of detecting acute ischaemic changes are not high. An early 

systematic review including 15 studies showed that the prevalence of all early infarction signs 

on NCCT was 61(± 21)%, and the interobserver agreement ranged from 0.14 to 0.78. 

Corresponding mean sensitivity and specificity were 66% (range, 20% to 87%) and 87% (56% 

to 100%), respectively.110 The ENCHANTED imaging data showed inter-reader reliability was 

fair to moderate for most acute ischaemic changes (κ=0.36 for assessing swelling, 0.40 for 

identifying brain parenchymal CT density change due to ischaemia, and 0.44 for identifying 

hyperdense arteries), atrophy and white matter lesions were more consistently assessed (κ=0.49 

for both).  Accuracy was moderate to substantial for acute ischaemic changes (κ=0.49 to 0.64) 

but only fair to moderate for old vascular lesions (κ=0.35 to 0.54).125   

With respect to the association of acute ischaemic changes on brain NCCT with thrombolysis 

outcomes, data from the NINDS rt-PA stroke trial found there was no difference in the effect 

of alteplase versus placebo across AIS patients (N=616) with or without early infarct signs on 

NCCT obtained with 3 hours post-stroke.126 Based on the results, the authors concluded that 
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early ischaemic changes were not associated with an increased risk of adverse outcomes after 

intravenous alteplase use. In contrast, secondary analysis from the IST-3 trial involving more 

thrombolysis-treated AIS patients (N=3017) showed a reduction in 6-month functional 

independence was predicted by the presence of focal hypoattenuation (OR [95% CI] 0.66 [0.55-

0.81]), large infarct lesion (0.51 [0.38-0.68]), swelling (0.59 [0.46-0.75]), hyper-attenuated 

artery (0.59 [0.47-0.75]), atrophy (0.74 [0.59-0.94]), and white matter lesions (0.72 [0.59-0.87]). 

Old infarct lesion (1.72 [1.18-2.51]), focal hypoattenuation (1.54 [1.04-2.27]), and hyper-

attenuated artery (1.54 [1.03-2.29]) predicted sICH.29 

1.3.3 Computed tomography angiography (CTA) 

CTA is usually used to assess intra- or extracranial vessel occlusion and its site for AIS patients. 

After intravenous injection of an iodinated radiocontrast agent, we can observe intra- or 

extracranial vessels when performing CT scanning immediately. Figure 2.1 shows a typical 

case of ENCHANTED participants with middle vessel occlusion confirmed on CTA. 

Advantages of CTA include minimal invasiveness, short scanning time, excellent vascular 

anatomic rendering, and a low risk of complications. All these make CTA an ideal tool in 

detecting vessel occlusion and assessing clot length, clot permeability or residual flow, 

leptomeningeal collateral circulation, and intra- or extracranial arterial stenosis in AIS patients 

for whom treatment decision-making is urgent.127,128   

 

Figure 1.2. An ENCHANTED participant with middle vessel occlusion on CTA  

 
(a) left M1 and proximal M2 segments of the middle cerebral artery are shown on baseline CTA (arrow); (b) 

fewer sylvian branches (arrowhead) compared to contralateral side; (c) infarct at left temporal lobe is seen 

on follow-up CT. 

 

However, it needs to be cautious about contrast agent-related complications, such as contrast 

agent extravasation into subcutaneous soft tissue when intravenous injection, iodine allergy 

reaction, and contrast-induced nephropathy.129-131 CTA can be acquired either in a single 
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arterial phase (performing CT scanning at the time point of contrast agent passing through 

cerebral arteries) or in multiple phases (arterial, late arterial, and early venous phases). 

Multiphase CTA is superior to the single-phase CTA in detecting distal intracranial arterial 

occlusion, identifying tandem lesion and carotid terminus occlusion, and assessing clot length 

and the status of leptomeningeal collateral circulation, despite an increase in acquisition time 

and radiation dose.33,111,132-134 

Cerebral artery obstruction on CTA can be scaled from normal artery to complete occlusion 

according to modified Thrombolysis in Cerebral Infarction (TICI) scale135 or IST-3 

Angiography Score.30 Both intravenous thrombolysis and endovascular thrombectomy are 

approved for the treatment of LVO, given that their benefit to functional recovery is confirmed 

in large-scale randomised clinical trials and related meta-analyses. However, evidence of 

treatment for AIS patients without vascular obstruction or with obstruction at internal carotid 

artery (ICA) or medium cerebral artery is limited, with most data derived from observational 

studies with relatively small samples.136-142 One multi-centre prospective cohort study including 

575 AIS patients showed that more distal thrombus location, greater clot permeability, and 

longer time to recanalisation assessment were associated with recanalisation of arterial 

occlusion after intravenous alteplase use.32  Other clot characteristics (length, clot burden score, 

the presence of migration) are also associated with early recanalisation and functional recovery 

after intravenous thrombolysis or endovascular thrombectomy, as reported in several recent 

studies.143-146 In addition, the status of leptomeningeal collateral circulation is associated with 

infarct growth, and it could predict clinical outcomes.33,147-149   

1.3.4 Computed tomography perfusion (CTP) 

Brain CTP can evaluate infarct core and ischaemic penumbra based on repeated CT scanning 

after intravenous injection of an iodinated radiocontrast agent. In the infarct core, neural cells 

are thought to be damaged irreversibly. In contrast, neural cells in the ischaemic penumbra are 

salvageable once reperfusion occurs. After setting regions of interest (ROIs) of arterial input 

function (usually in the A2 segment of the anterior cerebral artery) and venous outflow function 

(usually in the superior sagittal sinus or torcular herophili), CTP parameters can be acquired 

automatically using specific commercial or CT vendor-provided software. Key CTP parameters 

include cerebral blood volume (CBV), cerebral blood flow (CBF), mean transit time (MTT), 

time to peak (TTP), and time to maximum (Tmax). CBV (unit, mL/100 g) is the volume of blood 

passing through a given volume of brain parenchyma.111 CBF (unit, mL/100 g/min) is defined 
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as the rate of blood passing through a given volume of brain parenchyma per unit time.111 MTT 

(unit, seconds) is defined as the time required for blood passing through a given volume of 

brain parenchyma. TTP (unit, seconds) measures the time taken from contrast injection until 

the maximum peak of contrast enhancement.150 Tmax (unit, seconds) is defined as the time 

between AIF and the tissue contrast agent concentration, calculated by AIF deconvolution.151 

Formula CBF=CBV/MTT can reflect the relationship among CBV, CBF, and MTT.    

Although prior studies recommended cut-off values of CBV decrease (<2-2.5 ml/100 g),152,153 

CBF decrease (the reduction of relative CBF >30-45% of contralateral normal 

counterpart),152,154,155 and MTT increase (>8.3 seconds),156 cut-off values for infarct core and 

ischaemic penumbra have not been unified. CT machines from different vendors and CTP 

parameters calculated from different postprocessing techniques may partly account for it. It is 

widely accepted that relative CBF <30% to the contralateral normal counterpart is the threshold 

of infarct core, as it correlates better with the infarct core on DWI.157,158 Data from the DEFUSE 

trial suggested a Tmax of >5.5 seconds as the threshold of ischaemic penumbra on CTP.159 The 

DEFUSE 3 trial adopted Tmax >6 seconds as the threshold of the ischaemic penumbra. It 

indicated the eligibility of endovascular thrombectomy for AIS patients who were last known 

to be well 6 to 16 hours ago if having an infarct core <70 mL, infarct core-penumbra mismatch 

volume >15mL, and a mismatch ratio of ≥1.8 on CTP.18 The same Tmax threshold to define 

ischaemic penumbra was used in the EXTEND trial, which found a benefit to functional 

recovery in AIS patients who were given intravenous alteplase between 4.5 to 9 hours after 

stroke onset or on awakening with stroke symptoms if having an infarct core <70 mL, infarct 

core-penumbra mismatch volume >10 mL, and a mismatch ratio of ≥1.2 on CTP.21 

1.3.5 Magnetic resonance imaging (MRI) 

Although MRI is not the first tool for diagnosing AIS in most hospitals, diffusion-weighted MR 

imaging (DWI) is much more sensitive and specific than CT scanning in detecting acute infarct 

lesions, with a signal change immediately after stroke onset.160 The swelling of neural cells and 

less free-moving intercellular fluid in the ischaemic area will lead to diffusion restriction, which 

can be quantitatively reflected by a decreased apparent diffusion coefficient (ADC) and mean 

diffusivity (MD) from DWI.161 Accordingly, the infarct lesion is shown as hyperintensity on 

DWI and hypo-intensity on the ADC map. Figure 1.3 shows the DWI and ADC map acquired 

before randomisation from a participant of the ENCHANTED trial who had lacunar AIS. DWI 

is superior to CTP in estimating the infarct core and infarct volume.  Purushotham et al. showed 
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that an ADC ≤620 × 10-6 mm2/s is the optimal threshold for identifying infarct core with a 

sensitivity of 69% and a specificity of 78%.162 Although DWI has the advantage of detecting 

small infarct lesions, including those in the posterior circulation and acute lacunar infarct (< 20 

mm in the territory of penetrating arteries), an AIS patient may have normal MRI due to the 

reversibility of DWI lesion, which is seen in one-fourth of AIS patients according to a recent 

systematic review.163 An earlier observational study also reported that nearly one-third of 

patients with non-disabling stroke did not have a relevant infarct lesion on DWI.164 Potential 

explanations include reducing CBF causing symptoms but not severe enough to cause diffusion 

restriction, spontaneous recanalisation before MRI scanning, and missed DWI lesion when 

scanning. 

Figure 1.3. An ENCHANTED participant with lacunar AIS identified on MRI 

 
(a) A small infarct lesion at left internal capsule shown as hyperintensity on DWI (arrow); (b) the infarct 

lesion is shown as hypo-intensity on corresponding ADC map; (c) there is no ischaemic change or infarct 

lesion on NCCT. 

 

FLAIR hyperintensity arteries (FLAIR-HAs) are a common sign of acute infarct on MRI, with 

a prevalence of more than 45% in AIS patients.165,166 They are defined as focal, tubular, or 

serpentine hyperintensities relative to the grey matter in the subarachnoid space, corresponding 

to the typical arterial course on FLAIR sequence (a case from ENCHANTED is shown in figure 

1.4).167 FLAIR-HAs can correspond to fresh thrombus or slow retrograde (or anterograde) flow 

in the leptomeningeal collateral circulation from haemodynamic impairment after intracranial 

arterial occlusion.168,169 Thus, FLAIR-HAs may reflect good collaterals170 and the presence of 

a large ischaemic penumbra when located distal to the clot or beyond the ischaemic core.171,172 

However, the association of FLAIR-HAs with clinical prognosis has not been clearly defined. 

Potential reasons include retrospective study design, relatively small samples, varying 

methodologies of FLAIR-HAs assessment, different treatments given to patients, and 

heterogeneity of endpoints across prior studies.  FLAIR sequence is valuable for identifying the 
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onset time in those with wake-up stroke or being last known well. Thomalla et al. showed that 

having an infarct lesion on DWI but not on FLAIR (i.e., DWI-FLAIR mismatch, Figure 1.5) 

can identify AIS patients who are within 3 hours after stroke onset, with moderate sensitivity 

(48%) but high specificity (93%).173 The WAKE-UP trial and the following meta-analysis 

found a benefit of intravenous alteplase use in patients with unknown time onset who have 

DWI-FLAIR mismatch on MRI.20,23 Although it is not confirmed in the main results of the 

recent THAWS (Thrombolysis for Acute Wake-Up and Unclear-Onset Strokes With Alteplase 

at 0.6 mg/kg) trial, a subset of THAWS participants with DWI-ASPECTS (Alberta Stroke 

Program Early CT Score) 5 to 8 and DWI-FLAIR mismatch get better 90-day functional 

outcome after low-dose intravenous alteplase use versus placebo.174,175  

 

Figure 1.4. Case of FLAIR-HAs on MRI 

 
An ENCHANTED participant with an ischaemic lesion in right MCA territory on baseline DWI. FLAIR-

HAs were present at right proximal (M1 segment), middle (M2 segment/sylvian fissure), and distal (M3-6 

segment) MCA on baseline FLAIR sequence (arrows). 
 

MRI is also sensitive to detect chronic microbleeds, which are shown as small spots (≤10 mm) 

of a signal void with associated blooming on susceptibility-weighted imaging (SWI) or 

gradient-echo T2*-weighted sequences (Figure 1.6).176 Persistent hypertension and advanced 

cerebral amyloid angiopathy (CAA) are two main causes of chronic microbleeds. Hypertensive 

vasculopathy is associated with microbleeds in the deep brain area (such as basal ganglia, 

thalamus, brainstem, and cerebellum), and advanced CAA is associated with microbleeds in 

the brain lobe. It is still uncertain whether AIS patients who have microbleeds on MRI are 

predisposed to sICH after intravenous thrombolysis.176-179  
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1.3.6 Magnetic resonance angiography (MRA) and perfusion-weighted MRI (PWI) 

Intra- and extra-cerebral vascular characteristics can be evaluated noninvasively on MRA either 

using the 3D-time of flight (TOF) or contrast-enhanced MRA (CE-MRA) technique (Figure 

1.7). 3D-TOF MRA is helpful to identify acute proximal LVO but not reliable to identify the 

occlusion of distal vessel branches. Furthermore, it is possible of vascular pseudo-occlusion or 

overestimation of vascular stenosis on reconstructed maximum intensity projection images of 

3D-TOF MRA, caused by blood turbulence when blood flows from normal lumen to a stenosis 

segment.180,181 CE-MRA is acquired after intravenous injection of gadolinium-based contrast 

agent. Hyperintensity vascular lumen and hypo-intensity vascular wall and surrounding tissue 

can be discriminated when gadolinium-based contrast agent reduces the T1 relaxation time of 

intravascular blood.  CE-MRA is more reliable than 3D-TOF MRA in grading vascular stenosis 

and occlusion. Dynamic CE-MRA can show the pathological features of the vessel wall due to 

atherosclerosis, such as intraplaque haemorrhage and lipid component, which are significantly 

associated with an increased risk of AIS.182-184  

Figure 1.5. Case of DWI-FLAIR mismatch  

 
(a) An ENCHANTED participant with DWI-FLAIR mismatch; (b) no DWI-FLAIR mismatch 

 

 

PWI is achieved through dynamic susceptibility-weighted contrast-enhanced MRI (DSC) 

sequence. Like CTP, PWI can display hypoperfusion area due to LVO and discriminate infarct 

core and ischaemic penumbra. After intravenous bolus injection of the gadolinium-based 

contrast agent, cerebral capillaries will have a nonlinear signal loss on T2* images, which can 

be tracked by DSC sequence to generate a haemodynamic time-to-signal intensity curve and a 

set of perfusion parameters (CBV, CBF, TTP, Tmax, and MTT).112,185 The combination of PWI 

with DWI is valuable for identifying infarct core-ischaemic penumbra mismatch. A mismatch 

of >20% is one of the criteria for endovascular thrombectomy in LVO patients beyond the time 

window.186  
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Figure 1.6. Case of microbleeds on MRI 

 
(a) An ENCHANTED participant with microbleeds at bilateral thalamus (arrowhead) on T2* image. An 

infarct lesion at right centrum semiovale (arrow) is shown on DWI; (b) another ENCHANTED participant 

with microbleeds at left basal ganglia on T2* image. 

 

Figure 1.7. Case of large vessel occlusion identified on MRA 

 
(a) An ENCHANTED participant with right MCA occlusion identified on MRA; (b) Infarct lesions at right 

basal ganglia and posterior border zone were detected on DWI; (c) bleeding was seen at right basal ganglia 

on T2* image. 

 

1.3.7 Artificial intelligence (AI) in AIS imaging 

AI technology for imaging analysis is developing quickly with some clinical applications in 

infarct lesion detection, core and penumbra volume estimation, LVO identification, ASPECTS 

grading, and prognosis prediction in AIS patients. AI can solve a specific task in a way that 

mimics human behaviour through computer algorithms. Machine learning (defined as 

algorithms enabling computers to learn from examples without explicit programming) and deep 

learn (defined as a set of inspired neural networks that do not require predetermined inputs) are 

two methods to achieve AI imaging analysis.187 Several commercial AI software for AIS 

imaging diagnosis and analysis have been licensed in the USA and Europe, such as RapidAI 
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(USA) and Brainomix (UK). Nagel et al. reported that e-ASPECTS from the Brainomix was 

non-inferior to neuroradiologists in scoring ASPECTS on NCCT in AIS patients.188 Subsequent 

study using the ENCHANTED data showed that e-ASPECTS was significantly associated with 

baseline neurological severity and independently predicted 90-day functional recovery and 

adverse outcomes.189 Nevertheless, limitations of current AI techniques for AIS include limited 

use, few standard datasets with large samples for computer learning or neural networks setting, 

and no shared codes for external algorithm replication. More training data through multisite 

collaboration and open-source datasets and codes might help in the future. 

1.4 Gaps in current research 

Extensive subgroup analyses from the ENCHANTED trial have explored whether there are 

differential treatment effects of intravenous low-dose versus standard-dose alteplase or 

intensive BP lowering versus guideline-recommended BP lowering on functional outcomes 

according to conventionally clinical factors.26,28,71-76 In addition, imaging data from the 

ENCHANTED showed that features of brain frailty (atrophy and severe leucoaraiosis) and 

acute ischaemia (visible ischaemic lesions, hypoattenuation, large ischaemic lesion, swelling, 

and hyper-attenuated arteries) on NCCT, are associated with symptomatic intracerebral 

haemorrhage (sICH) and mortality in thrombolysis-treated AIS patients (Tables 1.3 to 1.5). 

However, these features do not appear to modify the effects of different doses of intravenous 

alteplase (Figures 1.8 and 1.9).190 More insights into other imaging features of brain (micro-) 

circulation are required, which might be helpful to form management strategies in 

thrombolysis-treated AIS patients. Some gaps in current literature that I had endeavoured to 

address are listed below: 

1. Although FLAIR-HAs on MRI are recognised for nearly two decades, predictors to the 

presence of FLAIR-HAs and their prognostic significance in AIS patients has not been 

well defined despite reflecting the presence of a large ischaemic penumbra and good 

collateral circulation from slow retrograde flow distal to the occluded vessel (‘clot’) or 

ischaemic lesion.170-172 

2. Patients with lacunar AIS, who are thought to have a single penetrating artery occlusion, 

are eligible to receive intravenous thrombolysis in routine clinical practice, given 

comparable favourable outcomes to other common AIS pathologic subtypes. 

Nonetheless, clinical concern persists over whether the modest risk of thrombolysis-
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Table 1.3. Logistic regression analysis of associations between individual imaging signs and sICH or functional outcomes in the ENCHANTED trial, 

adjusted for age, NIHSS score, and time to randomisation 

  sICH (IST3)  Death within 7 days  Death within 90 

days 
 mRS 0-2  

  Adjusted OR  

(95% CI) 

P  

value 

Adjusted OR  

(95% CI) 

P  

value 

Adjusted OR  

(95% CI) 

P  

value 

Adjusted OR 

(95% CI) 

P  

value 

Early 

ischaemic 

signs 

Visible ischaemic 

lesion 
1.3 (0.82-2.08) 0.2666 1.52 (1.06-2.18) 0.0243 1.27 (0.97-1.68) 0.0819 0.7 (0.59-0.84) 0.0001 

Hypoattenuation 1.17 (0.72-1.9) 0.5233 1.51 (1.04-2.18) 0.0287 1.27 (0.96-1.68) 0.0968 0.74 (0.62-0.9) 0.0018 

Severe 

hypoattenuation 
0.9 (0.28-2.91) 0.8642 1.24 (0.52-2.96) 0.6203 0.87 (0.43-1.74) 0.6908 1.16 (0.76-1·78) 0.4825 

Large lesion 0.83 (0.25-2.7) 0.5460 2.67 (1.52-4.71) 0.0007 1.94 (1.19-3.17) 0.0078 0.52 (0.33-0·81) 0.0035 

Very large lesion 0 (0-0) 0.9876 12.08 (0.65-223.57) 0.0942 6.88 (0.39-120.4) 0.1864 0 (0-0) 0.9701 

Swelling 1.24 (0.78-1.99) 0.3597 1.49 (1.03-2.14) 0.0323 1.27 (0.96-1·67) 0.0886 0.7 (0.58-0.84) 0.0001 

Hyperattenuated 

arteries 
1.71 (1.01-2.89) 0.0446 2.17 (1.48-3.18) 0.0001 1.87 (1.39-2.52) 0.0000 0.63 (0.5-0.79) 0.0001 

Pre-

existing 

signs 

Atrophy 0.88 (0.51-1.52) 0.5420 0.99 (0.64-1.53) 0.9629 1.52 (1.08-2.15) 0.0178 0.83 (0.68-1.01) 0.0625 

Severe atrophy 1.59 (0.88-2.86) 0.1246 0.52 (0.29-0.96) 0.0352 1.29 (0.9-1.84) 0.1594 0.83 (0.64-1.06) 0.1327 

Leukoaraiosis 0.84 (0.5-1.4) 0.4964 1.07 (0.71-1.61) 0.7613 1.17 (0.87-1.58) 0.2881 0.71 (0.59-0.86) 0.0005 

Severe 

leukoaraiosis 
0.78 (0.36-1.69) 0.533 1.2 (0.68-2.11) 0.5266 1.74 (1.2-.2.54) 0.0037 0.68 (0.51-0.89) 0.0055 

Old infarct 0.95 (0.59-1.54) 0.838 1.24 (0.85-1.81) 0.2646 1.2 (0.91-1.58) 0.2072 0.7 (0.59-0.84) 0.0001 

CI denotes confidence interval; ENCHANTED Enhanced Control of Hypertension and Thrombolysis Stroke Study; IST-3, the third International Stroke Trial; mRS 

denotes modified Rankin scale; OR, odds ratio; sICH symptomatic intracerebral haemorrhage. Data are adjusted OR (95% CI), p values. Variable results are shown 

as yes versus no.  
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Table 1.4. Full multivariable logistic regression models for symptomatic intracerebral haemorrhage 

and functional outcome at 3 months in the ENCHANTED trial 
 sICH  

P value 
mRS 0-2 P  

value  OR (95%CI)* OR (95%CI)* 

Age (years) 1.01 (0.99-1.03) 0.4557 0.98 (0.97-0.99) <0.0001 

NIHSS score 1.03 (0.99-1.07) 0.1038 0.86(0.85-0.88) <0.0001 

Time to randomisation (hours) 0.97 (0.77-1.21) 0.7652 0.99 (0.92-1.06) 0.7068 

Treatment group (standard vs. low) 1.63 (1.00-2.64) 0.0487 1.08 (0.90-1.29) 0.3983 

Antiplatelet (Yes vs. No) 1.35 (0.80-2.29) 0.2606 0.95 (0.77-1.17) 0.6415 

Lesion size (large or very large vs. 

others) 
0.65 (0.19-2.23) 0.4898 0.56 (0.34-0.9) 0.0178 

Swelling 0.87 (0.22-3.48) 0.8492 0.56 (0.32-0.97) 0.0379 

Hyperattenuated arteries 1.81 (1.03-3.17) 0.0380 0.70 (0.55-0.9) 0.0043 

Old infarct 0.93 (0.56-1.56) 0.7969 0.78 (0.64-0.94) 0.0090 

Hypoattenuation (mild vs. none) 1.44 (0.35-5.9) 0.6091 1.31 (0.74-2.31) 0.3472 

Hypoattenuation (severe vs. none) 0.91 (0.13-6.45) 0.9276 1.94 (0.96-3.89) 0.0631 

Atrophy (mild vs. none) 0.95 (0.51-1.76) 0.8707 0.81 (0.64-1.01) 0.0599 

Atrophy (severe vs. none) 1.73 (0.78-3.86) 0.1802 0.74 (0.54-1.03) 0.0708 

Leukoaraiosis (mild vs. none) 0.76 (0.39-1.48) 0.4260 0.80 (0.63-1.01) 0.0657 

Leukoaraiosis  (severe vs. none) 0.67 (0.29-1.54) 0.3409 0.64 (0.47-0.87) 0.0043 

mRS denotes modified Rankin Score; NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; 

sICH, symptomatic intracerebral haemorrhage according to IST3 definition.  

Data are adjusted for age, NIHSS and time to randomisation. 

 

 

Table 1.5. Multivariable logistic regression models selected by stepwise logistic regression for sICH 

(IST3 definition) and functional outcome at 90 days in the ENCHANTED trial 

 sICH 
P value 

mRS 0-2 P  

value  OR (95%CI) OR (95%CI) 

Age (years) 1.01(0.99-1.03) 0.1947 0.98(0.97-0.99) <0.0001 

NIHSS score 1.03(0.99-1.07) 0.1130 0.86(0.85-0.88) <0.0001 

Time to randomisation (hours) 0.95(0.76-1.2) 0.6755 0.99(0.92-1.06) 0.7505 

Treatment group  

(standard vs. low-dose) 1.60(0.99-2.59) 0.0545 1.08(0.91-1.29) 0.3887 

Lesion size (large or very large  

vs. others)   0.57(0.35-0.92) 0.0207 

Swelling   0.79(0.65-0.97) 0.0256 

Hyperattenuated arteries 1.86(1.09-3.17) 0.0227 0.68(0.54-0.87) 0.0018 

Old infarct   0.76(0.63-0.91) 0.0038 

Hypoattenuation (mild vs. none)     
Hypoattenuation (severe vs. none)     
Leukoaraiosis (mild vs. none)   0.78(0.62-0.99) 0.0369 

Leukaraiosis  (severe vs. none)   0.61(0.46-0.82) 0.0011 

mRS denotes modified Rankin Score; NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; 

sICH symptomatic intracerebral haemorrhage according to IST3 definition 

Data are adjusted for age, NIHSS and time to randomisation. 
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Figure 1.8. Effects of low-dose alteplase as compared with standard-dose alteplase on the functional 

outcome (mRS 3-6), according to imaging characteristics in the ENCHANTED trial 

        
mRS denotes modified Rankin scale. Data are odds ratio (95% CI), P values for interaction.  

 

 

Figure 1.9. Effects of low-dose alteplase as compared with standard-dose alteplase on the safety 

outcome (sICH), according to imaging characteristics in the ENCHANTED trial 

 
mRS denotes modified Rankin scale; sICH, symptomatic intracerebral haemorrhage. Data are odds ratio 

(95% CI), P values for interaction.  
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related ICH could offset the modest benefits of intravenous thrombolysis for lacunar 

AIS, where the natural course is generally more benign than other AIS subtypes. 

3. In the ENCHANTED trial, there is no heterogeneity of randomised alteplase dose and 

BP-lowering target on the primary outcome across different AIS subtypes defined by 

the TOAST (Trial of Org 10172 in Acute Stroke Treatment) classification system 

(Pinteraction=0.88 in the alteplase dose arm and Pinteraction=0.90 in the BP arm). However, 

this approach has moderate diagnostic sensitivity and specificity. It may mix patients 

with non-lacunar AIS with the target population of lacunar AIS. 

4. Evidence of thrombolysis outcomes in AIS patients without vascular obstruction or with 

obstruction at the internal carotid artery or medium cerebral artery is limited, with most 

data derived from observational studies. Furthermore, evidence in relation to 

randomised alteplase dose and BP target and key clinical outcomes, according to 

vascular obstruction status/site, is lacking.  

1.5 Objectives of the thesis 

The scope of this thesis includes responding to all issues listed above. I have assessed some 

other imaging changes (or signs) of AIS, and investigated their associations with thrombolysis 

outcomes using patient data from the ENCHANTED trial. The specific aims of this thesis are: 

1. To determine factors associated with FLAIR-HAs on MRI and their prognostic 

significance in thrombolysis-treated patients with AIS from the ENCHANTED trial 

alteplase-dose arm (Chapter 2). 

2. Extending Chapter 2 through a systematic review and meta-analysis of the association 

of FLAIR-HAs with early vascular recanalisation or reperfusion, ICH, cerebral infarct 

growth, and clinical outcomes in AIS (Chapter 3). 

3. To determine any differential efficacy and safety of low- versus standard-dose 

intravenous alteplase in the ENCHANTED participants with lacunar (versus non-

lacunar) AIS identified by the combination of clinical and adjudicated imaging findings 

(Chapter 4). 

4. To determine any differential efficacy and safety of intensive versus guideline-

recommended BP lowering between lacunar and non-lacunar AIS in the BP arm of the 

ENCHANTED trial (Chapter 5). 
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5. To explore the influence of low-dose intravenous alteplase and intensive BP lowering 

on the outcomes of AIS according to the status/location of the vascular obstruction in 

the ENCHANTED participants (Chapter 6). 

1.6 Structure of the thesis 

This thesis contains a series of published manuscripts. All references are cited within each 

Chapter and outlined in the ‘References’ section.  

The studies contained within this thesis explored associations of brain (micro-) circulation 

features on images with thrombolysis outcomes in AIS patients by alteplase dose or BP 

lowering target.  Chapters 2 and 3 investigate clinical prognosis in AIS by FLAIR-HAs in the 

ENCHANTED trial and from a study-level meta-analysis, respectively. In Chapters 4 and 5, I 

summarise studies on the effects of randomised alteplase dose and BP-lowering on 

thrombolysis outcomes in lacunar AIS, representing a single penetrating artery occlusion. In 

Chapters 6, I present findings on the prognostic significance according to arterial characteristics 

of AIS by alteplase dose and BP-lowering target. In Chapter 7, I summarise and discuss the 

main findings of this body of research, the implications for clinical practice, and highlight areas 

for future research. Finally, the thesis appendices are list in Chapter 8.  
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Chapter 2: Thrombolysis Outcomes in Acute Ischaemic Stroke by 

Fluid-Attenuated Inversion Recovery Hyperintense Arteries 

2.1 Link to thesis 

In Chapter 1, I presented an overview of current evidence on the efficacy and safety of low-

dose intravenous alteplase and early intensive BP lowering in AIS patients, followed by a 

summary of brain imaging in AIS and associations of imaging signs of ‘brain frailty’ and acute 

ischaemia on NCCT with clinical prognosis from the ENCHANTED trial.  Although it was not 

required, baseline or follow-up MRI was collected during the trial conducting and adjudicated 

centrally for part of the ENCHANTED participants, which provides an opportunity to 

investigate fluid-attenuated inversion recovery hyperintense arteries (FLAIR-HAs) on MRI and 

clinical prognosis in thrombolysis-treated AIS patients. Prior studies reported controversial 

results, and this Chapter reports my efforts to determine the independent factors associated with 

the presence of FLAIR-HAs on baseline brain MRI and their prediction to key clinical 

outcomes based on the ENCHANTED data. 

 

I have published this work: 

Zhou Z, Yoshimura S, Delcourt C, Lindley RI, You S, Malavera A, Torii-Yoshimura T, Carcel 

C, Wang X, Chen X, Parsons MW, Demchuk AM, Wardlaw JM, Mair G, Robinson TG, 

Chalmers J, Xu J, Anderson CS. Thrombolysis outcomes in acute ischaemic stroke by fluid-

attenuated inversion recovery hyperintense arteries. Stroke 2020;51(7):2240-3.  
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1. Zhou Z, Yoshimura S, Delcourt C, Lindley RI, You S, Malavera A, Torii-Yoshimura T, 

Carcel C, Wang X, Chen X, Parsons MW, Demchuk AM, Wardlaw JM, Mair G, Robinson 

TG, Chalmers J, Xu J, Anderson CS. Thrombolysis Outcomes in Acute Ischaemic Stroke 

by Fluid-Attenuated Inversion Recovery Hyperintense Arteries. 5th European Stroke 

Organisation Conference, Milan, Italy, 22-24 May 2019. 

2. Zhou Z, Yoshimura S, Delcourt C, Lindley RI, You S, Malavera A, Torii-Yoshimura T, 

Carcel C, Wang X, Chen X, Parsons MW, Demchuk AM, Wardlaw JM, Mair G, Robinson 

TG, Chalmers J, Xu J, Anderson CS. Thrombolysis Outcomes in Acute Ischaemic Stroke 
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by Fluid-Attenuated Inversion Recovery Hyperintense Arteries. Stroke Society of 

Australasia scientific meeting 2019, Canberra, Australia, 10-13 September 2019. 

2.2 Abstract 

Background and purpose: To determine factors associated with fluid-attenuated inversion 

recovery (FLAIR) hyperintense arteries (FLAIR-HAs) on magnetic resonance imaging and 

their prognostic significance in thrombolysis-treated patients with acute ischaemic stroke from 

the ENCHANTED (Enhanced Control of Hypertension and Thrombolysis Stroke Study) trial 

alteplase-dose arm. 

Methods: Patients with acute ischaemic stroke (N=293) with brain magnetic resonance imaging 

(FLAIR and diffusion-weighted imaging sequences) scanned <4.5 hours of symptom onset 

were assessed for location and extent (score) of FLAIR-HAs, infarct volume, large vessel 

occlusion (LVO), and other ischaemic signs. Logistic regression models were used to determine 

predictors of FLAIR-HAs and the association of FLAIR-HAs with 90-day outcomes: 

favourable functional outcome (primary; modified Rankin Scale scores, 0-1), other modified 

Rankin Scale scores, and intracerebral haemorrhage. 

Results: Prior atrial fibrillation, LVO, large infarct volume, and anterior circulation infarction 

were independently associated with FLAIR-HAs. The rate of modified Rankin Scale scores 0 

to 1 was numerically lower in patients with FLAIR-HAs versus without (69/152 [45.4%] versus 

75/131 [57.3%]), as was the subset of LVO (37/93 [39.8%] versus 9/16 [56.3%]), but not in 

those without LVO (25/36 [69.4%] versus 60/106 [56.6%]). After adjustment for covariables, 

FLAIR-HAs were independently associated with increased primary outcome (adjusted odds 

ratio [95% CI]: overall 4.14 [1.63-10.50]; with LVO 4.92 [0.87-27.86]; no LVO 6.16 [1.57-

24.14]) despite an increased risk of haemorrhagic infarct (4.77 [1.12-20.26]). 

Conclusions: FLAIR-HAs are more frequent in acute ischaemic stroke with cardioembolic 

features and indicate potential for a favourable prognosis in thrombolysis-treated patients 

possibly moderated by LVO. 

Registration: URL: https://www.clinicaltrials.gov. Unique identifier: NCT01422616. 



47 

2.3 Background 

In patients with acute ischaemic stroke (AIS), fluid-attenuated inversion recovery hyperintense 

arteries (FLAIR-HAs) are often observed (>45%) on brain magnetic resonance imaging 

(MRI),1 but their prognostic significance is uncertain. Herein, we report independent factors 

associated with FLAIR-HAs and their prognostic significance on key clinical outcomes in 

thrombolysis-treated patients with AIS from the alteplase-dose arm of the ENCHANTED 

(Enhanced Control of Hypertension and Thrombolysis Stroke Study). 

2.4 Methods 

2.4.1 Study design 

The data that support the findings of this study are available from the first or corresponding 

authors upon reasonable request. The study design, patient characteristics, and main results of 

the ENCHANTED alteplase-dose arm have been published.2 Ethics committee at each 

participating centre approved the ENCHANTED protocol, and written informed consent was 

obtained from patients or an appropriate legal surrogate. These analyses pertain to participants 

with brain MRI including FLAIR and diffusion-weighted imaging (DWI) sequences obtained 

<4.5 hours of symptom onset. 

2.4.2 Imaging analyses 

FLAIR-HAs were defined as focal, tubular, or serpentine hyperintensities that corresponded to 

a typical arterial course on FLAIR sequence (examples shown in appendix 2.1). FLAIR-HAs 

in middle cerebral artery (MCA), anterior cerebral artery, and posterior circulation (posterior 

cerebral artery or infratentorial region) were assessed independently by a neuroradiologist (Zien 

Zhou) and neurologist (Sohei Yoshimura), blind to clinical data; any discrepancies were settled 

by discussion. FLAIR-HAs in the MCA territory were further subdivided by M1, M2, or M3-6 

segments and geographic relationship to the ischaemic lesion (surrounded, facing, or beyond 

DWI lesion). Infarct volume (slice thickness × sum of diffusion-restricted area on each slice) 

on DWI, FLAIR-HAs score (0-10), mass effect, old vascular lesions, small vessel disease, and 

large vessel occlusion (LVO) were measured or assessed according to prior definitions.3–6 
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2.4.3 Outcomes 

Primary outcome was favourable functional outcome (mRS scores 0-1) at 90 days after 

randomisation. Secondary outcomes included other mRS scores (0-2, ordinal shift), any 

intracerebral haemorrhage (ICH), symptomatic ICH, haemorrhagic infarct, and parenchymal 

haemorrhage. 

2.4.4 Statistical analysis 

Logistic regression models were used to determine independent baseline variables associated 

with FLAIR-HAs, including variables with P<0.2 in univariable analyses. Stepwise removal of 

nonsignificant covariates identified through a likelihood-ratio test was undertaken until all 

remaining variables were statistically significant. The association of FLAIR-HAs with 90-day 

functional outcomes and ICH were estimated in logistic regression models with adjustment of 

covariates found to be significant in univariable analysis of patients with and without FLAIR-

HAs. Proportional odds regression models were used to determine outcome on the ordinal mRS. 

Data were reported as odds ratios (OR) and 95% CIs, and a 2-sided P<0.05 was considered 

statistically significant. SAS version 7.1 was used. 

2.5 Results 

There were 293 patients with AIS included in these analyses, in whom 158 (53.9%) had FLAIR-

HAs with MCA being the predominant vessel (appendix 2.2 and 2.3). Appendix 2.4 shows the 

baseline differences across patients with and without FLAIR-HAs. Independent predictors of 

FLAIR-HAs were prior atrial fibrillation (OR, 7.61 [95% CI, 2.52–22.93]), LVO (15.85 [6.82–

36.83]), anterior circulation infarct (6.73 [2.32–19.50]), and larger infarct volume (1.05 [1.02–

1.08]; appendix 2.5). 

Patients with FLAIR-HAs versus those without had lower rate of good 90-day functional 

outcomes, whether defined by mRS scores 0 to 1 (45.4% versus 57.3%), scores 0 to 2 (57.2% 

versus 75.6%), or ordinal shift (Table 2.1). However, after adjustment of covariables, FLAIR-

HAs were significantly associated with increased favourable outcome (mRS 0-1; adjusted OR, 

4.14 [95% CI, 1.63-10.50]) and ordinal shift (2.23 [1.13-4.41]). Results were comparable after 

adjustment for multiple clinical covariables plus infarct volume or LVO, or adjustment for all 

imaging covariables alone (appendix 2.6). The association of FLAIR-HAs with functional 

outcome appear to vary numerically by the presence of LVO: more favourable outcomes in 
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those without LVO (N=145, 69.4% versus 56.6%) compared with LVO (N=115, 39.8% versus 

56.3%; appendix 2.7). In the subset with MCA infarct (N=198), association with mRS scores 0 

to 1 was driven by FLAIR-HAs located at distal MCA (adjusted OR, 4.27 [95% CI, 1.46-12.44]) 

and beyond DWI lesion (2.97, 1.19-7.38; appendix 2.8). There was a significant increase in 

haemorrhagic infarct risk regardless of covariables adjustment (Table 2.1). 

Table 2.1. Thrombolysis outcomes by FLAIR-HAs 

 FLAIR-HAs 
Odds ratio  

(95% CI) 

P  

value 

Adjusted odds 

ratio (95% CI)* 

P 

value  
With 

n/N (%) 

Without 

n/N (%) 

mRS 0-1 69/152 (45.4) 75/131 (57.3) 0.62 (0.39, 0.99) 0.05 4.14 (1.63, 10.50) 0.003 

mRS 0-2 87/152 (57.2) 99/131 (75.6) 0.43 (0.26, 0.72) 0.001 2.95 (0.99, 8.78) 0.05 

mRS 0 31/152 (20.4) 33/131 (25.2) 0.50 (0.33, 0.76) 0.001 2.23 (1.13, 4.41) 0.02 

1 38/152 (25.0) 42/131 (32.1)     

2 18/152 (11.8) 24/131 (18.3)     

3  11/152 (7.2) 21/131 (16.0)     

4 21/152 (13.8) 7/131 (5.3)     

5 20/152 (13.2) 1/131 (0.8)     

6  13/152 (8.6) 3/131 (2.3)     

Any ICH  65/158 (41.1) 15/135 (11.1) 5.59 (3.00, 10.42) <0.001 2.03 (0.81, 5.08) 0.13 

sICH† 24/158 (15.2) 7/135 (5.2) 3.27 (1.36, 7.86) 0.008 1.39 (0.39, 4.92) 0.61 

PH 20/158 (12.7) 7/135 (5.2) 2.65 (1.08, 6.48) 0.03 0.78 (0.21, 2.91) 0.71 

HI 30/158 (19.0) 3/135 (2.2) 10.31 (3.07, 34.62) <0.001 4.77 (1.12, 20.26) 0.03 

DWI denotes diffusion-weighted imaging; FLAIR-HAs, fluid-attenuated inversion recovery hyperintense 

arteries; HI, haemorrhagic infarct; ICH, intracerebral haemorrhage; mRS, modified Rankin scale; NIHSS, 

National Institute of Health stroke scale; PH, parenchymal haemorrhage; sICH, symptomatic ICH. 

*Adjusted for clinical factors (age, systolic blood pressure, NIHSS score, prior atrial fibrillation) and imaging 

features (DWI volume, ischaemic lesion in anterior/posterior circulation, large vessel occlusion) at baseline, 

except for sICH, PH, and HI with adjusting imaging features only. 

†The National Institutes of Neurological Diseases and Stroke (NINDS) criteria. 
 

2.6 Discussion and conclusion 

2.6.1 Discussion 

In these post hoc analyses, significant determinants of FLAIR-HAs were related to features of 

AIS indicative of a cardioembolic etiology. Yet, the presence of FLAIR-HAs was 

independently associated with favourable 90-day functional outcome after thrombolysis, 

despite a significant increase in the risk of haemorrhagic infarct. 

To our knowledge, a systematic assessment of the determinants of FLAIR-HAs has only been 

undertaken in one other study,7 where DWI lesion volume was shown to be of borderline 

significance in a multivariable model (OR, 0.99 [95% CI, 0.97-1.00]). Discrepancies between 

the 2 studies may be due to differences in the manner in which infarct volume was defined 
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according to the standards of eligible MRI scans included in analyses (<12 versus <4.5 hours 

after symptom onset). Although FLAIR-HAs do not appear to be related to the time interval 

between stroke onset and MRI scanning in AIS, infarct volume would likely change with time 

and when large in the context of LVO will have collaterals that are likely to be visible. Thus, 

FLAIR-HAs are more likely visible when the ischaemic lesion is large or with LVO. 

Our study represents the largest group of patients with AIS with regard to the presence of 

FLAIR-HAs in relation to clinical outcomes after thrombolysis, and where a large range of 

clinical and other imaging covariables were considered in analyses. Despite a significant 

increase in favourable outcome after adjustment of covariables, a potential heterogeneity by 

LVO was seen where early recanalisation remains more important to the prognosis than good 

collaterals, as reflected by FLAIR-HAs.8 Unfortunately, few patients with both baseline and 

24-hour follow-up angiography images in our study, and limited samples in subsets, hindered 

further stratification according to recanalisation. Evidence on the association of FLAIR-HAs 

with ICH after thrombolysis is sparse. A trend towards increased ICH risk was driven by 

haemorrhagic infarct rather than parenchymal haemorrhage could explain an improved 90-day 

outcome in those with FLAIR-HAs, even with a high likelihood of haemorrhagic complications 

after thrombolysis. 

2.6.2 Strengths and limitations 

Major strengths of this study are the inclusion of patients from a large, prospective, multicentre 

trial with high quality of data collection. Moreover, the imaging assessment was rigorous. Even 

so, and aside from the limited recanalisation information, the study was compromised by 

selection bias: the majority of ENCHANTED participants did not have baseline brain MRI in 

a pragmatic study, and most were Asians. Moreover, participants with missing imaging data 

led to a reduction of sample size for multivariable analysis. Our results, however, provide a 

prompt for clinicians to recognise the presence of FLAIR-HAs where MRI is used in the 

management of patients with AIS, especially for wake-up stroke patients as evident on the use 

of MRI in this clinical population recently reported.9 

2.6.3 Conclusion 

In summary, FLAIR-HAs are more frequently present in patients with AIS with cardioembolic 

features and indicate potential for a favourable prognosis in thrombolysis-treated patients 

possibly moderated by LVO. 
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Appendices 

Appendix 2.1. Examples of FLAIR-HAs in patients from alteplase-dose arm of ENCHANTED trial 

 
Case 1 Male, 41-year-old, with an ischaemic lesion in right MCA territory on baseline DWI.  FLAIR-HAs 

were present at right proximal (M1 segment), middle (M2 segment/sylvian fissure), and distal (M3-6 

segment) MCA on baseline FLAIR sequence (red arrows). 

 
Case 2 Female, 67-year-old, with an ischaemic lesion at left thalamus on baseline DWI.  FLAIR-HAs were 

present at left central branches of the PCA on baseline FLAIR sequence (red arrows). 

 
Case 3 Male, 72-year-old, with bilateral ischaemic lesions in the cerebellum on baseline DWI.  FLAIR-HAs 

present in PCA territory and infratentorial regions on baseline FLAIR sequence (red arrows). 
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Case 4 Male, 70-year-old, without an ischaemic lesion on baseline DWI.  FLAIR-HAs present at right distal 

MCA on baseline FLAIR sequence (red arrow).  Ischaemic lesion in the right MCA territory on follow-up 

DWI. 

 

DWI denotes diffusion-weighted imaging; ENCHANTED, Enhanced Control of Hypertension and 

Thrombolysis Stroke Study; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense 

arteries; MCA, middle cerebral artery; PCA, posterior cerebral artery. 
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Appendix 2.2. Flowchart of patients included in analyses 
 

 
 

DWI denotes diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; MCA, middle 

cerebral artery; MRI, magnetic resonance imaging. 

*MRI obtained within 4.5 hours after stroke onset. 
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Appendix 2.3. Location of FLAIR-HAs and ischaemic lesion, size of ischaemic lesion, and infarct 

volume in patients with brain MRI including FLAIR and DWI sequences scanned <4.5 hours of 

symptom onset (N=293) 

 
 

ACA denotes anterior cerebral artery; ADC, apparent diffusion coefficient; DWI, diffusion-weighted 

imaging; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; IST-3, the 

third International Stroke Trial; MCA, middle cerebral artery; PCA, posterior cerebral artery.  

*Ischaemic lesion was confirmed by diffusion restricted lesion on DWI or ADC map. The site and size of 

ischaemic lesion was classified according to the IST-3 criteria: 

a) site codes: M=MCA#=any lesion in the MCA territory; AS=Infarct of up to half of ACA territory; 

AL=Infarct of more than half of ACA territory; PS=Infarct of up to half of PCA territory; PL=Infarct of more 

than half of PCA territory; MAS=M+AS#; MAL=M+AL#; MPS=M+PS#; MPL=M+PL#; MAP=Infarct of 

whole MCA, ACA and PCA territories; L=Lacunar#; B=Borderzone#; C=Cerebellum#; S=Brainstem#; 

CS=Cerebellum and brainstem (#code sub-territory sites in b). 

b) sub-territory codes: (MCA sub-territory codes) 1=small cortical infarct; 2=basal ganglia infarct 

(>2x2x2cm); 3= infarct of white matter lateral to the lateral ventricle (>2x2x2cm); 4a=infarct of anterior half 

of peripheral MCA territory (not involving basal ganglia); 4b=infarct of anterior half of peripheral MCA 

territory (involving part of basal ganglia); 5a=infarct of the posterior half of peripheral MCA territory (not 

involving basal ganglia); 5b=infarct of the posterior half of peripheral MCA territory (involving part of basal 

ganglia); 6=infarct of the whole of peripheral MCA territory; 7=6+infarct of lateral part of basal ganglia; 

8=infarct of whole of MCA territory; (Lacunar sub-territory codes) 9=lacune in internal capsule/lentiform; 

10=lacune in internal border zone; 11=lacune in centrum semiovale; 12=lacune in thalamus; 13=lacune in 

brainstem, inc. pons; (Borderzone sub-territory codes) 14=anterior (mainly) border zone; 15=posterior 

(mainly) border zone; (Cerebellum sub-territory codes) 16=small cortical; 17=<1/2 hemisphere 

(medium);18=>1/2 hemisphere; (Brainstem sub-territory codes) 19=small, i.e.<1/2 medulla; 20=extensive, 

i.e. pons + medulla. 

†Infarct volume (slice thickness × sum of diffusion-restricted area on each slice, cm3) was measured on DWI. 
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Appendix 2.4. Baseline characteristics of patients by the presence of FLAIR-HAs 

 With  

FLAIR-HAs  

(n=158) 

Without 

FLAIR-HAs 

(n=135) 

 

 

P value 

Age (years) 66.5 (10.8) 62.8 (9.7) 0.003 

  ≥80 years 5 (3.2) 0 (0.0) 0.04 

Female 48 (30.4) 46 (34.1) 0.50 

Asian ethnicity 154/157 (98.1) 132 (97.8) 0.85 

Clinical features    

Systolic BP (mmHg) 142 (21) 149 (20) 0.004 

  Diastolic BP (mmHg) 83 (13) 87 (11) 0.02 

  Heart rate (beats per minute) 80 (17) 79 (13) 0.70 

  NIHSS score* 9 (5-15) 5 (3-8) <0.001 

  NIHSS score ≥14 49 (31.0) 9 (6.7) <0.001 

  GCS score† 15 (13-15) 15 (15-15) <0.001 

Medical history    

  Previous stroke 24 (15.2) 18 (13.3) 0.65 

  Hypertension 88/157 (56.1) 74 (54.8) 0.83 

  Atrial fibrillation 58/157 (36.9) 6 (4.4) <0.001 

  Coronary artery disease 22/157 (14.0) 8 (5.9) 0.02 

  Valvular or other heart disease 11/157 (7.0) 3 (2.2) 0.06 

  Diabetes mellitus 39/157 (24.8) 27 (20.0) 0.32 

  Hypercholesterolemia 25/157 (15.9) 15 (11.1) 0.23 

  Current smoker 44/157 (28.0) 55 (40.7) 0.02 

Pre-stroke asymptomatic function (mRS=0) 16/157 (10.2) 17 (12.6) 0.52 

Medication on admission    

  Antihypertensive agent(s) 75/157 (47.8) 53 (39.3) 0.14 

  Warfarin anticoagulation 9/156 (5.8) 1/134 (0.7) 0.02 

  Aspirin/other antiplatelet agent 41/156 (26.3) 24/134 (17.9) 0.09 

  Statin/other lipid lowering agent 41/156 (26.3) 33/134 (24.6) 0.75 

Time from stroke onset to MRI scan (hrs) 1.9 (1.4-2.7) 2.3 (1.7-2.7) 0.05 

Imaging features    

  With ischaemic lesion on DWI 148 (93.7) 101 (74.8) <0.001 

    At left side 66/148 (44.6) 61/101 (60.4) 0.01 

    At right side 73/148 (49.3) 34/101 (33.7) 0.01 

    At midline or bilateral side 9/148 (6.1) 6/101 (5.9) 0.96 

    At anterior circulation 125/148 (84.5) 66/101 (65.3) <0.001 

    At posterior circulation 12/148 (8.1) 33/101 (32.7) <0.001 

    At both anterior and posterior circulation 11/148 (7.4) 2/101 (2.0) 0.06 

    DWI volume (cm3) 10.5 (3.1-48.9) 1.3 (0.6-3.3) <0.001 

    Size of ischaemic lesion (IST-3 criteria)   <0.001 

      Small 41/148 (27.7) 78/101 (77.2)  

      Medium 85/148 (57.4) 22/101 (21.8)  

      Large 22/148 (14.9) 1/101 (1.0)  

2With signal change on FLAIR 55 (34.8) 46 (34.1) 0.90 

2With mass effect‡ 67 (42.4) 12 (8.9) <0.001 

  With old vascular lesions 52 (32.9) 49 (36.3) 0.54 

  With brain atrophy 124 (78.5) 100 (74.1) 0.38 

  With white matter changes 132 (83.5) 117 (86.7) 0.46 

  With microbleeds 30/123 (24.4) 31/106 (29.2) 0.41 

  Large vessel occlusion§ 98/134 (73.1) 17/126 (13.5) <0.001 

Time from stroke onset to randomisation (hrs) 1.9 (1.3-2.9) 2.3 (1.6-3.1) 0.04 

Randomised low-dose treatment 81 (51.3) 67 (49.6) 0.78 

Assigned to intensive BP lowing 3 (1.9) 1 (0.7) 0.40 

Assigned to standard BP lowing 3 (1.9) 3 (2.2) 0.85 

Presumed diagnosis at time of hospital separation   

  Non-stroke 1/152 (0.7) 11/134 (8.2) 0.002 
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  Large artery occlusion because of atheroma 67/152 (44.1) 47/134 (35.1) 0.12 

  Small vessel disease  6/152 (3.9) 44/134 (32.8) <0.001 

  Cardioembolism  59/152 (38.8) 8/134 (6.0) <0.001 

  Dissection 2/152 (1.3) 2/134 (1.5) 0.90 

  Other or uncertain pathogenesis 17/152 (11.2) 22/134 (16.4) 0.20 

BP denotes blood pressure; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; 

FLAIR-HAs, FLAIR hyperintense arteries; GCS, Glasgow coma scale; IST-3, the third International Stroke 

Trial; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; mRS, modified Rankin 

scale; NIHSS, National Institutes of Health stroke scale. 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡Scored from 1 to 6 in assessment of mass effect on MRI were graded as: 0, no swelling; 1, effacement of 

the sulci overlying the infarct; 2, 1 + minor effacement of adjacent lateral ventricle; 3, 1 + complete 

effacement of lateral ventricle; 4, 1 + effacement of the lateral and third ventricle; 5, 4 + shift of the midline 

away from the side of the ventricle; 6, 5 + effacement of basal cisterns. 

§Scored as 0, 1, or 2 for proximal cerebral arteries (A1-2 segment of anterior cerebral artery, internal carotid 

artery, M1-2 segment of middle cerebral artery, P1-2 segment of posterior cerebral artery, or basilar artery) 

on raw or reconstructed MRA by a modified Thrombolysis in Cerebral Infarction (TICI) score for abnormal 

artery: 0, no patency; 1, minimal patency – some contrast penetrates obstruction but no/minimal enters distal 

artery; 2, patency of <50% of the lumen at the point of obstruction and some filling of branches of the affected 

artery; 3, patency of >50% of the lumen and filling of most branches of the affected artery; 4, complete 

patency – normal artery. 
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Appendix 2.5. Association of baseline variables with the presence of FLAIR-HAs 

 Univariate  

OR (95% CI) 

 

P value 

Multivariate  

OR (95% CI) 

 

P value 

Age (1 year higher) 1.04 (1.01, 1.06) 0.003¶   

Female vs. male 0.84 (0.52, 1.38) 0.50   

Asian vs. non-Asian 1.17 (0.23, 5.88) 0.85   

Clinical features     

Systolic BP (1 mmHg greater) 0.98 (0.97, 0.99) 0.005¶   

  Diastolic BP (1 mmHg greater) 0.98 (0.96, 1.00) 0.02#   

  Heart rate (1 beat per minute greater) 1.00 (0.99, 1.02) 0.70   

  NIHSS score* (1 unit greater) 1.18 (1.12, 1.24) <0.001¶   

  GCS score† (1 unit greater) 0.82 (0.73, 0.92) 0.001#   

Medical history     

  Previous stroke (Yes vs. No) 1.16 (0.60, 2.25) 0.65   

  Hypertension (Yes vs. No) 1.05 (0.66, 1.67) 0.83   

  Atrial fibrillation (Yes vs. No) 12.60 (5.22, 30.38) <0.001¶ 7.61 (2.52, 22.93) <0.001 

  Coronary artery disease (Yes vs. No) 2.59 (1.11, 6.02) 0.03¶   

  Valvular or other heart disease (Yes vs. No) 3.32 (0.91, 12.14) 0.07¶   

  Diabetes mellitus (Yes vs. No) 1.32 (0.76, 2.30) 0.32   

  Hypercholesterolemia (Yes vs. No) 1.52 (0.76, 3.01) 0.24   

  Current smoker (Yes vs. No) 0.57 (0.35, 0.92) 0.02¶   

Pre-stroke without symptoms (mRS=0) (Yes vs. No) 0.79 (0.38, 1.63) 0.52   

Medication on admission     

  Antihypertensive agent (s) (Yes vs. No) 1.42 (0.89, 2.26) 0.14¶   

  Warfarin anticoagulation (Yes vs. No) 8.14 (1.02, 65.13) 0.05¶   

  Aspirin/other antiplatelet agent (Yes vs. No) 1.63 (0.93, 2.88) 0.09¶   

  Statin/other lipid lowering agent (Yes vs. No) 1.09 (0.64, 1.85) 0.75   

Time from stroke onset to MRI scan (1 hour late) 0.83 (0.64, 1.08) 0.17¶   

Imaging features     

  With ischaemic lesion on DWI (Yes vs. No) 4.98 (2.36, 10.54) <0.001#   

  Ischaemic lesion at right vs. left side 1.98 (1.16, 3.39) 0.01¶   

  Ischaemic lesion at anterior vs. posterior circulation 5.50 (2.67, 11.32) <0.001¶ 6.73 (2.32, 19.50) <0.001 

  DWI volume (1 cm3 greater) 1.08 (1.04, 1.11) <0.001¶ 1.05 (1.02, 1.08) 0.003 

  Ischaemic lesion size‡ (large or medium vs. others) 10.22 (5.84, 17.87) <0.001#   

  Large vessel occlusion§ (Yes vs. No) 17.45 (9.22, 33.04) <0.001¶ 15.85 (6.82, 36.83) <0.001 

  With signal change on FLAIR (Yes vs. No) 1.03 (0.64, 1.68) 0.89   

With mass effect‖ (Yes vs. No) 7.54 (3.85, 14.76) <0.001#   
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  With old vascular lesions (Yes vs. No) 0.86 (0.53, 1.40) 0.54   

  With brain atrophy (Yes vs. No) 1.28 (0.74, 2.19) 0.38   

  With white matter changes (Yes vs. No) 0.78 (0.41, 1.50) 0.46   

  With microbleeds (Yes vs. No) 0.78 (0.43, 1.40) 0.41 C-statistic=0.91 

BP denotes blood pressure; DWI, diffusion-weighted imaging; IST-3, the third International Stroke Trial; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, 

FLAIR hyperintense arteries; GCS, Glasgow coma scale; MRI, magnetic resonance imaging; mRS, modified Rankin scale; NIHSS, National Institutes of Health stroke 

scale; OR, odds ratio. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡Classified as small, medium or large according to the IST-3 criteria. 

§Scored as 0, 1, or 2 for proximal cerebral arteries (A1-2 segment of anterior cerebral artery, internal carotid artery, M1-2 segment of middle cerebral artery, P1-2 

segment of posterior cerebral artery, or basilar artery) on raw or reconstructed MRA by a modified Thrombolysis in Cerebral Infarction (TICI) score for abnormal 

artery: 0, no patency; 1, minimal patency – some contrast penetrates obstruction but no/minimal enters distal artery; 2, patency of <50% of the lumen at the point of 

obstruction and some filling of branches of the affected artery; 3, patency of >50% of the lumen and filling of most branches of the affected artery; 4, complete patency 

– normal artery. 

‖Scored from 1 to 6 in assessment of mass effect on MRI were graded as: 0, no swelling; 1, effacement of the sulci overlying the infarct; 2, 1+minor effacement of 

adjacent lateral ventricle; 3, 1+complete effacement of lateral ventricle; 4, 1+effacement of the lateral and third ventricle; 5, 4+shift of the midline away from the side 

of the ventricle; 6, 5+effacement of the basal cisterns. 

¶Included for multivariable analysis. Stepwise removal of nonsignificant covariates identified through a likelihood-ratio test was undertaken until all the remaining 

variables were statistically significant (P <0.05).  

#As potential high correlation existed in the spearman correlation test between systolic blood pressure and diastolic blood pressure (r=0.69), NIHSS score and GCS 

score (r=-0.62), with ischaemic lesion and lesion volume (r=0.62), ischaemic lesion size and lesion volume (r=0.74), mass effect and lesion volume (r=0.64), variables 

of diastolic blood pressure, GCS score, with ischaemic lesion, ischaemic lesion size, and mass effect were not entered into multivariable analysis. Sensitivity analysis 

by putting ischaemic lesion size and mass effect instead of lesion volume into the model, variables of history of atrial fibrillation (OR 8.32, 95% CI 2.73-25.40), 

ischaemic lesion in anterior circulation (OR 5.07, 95% CI 1.70-15.12), large vessel occlusion (OR 14.13, 95% CI 6.03-33.12), large or medium ischaemic lesion (OR 

2.63, 95% CI 1.15-5.99) and mass effect (OR 2.76, 95% CI 1.07-7.12) were significant (C statistic=0.91).  
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Appendix 2.6. Thrombolysis outcomes (mRS 0-1) by FLAIR-HAs after adjusting different covariables 

 n/N Unadjusted OR (with FLAIR-HAs vs. without) P value 

No adjustment 144/283 0.62 (0.39, 0.99) 0.05 

Adjusted for  Adjusted OR (with FLAIR-HAs vs. without) P value 

Single clinical covariable    

Age 144/283 0.70 (0.43, 1.14) 0.15 

Systolic blood pressure 144/283 0.58 (0.36, 0.93) 0.02 

NIHSS score 144/283 1.38 (0.79, 2.43) 0.26 

Prior atrial fibrillation 144/283 0.81 (0.48, 1.35) 0.41 

Single imaging covariable    

Infarct volume on DWI 144/283 1.15 (0.68, 1.95) 0.61 

Ischaemic lesion in anterior/posterior circulation  114/241 0.72 (0.42, 1.24) 0.24 

Large vessel occlusion  131/251 1.13 (0.60, 2.13) 0.70 

Combined clinical covariables    

NIHSS score, prior atrial fibrillation 144/283 1.56 (0.86, 2.86) 0.15 

Age, NIHSS score, prior atrial fibrillation 144/283 1.65 (0.89, 3.03) 0.11 

All clinical covariables 144/283 1.56 (0.84, 2.91) 0.16 

Combined imaging covariables    

 Infarct volume on DWI, large vessel occlusion 131/251 1.73 (0.88, 3.42) 0.11 

All imaging covariables 103/212 2.36 (1.07, 5.18) 0.03 

Combined clinical and imaging covariables    

All clinical covariables, infarct volume on DWI 144/283 2.29 (1.17, 4.49) 0.02 

All clinical covariables, ischaemic lesion in anterior/posterior circulation 114/241 1.69 (0.85, 3.35) 0.14 

All clinical covariables, large vessel occlusion 131/251 2.31 (1.06, 5.03) 0.03 

All clinical covariables, infarct volume on DWI, large vessel occlusion 131/251 3.23 (1.41, 7.40) 0.006 

All clinical and imaging covariables 103/212 4.14 (1.63, 10.50) 0.003 

DWI denotes diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; mRS, modified Rankin scale; NIHSS, 

National Institute of Health stroke scale; OR, odds ratio. 
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Appendix 2.7. Thrombolysis outcomes by FLAIR-HAs in patients with and without large vessel occlusion at baseline 

 FLAIR-HAs OR 

(95% CI) 

P 

value 
P inter- 

action* 

AOR 

(95% CI)† 

P 

value  With, n/N (%) Without, n/N (%) 

mRS 0-1 
With LVO‡§ 37/93 (39.8) 9/16 (56.3) 0.51 (0.18, 1.50) 0.22 0.07 4.92 (0.87, 27.86) 0.07 

No LVO‡ 25/36 (69.4) 60/106 (56.6) 1.74 (0.78, 3.90) 0.18  6.16 (1.57, 24.14) 0.01 

         

mRS 0-2 
With LVO 46/93 (49.5) 11/16 (68.8) 0.44 (0.14, 1.38) 0.16 0.09 2.00 (0.30, 13.37) 0.47 

No LVO 30/36 (83.3) 80/106 (75.5) 1.62 (0.61, 4.34) 0.33  4.81 (0.87, 26.69) 0.07 

mRS shift 

With LVO   0 14/93 (15.1) 3/16 (18.8) 0.46 (0.18, 1.19) 0.11 0.03 2.57 (0.68, 9.67) 0.16 

1 23/93 (24.7) 6/16 (37.5)      

                    2 9/93 (9.7) 2/16 (12.5)      

                    3 7/93 (7.5) 4/16 (25.0)      

                    4 16/93 (17.2) 0/16 (0.0)      

                    5 15/93 (16.1) 0/16 (0.0)      

                    6 9/93 (9.7) 1/16 (6.3)      

No LVO      0 12/36 (33.3) 27/106 (25.5) 1.52 (0.77, 3.01) 0.23  3.45 (1.35, 8.82) 0.01 

                    1 13/36 (36.1) 33/106 (31.1)      

                    2 5/36 (13.9) 20/106 (18.9)      

                    3 2/36 (5.6) 16/106 (15.1)      

                    4 1/36 (2.8) 7/106 (6.6)      

                    5 2/36 (5.6) 1/106 (0.9)      

                    6 1/36 (2.8) 2/106 (1.9)      

AOR denotes adjusted odds ratio; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; LVO, 

large vessel occlusion; mRS, modified Rankin scale; NIHSS, National Institute of Health stroke scale; OR, odds ratio. 

*P value for the interaction term of functional outcomes in patients with versus without FLAIR-HAs by the presence of LVO.  

†Adjusted for clinical covariables (age, systolic blood pressure, NIHSS score, history of atrial fibrillation) and imaging features (DWI volume, ischaemic lesion in 

anterior or posterior circulation) at baseline. ‡Among 115 patients with LVO and 145 patients without LVO on magnetic resonance angiography, 6 and 3 patients had 

missing 90-day mRS scores, respectively. §Scored as 0, 1, or 2 for proximal cerebral arteries (A1-2 segment of anterior cerebral artery, internal carotid artery, M1-2 

segment of middle cerebral artery, P1-2 segment of posterior cerebral artery, or basilar artery) on raw or reconstructed MRA by a modified Thrombolysis in Cerebral 

Infarction (TICI) score for abnormal artery: 0, no patency; 1, minimal patency – some contrast penetrates obstruction but no/minimal enters distal artery; 2, patency of 

<50% of the lumen at the point of obstruction and some filling of branches of the affected artery; 3, patency of >50% of the lumen and filling of most branches of the 

affected artery; 4, complete patency – normal artery. 
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Appendix 2.8. Thrombolysis outcomes in MCA infarct patients by the presence of FLAIR-HAs in the MCA territory, different locations of FLAIR-HAs, 

FLAIR-HAs score, and whether FLAIR-HAs are surrounded or beyond the boundaries of ischaemic lesion 

 n/N OR (95% CI) P value AOR (95% CI)* P value 

mRS 0-1      

FLAIR-HAs in the MCA territory (with vs. without) 90/192 0.69 (0.37, 1.26) 0.22 6.61 (2.04, 21.36) 0.002 

FLAIR-HAs score in the MCA territory (1 unit greater) 90/192 0.87 (0.79, 0.95) 0.002 1.13 (0.93, 1.36) 0.21 

(5 to 10 vs. 0 to 4) 90/192 0.40 (0.22, 0.72) 0.002 1.40 (0.48, 4.05) 0.54 

(7 to 10 vs. 0 to 4) 70/147 0.26 (0.12, 0.56) <0.001 0.71 (0.19, 2.66) 0.61 

FLAIR-HAs at proximal MCA (M1 segment) (yes vs. no) 90/192 0.37 (0.19, 0.70) 0.002 0.84 (0.30, 2.38) 0.75 

At proximal or middle MCA (M1-M2 segment) (yes vs. no) 90/192 0.40 (0.22, 0.72) 0.002 1.67 (0.51, 5.45) 0.39 

At distal MCA (M3-M6 segment) (yes vs. no) 90/192 0.65 (0.36, 1.19) 0.17 4.27 (1.46, 12.44) 0.008 

FLAIR-HAs are surrounded by ischaemic lesion (yes vs. no) 90/192 0.31 (0.16, 0.60) <0.001 1.22 (0.41, 3.58) 0.72 

Beyond the boundaries of ischaemic lesion (yes vs. no) 90/192 1.62 (0.91, 2.88) 0.10 2.97 (1.19, 7.38) 0.02 

mRS 0-2      

FLAIR-HAs in the MCA territory (with vs. without) 119/192 0.45 (0.23, 0.87) 0.02 4.79 (1.12, 20.56) 0.04 

FLAIR-HAs score in the MCA territory (1 unit greater) 119/192 0.83 (0.75, 0.91) <0.001 1.02 (0.81, 1.27) 0.89 

(5 to 10 vs. 0 to 4) 119/192 0.32 (0.18, 0.60) <0.001 1.02 (0.30, 3.51) 0.97 

(7 to 10 vs. 0 to 4) 96/147 0.29 (0.14, 0.61) 0.001 0.66 (0.15, 3.01) 0.59 

FLAIR-HAs at proximal MCA (M1 segment) (yes vs. no) 119/192 0.35 (0.19, 0.66) 0.001 1.05 (0.34, 3.24) 0.93 

At proximal or middle MCA (M1-M2 segment) (yes vs. no) 119/192 0.30 (0.16, 0.57) <0.001 1.71 (0.40, 7.44) 0.47 

At distal MCA (M3-M6 segment) (yes vs. no) 119/192 0.45 (0.23, 0.86) 0.02 3.19 (0.86, 11.75) 0.08 

FLAIR-HAs are surrounded by ischaemic lesion (yes vs. no) 119/192 0.21 (0.11, 0.40) <0.001 0.63 (0.20, 2.02) 0.44 

Beyond the boundaries of ischaemic lesion (yes vs. no) 119/192 1.68 (0.92, 3.04) 0.09 2.51 (0.89, 7.06) 0.08 

Any ICH (reported or adjudicated)       

FLAIR-HAs in the MCA territory (with vs. without) 70/198 5.66 (2.50, 12.78) <0.001 1.88 (0.61, 5.81) 0.28 

FLAIR-HAs score in the MCA territory (1 unit greater) 70/198 1.31 (1.18, 1.46) <0.001 1.17 (0.99, 1.39) 0.07 

(5 to 10 vs. 0 to 4) 70/198 4.02 (2.15, 7.51) <0.001 1.52 (0.58, 3.94) 0.39 

(7 to 10 vs. 0 to 4) 50/151 5.59 (2.66, 11.78) <0.001 2.51 (0.80, 7.86) 0.11 

FLAIR-HAs at proximal MCA (M1 segment) (yes vs. no) 70/198 4.24 (2.26, 7.96) <0.001 1.72 (0.70, 4.18) 0.23 

At proximal or middle MCA (M1-M2 segment) (yes vs. no) 70/198 6.27 (3.02, 13.03) <0.001 2.55 (0.77, 8.51) 0.13 

At distal MCA (M3-M6 segment) (yes vs. no) 70/198 4.52 (2.12, 9.62) <0.001 1.48 (0.53, 4.14) 0.45 

FLAIR-HAs are surrounded by ischaemic lesion (yes vs. no) 70/198 3.04 (1.63, 5.69) <0.001 1.09 (0.42, 2.82) 0.86 

Beyond the boundaries of ischaemic lesion (yes vs. no) 70/198 1.29 (0.72, 2.32) 0.39 1.06 (0.47, 2.41) 0.89 

AOR denotes adjusted odds ratio; CI, confidence interval; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR 

hyperintense arteries; ICH, intracerebral haemorrhage; MCA, middle cerebral artery; MRI, magnetic resonance imaging; mRS, modified Rankin scale; NIHSS, 

National Institute of Health stroke scale; OR, odds ratio. 
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*Adjusted for clinical covariables (systolic blood pressure, NIHSS score, history of atrial fibrillation) and imaging features (DWI volume, large vessel occlusion) at 

baseline. 
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Chapter 3: Clinical Prognosis of FLAIR Hyperintense Arteries in 

Ischaemic Stroke Patients: A Systematic Review and Meta-

analysis 

3.1 Link to thesis 

In Chapter 2, I presented a study on identifying independent factors associated with the presence 

of FLAIR-HAs and their prediction to key clinical outcomes in thrombolysis-treated AIS 

patients from the ENCHANTED trial. Uncertainty remains in the literature with regard to the 

clinical prognosis of FLAIR-HAs in AIS patients, which prompted me to conduct a systematic 

review and meta-analysis on this topic after pooling data from prior studies and the 

ENCHANTED data. This chapter presents this review. 

 

I have published this work: 

Zhou Z, Malavera A, Yoshimura S, Delcourt C, Mair G, Al-Shahi Salman R, Demchuk AM, 

Wardlaw JM, Lindley RI, Anderson CS. Clinical prognosis of FLAIR hyperintense arteries in 

ischaemic stroke patients: a systematic review and meta-analysis. J Neurol Neurosurg 

Psychiatry 2020;91(5):475-82. 

 

I presented this work at one international conference: 

Zhou Z, Malavera A, Yoshimura S, Delcourt C, Mair G, Al-Shahi Salman R, Demchuk AM, 
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3.2 Abstract 

Objective: We performed a systematic review and meta-analysis to determine the association 

of fluid-attenuated inversion recovery (FLAIR) hyperintense arteries (FLAIR-HAs) on brain 

MRI and prognosis after acute ischaemic stroke (AIS). 

Methods: We searched Medline, Embase and Cochrane Central Register of Controlled Trials 

for studies reporting clinical or imaging outcomes with presence of FLAIR-HAs after AIS. Two 
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researchers independently assessed eligibility of retrieved studies and extracted data, including 

from the Enhanced Control of Hypertension and Thrombolysis Stroke Study (ENCHANTED). 

Outcomes were unfavourable functional outcome (primary, modified Rankin scale scores 3-6 

or 2-6), death, intermediate clinical and imaging outcomes. We performed subgroup analyses 

by treatment or types of FLAIR-HAs defined by location (at proximal/distal middle cerebral 

artery (MCA), within/beyond diffusion-weighted imaging [DWI] lesion) or extent. 

Results: We included 36 cohort studies (33 prospectively collected) involving 3577 patients. 

FLAIR-HAs were not associated with functional outcome overall (pooled risk ratio 0.87, 95% 

CI 0.71 to 1.06), but were significantly associated with better outcome in those receiving 

endovascular therapy (0.56, 95% CI 0.41 to 0.75). Contrary to FLAIR-HAs at proximal MCA 

or within DWI lesions, FLAIR-HAs beyond DWI lesions were associated with better outcome 

(0.67, 95% CI 0.57 to 0.79). FLAIR-HAs favoured recanalisation (1.21, 95% CI 1.06 to 1.38) 

with increased risk of intracerebral haemorrhage (2.07, 95% CI 1.37 to 3.13) and early 

neurological deterioration (1.93, 95% CI 1.30 to 2.85). 

Conclusions: FLAIR-HAs were not associated with functional outcome overall but were 

associated with outcome after endovascular therapy for AIS. FLAIR-HAs were also associated 

with early recanalisation or haemorrhagic complications, and early neurologic deterioration. 

PROSPERO registration number: CRD42019131168. 

3.3 Background 

Fluid-attenuated inversion recovery (FLAIR) hyperintense arteries (FLAIR-HAs) are a 

common sign (>45%) on brain MRI in patients with acute ischaemic stroke (AIS).1,2 Although 

recognised for nearly two decades,3,4 the prognostic significance of FLAIR-HAs has not been 

well defined despite reflecting the presence of a large ischaemic penumbra and good collateral 

circulation from slow retrograde flow distal to the occluded vessel (‘clot’) or ischaemic lesion.5-

7 Potential reasons for this uncertainty in the literature include the limitations of retrospective 

design, small sample size, varying assessment of FLAIR-HAs, different treatments 

administered to patients and heterogeneity of endpoints across studies.8-14 

Our previous analyses of thrombolysis-treated AIS patients (n=293) from the alteplase-dose 

arm of the international Enhanced Control of Hypertension and Thrombolysis Stroke Study 

(ENCHANTED)15 showed that presence of FLAIR-HAs was independently associated with a 
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favourable 90-day functional outcome, defined on the modified Rankin scale (mRS) (scores 0-

1 [n=144], adjusted OR 4.14, 95% CI 1.63 to 10.50) despite an increased risk of haemorrhagic 

infarct (adjusted OR 4.77, 95% CI 1.12 to 20.26) after adjusting for baseline covariables 

(unpublished). Herein, we extended this work through a systematic review and meta-analysis 

of the association of FLAIR-HAs with early vascular recanalisation or reperfusion, 

intracerebral haemorrhage (ICH), cerebral infarct growth and clinical outcomes in AIS. 

3.4 Methods 

3.4.1 Search strategy 

The protocol followed the Preferred Reporting Items for Systemic Reviews and Meta-Analyses 

statement,16 and was registered with PROSPERO international prospective register of 

systematic reviews. Our search strategy was based on a combination of the following medical 

subject headings terms or keywords: [‘arterial hyperintensity’ OR ‘hyperintense vessels’ OR 

‘vascular hyperintensities’] AND [‘FLAIR’ OR ‘MRI’] AND [‘cerebrovascular disease’ OR 

‘stroke’ OR ‘cerebral infarction’] (appendix 3.1). Medline, Embase and the Cochrane Central 

Register of Controlled Trials were searched from inception to the end of October 2019. The 

clinicaltrials.gov website was searched for randomised controlled trials (RCTs) registered as 

completed but not yet published. There was no language restriction. Reference lists of all 

retrieved studies and related review articles were cross-checked for further relevant studies until 

no further publications were found. 

3.4.2 Eligibility criteria 

We included the ENCHANTED trial and other RCTs or cohort studies that recruited AIS 

patients (age ≥18 years) where baseline brain MRI was performed after admission and before 

intravenous thrombolysis or endovascular therapy. We aimed to extract data on vascular 

recanalisation or reperfusion, infarct growth, ICH, short/long-term clinical outcomes (measured 

by National Institutes of Health Stroke Scale [NIHSS] or mRS score) from reports. We 

excluded: (i) studies where outcomes were not reported separately for participants who did and 

did not have FLAIR-HAs; (ii) where the primary aim was to assess the effect of FLAIR-HAs 

change before and after thrombolysis on clinical prognosis, or to explore the association of 

FLAIR-HAs with other imaging features such as collateral flow, perfusion status or perfusion-

diffusion mismatch; and (iii) reviews, editorials, letters, case or case series reports, guidelines, 
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technical notes and book chapters. Conference abstracts were not excluded if the data could be 

extracted. 

In this report, we also included 220 ENCHANTED15,17-19 participants (198 from alteplase-dose 

arm and 22 from blood pressure lowering arm) who had middle cerebral artery (MCA) infarct 

identified on MRI obtained within 4.5 hours of symptom onset with both FLAIR and diffusion-

weighted imaging (DWI). 

3.4.3 Study selection and data extraction 

The screen of potentially eligible studies identified by searches was conducted by two authors 

(Zien Zhou and Alejandra Malavera) to select reports for review in full text. Each full text 

article was reviewed for eligibility by these authors and, for each included study, data were 

extracted independently using a standardised electronic form; any disagreement was settled by 

discussion or in consultation with two other authors (Sohei Yoshimura and Candice Delcourt). 

Extracted data included: (i) first author, year of publication, publication type, country or region, 

study design, sample size, inclusion criteria, clinical and imaging characteristics of recruited 

participants at baseline (age, sex, hypertension, diabetes mellitus, dyslipidaemia, atrial 

fibrillation [AF], coronary artery disease, history of stroke, current smoking status, NIHSS 

score, time from stroke onset to MRI, infarct volume, hypoperfusion volume, proximal arterial 

or large vessel occlusion and collateral grade); (ii) treatment administered to the study patients 

(intravenous thrombolysis, endovascular therapy, conservative treatment or mixed treatments); 

(iii) FLAIR-HAs definition or assessment method by location or extent: at proximal (M1 or 

M1-2 segment) or distal (M3-6 segment) MCA, within or beyond DWI lesion, FLAIR-HAs 

score (0-10, calculated by using 10 consecutive axial slices from the first slice with an 

appearance of the M1 segment of MCA, absence of FLAIR-HAs on one slice rated 0 and ≥1 

present rated 1 point),9 modified Alberta Stroke Program Early CT Score (ASPECTS) grade 

for FLAIR-HAs (0-7, calculated according to the spatial distribution in seven cortical areas of 

ASPECTS [insula, M1-M6], absence of FLAIR-HAs in one area rated 0 and present rated 1 

point)7; and (iv) primary and other outcomes in patients who did and did not have FLAIR-HAs 

on baseline MRI. In cases of missing data, the authors were contacted using details given in 

articles or identified by internet search. Two authors (Zien Zhou and Alejandra Malavera) also 

judged the quality of each included studies according to the Cochrane Collaboration’s tool for 

RCT20 or the Newcastle-Ottawa Scale (NOS) for cohort studies.21 
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3.4.4 Outcomes 

The primary outcome of interest was unfavourable functional outcome, defined by mRS scores 

2-6 or 3-6. Other outcomes were: 90-day unfavourable functional outcome, any death, 

intermediate clinical outcomes (early neurological improvement (ENI), early neurological 

deterioration (END), NIHSS score change before and after treatment), and intermediate 

imaging outcomes (early vascular recanalisation or reperfusion, ICH, infarct growth). 

3.4.5 Statistical analysis 

The number of dichotomous outcomes was summarised. Mean values with SD or median values 

with ranges or IQRs were collated for continuous outcomes. Pooled risk ratios (RR) with 95% 

CI were estimated for dichotomous outcomes using the DerSimonian and Laird random-effects 

model.22 For changes in NIHSS scores and infarct growth, the extracted data were only 

tabulated, given their non-normal distribution and it was not common to estimate pooled 

median differences through meta-analysis. In every case, a two-sided p value ≤0.05 was deemed 

significant. The percentage of variability across the pooled estimates attributable to 

heterogeneity beyond chance was estimated using the I2 statistic, and by calculating the p value 

for heterogeneity. I2 values of 25%, 50% and 75% were regarded as low, moderate and high 

heterogeneity, respectively. Where there was a high likelihood of heterogeneity in pooled 

primary outcome, sensitivity analyses were performed by excluding individual studies: those 

without prospective data collection or studies where participants had late brain MRI (>24 hours 

after onset). As planned, subgroup analyses were performed for the primary outcome by 

treatment administered to patients, or types of FLAIR-HAs defined by location or extent. In 

addition, a random-effects meta-analysis was undertaken to show the association of clinical and 

imaging factors with the presence of FLAIR-HAs on baseline MRI. Evidence of publication 

bias was assessed using Egger’s regression test for funnel asymmetry in addition to visual 

inspection of the funnel plots. All statistical analyses were performed using Stata V.12.0. 

3.5 Results 

3.5.1 Study selection and characteristics 

The literature search in April 2019 yielded 219 potentially eligible articles or conference 

abstracts, of which 44 articles were reviewed in full (figure 3.1). After search updating by the 
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Figure 3.1. Flow chart of literature search 

 

 
ENCHANTED denotes Enhanced Control of Hypertension and Thrombolysis Stroke Study; FLAIR, fluid-

attenuated inversion recovery; F-HAs, FLAIR hyperintense arteries. 

 

end of October 2019 and including data from the ENCHANTED trial, a total of 36 cohort 

studies (33 with prospective data collection, 6 from conference abstracts) involving 3577 AIS 

patients met the inclusion criteria.5-7,9-13,23-49 Excluded studies included: not original research, 

no eligible research objectives or outcomes of interest, duplicate cohorts or outcome data not 

separately obtainable in patients with and without FLAIR-HAs. Included studies were 

published between 2007 and 2019, and the sample sizes ranged from 3011 to 325,40 with MCA 

infarct being the predominant lesion type (appendix 3.2). Twenty-six studies involving 2681 

patients7,9,11,12,23,25–27,29-33,35,36,38-44,46,48,49 were pooled for an assessment of functional outcome, 
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in which 23 studies involving 2500 patients had this reported at 90 days.7,9,12,23,25-

27,29,30,32,33,35,36,38-44,46,48 The number of eligible studies (patients) for meta-analysis of 

recanalisation or reperfusion at 24-48 hours was 17 (n=1487),5,7,9,12,13,23,25,26,30,31,33-36,46,47 ICH 7 

(n=1114),9,13,28,31,40,45 ENI 5 (n=644),7,24,30,36 END 4 (n=738)29,40,48 and any death 3 (n=635).12,40 

Seventeen studies (n=1677)5-7,12,13,23,25,29,31,34-37,40,42,46 reported infarct volume on admission or 

within 5 days after admission, in which six studies (n=705)6,7,12,25,37,40 reported infarct growth. 

Data from 21 studies6,7,9,10,12,13,23,25,29,31,33-38,40,42,43,48 were pooled for predictors with the 

presence of FLAIR-HAs. Only one study13 had low quality, with more than half of the total 

items (6/9) being assessed as having a high risk of bias (appendix 3.3). 

3.5.2 Association of FLAIR-HAs with functional outcome 

Prior AF (pooled RR 1.17, 95% CI 1.01 to 1.36; p=0.04) and proximal arterial occlusion 

(pooled RR 1.88, 95% CI 1.28 to 2.77; p=0.001) were significantly associated with the presence 

of FLAIR-HAs (table 3.1).  Overall, compared with no FLAIR-HAs, the presence of FLAIR- 

Table 3.1. Meta-analysis of the associations of baseline factors with the presence of FLAIR-HAs 

Factors No. of  

studies 

(patients) 

Reference number of included 

studies besides ENCHANTED  

Risk ratio or 

mean difference 

[95% CI] 

Hetero-

geneity 

I2 (%) 

Clinical factors     

Age (year) 

(with FLAIR-HAs 

vs. without) 

14 (1304) 6,9,10,23,25,31,34-38,42,43 -0.81 (-3.27, 1.66) 61.9 

Male  

vs. female 

18 (1950) 6,7,9,10,13,23,29,31,33-

38,42,43,48 

0.94 (0.87, 1.02) 27.4 

With hypertension 

vs. without 
17 (1838) 6,7,9,10,13,23,29,31,33-38,42,48 0.94 (0.87, 1.02) 20.1 

With DM  

vs. without 

17 (1839) 
6,7,9,10,13,23,29,31,33-38,42,48 

0.97 (0.89, 1.06) 0.0 

With dyslipidemia 

vs. without  

15 (1594) 
6,7,9,10,13,23,29,31,33-37,48 

1.03 (0.93, 1.13) 27.0 

With AF  

vs. without 

15 (1480) 9,10,12,13,23,29,31,33-

35,37,42,43,48 

1.17 (1.01, 1.36) 64.7 

With CAD  

vs. without 

6 (775) 10,31,33,42,43 1.06 (0.87, 1.29) 42.3 

With prior 

stroke/TIA  

vs. without 

6 (694) 13,23,31,43,48 0.87 (0.64, 1.19) 54.2 

Smoking  

vs. no 

14 (1608) 6,7,9,23,29,33-37,42,43,48 0.94 (0.85, 1.03) 17.2 

Imaging factors     

With proximal 

arterial occlusion vs. 

without 

12 (1564) 7,10,12,13,23,34,38,40,42,43,48 1.88 (1.28, 2.77) 91.3 

AF denotes atrial fibrillation; CAD, coronary artery disease; DM, diabetes mellitus; ENCHANTED, 

Enhanced Control of Hypertension and Thrombolysis Stroke Study; FLAIR-HAs, fluid-attenuated inversion 

recovery hyperintense arteries; TIA, transient ischaemic attack. 
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HAs was not associated with poor functional outcome (pooled RR 0.87, 95% CI 0.71 to 1.06; 

p=0.17). However, there was a significant association with better functional outcome in patients 

who had endovascular therapy (pooled RR 0.56, 95% CI 0.41 to 0.75; p<0.001) (figure 3.2).  

Figure 3.2. Meta-analysis of associations between FLAIR-HAs and unfavourable functional outcome, 

by type of treatment administered to the study patients 

 
ASPECTS denotes Alberta Stroke Program Early CT Score; ENCHANTED, Enhanced Control of 

Hypertension and Thrombolysis Stroke Study; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated 

inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; mRS, modified Rankin scale; SE/GRE, spin 

echo/gradient recalled echo sequence.  

*mRS scores 2-6 were regarded as unfavourable functional outcome (mRS scores 3-6 for other studies). 

 

 

Comparable results were observed in sensitivity analyses for 90-day functional outcome 

(appendix 3.4) and after excluding studies without prospective data collection and early brain 

MRI (appendix 3.5). There was high heterogeneity in results pooled for functional outcome  
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Figure 3.3. Meta-analysis of associations between the location or extent of FLAIR-HAs and 

unfavourable functional outcome 

 
ASPECTS denotes Alberta Stroke Program Early CT Score; ENCHANTED, Enhanced Control of 

Hypertension and Thrombolysis Stroke Study; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated 

inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; mRS, modified Rankin scale.  

*mRS scores 2-6 was regarded as unfavourable functional outcome (mRS scores 3-6 for other studies). 

 

 

(I2=86.4%), which persisted in sensitivity analyses. FLAIR-HAs in relation to proximal MCA 

(pooled RR 2.01, 95% CI 1.39 to 2.89; p<0.001) and within DWI lesions (pooled RR 1.74, 95% 

CI 1.05 to 2.88; p=0.03), and associated with better outcome for FLAIR-HAs beyond a DWI 

lesion (pooled RR 0.67, 95% CI 0.57 to 0.79; p<0.001) (figure 3.3). There was no association 

with functional outcome for FLAIR-HAs related to distal MCA and with greater extent 

(FLAIR-HAs scores >4 or FLAIR-HAs ASPECTS grade >4). Heterogeneity for associations 
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was generally high across studies, except in the assessment of FLAIR-HAs in relation to 

proximal MCA (I2=0.0%) or beyond DWI lesion (I2=52.7%). 

3.5.3 Association of FLAIR-HAs with other outcomes 

Presence of FLAIR-HAs was associated with recanalisation or reperfusion at 24 to 48 hours 

(pooled RR 1.21, 95% CI 1.06 to 1.38; p=0.005), increased risk of ICH (pooled RR 2.07, 95% 

CI 1.37 to 3.13; p=0.001) and END (pooled RR 1.93, 95% CI 1.30 to 2.85; p=0.001), all with 

low to moderate heterogeneity (I2 from 21.1% to 51.8%) (figure 3.4). There was no significant 

association with ENI (pooled RR 1.44, 95% CI 0.83 to 2.49; p=0.19) or death (pooled RR 3.60, 

95% CI 0.65 to 19.81; p=0.14). Funnel plots and Egger’s regression tests identified no strong 

evidence of publication bias for all dichotomous outcomes except recanalisation or reperfusion 

(p=0.01) (appendix 3.6). Data from the ENCHANTED trial as well as several other studies had 

shown that patients with FLAIR-HAs had greater NIHSS scores at baseline and early follow-

up than those without, but there was no apparent imbalance in the level of NIHSS scores 

according to FLAIR-HAs beyond a DWI lesion (appendix 3.7). Moreover, compared with those 

without FLAIR-HAs, those with FLAIR-HAs had greater reduction in NIHSS scores between 

baseline and early follow-up and were more likely to have larger initial and subsequent growth 

in infarct volumes (appendix 3.8). 

3.6 Discussion and conclusion 

3.6.1 Discussion 

In this systematic review and meta-analysis, we have identified the key determinants of FLAIR-

HAs on MRI after AIS as prior AF and proximal arterial occlusion. While overall, FLAIR-HAs 

were not associated with functional outcome, it is associated with favourable recovery when 

endovascular therapy is performed. FLAIR-HAs were also associated with early recanalisation 

or haemorrhagic complications, and early neurologic deterioration. 

We did not identify a significant association of FLAIR-HAs with functional outcome, but there 

was an apparent benefit in those with MCA AIS who received endovascular therapy, where the 

FLAIR-HAs was located beyond a DWI lesion, and when there was no proximal FLAIR-HAs 

or FLAIR-HAs within the DWI lesion. FLAIR-HAs were more likely to be seen with proximal 

arterial occlusion, suggesting they indicate retrograde filling in the ischaemic territory by 

leptomeningeal collateral flow. This explanation also provides a plausible mechanism for 
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improved outcome in such patients treated with thrombectomy. Data from ENCHANTED 

showed a possibility that proximal arterial occlusion status moderated the association of FLAIR 

Figure 3.4. Meta-analysis of associations between FLAIR-HAs and death, intermediate clinical and 

imaging outcomes 

 
ASPECTS denotes Alberta Stroke Program Early CT Score; CT, conservative treatment; ENCHANTED, 

Enhanced Control of Hypertension and Thrombolysis Stroke Study; DWI, diffusion-weighted imaging; ET, 

endovascular therapy; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense 

arteries; ICH, intracerebral haemorrhage; IT, intravenous thrombolysis; MT, mixed treatment; SE/GRE, spin 

echo/gradient recalled echo sequence. 

 

-HAs with 90-day functional outcome. FLAIR-HAs, if present, are also more likely to be 

assessed as within rather than beyond the DWI lesions in cases where proximal arterial 
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occlusion tends to cause a large ischaemic lesion on DWI. This may explain the variable 

associations of FLAIR-HAs within versus beyond the DWI lesion with the functional outcome. 

We also found the presence of FLAIR-HAs favoured early recanalisation or reperfusion after 

reperfusion treatment, which is consistent with prior studies reporting good leptomeningeal 

collateral flow being associated with recanalisation or reperfusion after either intravenous 

thrombolysis or endovascular therapy.50-53 Good leptomeningeal collaterals have been shown 

to be associated with permeable thrombus,54 which is easier to lyse based on larger contact 

surface area between the thrombus and alteplase for use of intravenous thrombolysis or ease of 

thrombectomy with stent retrievers due to reduced wall tension.55-57 Association between 

FLAIR-HAs and ICH could be supported by the concept that reperfusion can lead to 

haemorrhagic infarct (HI): Miller Fisher found petechial HI around infarcts (mainly occipital 

lobe) in a small post-mortem study in the 1950s;58 or that HI is more common with proximal 

arterial occlusion: another small contemporaneous post-mortem study reported worse HI with 

proximal arterial occlusion and peripheral collaterals replicated in primates.59 Our prior analysis 

of ENCHANTED participants showed that a significant increase in the risk of ICH after 

intravenous thrombolysis was driven by HI (adjusted OR 4.77, 95% CI 1.12 to 20.26; p=0.03) 

rather than parenchymal haemorrhage (adjusted OR 0.78, 95% CI 0.21 to 2.91; p=0.71) after 

adjustment of baseline covariables, which may explain why the clinical prognosis is not 

influenced even after haemorrhagic complications occur in those with FLAIR-HAs. 

It is interesting that the pooled results for ENI and END were contradictory. The small number 

of studies included in our meta-analysis, and the different definitions of ENI or END across 

studies (appendix 3.9), limits the robustness of these results and raises the potential influence 

of the play of chance. The consistent results from the ENCHANTED data were that FLAIR-

HAs were associated with an increased risk of END, and a decrease in ENI, which may be 

related to a greater likelihood of ICH after reperfusion in those with FLAIR-HAs versus without, 

but this needs further confirmation in the future. 

3.6.2 Strengths and limitations 

A key limitation of the study is the low number of studies and participants to allow examination 

of associations in subgroups and for some intermediate outcomes, raising the potential for 

chance finding. While caution is warranted over the interpretation of the findings in relation to 

FLAIR-HAs in patients who received endovascular therapy, early recanalisation or reperfusion 
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remains the most plausible explanatory mechanism for the positive association of FLAIR-HAs 

and good functional outcome. Evidence on the use of MRI in wake-up stroke patients has been 

provided recently.60 Whether FLAIR-HAs may serve as an additional imaging marker to select 

these and other types of stroke patients with DWI-FLAIR mismatch for endovascular therapy 

warrants future investigation. Another issue is that we were not able to provide a strong estimate 

of the relation with NIHSS score change or infarct growth, which were undertaken in the 

ENCHANTED trial and varied according to types of FLAIR-HAs defined by location or extent. 

A future collaboration towards producing an individual participant data meta-analysis could 

provide more insights. 

3.6.3 Conclusion 

In summary, FLAIR-HAs were not associated with functional outcome overall but were 

associated with outcome after endovascular therapy for AIS. FLAIR-HAs were also associated 

with early recanalisation or haemorrhagic complications, and early neurologic deterioration. 
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Appendices 

Appendix 3.1. Search strategy used in the current systematic review and meta-analysis 

 

Medline and Cochrane Central Register of Controlled Trials  

1. (arterial hyperintensit* or hyperintense vessel* or vascular hyperintensit*).mp 

2. exp Magnetic Resonance Imaging/ or (MRI or fluid-attenuated inversion recovery or FLAIR).mp 

3. 1 and 2 

4. exp Cerebrovascular Disorders/ or exp Stroke/ or exp Brain Ischaemia/ or exp Cerebral Infarction/ or exp 

Ischaemic Attack, Transient/   

5. (cerebrovascular disorder* or cerebrovascular disease* or cerebrovascular accident* or brain vascular 

accident* or stroke or apoplexy* or transient isch?emic attack or TIA).mp  

6. (brain or cerebr* or cerebell* or hemispher* or intracerebr* or intracran* or cerebrovasc* or brain vasc* 

or cerebral vasc*) adj5 (infarct* or isch?emi* or thromb* or embol* or occlus*).mp 

7. 4 or 5 or 6 

8. 3 and 7 

9. limit 8 to human (applied for Medline) 

 

Embase 

1. (arterial hyperintensit* or hyperintense vessel* or vascular hyperintensit*).mp 

2. exp nuclear magnetic resonance imaging/ or (MRI or fluid-attenuated inversion recovery or FLAIR).mp   

3. 1 and 2 

4. exp cerebrovascular disease/ or exp cerebrovascular accident/ or exp brain ischaemia/ or exp brain 

infarction/ or exp transient ischaemic attack/ 

5. (cerebrovascular disorder* or cerebrovascular disease* or cerebrovascular accident* or brain vascular 

accident* or stroke or apoplexy* or transient isch?emic attack or TIA).mp  

6. (brain or cerebr* or cerebell* or hemispher* or intracerebr* or intracran* or cerebrovasc* or brain vasc* 

or cerebral vasc*) adj5 (infarct* or isch?emi* or thromb* or embol* or occlus*).mp 

7. 4 or 5 or 6 

8. 3 and 7 

9. limit 8 to human 
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Appendix 3.2. Characteristics of included studies 

Study Design Inclusion criteria Analysis method of  

FLAIR-HAs 

Sample size (N) Factors significantly different 

between groups at baseline 

Outcomes 

All E C 

Intravenous thrombolysis 

Lee et al  

2009 

USA1 

R cohort 

(P data 

collect) 

AIS patients with MCA infarct and 

within 3 hours after onset  

With prominent distal 

F-HAs (M3-6) vs. 

subtle vs. none 

38 32† 6† NIHSS score, infarct volume, 

PWI-DWI mismatch 

5-day NIHSS score, 2h and 24h 

recanalisation, 24h infarct volume 

Ebinger et al  

2012 

Germany2 

R cohort 

(P data 

collect) 

AIS patients with known time of onset 

and had MRI before and 1 day after 

thrombolysis 

With F-HAs that were 

not the main occluded 

vessel vs. without  

90 42 48 AF, NIHSS score, infarct volume, 

arterial occlusion, hypoperfusion 

volume, PWI-DWI mismatch  

90-day functional outcome, 

mortality, NIHSS score change, 

2-day reperfusion, infarct growth 

Olindo et al 

2012 

France3 

R cohort 

(P data 

collect) 

AIS patients with M1-MCA occlusion 

on MRI obtained within 4.5 h of stroke 

onset 

F-HAs score ≤4 vs. 5-6 

vs. ≥7 (in the MCA 

territory) 

105 71
‡ 
 

34
‡ 
 

Infarct extent (DWI-ASPECT 

score) 

90-day functional outcome, 24 h 

recanalisation, infarct growth, 

ICH 

Cai et al 

2014  

China4 

R cohort 

(P data 

collect)  

AIS patients with anterior circulation 

infarction and had MRI before and 24 h 

after intravenous thrombolysis. 

With F-HAs in distal 

MCA territory (M3-

M6) vs. without 

93 55 38 AF, dyslipidemia, NIHSS score, 

infarct volume, proximal arterial 

occlusion, hypoperfusion volume 

90-day functional outcome, 24 h 

reperfusion  

Ichijo et al 

2015 

Japan5 

R cohort 

(P data 

collect) 

AIS patients with proximal MCA 

occlusion treated with rtPA and 

underwent pretreatment MRI 

F-HAs score >4 and 

positive PCA laterality 

vs. others 

48 24 24 Not reported ENI 

Kufner et al 

2015 

Germany6 

R cohort 

(P data 

collect) 

AIS patients had MRI before and within 

24 hrs after thrombolysis, being proved 

vessel occlusion, with CTP 

F-HAs score >4 vs. ≤4 

(F-HAs distal to the 

main occluded artery) 

62 32 30 NIHSS score, infarct volume, 

hypoperfusion volume, PWI-DWI 

mismatch 

90-day functional outcome, 2-day 

NIHSS score, 24 h recanalisation, 

infarct growth  

Legrand et al 

2015 

France7 

R cohort 

(P data 

collect) 

AIS patients with M1-MCA occlusion 

and had pretreatment and 24 h MRI, 

with 3-month clinical follow-up  

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

141 102 39 Diabetes mellitus, infarct volume, 

PWI-DWI mismatch 

90-day functional outcome, 1-day 

NIHSS score, 24 h recanalisation, 

infarct growth 

Legrand et al 

2016 

France8 

R cohort 

(P data 

collect) 

AIS patients with M1-MCA occlusion 

and had pretreatment and 24 h MRI, 

with 3-month clinical follow-up  

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

164 121 43 Onset time to MRI, infarct 

volume, 

90-day functional outcome, 24 h 

recanalisation, infarct growth 

 

Ichijo et al* 

2017 

Japan9 

R cohort 

(P data 

collect) 

AIS patients with proximal MCA 

occlusion treated with rtPA and 

underwent pretreatment MRI 

With F-HAs in negative 

DWI area vs. without 

72 39 33 Not reported long-term functional outcome 

El Nawar et al 

2019 

France10 

R cohort 

(P data 

collect) 

AIS patients who were treated by 

intravenous thrombolysis 

With F-HAs vs. 

without; 

F-HAs score ≥3 vs. <3 

299 210 

144 

89 

155 

Not reported ICH 

Kim et al 

2019a  

South Korea11 

R cohort 

(P data 

collect) 

AIS patients with initial NIHSS scores 

≤5 and MCA occlusion on MRA within 

24 h of stroke onset 

With prominent distal 

F-HAs (M3-6) vs. 

without 

38 26 12 No 90-day functional outcome, END 

ENCHANT-

ED 

R cohort 

(P data 

collect) 

AIS patients with DWI lesion in MCA 

territory on MRI obtained within 4.5 h 

after stroke onset 

With F-HAs vs. without 220 144 76 NIHSS score, BP, AF, smoking, 

infarct volume, proximal arterial 

occlusion 

90-day functional outcome, 

mortality, ENI, END, 1-day 

NIHSS score change, ICH, 

recanalisation, infarct growth 

Endovascular therapy 
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Ryoo et al* 

2014  

South Korea12 

Not 

reported 

AIS patients who had ischaemic stroke 

within 6 h and underwent endovascular 

therapy 

With insular F-HAs 

(M2 and/or M3) and 

distal SE/GRE vein vs. 

others 

50 25 25 Not reported 90-day functional outcome, ENI, 

recanalisation,  

Liu et al 

2016a, 2016b 

USA13 

R cohort 

(P data 

collect) 

AIS patients who had initial imaging 

demonstrating occlusion of M1-MCA 

F-HAs (outside DWI)- 

ASPECTS >4 vs. ≤4;  

F-HAs (within DWI)- 

ASPECTS >2 vs. ≤2 

101 

 

101 

52 

 

37 

49 

 

64 

Dyslipidemia, NIHSS score, 

infarct volume  

Discharge functional outcome, 

recanalisation, ICH 

Miura et al* 

2016 

Japan14 

R cohort AIS patients who had ICA or MCA 

occlusion and underwent FLAIR 

sequence before endovascular therapy 

With distal F-HAs vs. 

without 

38 29 9 ASITN/SIR collateral grade 90-day functional outcome, 7-day 

NIHSS score 

 

Nave et al 

2018  

Germany15 

R cohort 

(P data 

collect) 

AIS patients with acute M1-MCA 

occlusion who received an MRI before 

endovascular therapy 

F-HAs-ASPECTS >4 

vs. ≤4  

116 75 41 ASITN/SIR collateral grade 90-day and discharge functional 

outcome, discharge NIHSS score, 

recanalisation 

Jiang et al 

2019a 

China16 

R cohort 

(P data 

collect) 

AIS patients with anterior circulation 

infarct within 4.5 h after onset and had 

pretreatment MRI 

F-HAs-ASPECTS ≥4 

vs. <4 

37 19 18 NIHSS score, ASITN/SIR 

collateral grade 

Discharge NIHSS score, 

recanalisation 

Jiang et al 

2019b 

China17 

R cohort 

(P data 

collect) 

AIS patients with anterior circulation 

infarct within 6 h after onset and had 

pretreatment MRI 

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

59 39 20 Age, infarct volume, ASITN/SIR 

collateral grade 

Recanalisation 

Legrand et al 

2019 

France18 

R cohort 

(P data 

collect) 

AIS patients (18 to 80 years old, NIHSS 

scores 10 to 25) due to occlusion of 

M1-MCA. 

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

100 79 21 Age, sex, current smoking, infarct 

volume 

90-day functional outcome, 

recanalisation, ENI 

Zhou et al 

2019 

China19 

R cohort 

(P data 

collect) 

AIS patients with anterior circulation 

infarct within 6 h after onset and had 

pretreatment MRI 

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

38 23 15 Infarct volume, ASITN/SIR 

collateral grade 

24 h infarct growth 

Conservative treatment 

Girot et al 

2007a, 2007b 

France20 

R cohort 

(P data 

collect) 

Consecutive AIS patients admitted 

within 12 h after onset of hemispheric 

cerebral ischaemia. 

With distal F-HAs vs. 

without; with proximal 

F-HAs vs. without 

30 

 

30 

16 

  

9 

14 

 

21 

Not reported 1-month functional outcome 

Huang et al 

2012 

China21 

R cohort 

(P data 

collect) 

MCA infarct patients with admission 

within 24 h after onset. MRA/DSA 

show M1- or M2-MCA occlusion 

With distal F-HAs (M3-

6) vs. without 

74 42 32 Age, hypertension, NIHSS score, 

infarct volume 

10- and 90-day functional 

outcome, 10-day NIHSS score 

Song et al 

2016 

China22 

R cohort 

(P data 

collect) 

First-ever AIS patients with MRA 

showing complete occlusion in M1-

MCA  

With prominent distal 

F-HAs vs. subtle vs. 

none 

88 65† 23† Not reported 90-day functional outcome 

 

Nam et al 

2017  

South Korea23 

R cohort 

(P data 

collect) 

First-ever ischaemic stroke patients 

within 24 h after onset. With 

symptomatic occlusion or severe 

stenosis in ICA, M1- or M2-MCA 

With prominent distal 

F-HAs vs. subtle vs. 

none 

325 192† 133† NIHSS score, infarct volume, 

proximal arterial occlusion 

90-day functional outcome, in 

hospital mortality, END, 72 h and 

7-day NIHSS score, ICH, infarct 

growth 

Li et al 

2018 

China24 

R cohort 

(P data 

collect) 

AIS patients with M1-MCA occlusion. 

MRI/CTP/CTA were obtained within 

72 h of stroke onset 

With distal F-HAs vs. 

without 

38 22 16 Not reported 90-day functional outcome 
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Dong et al 

2019 

China25 

R cohort 

(P data 

collect) 

AIS patients with anterior circulation 

infarct and MRI within 48 h of stroke 

onset 

With F-HAs vs. without 160 83 77 Hypertension, intracranial large 

artery disease, infarct volume, 

NIHSS score, anticoagulant use 

90-day functional outcome, 

discharge NIHSS score 

Kim et al 

2019b 

South Korea11  

R cohort 

(P data 

collect) 

AIS patients with initial NIHSS scores 

≤5 and MCA occlusion on MRA within 

24 h of stroke onset 

With prominent distal 

F-HAs (M3-6) vs. 

without 

74 54 20 No 90-day functional outcome, END 

Song et al 

2019 

China26 

R cohort Ischaemic stroke patients with M1-

MCA stenosis confirmed on MRI  

With F-HAs beyond the 

boundaries of DWI 

lesion vs. without 

109 66 43 Age, triglycerides, AF, infarct 

volume, time interval from stroke 

onset to MRI  

90-day functional outcome, 

discharge NIHSS score 

Yuan et al 

2019 

China27 

R cohort 

(P data 

collect) 

AIS patients with ICA occlusion and 

MCA territory infarct 

With F-HAs beyond the 

boundaries of DWI 

lesion (≥3 sections) vs. 

without 

68 41 27 Not reported 90-day functional outcome 

Mixed treatment 

Hohenhaus  et 

al 2012 

Germany28 

R cohort 

(P data 

collect) 

AIS patients with ischaemic lesion on 

DWI and vessel occlusion or 

symptomatic stenosis of ICA or MCA 

F-HAs-ASPECTS >4 

vs. ≤4 

84, 

48§ 

41, 

25§  

43, 

23§ 

Age, prior stroke NIHSS score, 

infarct volume, hypoperfusion 

volume, PWI-DWI mismatch 

5- to 7-day NIHSS score, 5- to 7- 

day infarct growth, 2-day 

recanalisation, ICH  
 

Pérez de la 

Ossa et al 

2012 Spain29 

R cohort 

(P data 

collect) 

AIS patients with a large artery 

occlusion of the anterior circulation in 

which CT and MRI were performed 

With prominent distal 

F-HAs vs. subtle vs. 

none 

70 57† 13† Sex, BP Infarct growth 

Adatia et al* 

2013a, 2013b 

Canada30,31 

R cohort 

(P data 

collect) 

AIS patients with M1-MCA or ICA 

occlusion and had pretreatment 24 h 

MRI 

With F-HAs in the 

region of DWI lesion 

vs. without 

95 59 36 No 90-day functional outcome, 

recanalisation, ICH 

Aoki et al* 

2016 

Japan32 

R cohort 

(P data 

collect) 

AIS patients within 24 h of onset and 

with major arterial occlusion on MRA  

With F-HAs vs. without 72 62 10 NIHSS score Recanalisation during hospital 

Kim et al 

2016 

South Korea33 

R cohort 

(P data 

collect) 

Ischaemic stroke patients who visited 

the hospital within 7 days of onset and 

had DWI lesion on MCA territory 

With F-HAs vs. without 87 30  57 NIHSS score, proximal arterial 

occlusion 

90-day functional outcome, END, 

7-day NIHSS score 

Vural et al 

2016 

Turkey34 

R cohort 

(P data 

collect) 

Ischaemic stroke patients with proximal 

MCA occlusion who underwent SWI 

and FLAIR within 24 h of onset 

F-HAs score >4 vs. ≤4 50 31 19 Not reported Discharge functional outcome,  

Mahdjoub  

et al 2018 

France35 

R cohort 

(P data 

collect) 

Acute MCA infarct patients with 

pretreatment and 24 h follow-up MRI 

F-HAs-ASPECTS ≥4 

vs. <4 

244 162 82 Onset time to MRI, proximal 

arterial occlusion,hypoperfusion 

volume, PWI-DWI mismatch 

90-day functional outcome, ENI, 

24h recanalisation, infarct growth 

AF denotes atrial fibrillation; AIS, acute ischaemic stroke; ASPECT, Alberta Stroke Program Early Computed Tomography score; ASITN/SIR, American Society of 

Intervention and Therapeutic Neuroradiology/Society of Interventional Radiology; BP, blood pressure; C, control group; CT, computed tomography; CTP, CT 

perfusion; DWI, diffusion-weighted imaging; E, exposure group; ENCHANTED, Enhanced Control of Hypertension and Thrombolysis Stroke Study; END, early 

neurological deterioration; ENI, early neurological improvement; FLAIR, fluid-attenuated inversion recovery; FLAIR (F)-HAs, FLAIR hyperintense arteries; hr, 

hour; ICA, internal carotid artery; ICH, intracerebral haemorrhage; MCA, middle cerebral artery; M1/2/3-6-MCA, segment 1/2/3-6 of MCA; MT, mechanical 

thrombectomy; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; NIHSS, National Institutes of Health stroke scale; PWI, perfusion-
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weighted imaging; P, prospectively; R, retrospective; rtPA, recombinant human tissue plasminogen activator; SE/GRE, spin echo/gradient recalled echo sequence; 

sICH, symptomatic ICH.   

*Conference abstract.   

†Number of patients with prominent or subtle distal FLAIR-HAs vs. no FLAIR-HAs. 

‡Number of patients with FLAIR-HAs scores >4 versus FLAIR-HAs scores ≤4. 

§Number of follow-up patients. 
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Appendix 3.3. Quality assessment of included studies 

Study 

Selection (4) Comparability (2) Outcome (3) 

Representative-

ness of having 

F-HAs cohort 

Selection of 

not having F-

HAs cohort 

Ascertain-

ment of  

F-HAs 

Outcomes were 

not present at 

start of study 

Control for 

proximal artery 

occlusion  

Control for 

other 

confounders 

Assess-

ment of 

outcomes 

Was follow-up 

long enough for 

outcomes to occur 

Adequacy of 

follow up of 

cohorts 

Intravenous thrombolysis 

Lee et al 20091 * * * * - * * - - 

Ebinger et al 20122 * * * * - - * * * 

Olindo et al 20123 - - * * * * * * * 

Cai et al 20144 * * * * * * * * * 

Ichijo et al 20155 - - * * * * * * * 

Kufner et al 20156 - - * * * * * * * 

Legrand et al 20157 * * * * * - * * * 

Legrand et al 20168 * * * * * - * * * 

Ichijo et al 20179 * * * * * * NR - - 

El Nawar et al 201910 * * * * - * * * - 

Kim et al 2019a11 - - * * * * * * * 

ENCHANTED * * * * * * * * * 

Endovascular therapy 

Ryoo et al 201412 - - * * - - * * * 

Liu et al 2016a13, 2016b13 - - * * * * * - - 

Miura et al 201614 * * - * - * * * * 

Nave et al 201815 - - * * * * * * * 

Jiang et al 2019a16 - - * * NR * * * * 

Jiang et al 2019b17 - - * * * * * * * 

Legrand et al 201918 - - * * * * * * * 

Zhou et al 201919 - - * * NR - * * * 

Conservative treatment 

Girot et al 2007a20, 2007b20 * * * * - - * - - 

Huang et al 201221 * * * * * * * * * 

Song et al 201622 * * * * * * * * * 

Nam et al 201723 * * * * - * * * * 

Li et al 201824 * * * * * * * * * 

Dong et al 201925 * * * * * * * * * 

Kim et al 2019b11 - - * * * * * * * 

Song et al 201926 - - * * * - * * * 

Yuan et al 201927 - - * * * * * * * 

Mixed treatment 

Hohenhaus et al 201228 - - * * - - * - - 

Pérez de la Ossa et al 201229 * * * * * * - - - 

Adatia et al 2013a30, 2013b31 * * * * * * * * * 

Aoki et al 201632 * * - * * * - - - 

Kim et al 201633 * * * * * * * * * 
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Vural et al 201634 - - * * * * * - - 

Mahdjoub et al 201835 - - * * - - * * * 

ENCHANTED denotes Enhanced Control of Hypertension and Thrombolysis Stroke Study; FLAIR, fluid-attenuated inversion recovery; F-HAs, FLAIR hyperintense 

arteries. 

*indicates low risk of bias; - indicates high risk of bias; NR; not report. 
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Appendix 3.4. Meta-analysis of associations between FLAIR-HAs and 90-day unfavourable functional 

outcome, by type of treatment administered to the study patients 

 

ASPECTS denotes Alberta Stroke Program Early Computed Tomography score; ENCHANTED, Enhanced 

Control of Hypertension and Thrombolysis Stroke Study; DWI, diffusion weighted imaging; FLAIR, fluid-

attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; mRS, modified Rankin scale; 

SE/GRE, spin echo/gradient recalled echo sequence.  

*mRS scores 2-6 was regarded as unfavourable functional outcome (mRS scores 3-6 for other studies) 
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Appendix 3.5. Sensitivity analysis for associations between FLAIR-HAs and unfavourable functional 

outcome in studies with data collecting prospectively and recruiting acute ischaemic stroke only 

 

ASPECTS denotes Alberta Stroke Program Early Computed Tomography score; ENCHANTED, Enhanced 

Control of Hypertension and Thrombolysis Stroke Study; DWI, diffusion weighted imaging; FLAIR, fluid-

attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; mRS, modified Rankin scale. 

*mRS scores 2-6 was regarded as unfavourable functional outcome (mRS scores 3-6 for other studies) 
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Appendix 3.6. Assessment of publication bias 

 
ICH denotes intracerebral haemorrhage; mRS denotes modified Rankin Scale. 

Funnel plot and Egger's regression test for (a) any unfavourable functional outcome (primary), (b) 90-day 

unfavourable functional outcome, (c) recanalisation or reperfusion at 24 to 48 hours, (d) any ICH, (e) early 

neurological improvement, (f) early neurological deterioration, and (g) any death.  
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Appendix 3.7. NIHSS score (change) by the presence of FLAIR-HAs 
Study Analysis method of FLAIR-HAs 

(number of patients) 

Time of NIHSS score 

assessment at FU 

NIHSS score in patients 

with FLAIR-HAs 

NIHSS score in patients 

without FLAIR-HAs 

NIHSS score on admission      

Intravenous thrombolysis       

Lee et al 20091 with prominent distal FLAIR-HAs (n=23) vs. without (n=6) - 9.4 (mean) 6.2 (sd) 18.3 (mean) 7.5 (sd) 

Ebinger et al 20122 with distal FLAIR-HAs (n=42) vs. without (n=48) - 10 (median) 5-17 (iqr) 5 (median) 4-8 (iqr) 

Olindo et al 20123 FLAIR-HAs score>4 (n=71) vs. ≤4 (n=34) - 15.0 (mean) 2-27 (range) 17.1 (mean) 4.3 (sd) 

Cai et al 20144 with distal FLAIR-HAs (n=55) vs. without (n=38) - 11.8 (mean) 6.0 (sd) 7.2 (mean) 4.5 (sd) 

Kufner et al 20156 FLAIR-HAs score >4 (n=32) vs. ≤4 (n=30) - 14.5 (median) 11-18 (iqr) 5 (median) 4-13 (iqr) 

Legrand et al 20157 with FLAIR-HAs beyond DWI lesion (n=102) vs. without (n=39) - 16 (median) 12-20 (iqr) 17 (median) 15-22 (iqr) 

Kim et al 2019a11 with prominent distal FLAIR-HAs (n=26) vs. without (n=12) - 4 (median) 2-5 (iqr) 3.5(median) 2-4.5 (iqr) 

ENCHANTED with FLAIR-HAs (n=144) vs. without (n=76) - 11 (median) 5.5-15.0 (iqr) 5 (median) 3.5-8 (iqr) 

 with distal FLAIR-HAs (n=140) vs. without (n=80) - 11 (median) 5-15 (iqr) 6 (median) 4-8 (iqr) 

 with proximal FLAIR-HAs (n=69) vs. without (n=151) - 13 (median) 9-16 (iqr) 6 (median) 4-10 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=94) vs. without (n=126) - 9 (median) 4-13 (iqr) 7 (median) 4-13 (iqr) 

 with FLAIR-HAs within DWI lesion (n=66) vs. without (n=154) - 13 (median) 9-17 (iqr) 6 (median) 4-10 (iqr) 

 FLAIR-HAs score >4 (n=100) vs. ≤4 (n=120) - 12 (median) 6.5-16 (iqr) 6 (median) 4-9 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=50) vs. ≤4 (n=170) - 13 (median) 7-16 (iqr) 7 (median) 4-11 (iqr) 

Endovascular treatment       

Liu et al 2016a13 distal FLAIR-HAs (outside DWI) ASPECTS grade >4 (n=52) vs. 

≤4 (n=49) 

- 14.5 (median) 11-19.8 (iqr) 19 (median) 13-23 (iqr) 

Liu et al 2016b13 distal FLAIR-HAs (within DWI) ASPECTS grade >2 (n=37) vs. 

≤2 (n=64) 

- 20 (median) 15.5-23.0 (iqr) 13.5 

(median) 

10-19.8 (iqr) 

Nave et al 201815 FLAIR-HAs ASPECT grade ≥5 (n=75) vs. <5 (n=41) - 15 (median) 9-18 (iqr) 14 (median) 12-19 (iqr) 

Jiang et al 2019a16 FLAIR-HAs ASPECTS grade ≥4 (n=19) vs. <4 (n=18) - 12.1 (mean) 4.3 (sd) 16 (mean) 5.5 (sd) 

Jiang et al 2019b17 with FLAIR-HAs beyond DWI lesion (n=39) vs. without (n=20) - 12.9 (mean) 5.0 (sd) 14.2 (mean) 6.3 (sd) 

Legrand et al 201918 with FLAIR-HAs beyond DWI lesion (n=79) vs. without (n=21) - 18 (median) 14-20 (iqr) 19 (median) 17-21 (iqr) 
 

Zhou et al 201919 with FLAIR-HAs beyond DWI lesion (n=23) vs. without (n=15) - 12.4 (mean) 4.9 (sd) 15.6 (mean) 6.4 (sd) 

Conservative treatment       

Huang et al 201221 with distal FLAIR-HAs (n=42) vs. without (n=32) - 11 (median) 1-22 (range) 15 (median) 6-25 (range) 

Nam et al 201723 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) - 10 (median) 5-18 (iqr) 3 (median) 1-8 (iqr) 

Dong et al 201925 with FLAIR-HAs (n=83) vs. without (n=77) - 7.2 (mean) 4.0 (sd) 5.4 (mean) 4.5 (sd) 

Kim et al 2019b11 with prominent distal FLAIR-HAs (n=54) vs. without (n=20) - 2.5 (median) 2-4 (iqr) 2.5(median) 1.5-4 (iqr) 

Song et al 201926 with FLAIR-HAs beyond DWI lesion (n=66) vs. without (n=43) - 18 (median) 16-22 (iqr) 17 (median) 16-22 (iqr) 

Mixed treatment       

Hohenhaus et al 201228 FLAIR-HAs ASPECTS grade >4 (n=25) vs. ≤4 (n=23) - 13 (median) 5-15 (iqr) 4 (median) 1-11 (iqr) 

Pérez de la Ossa et al 

201229 

with prominent distal FLAIR-HAs (n=24) vs. without (n=13) - 17 (median) 8-21 (range) 18 (median) 13-22 (range) 

Aoki et al 201632 with FLAIR-HAs (n=62) vs. without (n=10) - 10 (median) 4-21 (iqr) 4 (median) 2-8 (iqr) 

Kim et al 201633 with FLAIR-HAs (n=30) vs. without (n=57) - 4 (median) 0-15 (range) 2 (median) 0-11 (range) 

Mahdjoub et al 201835 FLAIR-HAs ASPECT grade 6-7 (n=49) vs. 0-1 (n=19) - 15 (median) 11-21 (iqr) 13 (median) 8-20 (iqr) 

NIHSS score at FU      
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Intravenous thrombolysis       

Lee et al 20091 with prominent distal FLAIR-HAs (n=23) vs. without (n=6) 5 day 5.2 (mean) 5.8 (sd) 15.3 (mean) 14.4 (sd) 

Kufner et al 20156 FLAIR-HAs score >4 (n=32) vs. ≤4 (n=30) 2 day 5 (median) 2-17 (iqr) 3 (median) 1-5 (iqr) 

Legrand et al 20157 with FLAIR-HAs beyond DWI lesion (n=102) vs. without (n=39) 24 hours 11 (median) 5-18 (iqr) 16 (median) 10-22 (iqr) 

ENCHANTED with FLAIR-HAs (n=138) vs. without (n=76) 24 hours 6 (median) 3-14 (iqr) 3 (median) 2-6 (iqr) 

 with distal FLAIR-HAs (n=134) vs. without (n=80) 24 hours 6 (median) 3-14 (iqr) 3 (median) 2-6 (iqr) 

 with proximal FLAIR-HAs (n=67) vs. without (n=147) 24 hours 9 (median) 3-17 (iqr) 4 (median) 2-7 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=92) vs. without (n=122) 24 hours 5 (median) 2-9 (iqr) 5 (median) 2-11 (iqr) 

 with FLAIR-HAs within DWI lesion (n=62) vs. without (n=152) 24 hours 10 (median) 6-17 (iqr) 3 (median) 2-6 (iqr) 

 FLAIR-HAs score >4 (n=96) vs. ≤4 (n=118) 24 hours 7 (median) 3-16 (iqr) 3 (median) 2-6 (iqr) 
 

 FLAIR-HAs ASPECTS grade >4 (n=46) vs. ≤4 (n=168) 24 hours 7 (median) 2-14 (iqr) 4 (median) 2-8 (iqr) 

Endovascular treatment       

Miura et al 201614 with distal FLAIR-HAs (n=29) vs. without (n=9) 7 day 7.8 (median) - 16.3(median) - 

Nave et al 201815 FLAIR-HAs ASPECT grade ≥5 (n=75) vs. <5 (n=41) at discharge 4 (median) 1-9 (iqr) 8 (median) 3-15 (iqr) 

Jiang et al 2019a16 FLAIR-HAs ASPECT grade ≥4 (n=19) vs. <4 (n=18) at discharge 4.1 (mean) 4.9 (sd) 12.7 (mean) 8.2 (sd) 

Legrand et al 201918 with FLAIR-HAs beyond DWI lesion (n=79) vs. without (n=21) 24 hours 8 (median) 4-16 (iqr) 14 (median) 6-24 (iqr) 

Conservative treatment       

Huang et al 201221 with distal FLAIR-HAs (n=42) vs. without (n=32) 10 day 7 (median) 0-22 (range) 14 (median) 4-25 (range) 

Nam et al 201723 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) 72 hours 12 (median) 5-18 (iqr) 2 (median) 0-8 (iqr) 

 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) 7 day 9 (median) 4-16 (iqr) 2 (median) 0-6 (iqr) 

Dong et al 201925 with FLAIR-HAs (n=83) vs. without (n=77) at discharge 6.2 (mean) 3.9 (sd) 5.3 (mean) 3.9 (sd) 

Song et al 201926 with FLAIR-HAs beyond DWI lesion (n=66) vs. without (n=43) at discharge 16 (median) 15-19 (iqr) 16 (median) 13-21 (iqr) 

Mixed treatment       

Hohenhaus et al 201228 FLAIR-HAs ASPECTS grade >4 (n=25) vs. ≤4 (n=23) 5-7 day 9 (median) 2-13 (iqr) 2 (median) 0-11 (iqr) 

Kim et al 201633 with FLAIR-HAs (n=30) vs. without (n=57) 7 day 3.5 (median) 0-17 (range) 1 (median) 0-12 (range) 

Median NIHSS score change (NIHSS score at FU minus that on admission)      

Ebinger et al 20122 with distal FLAIR-HAs (n=42) vs. without (n=48) not specify -3 (median) -4-0 (iqr) -2 (median) -5-0 (iqr) 

ENCHANTED with FLAIR-HAs (n=138) vs. without (n=76) 24 hours -2 (median) -4-0 (iqr) -1 (median) -3-0 (iqr) 

 with distal FLAIR-HAs (n=134) vs. without (n=80) 24 hours -2 (median) -4-0 (iqr) -1 (median) -3-0 (iqr) 

 with proximal FLAIR-HAs (n=67) vs. without (n=147) 24 hours -2 (median) -5-0 (iqr) -1 (median) -4-0 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=92) vs. without 

(n=122) 

24 hours -2 (median) -4.5-0 (iqr) -1 (median) -4-0 (iqr) 

 with FLAIR-HAs within DWI lesion (n=62) vs. without (n=152) 24 hours -2 (median) -4-0 (iqr) -1 (median) -4-0 (iqr) 

 FLAIR-HAs score >4 (n=96) vs. ≤4 (n=118) 24 hours -1.5 (median) -5-0 (iqr) -1 (median) -3-0 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=46) vs. ≤4 (n=168) 24 hours -2 (median) -6-0 (iqr) -1 (median) -4-0 (iqr) 
 

Mean NIHSS score change (NIHSS score at FU minus that on admission) in ENCHANTED     

ENCHANTED with FLAIR-HAs (n=138) vs. without (n=76) 24 hours -1.9 (mean) 5.6 (sd) -1.7 (mean) 3.7 (sd) 

 with distal FLAIR-HAs (n=134) vs. without (n=80) 24 hours -2.0 (mean) 5.7 (sd) -1.7 (mean) 3.6 (sd) 

 with proximal FLAIR-HAs (n=67) vs. without (n=147) 24 hours -1.7 (mean) 6.9 (sd) -1.9 (mean) 3.9 (sd) 

 with FLAIR-HAs beyond DWI lesion (n=92) vs. without 

(n=122) 

24 hours -2.3 (mean) 5.3 (sd) -1.5 (mean) 4.8 (sd) 

 with FLAIR-HAs within DWI lesion (n=62) vs. without (n=152) 24 hours -1.5 (mean) 5.4 (sd) -2.0 (mean) 4.9 (sd) 

 FLAIR-HAs score >4 (n=96) vs. ≤4 (n=118) 24 hours -2.0 (mean) 6.5 (sd) -1.8 (mean) 3.5 (sd) 
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 FLAIR-HAs ASPECTS grade >4 (n=46) vs. ≤4 (n=168) 24 hours -2.4 (mean) 6.0 (sd) -1.7 (mean) 4.7 (sd) 

ASPECTS denotes Alberta Stroke Program Early Computed Tomography score; DWI, diffusion weighted imaging; ENCHANTED, Enhanced Control of 

Hypertension and Thrombolysis Stroke Study; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; FU, follow-up; iqr, 

interquartile range; NIHSS, National Institutes of Health Stroke Scale; sd, standard deviation.  
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Appendix 3.8. Infarct volume and growth by the presence of FLAIR-HAs  
Study Analysis method of FLAIR-HAs 

(no. of patients) 

Analysis method of infarct 

volume/growth 

Infarct volume in patients 

with FLAIR-HAs 

Infarct volume in patients 

without FLAIR-HAs 

Infarct volume on admission      

Intravenous thrombolysis       

Lee et al 20091 with prominent distal FLAIR-HAs (n=23) vs. without (n=6) DWI lesion volume (mL) 22.1 (mean) 21.8 (sd) 127.5 (mean) 77.0 (sd) 

Ebinger et al 20122 with distal FLAIR-HAs (n=42) vs. without (n=48) DWI lesion volume (mL) 5.0 (median) 1.0-18.9 (iqr) 0.5 (median) 0.1-1.7 (iqr) 

Cai et al 20144 with distal FLAIR-HAs (n=55) vs. without (n=38) DWI lesion volume (mL) 5.5 (median) 31.0 (iqr range) 2.0 (median) 3.0 (iqr range) 

Kufner et al 20156 FLAIR-HAs score >4 (n=32) vs. ≤4 (n=30) DWI lesion volume (mL) 8.1 (median) 2.4-20.6 (iqr) 1.6 (median) 0.3-4.9 (iqr) 

Legrand et al 20157 with FLAIR-HAs beyond DWI lesion (n=102) vs. without (n=39) DWI lesion volume (mL) 18 (median) 8-35 (iqr) 108 (median) 57-160 (iqr) 

Kim et al 2019a11 with prominent distal FLAIR-HAs (n=26) vs. without (n=12) DWI lesion volume (mL) 7.0 (median) 1.3-15.5 (iqr) 4.3 (median) 1.8-12.5 (iqr) 

ENCHANTED with FLAIR-HAs (n=144) vs. without (n=76) DWI lesion volume (cm3) 11.2 (median) 3.9-50.9 (iqr) 1.1 (median) 0.6-2.8 (iqr) 

 with distal FLAIR-HAs (n=140) vs. without (n=80) DWI lesion volume (cm3) 11.2 (median) 3.9-50.9 (iqr) 1.1 (median) 0.6-3.0 (iqr) 

 with proximal FLAIR-HAs (n=69) vs. without (n=151) DWI lesion volume (cm3) 16.5 (median) 4.4-60.2 (iqr) 2.7 (median) 0.8-10.5 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=94) vs. without (n=126) DWI lesion volume (cm3) 6.9 (median) 2.9-15.0 (iqr) 2.8 (median) 0.8-41.3 (iqr) 

 with FLAIR-HAs within DWI lesion (n=66) vs. without (n=154) DWI lesion volume (cm3) 51.3 (median) 14.6-107.7 (iqr) 2.3 (median) 0.8-6.3 (iqr) 

 FLAIR-HAs score >4 (n=100) vs. ≤4 (n=120) DWI lesion volume (cm3) 12.8 (median) 4.2-51.4 (iqr) 1.9 (median) 0.7-7.1 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=50) vs. ≤4 (n=170) DWI lesion volume (cm3) 13.1 (median) 2.7-54.6 (iqr) 3.6 (median) 1.0-12.8 (iqr) 

Endovascular treatment       

Liu et al 2016a13 distal FLAIR-HAs (outside DWI) ASPECTS grade >4 (n=52) vs. 

≤4 (n=49) 

DWI lesion volume (mL) 13.7 (median) 6.3-33.7 (iqr) 46.5 (median) 14.6-89.6 (iqr) 

Liu et al 2016b13 distal FLAIR-HAs (within DWI) ASPECTS grade >2 (n=37) vs. 

≤2 (n=64) 

DWI lesion volume (mL) 65.0 (median) 30.5-97.5 (iqr) 13.0 (median) 5.9-23.7 (iqr) 

Jiang et al 2019a16 FLAIR-HAs ASPECTS grade ≥4 (n=19) vs. <4 (n=18) DWI lesion volume (mL) 17.6 (mean) 21.3 (sd) 38.0 (mean) 43.4 (sd) 

Jiang et al 2019b17 with FLAIR-HAs beyond DWI lesion (n=39) vs. without (n=20) DWI lesion volume (mL) 15.8 (mean) 21.3 (sd) 48.7 (mean) 47.9 (sd) 

Legrand et al 201918 with FLAIR-HAs beyond DWI lesion (n=79) vs. without (n=21) DWI lesion volume (mL) 16 (median) 9-34 (iqr) 75 (median) 38-122 (iqr) 

Zhou et al 201919 with FLAIR-HAs beyond DWI lesion (n=23) vs. without (n=15) DWI lesion volume (mL) 15.1 (mean) 23.0 (sd) 56.9 (mean) 51.0 (sd) 
 

Conservative treatment       

Nam et al 201723 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) DWI lesion volume (mL) 17.2 (median) 3.8-55.1 (iqr) 2.2 (median) 0.3-16.3 (iqr) 

Dong et al 201925 with FLAIR-HAs (n=83) vs. without (n=77) Cortical DWI lesion volume (mL) 13.9 (mean) 25.6 (sd) 6.6 (mean) 13.5 (sd) 

  Deep DWI lesion volume (mL)  1.2 (mean) 3.1 (sd) 0.8 (mean) 2.0 (sd) 

Kim et al 2019b11 with prominent distal FLAIR-HAs (n=54) vs. without (n=20) DWI lesion volume (mL) 7.1 (median) 1.5-25.7 (iqr) 3.4 (median) 0.2-10.3 (iqr) 

Mixed treatment       

Hohenhaus et al 201228 FLAIR-HAs ASPECTS grade >4 (n=25) vs. ≤4 (n=23) DWI lesion volume (cm3) 25.2 (median) 6.4-42.7 (iqr) 3.4 (median) 0.7-22.5 (iqr) 

Mahdjoub et al 201835 FLAIR-HAs ASPECTS grade 6-7 (n=49) vs. 0-1 (n=19) DWI lesion volume (mL) 12 (median) 6-34 (iqr) 24 (median) 12-102 (iqr) 

Infarct volume at FU       

Intravenous thrombolysis       

Lee et al 20091 with prominent distal FLAIR-HAs (n=23) vs. without (n=6) 24 hours DWI lesion volume (mL) 33.0 (mean) 40.5 (sd) 144.8 (mean) 78.2 (sd) 

Legrand et al 20157 with FLAIR-HAs beyond DWI lesion (n=102) vs. without (n=39) 24 hours DWI lesion volume (mL) 36 (median) 19-66 (iqr) 161 (median) 95-230 (iqr) 

ENCHANTED with FLAIR-HAs (n=49) vs. without (n=33) 24-48 hours DWI lesion volume (mL) 35.6 (median) 8.1-105 (iqr) 2.0 (median) 0.9-4.3 (iqr) 

 with distal FLAIR-HAs (n=49) vs. without (n=33) 24-48 hours DWI lesion volume (mL) 35.6 (median) 8.1-105 (iqr) 2.0 (median) 0.9-4.3 (iqr) 

 with proximal FLAIR-HAs (n=24) vs. without (n=58) 24-48 hours DWI lesion volume (mL) 40.3 (median) 9.1-136.5 (iqr) 4.1 (median) 1.6-13.3 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=32) vs. without (n=50) 24-48 hours DWI lesion volume (mL) 20.7 (median) 5.2-63.7 (iqr) 4.1 (median) 1.6-15.5 (iqr) 
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 with FLAIR-HAs within DWI lesion (n=21) vs. without (n=61) 24-48 hours DWI lesion volume (mL) 104.5(median) 41.2-142.8 (iqr) 4.0 (median) 1.6-10.8 (iqr) 

 FLAIR-HAs score >4 (n=35) vs. ≤4 (n=47) 24-48 hours DWI lesion volume (mL) 41.2 (median) 10.2-128.7 (iqr) 3.2 (median) 1.3-8.6 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=14) vs. ≤4 (n=68) 24-48 hours DWI lesion volume (mL) 38.4 (median) 3.3-104.5 (iqr) 6.7 (median) 1.9-32.3 (iqr) 

Endovascular treatment       

Zhou et al 201919 with FLAIR-HAs beyond DWI lesion (n=23) vs. without (n=15) 24 hours DWI lesion volume (mL) 32.2 (mean) 39.4 (sd) 101.4 (mean) 86.4 (sd) 

Conservative treatment       

Nam et al 201723 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) 2.5-5 days DWI lesion volume (mL) 37.4 (median) 8.5-99.5 (iqr) 2.5 (median) 0.3-14.4 (iqr) 

Mixed treatment       
 

Hohenhaus et al 201228 FLAIR-HAs ASPECT grade >4 (n=25) vs. ≤4 (n=23) 5 days FLAIR lesion volume (cm3) 71.7 (median) 27.0-162.5 (iqr) 11.4 (median) 1.5-62.1 (iqr) 

Adatia et al 2013b31 with FLAIR-HAs in DWI lesion (n=59) vs. without (n=36) 24 hours DWI lesion volume (mL) 88.7 (mean) - 37.9 (mean) - 

Mahdjoub et al 201835 FLAIR-HAs ASPECTS grade 6-7 (n=49) vs. 0-1 (n=19) 24 hours DWI lesion volume (mL) 29 (median) 12-52 (iqr) 73 (median) 14-150 (iqr) 

Absolute infarct growth (infarct volume on DWI at FU minus that on admission)      

Intravenous thrombolysis       

Ebinger et al 20122 with distal FLAIR-HAs (n=42) vs. without (n=48) FU – on admission (mL) 3.7 (median) 0.7-28.2 (iqr) 0.3 (median) 0-2.1 (iqr) 

Kufner et al 20156 FLAIR-HAs score>4 (n=32) vs. ≤4 (n=30) 24 hours FU – on admission (mL) 12.8 (median) 2.5-43.9 (iqr) 1.2 (median) 0.2-12.7 (iqr) 

ENCHANTED with FLAIR-HAs (n=49) vs. without (n=33) 24-48 hours FU – on admission (cm3) 11.7 (median) 1.9-54.0 (iqr) 0.5 (median) 0.1-2.0 (iqr) 

 with distal FLAIR-HAs (n=49) vs. without (n=33) 24-48 hours FU – on admission (cm3) 11.7 (median) 1.9-54.0 (iqr) 0.5 (median) 0.1-2.0 (iqr) 

 with proximal FLAIR-HAs (n=24) vs. without (n=58) 24-48 hours FU – on admission (cm3) 26.0 (median) 3.7-66.4 (iqr) 1.4 (median) 0.2-6.8 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=32) vs. without (n=50) 24-48 hours FU – on admission (cm3) 6.9 (median) 1.5-35.8 (iqr) 1.4 (median) 0.2-9.4 (iqr) 

 with FLAIR-HAs within DWI lesion (n=21) vs. without (n=61) 24-48 hours FU – on admission (cm3) 37.0 (median) 21.0-71.8 (iqr) 1.7 (median) 0.2-6.1 (iqr) 

 FLAIR-HAs score >4 (n=35) vs. ≤4 (n=47) 24-48 hours FU – on admission (cm3) 21.0 (median) 3.7-59.5 (iqr) 0.8 (median) 0.1-3.5 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=14) vs. ≤4 (n=68) 24-48 hours FU – on admission (cm3) 16.4 (median) 1.9-57.6 (iqr) 2.1 (median) 0.3-13.8 (iqr) 

Endovascular treatment       

Zhou et al 201919 with FLAIR-HAs beyond DWI lesion (n=23) vs. without (n=15) 24 hours FU – on admission (mL) 17.0 (mean) 23.4 (sd) 44.5 (mean) 41.7 (sd) 

Conservative treatment       

Nam et al 201723 with prominent distal FLAIR-HAs (n=91) vs. without (n=133) 2.5-5 days FU – on admission (mL) 10.7 (median) 2.5-35.7 (iqr) 0.8 (median) 0.0-4.7 (iqr) 

Mixed treatment       

Mahdjoub et al 201835 FLAIR-HAs ASPECTS grade 6-7 (n=49) vs. 0-1 (n=19) 24 hours FU – on admission (mL) 13 (median) 4-28 (iqr) 27 (median) 2-87 (iqr) 

Relative infarct growth       

Intravenous thrombolysis       

Ebinger et al 20122 with distal FLAIR-HAs (n=42) vs. without (n=48) not specify 1.8 (median) 1.4-4.5 (iqr) 2.1 (median) 0.9-4.0 (iqr) 

Legrand et al 20157 with FLAIR-HAs beyond DWI lesion (n=102) vs. without (n=39) 24 hours FU ÷ on admission  2.0 (median) 1.1-3.6 (iqr) 1.3 (median) 1.1-1.7 (iqr) 

ENCHANTED with FLAIR-HAs (n=49) vs. without (n=33) 24 hours FU ÷ on admission  1.9 (median) 1.4-4.7 (iqr) 1.6 (median) 1.0-2.8 (iqr) 

 
ENCHANTED with distal FLAIR-HAs (n=49) vs. without (n=33) 24 hours FU ÷ on admission  1.9 (median) 1.4-4.7 (iqr) 1.6 (median) 1.0-2.8 (iqr) 

 with proximal FLAIR-HAs (n=24) vs. without (n=58) 24 hours FU ÷ on admission  2.1 (median) 1.4-4.9 (iqr) 1.7 (median) 1.1-3.0 (iqr) 

 with FLAIR-HAs beyond DWI lesion (n=32) vs. without (n=50) 24 hours FU ÷ on admission  1.9 (median) 1.4-4.9 (iqr) 1.7 (median) 1.1-3.0 (iqr) 

 with FLAIR-HAs within DWI lesion (n=21) vs. without (n=61) 24 hours FU ÷ on admission  1.7 (median) 1.5-3.3 (iqr) 1.8 (median) 1.1-3.3 (iqr) 

 FLAIR-HAs score >4 (n=35) vs. ≤4 (n=47) 24 hours FU ÷ on admission  3.2 (median) 1.5-6.6 (iqr) 1.5 (median) 1.0-2.4 (iqr) 

 FLAIR-HAs ASPECTS grade >4 (n=14) vs. ≤4 (n=68) 24 hours FU ÷ on admission  2.1 (median) 1.4-5.4 (iqr) 1.7 (median) 1.1-3.2 (iqr) 
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ASPECTS denotes Alberta Stroke Program Early Computed Tomography score; DWI, diffusion weighted imaging; ENCHANTED, Enhanced Control of 

Hypertension and Thrombolysis Stroke Study; FLAIR, fluid-attenuated inversion recovery; FLAIR-HAs, FLAIR hyperintense arteries; FU, follow-up; iqr, 

interquartile range; sd, standard deviation.  
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Appendix 3.9. Definition of intermediate clinical and imaging outcomes in included studies 
Study Definition 

Recanalisation or reperfusion 

Lee et al 20091 Successful recanalisation defined as TIMI grade 2 or 3 at 24 hours 

Ebinger et al 20122 Reperfusion (specific definition was not reported) on day 2 

Olindo et al 20123 Recanalisation defined as TIMI grade 2 or 3 at 24 hours 

Cai et al 20144 Reperfusion (specific definition was not reported) at 24 hours 

Kufner et al 20156 Recanalisation defined as an increase in at least 2 TIMI points within 24 hours of treatment based on acute and follow-up MRA. 

Legrand et al 20168 Complete recanalisation (specific definition was not reported) on MRA at 24 hours 

ENCHANTED Recanalisation defined as revised AOL score 2b or 3 on MRA within 48 hours after randomisation 

Ryoo et al 201412 Successful recanalisation (specific definition was not reported) after endovascular treatment 

Liu et al 2016a13 Recanalisation defined as original TICI scale 2b or 3 after endovascular treatment 

Nave et al 201815 Successful recanalisation defined as modified TICI scale 2b or 3 after endovascular treatment 

Jiang et al 2019a16 Successful recanalisation defined as modified TICI scale 2b or 3 after endovascular treatment 

Jiang et al 2019b17 Successful recanalisation defined as modified TICI scale 2b or 3 after endovascular treatment 

Legrand et al 201918 Successful early revascularization defined as modified TICI scale 2b or 3 after endovascular treatment 

Hohenhaus et al 201228 Recanalisation on follow-up MRI (specific definition was not reported) on day 2 

Adatia et al 2013a30 Recanalisation defined as TIMI grade 2 or 3 

Aoki et al 201632 Recanalisation (specific definition was not reported)  

Mahdjoub et al 201835 Complete recanalisation defined as AOL score 3 on 24 hours MRA 

Any ICH 

Olindo et al 20123 Symptomatic ICH defined as an NIHSS score increase of ≥4 attributable to a bleed detected on the 24 hours MRI 

El Nawar et al 201910 Haemorrhagic transformation on CT or MRI within 24 hours after intravenous thrombolysis (ECASS II classification) 

ENCHANTED Any ICH reported by site investigators as a serious adverse event or noted on brain imaging adjudicated centrally 

Liu et al 2016b13 Haemorrhagic transformation defined as a new hyper-attenuated region identified on any follow-up CT scan before patient discharge 

Nam et al 201723 Haemorrhagic transformation defined as a haemorrhagic lesion on follow-up MRI that was not present on the initial MRI 

Hohenhaus et al 201228 Haemorrhagic transformation on follow-up MRI within 2 days after stroke onset (ECASS criteria with HI/PH classification) 

Adatia et al 2013a30 Any intracranial haemorrhage 

Early neurological improvement 

Ichijo et al 20155 A decrease in NIHSS score of ≥10 or NIHSS score ≤2 at 24 hours after alteplase treatment 

ENCHANTED A decrease in NIHSS score of ≥8 or NIHSS score ≤2 at 24 hours after randomisation 

Ryoo et al 201412 A decrease in NIHSS score of ≥8 or NIHSS score ≤2 at 24 hours after endovascular treatment 

Legrand et al 201918 A decrease in NIHSS score of ≥8 at 24 hours  

Mahdjoub et al 201835 A decrease in NIHSS score of ≥8 or NIHSS score ≤1 at 24 hours  

Early neurological deterioration 

Kim et al 2019a11 An increase in total NIHSS score of ≥2 between hospital days 0 and 5 

ENCHANTED An increase in total NIHSS score of ≥2 within 72 hours after hospital admission 

Nam et al 201723 An increase in the motor NIHSS score of ≥1 or ≥2 in total NIHSS score within 72 hours after hospital admission 

Kim et al 2019b11 An increase in total NIHSS score of ≥2 between hospital days 0 and 5 

Kim et al 201633 An increase in the motor NIHSS score of ≥1 after hospital admission 

CT denotes computed tomography; ECASS, the European-Australian Cooperative Acute Stroke Study; ENCHANTED, Enhanced Control of Hypertension and 

Thrombolysis Stroke Study; HI, haemorrhagic infarcts; ICH, intracerebral haemorrhage; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; 
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NIHSS, National Institutes of Health Stroke Scale; PH, parenchymal haematomas; AOL, arterial occlusive lesion score; TICI, thrombolysis in cerebral infarction 

scale; TIMI, thrombolysis in myocardial infarction grade. 
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Chapter 4: Low-Dose versus Standard-Dose Alteplase in Acute 

Lacunar Ischaemic Stroke: The ENCHANTED Trial 

4.1 Link to thesis 

In Chapters 2 and 3, I presented data on the association of FLAIR-HAs with clinical prognosis 

based on the ENCHANTED data alone and a systematic review and meta-analysis. Although 

subgroup analysis of the ENCHANTED alteplase arm showed no heterogeneity (Pinteraction=0.88) 

of treatment effects on the primary outcome across different AIS subtypes defined by site 

investigators using standard TOAST (Trial of ORG 10172 in Acute Stroke Treatment) criteria, 

there is concern that this approach may over-estimate lacunar AIS, representing a single 

penetrating artery occlusion. In addition, clinical concern persists over whether the modest risk 

of thrombolysis-related ICH could offset the modest benefits of intravenous thrombolysis for 

lacunar AIS. All these prompted me to identify the effects of low-dose versus standard-dose 

alteplase in lacunar AIS confirmed on brain image (more reliable in diagnosing lacunar AIS 

than the TOAST classifications). This Chapter presents this study. 

 

I have published this work: 

Zhou Z, Delcourt C, Xia C, Yoshimura S, Carcel C, Torii-Yoshimura T, You S, Malavera A, 

Chen X, Hackett ML, Woodward M, Chalmers J, Xu J, Robinson TG, Parsons MW, Demchuk 

AM, Lindley RI, Mair G, Wardlaw JM, Anderson CS. Low-dose vs standard-dose alteplase in 

acute lacunar ischaemic stroke: the ENCHANTED trial. Neurology 2021;96(11):e1512-26. 

 

I presented this work at one international conference: 

Zhou Z, Delcourt C, Xia C, Yoshimura S, Carcel C, Torii-Yoshimura T, You S, Malavera A, 

Chen X, Hackett ML, Woodward M, Chalmers J, Xu J, Robinson TG, Parsons MW, Demchuk 

AM, Lindley RI, Mair G, Wardlaw JM, Anderson CS. Low-Dose vs Standard-Dose Alteplase 

in Acute Lacunar Ischaemic Stroke: The ENCHANTED Trial. 2021 International Stroke 

Conference, USA, 17-19 March 2021 (virtual online, the abstract was selected as Paul Dudley 

White International Scholar Award by the American Heart Association to recognise as the 

highest ranked abstract from Australia). 
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4.2 Abstract 

Objective: To determine any differential efficacy and safety of low- versus standard-dose 

intravenous alteplase for lacunar vs nonlacunar acute ischaemic stroke (AIS), we performed 

post hoc analyses from the Enhanced Control of Hypertension and Thrombolysis Stroke Study 

(ENCHANTED) alteplase dose arm. 

Methods: In a cohort of 3,297 ENCHANTED participants, we identified those with lacunar or 

nonlacunar AIS with different levels of confidence (definite/probable/possible) according to 

prespecified definitions based on clinical and adjudicated imaging findings. Logistic regression 

models were used to determine associations of lacunar AIS with 90-day outcomes (primary, 

modified Rankin Scale [mRS] scores 2-6; secondary, other mRS scores, intracerebral 

haemorrhage [ICH], and early neurologic deterioration or death) and treatment effects of low- 

versus standard-dose alteplase across lacunar and nonlacunar AIS with adjustment for baseline 

covariables. 

Results: Of 2,588 participants with available imaging and clinical data, we classified cases as 

definite/probable lacunar (n=490) or nonlacunar AIS (n=2,098) for primary analyses. 

Regardless of alteplase dose received, lacunar AIS participants had favourable functional (mRS 

2-6, adjusted odds ratio [95% confidence interval] 0.60 [0.47-0.77]) and other clinical or safety 

outcomes compared to participants with nonlacunar AIS. Low-dose alteplase (versus standard) 

had no differential effect on functional outcomes (mRS 2-6, 1.04 [0.87–1.24]) but reduced the 

risk of symptomatic ICH in all included participants. There were no differential treatment 

effects of low- versus standard-dose alteplase on all outcomes across lacunar and nonlacunar 

AIS (all Pinteraction ≥0.07). 

Conclusions: We found no evidence from the ENCHANTED trial that low-dose alteplase had 

any advantages over standard dose for definite/probable lacunar AIS. 

Classification of Evidence: This study provides Class II evidence that for patients with lacunar 

AIS, low-dose alteplase had no additional benefit or safety over standard-dose alteplase. 

Clinical Trial Registration: Clinicaltrials.gov identifier NCT01422616. 
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4.3 Background 

In routine clinical practice, patients with lacunar acute ischaemic stroke (AIS) are eligible to 

receive intravenous (IV) thrombolysis, given comparable favourable outcomes to other 

common AIS pathologic subtypes.1-3 These results were confirmed in a recent subgroup 

analysis of the Efficacy and Safety of Magnetic Resonance Imaging–Based Thrombolysis in 

Wake-Up Stroke (WAKE-UP) trial, where the safety and efficacy of standard-dose IV alteplase 

were comparable between lacunar and nonlacunar subtypes defined on baseline MRI.4 Similar 

consistency of effect of IV alteplase between lacunar and nonlacunar AIS, defined by the 

Oxfordshire Community Stroke Project (OCSP) syndromic classification, was found in the 

third International Stroke Trial (IST-3).5 Despite this evidence, some clinical concern persists 

over whether the modest risk of thrombolysis-related intracerebral haemorrhage (ICH) could 

offset the modest benefits of IV thrombolysis for lacunar AIS, where the natural course is 

generally more benign compared to other AIS subtypes6 from there being no or small 

thrombotic lytic target on the presumption of a single penetrating artery occlusion.7,8 

In the alteplase-dose arm of the Enhanced Control of Hypertension and Thrombolysis Stroke 

Study (ENCHANTED),9 a lower dose (0.6 mg/kg) of IV alteplase was shown to have a lower 

risk of ICH compared to standard dose (0.9 mg/kg) in thrombolysis-eligible patients with AIS. 

Whether it is the same for lacunar AIS is unclear. Herein, we report further analyses of the 

efficacy and safety of low- versus standard dose IV alteplase in the ENCHANTED participants 

with lacunar (versus nonlacunar) AIS who were identified by the combination of clinical and 

adjudicated imaging findings. 

4.4 Methods 

4.4.1 Primary research question and evidence level 

Is there are any differential efficacy and safety of low- versus standard-dose IV alteplase 

between participants with lacunar and nonlacunar AIS in the alteplase dose arm of the 

ENCHANTED trial? This study provides Class II evidence that for patients with lacunar AIS, 

low-dose alteplase has no additional benefit or safety over standard-dose alteplase. 
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4.4.2 Design and participants 

ENCHANTED was an international, multicentre, 2×2 quasifactorial, prospective, randomised, 

open-label, blinded-endpoint trial that assessed the effectiveness of low-dose (0.6 mg/kg; 15% 

as bolus, 85% as infusion during 1 hour) versus standard-dose (0.9 mg/kg; 10% as bolus, 90% 

as infusion during 1 hour) IV alteplase, and more intensive versus guideline-recommended 

control of blood pressure (BP) in adult participants with AIS. The study design, participant 

characteristics, and main results of the alteplase-dose arm have been reported9-11 for 3,310 

patients with AIS recruited from 111 centres in 13 countries. Key demographic and clinical 

characteristics were recorded at the time of enrollment, with clinical severity defined according 

to the NIH Stroke Scale (NIHSS) at baseline, 24 hours, and at day 7 (or on discharge from 

hospital if earlier). A final clinical diagnosis of AIS subtypes based upon the opinion of site 

investigations, generally according to the Trial of Org 10172 in Acute Stroke Treatment 

(TOAST) classification system,12 was made at day 7, post-randomisation (or on discharge from 

hospital, if earlier). 

4.4.3 Standard protocol approvals, registrations, and participant consents 

The study protocol was approved by the appropriate ethics committee at each participating 

centre and written informed consent was obtained from participants or an appropriate legal 

surrogate according to the Declaration of Helsinki. The ENCHANTED trial was registered at 

ClinicalTrials.gov (Unique identifier: NCT01422616). 

4.4.4 Imaging analysis 

Uncompressed digital images of all baseline and follow-up digital CT, MRI, and angiographic 

images were uploaded into the study brain imaging database in Digital Imaging and 

Communications in Medicine (DICOM) format identified only by the participant’s unique 

study identification number. Images were analysed centrally for any ICH by a trial adjudication 

panel, blind to clinical data, treatment, date, and sequence of scan. Assessors graded any 

identified symptomatic ICH (sICH) using a range of standard definitions from the Safe 

Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST), National Institute 

of Neurologic Disease and Stroke (NINDS), the European-Australian Cooperative Acute 

Stroke Study II (ECASS), ECASS III, and IST-3 (appendix 4.1). 
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The ENCHANTED Imaging Analysis Project was established in August 2016, with the aim of 

defining the presence, extent, and severity of, and swelling from, acute ischaemic changes 

(including arterial territory, border zone, small subcortical and brainstem/cerebellar infarcts), 

coexisting old vascular lesions and their subtypes, white matter lesions, and brain volume loss 

on all collected images by an imaging analysis team of trained individuals, blind to all clinical 

data, using an electronic scoring system modified from IST-3.13 All observed infarct lesions on 

baseline (pre-randomisation) CT or MRI were coded according to the IST-3 criteria for infarct 

site and size. Separately and subsequent to primary scan reads, a neuroradiologist (Zien Zhou) 

and neurosurgeon (Chao Xia) sought the ischaemic lesion on 24-hour follow-up images while 

viewing the baseline images for those with no infarct lesion identified at baseline. They also 

assessed large vessel occlusion (LVO) on baseline CT angiography (CTA) or magnetic 

resonance angiography (MRA) according to a modified Thrombolysis in Cerebral Infarction 

(TICI) score for an abnormal artery in IST-3.14 All the imaging data were cross-checked (Zien 

Zhou) and a final rating made before unmasking the clinical data and randomisation code for 

analyses. 

4.4.5 Definitions of lacunar and nonlacunar AIS 

Different levels of confidence (definite/probable/possible) were used around the definitions of 

lacunar and nonlacunar AIS based on adjudicated imaging findings, clinical severity, and 

clinical diagnosis (appendix 4.2). In brief, definite lacunar AIS was defined when all 4 criteria 

were met: (1) the presence of acute infarct lesion (maximum diameter ≤20 mm) in the territory 

of penetrating arteries, with a rounded, ovoid, or tubular shape on axial CT or diffusion-

weighted imaging/apparent diffusion coefficient map (figure 4.1)15; (2) no LVO adjudicated 

centrally (on CTA/MRA) or reported by site investigators (on CTA/MRA/digital subtraction 

angiography); (3) the final diagnosis was reported as “small vessel or perforating vessel 

‘lacunar’ disease” according to the TOAST criteria that involved any of the standard clinical 

lacunar syndromes with the lack of large vessel atheroma or cerebral cortical dysfunction; and 

(4) infarct side on images is consistent with that reported by site investigators. Definite 

nonlacunar AIS was defined as having acute infarct lesion with maximum diameter >20 mm or 

LVO on angiography. Participants were classified as nonlacunar if they had lacunar and 

nonlacunar infarcts. 

Given that the clinical diagnosis of lacunar syndrome plus baseline NIHSS score <7 had a high 

specificity to predict imaging-confirmed lacunar stroke in IST-3,16 probable lacunar and 
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nonlacunar AIS were discriminated mainly by baseline NIHSS scores and final diagnosis in the 

situation that there was no acute infarct lesion identified on images or the images were not 

collected from the sites. For those with conflicting clinical and adjudicated imaging information 

that compromised the confidence of discrimination, we classified as possible lacunar or 

nonlacunar AIS according to the clinical diagnosis and LVO status. 

 

Figure 4.1. Examples of lacunar ischaemic stroke at different locations from ENCHANTED 

 
DWI denotes diffusion-weighted imaging; ENCHANTED, Enhanced Control of Hypertension and 

Thrombolysis Stroke Study.  

Lacunar stroke at (A) left lentiform (red arrow) identified on 24-hour follow-up CT; (B) left internal capsule 

(red arrow) identified on 24-hour follow-up MRI; (C) right centrum semiovale (red arrow) identified on 

baseline and 24-hour follow-up MRI; (D) left internal border zone (red arrow) identified on baseline MRI; 

(E) right thalamus (red arrow) identified on baseline and 24-hour follow-up CT; and (F) brainstem (red arrow) 

identified on 24-hour follow-up MRI. 

 

4.4.6 Outcomes 

The primary outcome of these analyses was the composite endpoint of disability or death 

(modified Rankin Scale [mRS] scores 2-6) at 90 days post-randomisation. Secondary efficacy 
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outcomes included major disability or death (mRS 3-6), death (mRS 6), and ordinal shift of the 

full range of mRS scores at 90 days. Secondary safety outcomes were sICH defined according 

to several criteria from other studies, fatal ICH within 7 days, ICH identified by central 

adjudicators, and any ICH adjudicated centrally or reported by site investigators. Other clinical 

outcomes included early neurologic deterioration (END) (≥4-point increase in NIHSS scores) 

or death within 24 hours or 7 days. 

4.4.7 Statistical analysis 

Continuous or categorical variables at baseline were presented as mean (SD), median 

(interquartile range), or number (percentage). Baseline differences between participants with 

lacunar and nonlacunar AIS were evaluated using analysis of variance, χ2 test, or Wilcoxon 

signed-rank test, as appropriate. Associations of lacunar AIS with 90-day function, safety, and 

other secondary outcomes were estimated in logistic regression models with adjustment for 

randomised treatment and key prognostic covariates (age, sex, ethnicity, baseline NIHSS score, 

time from symptom onset to randomisation, premorbid function [mRS score 0 or 1], prior use 

of antithrombotic agents, history of diabetes or cardiovascular disease, and assigned to intensive 

blood pressure-lowering group). The treatment effect of low- versus standard-dose alteplase 

was determined in logistic regression models and the heterogeneity of alteplase dose effect 

across participants with lacunar and nonlacunar AIS was estimated by adding an interaction 

term to statistical models. Proportional odds regression models were used to analyse ordinal 

mRS scores. The primary analyses pertain to participants with definite/probable lacunar and 

nonlacunar AIS after excluding those with a possible diagnostic classification. Sensitivity 

analyses of the treatment effects of low- versus standard-dose alteplase were performed in 

participants with definite lacunar/nonlacunar AIS and in all participants with possible 

lacunar/nonlacunar AIS. We also performed an exploratory analysis of the treatment effects in 

a subset of lacunar AIS identified at baseline (infarct size ≤15 mm and no adjudicated LVO). 

Data were reported as odds ratios (ORs) and 95% confidence intervals (CIs) and a 2-sided p 

<0.05 was considered statistically significant. All analyses were performed using SAS version 

7.1 and Stata version 12.0. 

4.5 Results 
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4.5.1 Baseline characteristics 

Among 3,297 AIS participants in the ENCHANTED alteplase dose arm, 2,588 (78.5%) were 

classifiable (definite lacunar, n=195; probable lacunar, n=295; definite nonlacunar, n=1,697; 

and probable nonlacunar, n=401 AIS) for inclusion in the primary analysis (figure 4.2). 

Compared to the 709 excluded participants, they were more likely to be older, have higher 

baseline NIHSS scores, be Asian, have a history of cardiovascular disease, and have a final 

diagnosis of LVO, but they also had shorter time interval from symptom onset to randomisation 

(appendix 4.3). Table 4.1 shows that all the baseline clinical characteristics were significantly 

different between definite/probable lacunar and nonlacunar AIS except for sex, history of 

diabetes, and prior use of statin/other lipid-lowering agents. Participants with lacunar (versus 

nonlacunar) AIS were younger and had milder neurologic impairment, higher baseline BP, and 

a lower proportion with conventional cardiovascular risk factors except smoking. In keeping 

with the lacunar pattern of stroke, few participants had multiple lesions in both anterior and 

posterior circulation, but they were more likely to have a lesion only in the posterior circulation. 

They were also less likely to have brain atrophy or a hyperdense vessel sign on CT or 

hyperintense arteries on MRI. 

 

Figure 4.2. Flowchart of participants included in analyses 
 

 
Def/Pro denotes definite or probable. 
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4.5.2 Lacunar AIS and outcomes 

Compared to participants with definite/probable nonlacunar AIS, those with definite/probable 

lacunar AIS had better 90-day functional outcomes, whether defined by the outcome of mRS 

scores 2-6 (unadjusted OR 0.26, 95% CI 0.21-0.33), mRS scores 3-6 (0.20, 0.15-0.26), ordinal 

shift in the full range of scores (0.27, 0.23-0.33), or death alone (0.04, 0.01-0.12) (table 4.2). 

They were also less likely to have ICH and END or death after IV thrombolysis. The findings 

persisted with adjustment of baseline covariables and randomised alteplase dose. 

 

Table 4.1. Baseline characteristics of participants with definite/probable lacunar and nonlacunar 

stroke 

  Low-dose Standard-dose Total 
P 

value§ 
 LACS N=241 N=249 N=490 

Non-L N=1059 N=1039 N=2098 

Age (years)  

           

LACS 63.9 (12.8) 63.1 (12.5) 63.5 (12.7) <0.001 

Non-L 67.8 (12.7) 67.8 (12.6) 67.8 (12.7)  

Female      

            

LACS 82 (34.0) 91 (36.5) 173 (35.3) 0.31 

Non-L 402 (38.0) 390 (37.5) 792 (37.8)  

Asian ethnicity  

              

LACS 179 (74.3) 174 (69.9) 353 (72.0) <0.001 

Non-L 675 (63.7) 663/1038 (63.9) 1338/2097 (63.8)  

Clinical features      

Systolic BP (mmHg) LACS 151.6 (17.8) 153.7 (19.4) 152.6 (18.7) <0.001 

Non-L 148.0 (19.7) 148.3 (20.2) 148.2 (19.9)  

Diastolic BP (mmHg) LACS 86.6 (11.7) 86.7 (12.9) 86.6 (12.3) <0.001 

Non-L 84.0 (13.2) 84.2 (13.0) 84.1 (13.1)  

Heart rate (beats per 

minute) 

LACS 76.1 (11.7) 77.7 (12.7) 76.9 (12.2) 0.001 

Non-L 79.3 (16.6) 79.7 (16.3) 79.5 (16.5)  

NIHSS score* LACS 4 (3-6) 5 (4-6) 5 (3-6) <0.001 

Non-L 11 (7-16) 11 (7-16) 11 (7-16)  

GCS score† LACS 15 (15-15) 15 (15-15) 15 (15-15) <0.001 

Non-L 14 (12-15) 15 (12-15) 15 (12-15)  

Medical history      

Previous stroke LACS 39 (16.2) 30 (12.0) 69 (14.1) 0.03 

Non-L 185 (17.5) 197 (19.0) 382 (18.2)  

Hypertension LACS 142 (58.9) 148 (59.4) 290 (59.2) 0.03 

Non-L 671 (63.4) 678/1038 (65.3) 1349/2097 (64.3)  

Atrial fibrillation LACS 9 (3.7) 11 (4.4) 20 (4.1) <0.001 

Non-L 288/1056 (27.3) 259/1038 (25.0) 547/2094 (26.1)  

Coronary artery  

disease 

LACS 23 (9.5) 16 (6.4) 39 (8.0) <0.001 

Non-L 184 (17.4) 171/1038 (16.5) 355/2097 (16.9)  

Valvular/other heart 

disease 

LACS 4 (1.7) 7 (2.8) 11 (2.2) <0.001 

Non-L 92 (8.7) 95/1038 (9.2) 187/2097 (8.9)  

Diabetes mellitus LACS 50 (20.7) 52 (20.9) 102 (20.8) 0.59 

Non-L 203 (19.2) 211/1038 (20.3) 414/2097 (19.7)  

Hypercholesterolemia LACS 34 (14.1) 32 (12.9) 66 (13.5) 0.04 

Non-L 194 (18.3) 171/1038 (16.5) 365/2097 (17.4)  

Current smoker LACS 63 (26.1) 85 (34.1) 148 (30.2) <0.001 

Non-L 222/1057 (21.0) 233/1037 (22.5) 455/2094 (21.7)  

Pre-stroke function  
without disability‡  

LACS 36 (14.9) 33 (13.3) 69 (14.1) 0.005 

Non-L 194/1058 (18.3) 216/1037 (20.8) 410/2095 (19.6)  

Medication on admission     
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Antihypertensive 

agent(s) 

LACS 93 (38.6) 103 (41.4) 196 (40.0) 0.002 

Non-L 507 (47.9) 496/1038 (47.8) 1003/2097 (47.8)  
 

Warfarin anticoagulation LACS 1/240 (0.4) 1 (0.4) 2/489 (0.4) <0.001 

Non-L 39 (3.7) 29/1037 (2.8) 68/2096 (3.2)  

Aspirin/other 

antiplatelet agent 

LACS 46/240 (19.2) 47 (18.9) 93/489 (19.0) 0.01 

Non-L 287 (27.1)# 225/1037 (21.7)# 512/2096 (24.4)  

Statin/other lipid  

lowering agent 

LACS 40/240 (16.7) 38 (15.3) 78/489 (16.0) 0.11 

Non-L 215/1058 (20.3) 185/1037 (17.8) 400/2095 (19.1)  

Time from stroke onset  

to CT/MRI scan (hrs) 

LACS 1.8 (1.3-2.5) 1.9 (1.3-2.6) 1.8 (1.3-2.5) <0.001 

Non-L 1.7 (1.1-2.3) 1.6 (1.1-2.3) 1.6 (1.1-2.3)  

Imaging features      

Infarct at left side LACS 78/153 (51.0) 78/150 (52.0) 156/303 (51.5) 0.14 

Non-L 400/841 (47.6) 384/833 (46.1) 784/1674 (46.8)  

Infarct at right side LACS 70/153 (45.8) 66/150 (44.0) 136/303 (44.9) 0.11 

Non-L 407/841 (48.4) 428/833 (51.4) 835/1674 (49.9)  

Infarct at midline or  

bilateral side 

LACS 5/153 (3.3) 6/150 (4.0) 11/303 (3.6) 0.76 

Non-L 34/841 (4.0) 21/833 (2.5) 55/1674 (3.3)  

Infarct in anterior  

circulation only 

LACS 117/153 (76.5) 114/150 (76.0) 231/303 (76.2) 0.09 

Non-L 689/841 (81.9) 658/833 (79.0) 1347/1674 (80.5)  

Infarct in posterior  

circulation only 

LACS 35/153 (22.9) 36/150 (24.0) 71/303 (23.4) <0.001 

Non-L 103/841 (12.2) 120/833 (14.4) 223/1674 (13.3)  

Infarct in anterior and  

posterior circulation 

LACS 1/153 (0.7) 0/150 (0.0) 1/303 (0.3) <0.001 

Non-L 49/841 (5.8) 55/833 (6.6) 104/1674 (6.2)  

With FLAIR-HAs or  

hyperdense vessel sign 

LACS 3/151 (2.0) 5/156 (3.2) 8/307 (2.6) <0.001 

Non-L 306/835 (36.6) 305/826 (36.9) 611/1661 (36.8)  

With old vascular  

lesions 

LACS 70/153 (45.8) 59/150 (39.3) 129/303 (42.6) 0.83 

Non-L 362/841 (43.0) 362/833 (43.5) 724/1674 (43.2)  

With brain atrophy LACS 94/153 (61.4) 79/150 (52.7) 173/303 (57.1) <0.001 

Non-L 574/841 (68.3) 589/833 (70.7)                              1163/1674 (69.5)  

With white matter  

changes 

LACS 64/153 (41.8)# 46/150 (30.7)# 110/303 (36.3) 0.82 

Non-L 301/841 (35.8) 318/833 (38.2) 619/1674 (37.0)  

Site reported LVO or  

assessed centrally 

LACS 0 (0.0) 0 (0.0) 0 (0.0) <0.001 

Non-L 270/1041 (25.9) 262/1027 (25.5) 532/2068 (25.7)  

Time from stroke onset  

to randomisation (hrs) 

LACS 3.0 (2.3-3.7) 2.8 (2.2-3.6) 2.9 (2.2-3.6) <0.001 

Non-L 2.6 (1.9-3.3) 2.6 (1.9-3.4) 2.6 (1.9-3.4)  

Assigned to intensive  

BP lowering 

LACS 48 (19.9) 48 (19.3) 96 (19.6) <0.001 

Non-L 127 (12.0) 139 (13.4) 266 (12.7)  

Assigned to standard  

BP lowering 

LACS 41 (17.0) 48 (19.3) 89 (18.2) 0.008 

Non-L 145 (13.7) 138 (13.3) 283 (13.5)  

Data are n (%), mean (SD), or median (Q1, Q3). The P values are based on Chi-square, analysis of variance, 

or Wilcoxon signed-rank test. 

BP denotes blood pressure; CTA, computed tomographic angiography; FLAIR, fluid-attenuated inversion 

recovery; FLAIR-HAs, FLAIR hyperintense arteries; GCS, Glasgow Coma Scale; LACS, lacunar stroke; 

LVO, large vessel occlusion; MRI, magnetic resonance imaging; mRS, modified Rankin scale; NIHSS, 

National Institutes of Health stroke scale; Non-L, non-lacunar stroke. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. 

§Total lacunar stroke versus total non-lacunar stroke. 

#P<0.05 by randomisation treatment. 

 

4.5.3 Lacunar AIS and alteplase dose 

The overall treatment effects of low- versus standard-dose alteplase on function, safety, and 

other  outcomes  in  these  2,588  participants  were  comparable  to  the  main  results  of  the  
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Table 4.2. Thrombolysis outcomes in definite/probable lacunar versus nonlacunar stroke 

 Lacunar  Non-lacunar Lacunar versus non-lacunar stroke 

 n/N (%) n/N (%) OR (95% CI)* P value AOR (95% CI)*† P value 

90-day functional outcomes     

mRS 2–6 147/481 (30.6) 1284/2052 (62.6) 0.26 (0.21, 0.33) <0.001 0.60 (0.47, 0.77) <0.001 

mRS 3–6 75/481 (15.6) 987/2052 (48.1) 0.20 (0.15, 0.26) <0.001 0.51 (0.38, 0.69) <0.001 

mRS 6 3/490 (0.6) 282/2098 (13.4) 0.04 (0.01, 0.12) <0.001 0.13 (0.04, 0.43) <0.001 

mRS 0 185/481 (38.5) 370/2052 (18.0) 0.27 (0.23, 0.33) <0.001 0.64 (0.52, 0.78) <0.001 

1 149/481 (31.0) 398/2052 (19.4)     

2 72/481 (15.0) 297/2052 (14.5)     

3 47/481 (9.8) 278/2052 (13.5)     

4 21/481 (4.4) 265/2052 (12.9)     

5 4/481 (0.8) 162/2052 (7.9)     

6 3/481 (0.6) 282/2052 (13.7)     

Safety outcomes (sICH or ICH)     

SITS-MOST 1/490 (0.2) 48/2098 (2.3) 0.09 (0.01, 0.63) 0.02 0.09 (0.01, 0.70) 0.02 

NINDS 4/490 (0.8) 211/2098 (10.1) 0.07 (0.03, 0.20) <0.001 0.10 (0.04, 0.27) <0.001 

ECASS2 2/490 (0.4) 132/2098 (6.3) 0.06 (0.02, 0.25) <0.001 0.08 (0.02, 0.31) <0.001 

ECASS3 1/490 (0.2) 57/2098 (2.7) 0.07 (0.01, 0.53) 0.01 0.08 (0.01, 0.58) 0.01 

IST-3 2/490 (0.4) 74/2098 (3.5) 0.11 (0.03, 0.46) 0.002 0.13 (0.03, 0.54) 0.005 

Fatal ICH 0/490 (0.0) 32/2098 (1.5) - - - - 

Adjudicated any ICH 17/490 (3.5) 524/2098 (25.0) 0.11 (0.07, 0.18) <0.001 0.18 (0.11, 0.29) <0.001 

Any ICH 18/490 (3.7) 582/2098 (27.7) 0.10 (0.06, 0.16) <0.001 0.16 (0.10, 0.27) <0.001 

Other secondary outcomes     

END or death     

within 24 hrs 20/490 (4.1) 216/2098 (10.3) 0.37 (0.23, 0.59) <0.001 0.30 (0.18, 0.50) <0.001 

within 7 days 27/490 (5.5) 336/2098 (16.0) 0.31 (0.20, 0.46) <0.001 0.36 (0.24, 0.56) <0.001 

ECASS denotes the European-Australian Cooperative Acute Stroke Study; END, early neurologic deterioration; ICH, intracerebral haemorrhage; IST-3, the third 

International Stroke Trial; mRS, modified Rankin scale; NINDS, the National Institutes of Neurological Diseases and Stroke; sICH, symptomatic intracerebral 

haemorrhage; SITS-MOST, the Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 

*Refer to the effect of intravenous thrombolysis in definite/probable lacunar stroke versus non-lacunar stroke after pooling the two groups of randomised alteplase dose 

as one cohort. 

†Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset to randomisation; pre-morbid function [mRS scores 0 or 1]; 

prior use of antithrombotic agents [aspirin, other antiplatelet agent, or warfarin]; history of diabetes mellitus or cardiovascular disease [stroke, atrial fibrillation, coronary 

artery disease, valvular or other heart disease]; assigned to intensive blood pressure lowering group; and randomisation to low-dose alteplase group) for functional 

outcomes. Adjusted for minimization and key prognostic covariates (age, baseline NIHSS score, time from stroke onset to randomisation, assigned to intensive blood 

pressure lowering group, and randomisation to low-dose alteplase group) for safety outcomes, and neurologic deterioration within 24 hours and 7 days. 
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Figure 4.3. Thrombolysis outcomes in participants with definite/probable lacunar and nonlacunar 

stroke by randomised treatment 

 
CI denotes confidence interval; ECASS, European-Australian Cooperative Acute Stroke Study; END, early 

neurologic deterioration; ICH, intracerebral haemorrhage; IST-3, third International Stroke Trial; NINDS, 

National Institutes of Neurologic Diseases and Stroke; sICH, symptomatic intracerebral haemorrhage; SITS-

MOST, Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 

*Adjusted for key prognostic covariates (age, sex, ethnicity, baseline NIH Stroke Scale [NIHSS] score, time 

from stroke onset to randomisation, premorbid function [modified Rankin Scale (mRS) scores 0 or 1], prior 

use of antithrombotic agents [aspirin, other antiplatelet agent, or warfarin], history of diabetes or 

cardiovascular disease [stroke, atrial fibrillation, coronary artery disease, valvular or other heart disease], 

assigned to intensive blood pressure lowering group) for functional outcomes. Adjusted for minimization 

and key prognostic covariates (age, baseline NIHSS score, time from stroke onset to randomisation, and 

assigned to intensive blood pressure lowering group) for safety outcomes and neurologic deterioration within 

24 hours or 7 days. 

†Site reported or adjudicated centrally. 
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Figure 4.4. Randomised treatment effects on the ordinal modified Rankin scale (mRS) score by lacunar 

and nonlacunar stroke 

 

 
mRS denotes modified Rankin scale 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agent, or warfarin]; history of diabetes mellitus or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to intensive blood pressure lowering group). 

 

 

ENCHANTED trial, that low-dose versus standard-dose alteplase reduced the risk of sICH 

(SITS-MOST criteria, adjusted OR 0.39, 95% CI 0.21-0.73; NINDS criteria, 0.67, 0.50-0.89; 

ECASS II criteria, 0.56, 0.39-0.80; ECASS III criteria, 0.37, 0.21-0.67; IST-3 criteria, 0.54, 

0.33-0.87) but with no difference in effect on functional outcomes (mRS 2-6, adjusted OR 1.04, 

95% CI 0.87-1.24; mRS 3-6, 1.01, 0.85-1.21). There was no heterogeneity of treatment effects 

on all outcomes for definite/probable lacunar versus nonlacunar AIS after adjustment for 

baseline covariables (all Pinteraction ≥0.07) (figures 4.3 and 4.4). Similar results were seen in the 

sensitivity analyses for definite lacunar and nonlacunar AIS (all Pinteraction ≥0.16) (figures 4.4  
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Figure 4.5. Thrombolysis outcomes in participants with definite lacunar and nonlacunar stroke by 

randomised treatment  

 
CI denotes confidence interval; ECASS, European-Australian Cooperative Acute Stroke Study; END, early 

neurologic deterioration; ICH, intracerebral haemorrhage; IST-3, third International Stroke Trial; NINDS, 

National Institutes of Neurologic Diseases and Stroke; sICH, symptomatic intracerebral haemorrhage; SITS-

MOST, Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 

*Adjusted for key prognostic covariates (age, sex, ethnicity, baseline NIH Stroke Scale [NIHSS] score, time 

from stroke onset to randomisation, premorbid function [modified Rankin Scale (mRS) scores 0 or 1], prior 

use of antithrombotic agents [aspirin, other antiplatelet agent, or warfarin], history of diabetes or 

cardiovascular disease [stroke, atrial fibrillation, coronary artery disease, valvular or other heart disease], 

assigned to intensive blood pressure lowering group) for functional outcomes. Adjusted for minimization 

and key prognostic covariates (age, baseline NIHSS score, time from stroke onset to randomisation, and 

assigned to intensive blood pressure lowering group) for safety outcomes and neurologic deterioration within 
24 hours or 7 days. 

†Site reported or adjudicated centrally. 
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and 5.5) and definite/probable/possible lacunar and nonlacunar AIS (all Pinteraction ≥0.12) (data 

available on request). 

Specifically, in the definite subgroup of lacunar AIS, there were no significant differences on 

the primary efficacy outcome (mRS 2-6) (33.7% vs 32.9%, adjusted OR 0.96, 95% CI 0.49- 

1.87) or major disability or death (mRS 3-6) (20.2% vs 15.3%, adjusted OR 1.31, 95% CI 0.54-

3.19) between low dose and standard-dose alteplase groups (figure 4.5). There was one case of 

sICH (0.9%) meeting NINDS and IST-3 criteria in participants with definite lacunar AIS treated 

by low-dose alteplase, but no case of sICH was observed after use of standard-dose alteplase. 

In participants with definite lacunar AIS who received low-dose alteplase, 3 (2.8%) had 

adjudicated ICH and 1 more had ICH reported by a site investigator, while any ICH occurred 

in 2 (2.2%) participants with definite lacunar AIS assigned to the standard-dose group. In a 

small subset of definite lacunar AIS identified at baseline with size <15 mm and no adjudicated 

LVO, 4 of the 9 participants (44.4%) in the low-dose group and 2 of the 7 participants (28.6%) 

in the standard-dose group had mRS 2-6 at 90 days post-randomisation, and no ICH occurred 

in either treatment group (appendix 4.4). 

4.6 Discussion and conclusion 

4.6.1 Discussion  

In these post-hoc analyses of the ENCHANTED trial, we did not identify any benefit, nor any 

harm, from the use of low-dose alteplase versus standard-dose alteplase to treat patients with 

lacunar AIS compared to those with other subtypes of AIS. As well as having a range of 

significantly different characteristics, the 90-day outcomes were better for those with lacunar 

than nonlacunar AIS, which provided some internal consistency for the classifications used in 

our study. However, given the low event rate of sICH, with fewer than 5 events in the primary 

analysis for definite or probable lacunar AIS, we are limited in the conclusions that can be 

drawn as to whether a lower dose of IV alteplase should be preferred because of the good 

prognosis for lacunar AIS. 

Our results on thrombolysis outcomes for lacunar AIS are consistent with prior observational 

studies.2,17-21 However, the net benefit of thrombolysis for lacunar AIS is still debated, mainly 

because the evidence is drawn from subgroup analyses of trials, such as WAKE-UP4 and IST-

3,5 where there is low statistical power. In addition, accurate identification of lacunar AIS is 

challenging, especially in the absence of an acute lesion on the initial CT, and even MRI (in 
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nearly one third of patients with nondisabling stroke).22 The pragmatic approach of applying a 

lacunar syndrome classification system in studies has moderate diagnostic sensitivity and 

specificity,15 which may potentially mix patients with nonlacunar AIS with the target 

population of lacunar AIS, and nondifferentially bias results towards IV thrombolysis. 

We were unable to confirm in ENCHANTED participants any benefit of low-dose over 

standard-dose alteplase in lacunar AIS. The fact that there were few cases of sICH in the low-

dose alteplase group, and no sICH in the standard-dose group, highlights the potential for 

chance and imprecise estimates of treatment effects when there are few events. Even with 

current imaging techniques and clinical criteria, it is difficult to discriminate lacunar AIS due 

to occlusion of a deep penetrating arteriole presumed caused by progressive lipohyalinosis from 

thrombosis related to atherosclerosis or embolus. Platelet activation triggered by disintegration 

of the endothelium from intrinsic cerebral small vessel disease (CSVD) may also be relevant in 

this type of AIS.8 It is possible, therefore, that IV thrombolysis may have a differential effect 

dependent on the cause of lacunar stroke, being more effective when there is underlying 

thromboembolism. In lacunar AIS, we noted a significant imbalance in the frequency of 

background white matter lesions between the low-dose and standard-dose alteplase groups 

(41.8% vs 30.7%), which could partly account for more ICH in the former (appendix 4.5).23 

Again, however, due to the few sICH events in patients with lacunar AIS, we cannot confirm 

whether the increase in sICH by low-dose alteplase was confounded by CSVD. 

4.6.2 Strengths and limitations 

Some strengths of our study include the large, prospective, multicentre cohort of patients with 

AIS who had systematic, complete, and high-quality data collected prospectively, where we 

were able to adjust for multiple covariables in statistical models. Furthermore, the imaging 

assessment was completed blind to clinical features and other data, using a rigorously defined 

approach developed for the IST-3 study. However, we acknowledge limitations that include 

insufficient statistical power and inevitable selection bias from the data being derived from a 

clinical trial where a large number of participants were from Asia and had mild to moderate 

stroke. Moreover, given the pragmatic nature of ENCHANTED, few participants had a baseline 

brain MRI, and the identification of lacunar AIS required analysis of follow-up images with 

comparison to those obtained at baseline. Whereas this approach may have altered the imaging 

appearances of acute ischaemic lesions after use of IV thrombolysis24 and limited the 

identification of all true lacunar AIS, our results are comparable with previous work showing 
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that nearly one-third of patients with nondisabling AIS lack an infarct lesion on acute MRI 

(median 4 days poststroke).22 In the ENCHANTED alteplase arm, 27.1% (789/2,916) of 

participants had no infarct lesion on either the baseline or 24-hour follow-up images. Thus, we 

had to use a combination of clinical and adjudicated imaging data to classify as many cases as 

possible into lacunar and nonlacunar AIS, which likely closely represents that used in routine 

practice. Relatively small samples in lacunar AIS compromised the power of a reliable 

assessment of any interaction, especially for sICH. Moreover, regarding the outcomes of major 

disability or death, a Pinteraction of 0.07 might have been due to chance rather than true differential 

treatment effects of low- versus standard-dose alteplase across definite/probable lacunar and 

nonlacunar AIS. Future research in systematic reviews and clinical registries may be required 

to confirm or refute these findings. 

4.6.3 Conclusion 

We found no clear evidence that low-dose IV alteplase was any better or safer than standard-

dose alteplase in the ENCHANTED participants who had lacunar AIS. According to standard 

eligibility criteria, patients with lacunar AIS should receive standard dose IV alteplase as with 

other AIS subtypes. 
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Appendices 

Appendix 4.1. Definitions of symptomatic intracerebral haemorrhage 

For intracerebral haemorrhage, bleeding was coded as HI1 (small petechiae along infarct margins), HI2 

(confluent petechiae within infarcted area without space-occupying effect), PH1 (blood clot(s) in <30% of 

infarcted area with slight space-occupying effect) and PH2 (blood clot(s) in >30% of infarcted area with 

substantial space-occupying effect). In addition, independent assessors were asked to adjudicate if 

haemorrhage was the predominant cause of neurological worsening, and if there was evidence of midline 

shift. These assessments enabled the following definitions of symptomatic intracerebral haemorrhage (sICH) 

to be adjudicated: Safe Implementation of Thrombolysis in Stroke Monitoring Study (SITS-MOST): large 

or remote parenchymal ICH (type 2, defined as greater than 30% of the infarcted area affected by 

haemorrhage with mass effect or extension outside the infarct) combined with neurological deterioration (>4 

points on the NIHSS) or leading to death within 24 to 36 hours [Wahlgren et al, 2007]; any ICH associated 

with neurological deterioration (>1 point change in NIHSS score) from baseline or death within 24 to 36 

hours (NINDS) [NINDS Study Group, 1995]; any ICH with neurological deterioration (>4 points on the 

NIHSS) from baseline or death within 24 to 36 hours (ECASS2) [Hacke et al, 1998]; any ICH with 

neurological deterioration (>4 points increase on the NIHSS) from baseline or death within 36 hours 

(ECASS3) [Hacke et al, 2008]; either significant ICH (local or distant from the infarct) or significant 

haemorrhagic transformation of an infarct on brain imaging with clinically significant deterioration or death 

within the first 7 days of treatment (IST3) [IST-3 Collaborative Group, 2012]; and fatal ICH, any type 2 

parenchymal ICH and death within 7 days. 
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Appendix 4.2. Definitions and samples of lacunar and nonlacunar stroke 

1. Definite lacunar stroke (N=195) 

Meet all following 4 points 

(1) Subcortical or brainstem lesions (maximum diameter ≤20 mm) in the territory of penetrating arteries, 

with a rounded, ovoid, or tubular shape on axial CT or diffusion-weighted imaging (DWI)/apparent diffusion 

coefficient (ADC) map.  For participants without MRI at baseline or 24 hours follow-up, baseline and follow-

up CT scans need to be compared so as to exclude old lesion with no change in lesion size/shape and 

attenuation between baseline and follow-up scans.  

(2) No large vessel occlusion (LVO) on cerebral computed tomographic angiography (CTA)/magnetic 

resonance angiography (MRA) assessed centrally* or on cerebral CTA/MRA/digital subtraction angiography 

(DSA) reported by site investigators. 

(3) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST (Trial of ORG 10172 in Acute Stroke Treatment) classification. 

(4) Side of infarct lesion assessed on brain images centrally is consistent to that reported by site investigators. 

 

2. Probable lacunar stroke (criterion 1 or 2 or 3) 

Criterion 1 (N=17): Meet the criteria of definite lacunar stroke except the consistency of infarct side assessed 

centrally on brain images and that reported by site investigators. 

 

Criterion 2 (N=91): 

Meet all following 4 points 

(1) Subcortical or brainstem lesions (maximum diameter ≤20 mm) in the territory of penetrating arteries, 

with a rounded, ovoid, or tubular shape on axial CT or diffusion-weighted imaging (DWI)/apparent diffusion 

coefficient (ADC) map.  For participants without MRI at baseline or 24 hours follow-up, baseline and follow-

up CT scans need to be compared so as to exclude old lesion with no change in lesion size/shape and 

attenuation between baseline and follow-up scans. 

(2) No large vessel occlusion (LVO) on cerebral angiography assessed centrally or reported by site 

investigators. 

(3) The final diagnosis by site investigators is NOT “Small vessel or perforating vessel ‘lacunar’ disease” 

according to the TOAST classification. 

(4) Baseline National Institutes of Health stroke scale (NIHSS) scores <7. 

 

Criterion 3 (N=187): 

Meet all following 4 points 

(1) No acute infarct lesion identified on brain images or the brain images were not collected at the George 

Institute. 

(2) No LVO on cerebral angiography assessed centrally or reported by site investigators. 

(3) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST classification.  

(4) Baseline NIHSS scores <7.  

 

3. Definite non-lacunar stroke (N=1697) 

Acute infarct lesion with maximum diameter >20 mm or LVO identified on brain images.  For participants 

without MRI at baseline or 24 hours follow-up, baseline and follow-up CT scans need to be compared so as 

to exclude old lesion with no change in lesion size/shape and attenuation between baseline and follow-up 

scans. 

 

4. Probable non-lacunar stroke (N=401) 

Meet all following 3 points 
(1) No acute infarct lesion identified on brain images or the brain images were not collected at the George 

Institute. 

(2) With LVO on cerebral angiography reported by site investigators or the final diagnosis by site 

investigators is “Large artery occlusion because of atheroma”, “Cardio-emboli”, “Dissection”, “Other 

definite pathological mechanism”, or “Uncertain aetiology” according to the TOAST classification.  

(3) Baseline NIHSS scores ≥7. 

 

5. Possible lacunar stroke (N=117) 
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Meet all following 3 points 

(1) Does not meet the criteria of definite and probable lacunar or non-lacunar stroke. 

(2) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST classification.  

(3) No LVO reported by site investigators. 

 

6. Possible non-lacunar stroke (N=592) 

Meet all following 2 points 
(1) Does not meet the criteria of definite and probable lacunar or non-lacunar stroke. 

(2) The final diagnosis by site investigators is NOT “Small vessel or perforating vessel ‘lacunar’ disease” 

according to the TOAST classification OR there is LVO reported by site investigators (including unknown 

LVO status). 

 

*LVO assessed centrally on brain CTA or MRA: >50% stenosis (IST-3 Angiography Score for 

stenosis/occlusion) at anterior cerebral artery, M1 and M2 segment of middle cerebral artery, posterior 

cerebral artery, basilar artery, vertebral artery, and intracranial and extracranial Internal carotid artery. 
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Appendix 4.3. Baseline characteristics of ENCHANTED rtPA arm participants included and excluded 

for primary analyses 

 Included 

(N=2588) 

Excluded 

(N=709) 

P value 

Age (years)  67.0 (12.8) 64.0 (12.8) <0.001 

  ≥80 years 383 (14.8) 89 (12.6) 0.13 

Female 965 (37.3) 283 (39.9) 0.20 

Asian ethnicity 1691/2587 (65.4) 388/704 (55.1) <0.001 

Clinical features    

Systolic BP (mmHg) 149.0 (19.8) 150.2 (19.9) 0.14 

  Diastolic BP (mmHg) 84.6 (13.0) 85.0 (12.5) 0.44 

  Heart rate (beats per minute) 79.0 (15.8) 79.1 (13.8) 0.89 

  NIHSS score* 9 (5-15) 6 (4-10) <0.001 

  NIHSS score ≥14 776 (30.0) 77 (10.9) <0.001 

  GCS score† 15 (13-15) 15 (14-15) <0.001 

Medical history    

  Previous stroke 451 (17.4) 138 (19.5) 0.21 

  Hypertension 1639/2587 (63.4) 426/701 (60.8) 0.21 

  Atrial fibrillation 567/2584 (21.9) 69/701 (9.8) <0.001 

  Coronary artery disease 394/2587 (15.2) 85/701 (12.1) 0.04 

  Valvular/other heart disease 198/2587 (7.7) 37/701 (5.3) 0.03 

  Diabetes mellitus 516/2587 (19.9) 130/701 (18.5) 0.41 

  Hypercholesterolaemia 431/2587 (16.7) 124/701 (17.7) 0.52 

  Current smoker 603/2584 (23.3) 167/700 (23.9) 0.77 

Pre-stroke function without symptoms (mRS=0) 479/2585 (18.5) 133/701 (19.0) 0.79 

Medication on admission    

  Antihypertensive agent(s) 1199/2587 (46.3) 299/701 (42.7) 0.08 

  Warfarin anticoagulation 70/2585 (2.7) 12/700 (1.7) 0.14 

  Aspirin/other antiplatelet agent 605/2585 (23.4) 147/700 (21.0) 0.18 

  Statin/other lipid lowering agent 478/2584 (18.5) 137/700 (19.6) 0.52 

Time from onset to randomisation (hrs) 2.7 (2.0-3.4) 2.8 (2.1-3.5) 0.005 

Large vessel occlusion‡ 532/2558 (20.8) 59/689 (8.6) <0.001 

Randomised low-dose treatment 1300 (50.2) 354 (49.9) 0.89 

Assigned to intensive BP lowering 362 (14.0) 94 (13.3) 0.62 

Assigned to standard BP lowering 372 (14.4) 107 (15.1) 0.63 

Presumed diagnosis at time of hospital separation   

Non-stroke 10/2560 (0.4) 87/674 (12.9) <0.001 

Large artery occlusion due to significant atheroma 1025/2560 (40.0) 245/674 (36.4) 0.08 

Small vessel disease 548/2560 (21.4) 125/674 (18.5) 0.10 

Cardioembolism 571/2560 (22.3) 70/674 (10.4) <0.001 

Dissection 20/2560 (0.8) 5/674 (0.7) 0.92 

Other or uncertain pathogenesis 386/2560 (15.1) 142/674 (21.1) <0.001 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test 

BP denotes blood pressure; GCS, Glasgow coma scale; mRS, modified Rankin scale; NIHSS, National 

Institutes of Health stroke scale. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡Reported by site investigators (on cerebral computed tomographic angiography [CTA], magnetic resonance 

angiography [MRA], or digital subtraction angiography) or assessed centrally (on cerebral CTA or MRA).  
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Appendix 4.4. Thrombolysis outcomes in participants with definite lacunar stroke (≤15 mm, no LVO 

adjudicated centrally) identified on baseline images* by randomised treatment 

 Randomised alteplase, n/N (%) OR (95% CI) 

(Low vs. standard) 

P  

value  Low-dose Standard-dose 

Death or disability (mRS 2-6, primary) 4/9 (44.4) 2/7 (28.6) 2.00 (0.24, 16.36) 0.52 

Death or major disability (mRS 3-6) 2/9 (22.2) 2/7 (28.6) 0.71 (0.07, 6.92) 0.77 

mRS categories (unadjusted) 0 2/9 (22.2) 3/7 (42.9) 1.64 (0.27, 9.89) 0.59 

                                               1 3/9 (33.3) 2/7 (28.6)   

                                               2 2/9 (22.2) 0/7 (0.0)   

                                               3 2/9 (22.2) 1/7 (14.3)   

                                             4 0/9 (0.0) 1/7 (14.3)   

sICH     

SITS-MOST criteria 0/9 (0.0) 0/7 (0.0) - - 

NINDS criteria 0/9 (0.0) 0/7 (0.0) - - 

ECASS2 criteria 0/9 (0.0) 0/7 (0.0) - - 

ECASS3 criteria 0/9 (0.0) 0/7 (0.0) - - 

IST-3 criteria 0/9 (0.0) 0/7 (0.0) - - 

Fatal ICH within 7 days 0/9 (0.0) 0/7 (0.0) - - 

Adjudicated any ICH 0/9 (0.0) 0/7 (0.0) - - 

Any ICH  

(clinical report or adjudicated) 

0/9 (0.0) 0/7 (0.0) - - 

END or death within 24 hours 0/9 (0.0) 0/7 (0.0) - - 

END or death within 7 days 0/9 (0.0) 0/7 (0.0) - - 

ECASS denotes the European-Australian Cooperative Acute Stroke Study; END, early neurologic 

deterioration; ICH, intracerebral haemorrhage; IST-3, the third International Stroke Trial; LVO, large vessel 

occlusion; mRS, modified Rankin scale; NINDS, the National Institutes of Neurological Diseases and Stroke; 

sICH, symptomatic intracerebral haemorrhage; SITS-MOST, the Safe Implementation of Thrombolysis in 

Stroke-Monitoring Study. 

*Among 16 participants with lacunar stroke (≤15 mm, no LVO adjudicated centrally) identified at baseline, 

14 were confirmed on MRI and 2 were confirmed on CT. 
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Appendix 4.5. Thrombolysis outcomes in participants with definite/probable lacunar and non-lacunar stroke, in whom the presence of white matter lesion 

was eligible to assess on collected images, by randomised treatment 

 Randomised aleplase, n/N (%) ORunadjusted (95% CI) 

(Low vs. standard) 

P 

INT 

ORadjusted
* (95% CI) 

(Low vs. standard) 

P 

INT 

ORadjusted
† (95% CI) 

(Low vs. standard) 

P 

INT  Low-dose Standard-dose 

90-day functional outcomes       

Death or disability (mRS 2–6, primary)       

Overall 591/967 (61.1) 595/960 (62.0) 0.96 (0.80, 1.16)  0.98 (0.80, 1.20)  0.98 (0.80, 1.20)  

Lacunar 60/150 (40.0) 51/145 (35.2) 1.23 (0.77, 1.97) 0.28 1.17 (0.70, 1.93) 0.44 1.15 (0.69, 1.91) 0.47 

Non-lacunar 531/817 (65.0) 544/815 (66.7) 0.92 (0.75, 1.14)  0.95 (0.76, 1.18)  0.95 (0.76, 1.19)  

Death or major disability (mRS 3–6)       

Overall 450/967 (46.5) 453/960 (47.2) 0.97 (0.81, 1.17)  1.00 (0.82, 1.23)  1.00 (0.82, 1.23)  

Lacunar 35/150 (23.3) 23/145 (15.9) 1.61 (0.90, 2.90) 0.08 1.59 (0.84, 3.00) 0.13 1.57 (0.83, 2.97) 0.14 

Non-lacunar 415/817 (50.8) 430/815 (52.8) 0.92 (0.76, 1.12)  0.95 (0.76, 1.18)  0.95 (0.77, 1.18)  

Death (mRS 6)       

Overall 103/994 (10.4) 140/983 (14.2) 0.70 (0.53, 0.91)  0.69 (0.51, 0.94)  0.69 (0.51, 0.94)  

Lacunar 0/153 (0.0) 2/150 (1.3) - 0.95 - 0.94 - 0.94 

Non-lacunar 103/841 (12.2) 138/833 (16.6) 0.70 (0.53, 0.93)  0.71 (0.53, 0.96)  0.71 (0.52, 0.96)  

mRS categories (unadjusted)       

Overall    0 170/967 (17.6) 175/960 (18.2) 0.92 (0.79, 1.08)  0.94 (0.80, 1.10)  0.94 (0.80, 1.10)  

                1 206/967 (21.3) 190/960 (19.8)       

                2 141/967 (14.6) 142/960 (14.8)       

                3 146/967 (15.1) 121/960 (12.6)       

                4 128/967 (13.2) 119/960 (12.4)       

                5 73/967 (7.5) 73/960 (7.6)       

6 103/967 (10.7) 140/960 (14.6)       

Lacunar 0 42/150 (28.0) 50/145 (34.5) 1.32 (0.87, 1.99) 0.12 1.15 (0.75, 1.75) 0.27 1.14 (0.75, 1.73) 0.29 

                1 48/150 (32.0) 44/145 (30.3)       

                2 25/150 (16.7) 28/145 (19.3)       

                3 24/150 (16.0) 12/145 (8.3)       

              4 9/150 (6.0) 8/145 (5.5)       

              5 2/150 (1.3) 1/145 (0.7)       

6 0/150 (0.0) 2/145 (1.4)       

Non-    0 128/817 (15.7) 125/815 (15.3) 0.88 (0.74, 1.04)  0.90 (0.76, 1.07)  0.91 (0.76, 1.08)  

lacunar   1 158/817 (19.3) 146/815 (17.9)       

               2 116/817 (14.2) 114/815 (14.0)       

               3 122/817 (14.9) 109/815 (13.4)       

               4 119/817 (14.6) 111/815 (13.6)       
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               5 71/817 (8.7) 72/815 (8.8)       

2             6 103/817 (12.6) 138/815 (16.9)       

         

Safety outcomes       

sICH (SITS-MOST criteria)       

Overall 13/994 (1.3) 33/983 (3.4) 0.38 (0.20, 0.73)  0.38 (0.20, 0.73)  0.38 (0.20, 0.73)  

Lacunar 0/153 (0.0) 0/150 (0.0) - - - - - - 

Non-lacunar 13/841 (1.5) 33/833 (4.0) 0.38 (0.20, 0.73)  0.38 (0.20, 0.73)  0.38 (0.20, 0.73)  

sICH (NINDS criteria)       

Overall 77/994 (7.7) 117/983 (11.9) 0.62 (0.46, 0.84)  0.63 (0.46, 0.85)  0.62 (0.46, 0.85)  

Lacunar 3/153 (2.0) 0/150 (0.0) - 0.95 - 0.95 - 0.95 

Non-lacunar 74/841 (8.8) 117/833 (14.0) 0.59 (0.43, 0.80)  0.59 (0.44, 0.81)  0.59 (0.43, 0.81)  

sICH (ECASS2 criteria)       

Overall 43/994 (4.3) 80/983 (8.1) 0.51 (0.35, 0.75)  0.51 (0.35, 0.75)  0.51 (0.35, 0.75)  

Lacunar 1/153 (0.7) 0/150 (0.0) - 0.96 - 0.96 - 0.96 

Non-lacunar 42/841 (5.0) 80/833 (9.6) 0.49 (0.34, 0.73)  0.50 (0.34, 0.73)  0.50 (0.34, 0.73)  

sICH (ECASS3 criteria)       

Overall 15/994 (1.5) 39/983 (4.0) 0.37 (0.20, 0.68)  0.37 (0.20, 0.68)  0.37 (0.20, 0.68)  

Lacunar 0/153 (0.0) 0/150 (0.0) - - - - - - 

Non-lacunar 15/841 (1.8) 39/833 (4.7) 0.37 (0.20, 0.68)  0.37 (0.20, 0.68)  0.37 (0.20, 0.68)  

sICH (IST-3 criteria)       

Overall 25/994 (2.5) 45/983 (4.6) 0.54 (0.33, 0.88)  0.54 (0.33, 0.89)  0.54 (0.33, 0.89)  

Lacunar 1/153 (0.7) 0/150 (0.0) - 0.95 - 0.95 - 0.95 

Non-lacunar 24/841 (2.9) 45/833 (5.4) 0.51 (0.31, 0.85)  0.52 (0.31, 0.86)  0.52 (0.31, 0.86)  

Fatal ICH within 7 days       

Overall 8/994 (0.8) 22/983 (2.2) 0.35 (0.16, 0.80)  0.36 (0.16, 0.80)  0.35 (0.16, 0.80)  

Lacunar 0/153 (0.0) 0/150 (0.0) - - - - - - 

Non-lacunar 8/841 (1.0) 22/833 (2.6) 0.35 (0.16, 0.80)  0.35 (0.16, 0.80)  0.35 (0.16, 0.80)  

Adjudicated any ICH       

Overall 235/994 (23.6) 253/983 (25.7) 0.89 (0.73, 1.10)  0.90 (0.73, 1.11)  0.90 (0.73, 1.11)  

Lacunar 6/153 (3.9) 5/150 (3.3) 1.18 (0.35, 3.96) 0.64 1.09 (0.32, 3.72) 0.63 1.00 (0.29, 3.44) 0.60 

Non-lacunar 229/841 (27.2) 248/833 (29.8) 0.88 (0.71, 1.09)  0.89 (0.71, 1.10)  0.88 (0.71, 1.09)  

Any ICH (clinical report or adjudicated)       

Overall 260/994 (26.2) 276/983 (28.1) 0.91 (0.74, 1.11)  0.91 (0.74, 1.12)  0.91 (0.74, 1.12)  

Lacunar 7/153 (4.6) 5/150 (3.3) 1.39 (0.43, 4.48) 0.46 1.26 (0.38, 4.14) 0.46 1.18 (0.36, 3.92) 0.43 

Non-lacunar 253/841 (30.1) 271/833 (32.5) 0.89 (0.73, 1.10)  0.90 (0.73, 1.11)  0.89 (0.72, 1.10)  
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Other secondary outcomes       

Neurologic deterioration or death within 24 hours       

Overall 89/994 (9.0) 118/983 (12.0) 0.72 (0.54, 0.96)  0.72 (0.54, 0.97)  0.72 (0.54, 0.97)  

Lacunar 6/153 (3.9) 11/150 (7.3) 0.52 (0.19, 1.43) 0.50 0.45 (0.15, 1.30) 0.48 0.46 (0.16, 1.32) 0.46 

Non-lacunar 83/841 (9.9) 107/833 (12.8) 0.74 (0.55, 1.01)  0.75 (0.55, 1.01)  0.75 (0.55, 1.02)  

Neurologic deterioration or death within 7 days       

Overall 133/994 (13.4) 179/983 (18.2) 0.69 (0.54, 0.89)  0.70 (0.55, 0.89)  0.70 (0.55, 0.89)  

Lacunar 9/153 (5.9) 12/150 (8.0) 0.72 (0.29, 1.76) 0.93 0.63 (0.25, 1.59) 0.97 0.65 (0.26, 1.63) 0.99 

Non-lacunar 124/841 (14.7) 167/833 (20.0) 0.69 (0.53, 0.89)  0.70 (0.54, 0.90)  0.70 (0.54, 0.90)  

ECASS denotes the European-Australian Cooperative Acute Stroke Study; ICH, intracerebral haemorrhage; INT, interaction; IST-3, the third International Stroke 

Trial; mRS, modified Rankin scale; NINDS, the National Institutes of Neurological Diseases and Stroke; sICH, symptomatic intracerebral haemorrhage; SITS-

MOST, the Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset to randomisation; pre-morbid function [mRS scores 0 or 

1]; prior use of antithrombotic agents [aspirin, other antiplatelet agent, or warfarin]; history of diabetes mellitus or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; and assigned to intensive blood pressure lowering group) for functional outcomes. Adjusted for minimization 

and key prognostic covariates (age, baseline NIHSS score, time from stroke onset to randomisation, and assigned to intensive blood pressure lowering group) for 

safety outcomes, death or neurologic deterioration within 24 hours and 7 days. 
†Adding the adjustment for the presence of white matter lesion. 
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Chapter 5: Intensive versus Guideline-recommended Blood 

Pressure Reduction in Acute Lacunar Stroke with Intravenous 

Thrombolysis Therapy: The ENCHANTED Trial 

5.1 Link to thesis 

Chapter 4 presented a post-hoc analysis from the ENCHANTED alteplase arm on low-dose 

versus standard-dose intravenous alteplase in acute lacunar ischaemic stroke. I provided Class 

II evidence that for patients with lacunar AIS, low-dose alteplase had no additional benefit or 

safety over standard-dose alteplase. Subsequently, I performed counterpart analysis in the 

ENCHANTED BP arm to identify the effects of intensive versus guideline-recommended BP 

lowering in thrombolysis-treated patients with lacunar AIS identified by a combination of 

clinical and centrally adjudicated imaging findings. The work is presented in this Chapter. 

 

I have published this work: 

Zhou Z, Xia C, Carcel C, Yoshimura S, Wang X, Delcourt C, Malavera A, Chen X, Mair G, 

Woodward M, Chalmers J, Demchuk AM, Lindley RI, Robinson TG, Parsons MW, Wardlaw 

JM, Anderson CS. Intensive versus guideline-recommended blood pressure reduction in acute 

lacunar stroke with intravenous thrombolysis therapy: the ENCHANTED trial. Eur J Neurol 

2021;28(3):783-93. 

5.2 Abstract 

Objective: This was an investigation of the differential effects of early intensive versus 

guideline-recommended blood pressure (BP) lowering between lacunar and non-lacunar acute 

ischaemic stroke (AIS) in the BP arm of the Enhanced Control of Hypertension and 

Thrombolysis Stroke Study (ENCHANTED). 

Methods: In 1,632 participants classified as having definite or probable lacunar (n=454 [27.8%]) 

or non-lacunar AIS according to pre-specified definitions based upon clinical and adjudicated 

imaging findings, mean BP changes over days 0-7 were plotted, and systolic BP differences by 

treatment between subgroups were estimated in generalised linear models. Logistic regression 

models were used to estimate the BP treatment effects on 90-day outcomes (primary, an ordinal 
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shift of modified Rankin scale scores) across lacunar and non-lacunar AIS after adjustment for 

baseline covariables. 

Results: Most baseline characteristics, acute BP and other management differed between 

lacunar and non-lacunar AIS, but mean systolic BP differences by treatment were comparable 

at each time point (all Pinteraction >0.12) and over 24 h post-randomisation (−5.5, 95% CI −6.5, 

−4.4 mmHg in lacunar AIS versus −5.6, 95% CI −6.3, −4.8 mmHg in non-lacunar AIS, 

Pinteraction=0.93). The neutral effect of intensive BP lowering on functional outcome and the 

beneficial effect on intracranial haemorrhage were similar for the two subgroups (all 

Pinteraction >0.19). 

Conclusions: There were no differences in the treatment effect of early intensive versus 

guideline-recommended BP lowering across lacunar and non-lacunar AIS. 

5.3 Background 

Optimal blood pressure (BP) management in acute ischaemic stroke (AIS) patients who are 

candidates for intravenous thrombolysis is uncertain. Current guideline recommendations (BP 

<185/110 and <180/105 mmHg, prior to and for 24 h after alteplase, respectively) are based on 

expert opinion given a clear association of elevated BP and increased risk of symptomatic 

intracerebral haemorrhage (ICH).1,2 The completed BP arm of the Enhanced Control of 

Hypertension and Thrombolysis Stroke Study (ENCHANTED) was the first large randomised 

control trial to determine the effectiveness of more intensive (target systolic BP [SBP] 130-140 

mmHg within 1 h after randomisation) versus guideline-recommended BP management (SBP 

<180 mmHg) in thrombolysis AIS patients.3 The results showed a neutral effect of intensive 

BP lowering versus guideline recommendation on functional outcome, but with a significant 

beneficial effect on intracranial haemorrhage. 

Prior studies suggest differences in BP levels at the time of stroke onset,4 time courses before 

and after ictus,5,6 and in relation to BP lowering and prognosis7,8 between lacunar and non-

lacunar AIS as well as across other AIS subtypes, raising the possibility that BP management 

in AIS may need stratification according to underlying aetiology. BP lowering might increase 

the risk of harm in AIS patients with large vessel occlusion (LVO) if greater infarct growth 

before recanalisation offsets the potential benefit of intensive BP lowering in reducing the risk 

of reperfusion ICH.9,10 However, there may be no need to have the same concern for lacunar 

AIS given a single penetrating artery occlusion with a small infarct lesion. Although subgroup 
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analysis of the ENCHANTED BP arm showed no heterogeneity (Pinteraction=0.90) of treatment 

effects across different AIS subtypes defined by site investigators using standard Trial of ORG 

10172 in Acute Stroke Treatment (TOAST) criteria, there is concern that this approach may 

over-estimate the frequency of lacunar AIS and of diagnostic reliability being influenced by the 

experience of assessors.11-13 Herein, investigation of the effects of intensive BP lowering in 

thrombolysis-treated patients in the BP arm of ENCHANTED across lacunar and non-lacunar 

AIS identified by a combination of clinical and centrally adjudicated imaging findings was 

reported. 

5.4 Methods 

5.4.1 Design and patients 

The study design, patient characteristics and main results of the ENCHANTED BP arm have 

been reported.3,14,15 Ethics committees at each participating centre approved the ENCHANTED 

protocol, and written informed consent was obtained from patients or an appropriate legal 

surrogate. Key demographic and clinical characteristics were recorded at the time of enrolment, 

with the severity of neurological symptoms defined according to the National Institutes of 

Health Stroke Scale (NIHSS) at baseline and at 24 and 72 h after the start of alteplase treatment. 

The clinical diagnosis of AIS subtypes according to TOAST criteria was made by site 

investigators at day 7 (or on discharge from hospital, if earlier). Non-invasive BP monitoring 

was performed using an automated device applied to the non-hemiparetic arm (or right arm in 

situations of coma or tetraparesis), with the participant resting supine for at least 3 min. After 

receiving alteplase, BP measurements were recorded every 15 min for 1 h, hourly from hours 

1 to 6, 6 hourly from hours 6 to 24, and twice daily from days 2 to 7 (or until death or discharge 

from hospital, if earlier). All patients were followed up to 90 days by trained and certified 

researchers at each site to assess functional outcomes and health-related quality of life, blind to 

treatment allocation. 

5.4.2 Imaging assessment 

Brain images at baseline (pre-randomisation) and 24-h follow-up were collected and 

adjudicated centrally for any intracranial haemorrhage by an imaging adjudication panel, blind 

to clinical information. Assessors graded any identified symptomatic ICH using a range of 

standard definitions (appendix 5.1). Since August 2016, the nonhaemorrhagic components of 

the brain imaging were assessed by a research team with a background in stroke after receiving 
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standardized training (www.ed.ac.uk/edinb urgh-imagi ng/access).16 All observed infarct 

lesions on baseline computed tomography or magnetic resonance imaging were coded by the 

team according to the third International Stroke Trial (IST-3) criteria for infarct site and size.17 

Separately and subsequent to primary scan reads, a neuroradiologist (Zien Zhou) and 

neurosurgeon (Chao Xia) sought the ischaemic lesion on 24-h follow-up images whilst viewing 

baseline images in parallel for those with no infarct lesion identified at baseline. LVO on 

angiography at baseline was assessed (by Zien Zhou and Chao Xia) according to a modified 

Thrombolysis in Cerebral Infarction score for abnormal artery used in IST-3.18 The definitions 

of lacunar and non-lacunar AIS were pre-specified with different levels of confidence 

(definite/probable/possible) based on adjudicated imaging findings, the severity of neurological 

symptoms at baseline and clinical diagnosis of AIS subtypes (appendix 5.2). All the imaging 

data included in these analyses were cross-checked (Zien Zhou) and a final rating was made 

before unmasking the clinical data and the randomisation code for statistical analyses. 

5.4.3 Outcomes 

An ordinal shift of the full range of scores on the modified Rankin scale (mRS) at 90 days post-

randomisation, the pre-specified primary outcome in the ENCHANTED BP arm, was adopted 

as the primary outcome for these analyses. Secondary efficacy outcomes included disability or 

death (mRS scores 2-6), major disability or death (mRS scores 3-6) and death at 90 days, and 

neurological deterioration (≥4 points increase in NIHSS scores) or death within 24 and 72 h. 

Secondary safety outcomes were any intracranial haemorrhage adjudicated centrally or reported 

by site investigators within 7 days after randomisation, any ICH identified by central 

adjudicators, and symptomatic ICH defined according to the criteria from the Safe 

Implementation of Thrombolysis in Stroke Monitoring Study (SITS-MOST).19 

5.4.4 Statistical analysis 

These analyses pertain to participants with ‘definite’ or ‘probable’ lacunar and non-lacunar AIS. 

Baseline differences between lacunar and non-lacunar AIS were evaluated using analysis of 

variance, chi-squared test or Wilcoxon signed-rank test, where appropriate. BP changes over 

the acute period in lacunar and non-lacunar AIS by treatment group were plotted for visual 

inspection, and between group SBP differences up to 7 days post-randomisation were estimated 

using the generalised linear model, with BP treatment as the exploratory variable and SBP at 

each time point as the dependent variable. From days 2 to 7, mean BP values of the two 
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measurements per day were included for analysis. The treatment effects of intensive versus 

guideline-recommended BP reduction were determined in logistic regression models with 

adjustment of key prognostic covariates (age, sex, ethnicity, baseline NIHSS score, time from 

stroke onset to randomisation, pre-morbid function [mRS scores 0 or 1], prior use of 

antithrombotic agents, history of diabetes mellitus or cardiovascular disease, and assigned to 

low-dose alteplase group). Heterogeneity of treatment effect across patients with lacunar and 

non-lacunar AIS was estimated by adding an interaction term to statistical models. A 

proportional odds regression model was used to determine outcome on the ordinal mRS. 

Sensitivity analyses were also performed in participants with ‘definite’ lacunar/non-lacunar 

AIS and an exploratory analysis was performed of the treatment effects in a subset of lacunar 

AIS with infarct size ≤15 mm on 24-h follow-up images. Data were reported as odds ratios (OR) 

and 95% confidence intervals (CI), and a two-sided p value <0.05 was considered statistically 

significant. All analyses were performed using SAS version 7.1 and Stata version 12.0. 

5.5 Results 

5.5.1 Baseline characteristics 

Amongst 2,196 AIS patients in the ENCHANTED BP arm, there were 1,632 (74.3%) patients 

with definite/probable lacunar or nonlacunar AIS (Figure 5.1). Compared with 564 remaining 

participants (defined as ‘possible’ lacunar or non-lacunar AIS) excluded from analyses, they 

were older, had more severe neurological impairment at baseline, more likely to have a history 

of cardiovascular disease, no pre-morbid symptoms of functional impairment, treatment with 

antihypertensive agents, LVO, and allocation to the alteplase arm, although they had a shorter 

time interval from symptom onset to randomisation (appendix 5.3). The final diagnoses of AIS 

subtypes were different between included and excluded participants, except for AIS attributed 

to dissection. There were 454 (27.8%) participants with lacunar AIS (definite 155; probable 

299). The clinical characteristics at baseline were all significantly different between those with 

lacunar and non-lacunar AIS except sex, SBP, history of hypertension, current smoker, and 

allocation to the alteplase arm (table 5.1). Regarding the imaging features, patients with lacunar 

AIS were less likely to have infarction involving both anterior and posterior circulation, 

hyperdense vessel sign on computed tomography or brain atrophy (appendix 5.4). 

5.5.2 Blood pressure and other management within 1 week 
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Figure 5.1. Flowchart of participants included in analyses 
 

 
*Classified as ‘possible’ lacunar or non-lacunar stroke. 

 

 

There was no difference regarding the alteplase dose given to patients with lacunar and non-

lacunar AIS, but patients with lacunar AIS received alteplase treatment later than those with 

non-lacunar AIS (appendix 5.5). Most aspects of BP and other managements within 1 week of 

post-randomisation were different between lacunar and non-lacunar AIS, except time from 

symptom onset to treatment, antithrombotic agent use in the first 24 h and intravenous steroid 

administration. In terms of the use of BP lowering agents, intravenous labetalol, nitroglycerin, 

frusemide and other intravenous medications, and oral beta-blocker, were less likely to be 

prescribed in the management of lacunar AIS compared with non-lacunar AIS; but intravenous 

nicardipine was more likely to be administered in patients with lacunar AIS (appendix 5.6). The 

use of other BP lowering agents was comparable across lacunar and non-lacunar AIS. As shown 

in the plots of BP change over time, difference in mean SBP by treatment looks smaller in 

lacunar than non-lacunar AIS within 30 min post-randomisation but greater in lacunar AIS after 

24 h (figure 5.2). However, there was no heterogeneity across the two subgroups in mean SBP 

difference by treatment at each time point up to 7 days (30 min, −3.1 [95% CI −5.9, −0.3] 

mmHg in lacunar stroke versus −4.6 [95% CI −6.6, −2.5] mmHg in non-lacunar stroke; 1 h, 
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−7.3 [−10.2, −4.4] mmHg versus −6.0 [−8.0, −3.9] mmHg; 24 h, −7.2 [−9.8, −4.5] mmHg 

versus −4.3 [−6.3, −2.4] mmHg) and over 24 h after randomisation (−5.5 [−6.5, −4.4] mmHg 

versus −5.6 [−6.3, −4.8] mmHg) (all Pinteraction >0.12) (table 5.2). 

Table 5.1. Clinical characteristics of participants with lacunar and nonlacunar stroke 

 Lacunar stroke 

(N=454) 

Non-lacunar stroke 

(N=1178) 
P 

value 

Age (years) 64.1 (12.1) 69.0 (12.0) <0.001 

Female 174 (38.3) 461 (39.1) 0.76 

Asian ethnicity 381 (83.9) 808 (68.6) <0.001 

Clinical features    

2Systolic BP (mmHg) 165.3 (8.7) 165.2 (9.2) 0.83 

  Diastolic BP (mmHg) 92.1 (10.3) 90.6 (11.8) 0.02 

  Heart rate (beats per minute) 77.9 (12.5) 80.0 (16.3) 0.01 

  NIHSS score* 4 (3-6) 11 (7-15) <0.001 

  GCS score† 15 (15-15) 14 (12-15) <0.001 

Medical history    

  Previous stroke 66 (14.5) 233 (19.8) 0.01 

  Hypertension 314 (69.2) 859 (72.9) 0.13 

  Atrial fibrillation 14 (3.1) 253/1176 (21.5) <0.001 

  Coronary artery disease 31 (6.8) 213 (18.1) <0.001 

  Valvular or other heart disease 6 (1.3) 76 (6.5) <0.001 

  Diabetes mellitus 88 (19.4) 283 (24.0) 0.05 

2Hypercholesterolemia 29 (6.4) 164 (13.9) <0.001 

  Current smoker 98 (21.6) 232/1176 (19.7) 0.40 

2Pre-stroke function without symptoms (mRS=0) 43 (9.5) 208/1177 (17.7) <0.001 

Medication on admission    

  Antihypertensive agent(s) 188 (41.4) 589 (50.0) 0.002 

  Warfarin anticoagulation 0 (0.0) 25 (2.1) 0.002 

  Aspirin/other antiplatelet agent 65 (14.3) 231 (19.6) 0.01 

  Statin/other lipid lowering agent 43 (9.5) 202 (17.1) <0.001 

Site reported LVO or assessed centrally 0 (0.0) 211/1177 (17.9) <0.001 

Time from stroke onset to randomisation (hrs) 3.5 (2.7-4.1) 3.2 (2.5-4.0) 0.001 

Assigned to low-dose alteplase group 88 (19.4) 270 (22.9) 0.12 

Assigned to standard-dose alteplase group 96 (21.1) 273 (23.2) 0.38 

Final clinical diagnosis    

  Non-stroke 2 (0.4) 3/1162 (0.3) 0.55 

  Large artery occlusion because of atheroma 39 (8.6) 644/1162 (55.4) <0.001 

  Small vessel disease  396 (87.2) 106/1162 (9.1) <0.001 

  Cardioembolism  2 (0.4) 245/1162 (21.1) <0.001 

  Dissection 0 (0.0) 5/1162 (0.4) 0.16 

  Other or uncertain pathogenesis 15 (3.3) 159/1162 (13.7) <0.001 

BP denotes blood pressure; GCS, Glasgow Coma Scale; LVO, large vessel occlusion; mRS, modified Rankin 

scale; NIHSS, National Institutes of Health stroke scale. 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

 

5.5.3 Lacunar AIS and intensive BP reduction 

The overall treatment effect of intensive BP reduction versus guideline-recommended BP 

management on functional, safety and other clinical outcomes was comparable to the main 



135 

results of the ENCHANTED trial. There was no heterogeneity of treatment effect on primary 

and other outcomes across the subgroups of lacunar and non-lacunar AIS, after adjusting for 

baseline covariables (all Pinteraction >0.19) (Figures 5.3 and 5.4).  

Table 5.2. Mean SBP difference (mmHg) up to 7 days by randomisation in lacunar and nonlacunar 

stroke  

Time point or 

period 

Intensive BP 

lowering 

Guideline BP 

lowering 

Least-square mean 

difference (95% CI)* 

P 

INT*  

n Mean (SD) n Mean (SD) 

Randomisation       

 Lacunar stroke 238 165.5 (8.9) 216 165.2 (8.5) 0.3 (-1.3, 1.9) 0.79 

 Non-lacunar stroke 570 165.3 (9.3) 608 165.2 (9.2) 0.1 (-1.0, 1.1)  

15 minutes       

 Lacunar stroke 236 155.8 (15.4) 216 156.8 (15.9) -1.0 (-3.9, 1.9) 0.54 

 Non-lacunar stroke 557 156.1 (17.1) 596 158.2 (17.7) -2.1 (-4.1, -0.1)  

30 minutes       

 Lacunar stroke 235 150.4 (15.5) 216 153.4 (14.7) -3.1 (-5.9, -0.3) 0.42 

 Non-lacunar stroke 559 152.3 (17.1) 588 156.9 (18.1) -4.6 (-6.6, -2.5)  

45 minutes       

 Lacunar stroke 235 147.6 (15.2) 214 151.8 (16.3) -4.3 (-7.2, -1.3) 0.88 

 Non-lacunar stroke 554 149.8 (16.9) 589 154.4 (17.8) -4.5 (-6.6, -2.5)  

1 hour       

 Lacunar stroke 238 144.5 (15.1) 216 151.8 (16.4) -7.3 (-10.2, -4.4) 0.48 

 Non-lacunar stroke 561 147.4 (17.9) 592 153.4 (17.5) -6.0 (-8.0, -3.9)  

6 hours       

 Lacunar stroke 238 137.4 (13.3) 215 144.1 (15.2) -6.7 (-9.4, -4.1) 0.12 

 Non-lacunar stroke 560 138.4 (15.1) 597 148.0 (18.4) -9.5 (-11.5, -7.6)  

12 hours       

 Lacunar stroke 238 136.6 (12.2) 215 143.9 (16.7) -7.3 (-10.0, -4.6) 0.72 

 Non-lacunar stroke 560 137.9 (15.4) 593 144.6 (17.2) -6.7 (-8.6, -4.8)  

18 hours       

 Lacunar stroke 238 136.6 (13.6) 215 142.3 (15.7) -5.6 (-8.3, -2.9) 0.65 

 Non-lacunar stroke 555 138.3 (15.4) 588 144.8 (17.8) -6.5 (-8.4, -4.5)  

24 hours       

 Lacunar stroke 238 136.7 (12.7) 212 143.8 (16.0) -7.2 (-9.8, -4.5) 0.12 

 Non-lacunar stroke 547 140.4 (15.6) 586 144.8 (18.2) -4.3 (-6.3, -2.4)  

Day 3       

 Lacunar stroke 230 137.9 (12.9) 206 145.6 (15.0) -7.7 (-10.3, -5.1) 0.12 

 Non-lacunar stroke 536 138.6 (14.7) 575 143.6 (16.8) -5.0 (-6.9, -3.1)  

Day 5       

 Lacunar stroke 205 138.9 (13.3) 182 143.0 (15.5) -4.1 (-7.0, -1.2) 0.69 

 Non-lacunar stroke 481 137.7 (14.3) 505 141.1 (17.5) -3.4 (-5.4, -1.4)  

Day 7       

 Lacunar stroke 183 137.0 (12.5) 159 142.0 (14.6) -5.0 (-7.9, -2.1) 0.84 

 Non-lacunar stroke 437 135.9 (14.7) 462 140.5 (16.7) -4.6 (-6.7, -2.6)  

Over 24 hours after randomisation     

 Lacunar stroke 1896† 143.2 (15.8) 1719† 148.5 (16.7) -5.5 (-6.5, -4.4)‡ 0.93‡ 

 Non-lacunar stroke 4453† 145.1 (17.7) 4729† 150.6 (18.6) -5.6 (-6.3, -4.8)‡  

BP denotes blood pressure; P-INT, P value for interaction; SBP, systolic BP. 

*The mean treatment difference of intensive compared to guideline-recommended BP lowering in the least 

squares means and associated 95% CIs were estimated from the generalised linear model. P values for 

interaction across subgroups of lacunar and non-lacunar stroke were estimated from the interaction item of 

treatment×subgroup after adding items of subgroup and treatment×subgroup into the model. 

†Number of SBP records over 24 hours after randomisation. 

‡Adding to adjust SBP at randomisation as a covariable in the model. 
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Figure 5.2. Mean systolic and diastolic blood pressure (mmHg) from randomisation to day 7 by 

treatment in lacunar and nonlacunar stroke 

 

 
BP denotes blood pressure. 

 

 

In the lacunar AIS subgroup, there was no significant difference on any outcomes by 

randomisation, although point estimates of intensive BP lowering effect were consistently 

above unity for any intracranial haemorrhage (adjusted OR 1.59, 95% CI 0.65-3.89), any 

adjudicated ICH (1.57, 0.57-4.32) and neurological deterioration or death within 24 h (1.40, 

0.60-3.25). Comparable baseline characteristics and results were seen in sensitivity analyses for 

definite lacunar and non-lacunar AIS, except an increased risk of death by intensive BP 

lowering versus guideline recommendation in non-lacunar AIS (1.53, 1.01-2.32) (appendices 
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5.7 to 5.9). There was also no difference in all outcomes by randomisation in lacunar AIS 

participants with infarct size ≤15 mm on 24-h follow-up images (appendix 5.10). 

Figure 5.3. Randomised treatment effects on ordinal mRS score in overall included participants and 

in the subgroups of lacunar and nonlacunar stroke 
 

 
*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agents or warfarin]; history of diabetes or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to low-dose alteplase group). 

 

5.6 Discussion and conclusion 

5.6.1 Discussion 

In these post-hoc analyses of the ENCHANTED trial, the neutral effects of intensive versus 

guideline-recommended BP lowering on functional outcome and a significant beneficial effect 

of intensive BP lowering on intracranial haemorrhage in AIS were comparable across lacunar 

and non-lacunar stroke. These findings were observed on top of baseline characteristics, BP 

change from baseline to 7 days, and other aspects of acute management across the two 

subgroups. Overall, the results of the ENCHANTED BP arm did not support a major shift 

towards the intensive BP lowering for patients with mild-to-moderate AIS who received 

alteplase, but they left open the potential for variability in the effects across pathological 

subtypes, especially lacunar AIS. 
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Figure 5.4. Thrombolysis outcomes in participants with lacunar and non-lacunar stroke by 

randomised treatment of BP reduction 
 

 
END denotes early neurological deterioration; ICH, intracerebral haemorrhage; mRS, modified Rankin scale; 

sICH, symptomatic intracerebral haemorrhage; SITS-MOST, the Safe Implementation of Thrombolysis in 

Stroke Monitoring Study. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agents or warfarin]; history of diabetes or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to low-dose alteplase group) for functional 

outcomes. †Adjusted for minimization and key prognostic covariates (age, baseline NIHSS score, time from 

stroke onset to randomisation, and assigned to low-dose alteplase group) for safety outcomes, and 

neurological deterioration within 24 or 72 h. 

‡Site reported or adjudicated centrally. 

 

 

Evidence of the effects of BP management for lacunar AIS is mainly derived from studies of 

secondary prevention where, for example, the Secondary Prevention of Small Subcortical 

Strokes (SPS3) trial suggested reduced recurrent stroke from long-term intensive BP lowering 

(systolic <130 mmHg) in patients with recent lacunar AIS.20 To our knowledge, there is no 
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dedicated clinical trial that has explored the association of BP management in the acute or 

subacute phase of lacunar AIS. A post hoc analysis of the Scandinavian Candesartan Acute 

Stroke Trial (SCAST) suggested variable effects of BP lowering treatment (by candesartan 

versus placebo for 1 week after randomisation) on functional outcome at 6 months across 

different AIS subtypes of hypertensive (SBP ≥140 mmHg) patients who presented within 30 h 

of onset8 which was not seen in our ENCHANTED data regardless of the AIS classification by 

TOAST or combination of clinical and adjudicated imaging findings. These conflicting results 

might reflect many differences between SCAST and ENCHANTED in terms of trial design, 

including eligible participants, use of BP lowering agents, start time of BP lowering, 

administration of alteplase and the time point of outcome assessment. Two other recent trials, 

Efficacy of Nitric Oxide in Stroke (ENOS) and phase 3 Rapid Intervention with Glyceryl 

Trinitrate in Hypertensive Stroke Trial (RIGHT-2), also showed that the neutral effect of early 

BP lowering by transdermal glyceryl trinitrate was comparable across AIS subtypes.21-23 

Contrary to prior reports,4,24 no significant differences in baseline SBP and history of 

hypertension were seen between lacunar and non-lacunar AIS. However, giving priority to 

adjudicated imaging findings in our pre-specified definition of lacunar AIS might have 

improved upon limitations of TOAST in including risk factors of hypertension or diabetes 

mellitus as one of the criteria.25 Apart from baseline characteristics, it was shown that BP 

difference by treatment over 1 week was comparable across lacunar and non-lacunar AIS 

patients, which increases the reliability of our results regarding the treatment effects of early 

intensive BP lowering on safety and functional outcomes across subgroups. Although there was 

no differential treatment effect, it is interesting to see numerically more events of intracranial 

haemorrhage and adjudicated ICH after early intensive compared with guideline-recommended 

BP lowering in the lacunar AIS subgroup. Haemorrhage is one of the pathological features 

during the process of lacune formation with underlying mechanisms of endothelial dysfunction 

and blood-brain barrier disruption.26 It seems unlikely that intensive BP lowering would 

increase the risk of ICH for lacunar AIS after thrombolysis given the lack of collateral 

circulation to small penetrating arterioles. However, whether a dramatic BP reduction in acute 

phase may aggravate the damage to fragile arterioles and increase blood-brain permeability is 

unclear. Given the small number of haemorrhage events, the safety or efficacy of intensive BP 

lowering in the lacunar AIS subgroup could not be reliably demonstrated. 
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5.6.2 Strengths and limitations 

This study is strengthened by the inclusion of patients from a large, prospective, multicentre, 

clinical trial with systematic and high quality of data collection, and the ability to adjust for 

multiple covariables in statistical models. The BP data from randomisation to day 7 were 

recorded frequently, the imaging assessment was rigorous and based upon IST-3 methodology, 

and our pre-specified definitions of lacunar and non-lacunar AIS used a combination of clinical 

and adjudicated imaging information to reduce any misclassification. However, there are 

limitations that include an insufficient sample of lacunar AIS that limited the statistical 

precision of the estimated treatment effect, and there is some selection bias as most 

ENCHANTED participants were from Asia with mild-to-moderate severity of stroke. The 

actual SBP difference over 24 h after baseline (Δ5.5 mmHg) by randomised treatment was 

smaller than envisaged, raising the question of whether the treatment effect might be different 

with greater BP lowering. Baseline magnetic resonance imaging was not requested in our 

pragmatic trial design and there were challenges in identifying lacunar AIS through comparison 

of baseline and follow-up images. Finally, the sample size was further compromised as 

approximately one-quarter of the ENCHANTED BP arm participants were excluded due to 

insufficient confidence in discriminating lacunar and non-lacunar AIS, although post hoc 

analyses with all participants with possible lacunar and non-lacunar AIS showed comparable 

results (data available on request). 

5.6.3 Conclusion 

In summary, these secondary analyses of the ENCHANTED dataset extend knowledge in 

relation to early BP management for lacunar AIS, by showing comparable neutral effects of 

intensive versus guideline-recommended BP lowering on functional outcomes and comparable 

beneficial effects on intracranial haemorrhage across lacunar and non-lacunar AIS. 
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Appendices 

Appendix 5.1. Definitions of symptomatic intracerebral haemorrhage 

For intracerebral haemorrhage, bleeding was coded as HI1 (small petechiae along infarct margins), HI2 

(confluent petechiae within infarcted area without space-occupying effect), PH1 (blood clot(s) in <30% of 

infarcted area with slight space-occupying effect) and PH2 (blood clot(s) in >30% of infarcted area with 

substantial space-occupying effect). In addition, independent assessors were asked to adjudicate if 

haemorrhage was the predominant cause of neurological worsening, and if there was evidence of midline 

shift. These assessments enabled the following definitions of symptomatic intracerebral haemorrhage (sICH) 

to be adjudicated: Safe Implementation of Thrombolysis in Stroke Monitoring Study (SITS-MOST): large 

or remote parenchymal ICH (type 2, defined as greater than 30% of the infarcted area affected by 

haemorrhage with mass effect or extension outside the infarct) combined with neurological deterioration (>4 

points on the NIHSS) or leading to death within 24 to 36 hours [Wahlgren et al, 2007]; any ICH associated 

with neurological deterioration (>1 point change in NIHSS score) from baseline or death within 24 to 36 

hours (NINDS) [NINDS Study Group, 1995]; any ICH with neurological deterioration (>4 points on the 

NIHSS) from baseline or death within 24 to 36 hours (ECASS2) [Hacke et al, 1998]; any ICH with 

neurological deterioration (>4 points increase on the NIHSS) from baseline or death within 36 hours 

(ECASS3) [Hacke et al, 2008]; either significant ICH (local or distant from the infarct) or significant 

haemorrhagic transformation of an infarct on brain imaging with clinically significant deterioration or death 

within the first 7 days of treatment (IST3) [IST-3 Collaborative Group, 2012]; and fatal ICH, any type 2 

parenchymal ICH and death within 7 days. 
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Appendix 5.2. Definitions of lacunar and nonlacunar stroke 

1. Definite lacunar stroke  

Meet all following 4 points 
(1) Subcortical or brainstem lesions (maximum diameter ≤20 mm) in the territory of penetrating arteries, 

with a rounded, ovoid, or tubular shape on axial CT or diffusion-weighted imaging (DWI)/apparent diffusion 

coefficient (ADC) map.  For participants without MRI at baseline or 24 hours follow-up, baseline and follow-

up CT scans need to be compared so as to exclude old lesion with no change in lesion size/shape and 

attenuation between baseline and follow-up scans.  

(2) No large vessel occlusion (LVO)* on cerebral angiography assessed centrally or reported by site 

investigators. 

(3) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST (Trial of ORG 10172 in Acute Stroke Treatment) classification. 

(4) Side of infarct lesion assessed on brain images centrally is consistent with that reported by site 

investigators. 

 

2. Probable lacunar stroke (criterion 1 or 2 or 3) 

Criterion 1: Meet the criteria of definite lacunar stroke except the consistency of infarct side assessed 

centrally on brain images and that reported by site investigators 

 

Criterion 2: 

Meet all following 4 points 
(1) Subcortical or brainstem lesions (maximum diameter ≤20 mm) in the territory of penetrating arteries, 

with a rounded, ovoid, or tubular shape on axial CT or diffusion-weighted imaging (DWI)/apparent diffusion 

coefficient (ADC) map.  For participants without MRI at baseline or 24 hours follow-up, baseline and follow-

up CT scans need to be compared so as to exclude old lesion with no change in lesion size/shape and 

attenuation between baseline and follow-up scans. 

(2) No large vessel occlusion (LVO) on cerebral angiography assessed centrally or reported by site 

investigators. 

(3) The final diagnosis by site investigators is NOT “Small vessel or perforating vessel ‘lacunar’ disease” 

according to the TOAST classification. 

(4) Baseline National Institutes of Health stroke scale (NIHSS) scores <7. 

 

Criterion 3: 

Meet all following 4 points 
(1) No acute infarct lesion identified on brain images or the brain images were not collected at the George 

Institute. 

(2) No LVO on cerebral angiography assessed centrally or reported by site investigators. 

(3) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST classification.  

(4) Baseline NIHSS scores <7.  

 

3. Definite non-lacunar stroke 

Acute infarct lesion with maximum diameter >20 mm or LVO identified on brain images.  For participants 

without MRI at baseline or 24 hours follow-up, baseline and follow-up CT scans need to be compared so as 

to exclude old lesion with no change in lesion size/shape and attenuation between baseline and follow-up 

scans. 

 

4. Probable non-lacunar stroke 

Meet all following 3 points 

(1) No acute infarct lesion identified on brain images or the brain images were not collected at the George 

Institute. 

(2) With LVO on cerebral angiography reported by site investigators or the final diagnoses by site 

investigators are “Large artery occlusion because of atheroma”, “Cardio-emboli”, “Dissection”, “Other 

definite pathological mechanism”, or “Uncertain aetiology” according to the TOAST classification.  

(3) Baseline NIHSS scores ≥7. 
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5. Possible lacunar stroke 

Meet all following 3 points 

(1) Does not meet the criteria of definite and probable lacunar or non-lacunar stroke. 

(2) The final diagnosis by site investigators is “Small vessel or perforating vessel ‘lacunar’ disease” according 

to the TOAST classification.  

(3) No LVO reported by site investigators. 

 

6. Possible non-lacunar stroke 

Meet all following 2 points 

(1) Does not meet the criteria of definite and probable lacunar or non-lacunar stroke. 

(2) The final diagnosis by site investigators is NOT “Small vessel or perforating vessel ‘lacunar’ disease” 

according to the TOAST classification, OR there is LVO reported by site investigators (including unknown 

LVO status). 

 

*LVO assessed centrally on brain CTA or MRA: >50% stenosis (IST-3 Angiography Score for 

stenosis/occlusion) at anterior cerebral artery, M1 and M2 segment of middle cerebral artery, posterior 

cerebral artery, basilar artery, vertebral artery, and intracranial and extracranial Internal carotid artery. 
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Appendix 5.3. Baseline characteristics of ENCHANTED BP arm participants included and excluded 

for analyses in this study 

 Include 

(N=1632) 

Exclude 

(N=564) 

P value 

Age (years) 67.6 (12.2) 64.8 (11.9) <0.001 

  ≥ 80 years 259 (15.9) 60 (10.6) 0.002 

Female 635 (38.9) 200 (35.5) 0.15 

Asian ethnicity 1189 (72.9) 429/562 (76.3) 0.11 

Clinical features    

2Systolic BP (mmHg) 165.3 (9.1) 165.3 (9.5) 0.97 

  Diastolic BP (mmHg) 91.1 (11.5) 90.6 (11.4) 0.45 

  Heart rate (beats per minute) 79.4 (15.3) 79.0 (13.1) 0.53 

  NIHSS score* 8 (5-13) 6 (4-9) <0.001 

  NIHSS score ≥14 396 (24.3) 41 (7.3) <0.001 

  GCS score† 15 (13-15) 15 (14-15) <0.001 

Medical history    

  Previous stroke 299 (18.3) 115 (20.4) 0.28 

  Hypertension 1173 (71.9) 395/560 (70.5) 0.54 

  Atrial fibrillation 267/1630 (16.4) 45/560 (8.0) <0.001 

  Coronary artery disease 244 (15.0) 65/560 (11.6) 0.05 

  Valvular or other heart disease 82 (5.0) 12/560 (2.1) 0.004 

  Diabetes mellitus 371 (22.7) 125/560 (22.3) 0.84 

  Hypercholesterolemia 193 (11.8) 56/560 (10.0) 0.24 

  Current smoker 330/1630 (20.2) 114/560 (20.4) 0.95 

2Pre-stroke function without symptoms (mRS=0) 251/1631 (15.4) 63/560 (11.3) 0.02 

Medication on admission    

  Antihypertensive agent(s) 777 (47.6) 235/560 (42.0) 0.02 

  Warfarin anticoagulation 25 (1.5) 4/560 (0.7) 0.14 

  Aspirin/other antiplatelet agent 296 (18.1) 90/560 (16.1) 0.27 

  Statin/other lipid lowering agent 245 (15.0) 93 (16.6) 0.37 

Time from onset to randomisation (hrs) 3.3 (2.5-4.1) 3.4 (2.7-4.2) 0.03 

Large vessel occlusion‡ 211/1631 (12.9) 32/558 (5.7) <0.001 

Randomised intensive BP lowering treatment 808 (49.5) 273 (48.4) 0.65 

Assigned to low-dose alteplase group 358 (21.9) 98 (17.4) 0.02 

Assigned to standard-dose alteplase group 369 (22.6) 100 (17.7) 0.01 

Presumed diagnosis at time of hospital separation    

2Non-stroke 5/1616 (0.3) 28/544 (5.1) <0.001 

  Large artery occlusion due to significant atheroma 683/1616 (42.3) 269/544 (49.4) 0.004 

  Small vessel disease 502/1616 (31.1) 121/544 (22.2) <0.001 

  Cardioembolism 247/1616 (15.3) 42/544 (7.7) <0.001 

  Dissection 5/1616 (0.3) 2/544 (0.4) 0.84 

  Other or uncertain pathogenesis 174/1616 (10.8) 82/544 (15.1) 0.007 

BP denotes blood pressure; GCS, Glasgow coma scale; mRS, modified Rankin scale; NIHSS, National 

Institutes of Health stroke scale. 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡Reported by site investigators or assessed centrally on computed tomographic or magnetic resonance 

angiography. 
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Appendix 5.4. Baseline characteristics of participants with definite/probable lacunar and nonlacunar stroke 
 Definite/probable lacunar stroke Definite/probable non-lacunar stroke 

P value‖ 

 
 Intensive BP 

 (N=238) 

Standard BP 

 (N=216) 

Total 

(N=454) 

Intensive BP 

 (N=570) 

Standard BP 

 (N=608) 

Total 

(N=1178) 

Age (years) 63.4 (11.9) 64.9 (12.3) 64.1 (12.1) 68.7 (12.4) 69.2 (11.7) 69.0 (12.0) <0.001 

  ≥80 years 18 (7.6) 28 (13.0) 46 (10.1) 100 (17.5) 113 (18.6) 213 (18.1) <0.001 

Female 92 (38.7) 82 (38.0) 174 (38.3) 213 (37.4) 248 (40.8) 461 (39.1) 0.76 

Asian ethnicity 202 (84.9) 179 (82.9) 381 (83.9) 386 (67.7) 422 (69.4) 808 (68.6) <0.001 

Clinical features        

Systolic BP (mmHg) 165.5 (8.9) 165.2 (8.5) 165.3 (8.7) 165.3 (9.3) 165.2 (9.2) 165.2 (9.2) 0.83 

  Diastolic BP (mmHg) 92.4 (10.6) 91.8 (10.0) 92.1 (10.3) 91.0 (11.7) 90.3 (12.0) 90.6 (11.8) 0.02 

  Heart rate (beats per minute) 79.0 (12.1) 76.7 (13.0) 77.9 (12.5) 79.7 (16.0) 80.3 (16.5) 80.0 (16.3) 0.01 

  NIHSS score* 5 (3-6)¶ 4 (3-5)¶ 4 (3-6) 11 (7-15) 10 (7-15) 11 (7-15) <0.001 

  NIHSS score ≥14 3 (1.3) 1 (0.5) 4 (0.9) 194 (34.0) 198 (32.6) 392 (33.3) <0.001 

  GCS score† 15 (15-15) 15 (15-15) 15 (15-15) 14 (12-15) 14 (12-15) 14 (12-15) <0.001 

Medical history        

  Previous stroke 38 (16.0) 28 (13.0) 66 (14.5) 113 (19.8) 120 (19.7) 233 (19.8) 0.01 

  Hypertension 167 (70.2) 147 (68.1) 314 (69.2) 415 (72.8) 444 (73.0) 859 (72.9) 0.13 

  Atrial fibrillation 7 (2.9) 7 (3.2) 14 (3.1) 109 (19.1) 144/606 (23.8) 253/1176 (21.5) <0.001 

  Coronary artery disease 16 (6.7) 15 (6.9) 31 (6.8) 105 (18.4) 108 (17.8) 213 (18.1) <0.001 

  Valvular or other heart disease 4 (1.7) 2 (0.9) 6 (1.3) 33 (5.8) 43 (7.1) 76 (6.5) <0.001 

  Diabetes mellitus 43 (18.1) 45 (20.8) 88 (19.4) 131 (23.0) 152 (25.0) 283 (24.0) 0.05 

  Hypercholesterolemia 15 (6.3) 14 (6.5) 29 (6.4) 77 (13.5) 87 (14.3) 164 (13.9) <0.001 

  Current smoker 54 (22.7) 44 (20.4) 98 (21.6) 112/569 (19.7) 120/607 (19.8) 232/1176 (19.7) 0.40 

Pre-stroke function without symptoms‡  21 (8.8) 22 (10.2) 43 (9.5) 104 (18.2) 104/607 (17.1) 208/1177 (17.7) <0.001 

Medication on admission        

  Antihypertensive agent(s) 95 (39.9) 93 (43.1) 188 (41.4) 281 (49.3) 308 (50.7) 589 (50.0) 0.002 

  Warfarin anticoagulation 0 (0.0) 0 (0.0) 0 (0.0) 12 (2.1) 13 (2.1) 25 (2.1) 0.002 

  Aspirin/other antiplatelet agent 33 (13.9) 32 (14.8) 65 (14.3) 106 (18.6) 125 (20.6) 231 (19.6) 0.01 

  Statin/other lipid lowering agent 22 (9.2) 21 (9.7) 43 (9.5) 94 (16.5) 108 (17.8) 202 (17.1) <0.001 

Imaging features        

Infarct at left side 48/112 (42.9) 48/101 (47.5) 96/213 (45.1) 184/388 (47.4) 192/387 (49.6) 376/775 (48.5) 0.37 

Infarct at right side 61/112 (54.5) 50/101 (49.5) 111/213 (52.1) 181/388 (46.6) 175/387 (45.2) 356/775 (45.9) 0.11 

  Infarct at midline or bilateral side 3/112 (2.7) 3/101 (3.0) 6/213 (2.8) 23/388 (5.9) 20/387 (5.2) 43/775 (5.5) 0.10 

  Infarct in anterior circulation only 87/112 (77.7) 75/101 (74.3) 162/213 (76.1) 274/388 (70.6) 279/387 (72.1) 553/775 (71.4) 0.17 

  Infarct in posterior circulation only 23/112 (20.5) 24/101 (23.8) 47/213 (22.1) 78/388 (20.1) 76/387 (19.6) 154/775 (19.9) 0.48 

  At both anterior and posterior circulation 2/112 (1.8) 2/101 (2.0) 4/213 (1.9) 36/388 (9.3) 32/387 (8.3) 68/775 (8.8) <0.001 

  With hyperdense vessel sign on CT 2/161 (1.2) 4/156 (2.6) 6/317 (1.9) 107/440 (24.3) 107/443 (24.2) 214/883 (24.2) <0.001 

LVO on baseline CTA or MRA§ 0/24 (0.0) 0/16 (0.0) 0/40 (0.0) 58/88 (65.9) 40/74 (54.1) 98/162 (60.5) <0.001 

  With old vascular lesions 82/169 (48.5) 74/158 (46.8) 156/327 (47.7) 221/446 (49.6) 230/451 (51.0) 451/897 (50.3) 0.43 

  With brain atrophy 81/169 (47.9) 83/158 (52.5) 164/327 (50.2) 311/446 (69.7) 306/451 (67.8) 617/897 (68.8) <0.001 

  With white matter changes 66/169 (39.1) 62/158 (39.2) 128/327 (39.1) 192/446 (43.0) 192/451 (42.6) 384/897 (42.8) 0.25 

Site reported LVO or assessed centrally 0 (0.0) 0 (0.0) 0 (0.0) 114/570 (20.0) 97/607 (16.0) 211/1177 (17.9) <0.001 
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Time from stroke onset to randomisation (hrs) 3.4 (2.6-4.1) 3.5 (2.7-4.2) 3.5 (2.7-4.1) 3.2 (2.4-4.0) 3.2 (2.6-4.0) 3.2 (2.5-4.0) 0.001 

Assigned to low-dose alteplase group 47 (19.7) 41 (19.0) 88 (19.4) 127 (22.3) 143 (23.5) 270 (22.9) 0.12 

Assigned to standard-dose alteplase group 48 (20.2) 48 (22.2) 96 (21.1) 135 (23.7) 138 (22.7) 273 (23.2) 0.38 

Presumed diagnosis at time of hospital separation       

  Non-stroke 1 (0.4) 1 (0.5) 2 (0.4) 2/565 (0.4) 1/597 (0.2) 3/1162 (0.3) 0.55 

  Large artery occlusion because of atheroma 20 (8.4) 19 (8.8) 39 (8.6) 307/565 (54.3) 337/597 (56.4) 644/1162 (55.4) <0.001 

  Small vessel disease  212 (89.1) 184 (85.2) 396 (87.2) 59/565 (10.4) 47/597 (7.9) 106/1162 (9.1) <0.001 

  Cardioembolism  1 (0.4) 1 (0.5) 2 (0.4) 117/565 (20.7) 128/597 (21.4) 245/1162 (21.1) <0.001 

  Dissection 0 (0.0) 0 (0.0) 0 (0.0) 3/565 (0.5) 2/597 (0.3) 5/1162 (0.4) 0.16 

  Other or uncertain pathogenesis 4 (1.7)¶ 11 (5.1)¶ 15 (3.3) 77/565 (13.6) 82/597 (13.7) 159/1162 (13.7) <0.001 

BP denotes blood pressure; CTA, computed tomography angiography; GCS, Glasgow Coma Scale; LVO, large vessel occlusion; MRA, magnetic resonance 

angiography; mRS, modified Rankin scale; NIHSS, National Institutes of Health stroke scale. 

Data are n (%), mean (SD), or median (Q1, Q3). The P values are based on Chi-square, analysis of variance, or Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. 

§Scored as 0, 1, or 2 for proximal cerebral arteries (A1-2 segment of anterior cerebral artery, internal carotid artery, M1-2 segment of middle cerebral artery, P1-2 

segment of posterior cerebral artery, or basilar artery) on raw or reconstructed CTA or MRA by a modified Thrombolysis in Cerebral Infarction (TICI) score for 

abnormal artery: 0, no patency; 1, minimal patency – some contrast penetrates obstruction but no/minimal enters distal artery; 2, patency of <50% of the lumen at the 

point of obstruction and some filling of branches of the affected artery; 3, patency of >50% of the lumen and filling of most branches of the affected artery; 4, complete 

patency – normal artery. 

‖Total lacunar stroke versus total non-lacunar stroke. 

¶P<0.05 by randomisation treatment. 
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Appendix 5.5. Use of alteplase, BP lowering treatment within 24 hours, and other management from randomisation to Day 7 in participants with 

definite/probable lacunar and nonlacunar stroke 
 Definite/probable lacunar stroke Definite/probable non-lacunar stroke 

P value† 

 
 Intensive BP 

 (N=238) 

Standard BP 

 (N=216) 

Total 

(N=454) 

Intensive BP 

 (N=570) 

Standard BP 

 (N=608) 

Total 

(N=1178) 

Alteplase treatment        

  Any given 236 (99.2) 214 (99.1) 450 (99.1) 567 (99.5) 605 (99.5) 1172 (99.5) 0.39 

  Bolus dose, mg 5.9 (1.2) 5.9 (1.2) 5.9 (1.2) 6.2 (3.1) 6.0 (1.4) 6.1 (2.4) 0.13 

  Infusion over 60 mins dose, mg 48.3 (13.2) 48.0 (13.2) 48.1 (13.2) 48.8 (13.7) 48.6 (14.2) 48.7 (13.9) 0.44 

Time from randomisation to treatment, mins -5.0 (-33.6-7.2) -12.1 (-42.9-5.2) -7.6 (-39.0-5.7) -0.2 (-37.6-8.5) -0.1 (-35.6-8.4) -0.1 (-36.6-8.5) 0.008 

Time from stroke onset to treatment, mins 185 (142-230) 192 (147-235) 190 (144-230) 175 (135-220) 182 (140-225) 180 (139-220) 0.03 

BP Management        

Any BP medication taken in the first 24 hours 188 (79.0)‡ 92/215 (42.8)‡ 280/453 (61.8) 470/567 (82.9)‡ 357/606 (58.9)‡ 827/1173 (70.5) <0.001 

Time from alteplase to treatment, mins 20 (0-64) 7 (-8-70) 16 (0-64.5) 18 (0-85)‡ 50 (0-204)‡ 23 (0-120) 0.03 

Time from randomisation to treatment, mins 7.2 (-7.1-34.7) -5.2 (-40.3-41.4) 6.0 (-18.8-40.4) 11.7 (-0.6-45.9)‡ 29.8 (-9.3-184.4)‡ 15.4 (-3.1-79.4) <0.001 

Time from stroke onset to treatment, mins 210 (157-265) 230 (170-296) 213 (160-270) 216 (157-275)‡ 255 (180-390)‡ 225 (164-301) 0.17 

Method of iv medication administration        

  Bolus 56 (23.5)‡ 29/215 (13.5)‡ 85/453 (18.8) 192/565 (34.0)‡ 99/606 (16.3)‡ 291/1171 (24.9) 0.009 

  Infusion 84 (35.3)‡ 35/215 (16.3)‡ 119/453 (26.3) 299/566 (52.8)‡ 192/606 (31.7)‡ 491/1172 (41.9) <0.001 

Number of different iv medications taken        

  0 115 (48.3)‡ 156/215 (72.6)‡  271/453 (59.8) 144/567 (25.4)‡ 339/606 (55.9)‡ 483/1173 (41.2) <0.001 

  1 105 (44.1)‡ 55/215 (25.6) ‡ 160/453 (35.3) 268/567 (47.3)‡ 180/606 (29.7)‡ 448/1173 (38.2)  

  2 14 (5.9)‡ 3/215 (1.4) ‡ 17/453 (3.8) 117/567 (20.6)‡ 69/606 (11.4)‡ 186/1173 (15.9)  

  ≥3 4 (1.7)‡ 1/215 (0.5)‡ 5/453 (1.1) 38/567 (6.7)‡ 18/606 (3.0)‡ 56/1173 (4.8)  

Systolic BP at 24 hours, mmHg 137 (13)‡ 144 (16)‡ 140 (15) 140 (16)‡ 145 (18)‡ 143 (17) 0.004 

Average systolic BP within 24 hours, mmHg 143 (9)‡ 149 (11)‡ 146 (10) 145 (10)‡ 151 (12)‡ 148 (12) <0.001 

Any iv BP lowing treatment in first 24 hours 120 (50.4)‡ 57/215 (26.5)‡ 177/453 (39.1) 406/567 (71.6)‡ 240/606 (39.6)‡ 646/1173 (55.1) <0.001 

Any iv BP lowing treatment in days 2-7 64 (26.9)‡ 29/215 (13.5)‡ 93/453 (20.5) 256/562 (45.6)‡ 175/596 (29.4)‡ 431/1158 (37.2) <0.001 

Other management        

Cerebral angiogram undertaken 9 (3.8) 3 (1.4) 12 (2.6) 41 (7.2) 41 (6.7) 82 (7.0) <0.001 

  Occluded cerebral vessel identified 0/9 (0.0) 0/3 (0.0) 0/12 (0.0) 32/40 (80.0) 26/41 (63.4) 58/81 (71.6) <0.001 

  Endovascular clot retrieval used 0/9 (0.0) 0/3 (0.0) 0/12 (0.0) 25/41 (61.0) 17/41 (41.5) 42/82 (51.2) <0.001 

Intubation and ventilation 2 (0.8) 1/215 (0.5) 3/453 (0.7) 43/562 (7.7) 37/596 (6.2) 80/1158 (6.9) <0.001 

Fever occurrence 11 (4.6) 7/215 (3.3) 18/453 (4.0) 146/562 (26.0) 161/596 (27.0) 307/1158 (26.5) <0.001 

Fever treated 10/221 (4.5) 5/191 (2.6) 15/412 (3.6) 130/515 (25.2) 144/548 (26.3) 274/1063 (25.8) <0.001 

Nasogastric feeding given 2 (0.8) 5/215 (2.3) 7/453 (1.5) 159/562 (28.3) 165/596 (27.7) 324/1158 (28.0) <0.001 

Patient mobilized by therapist 72 (30.3) 58/215 (27.0) 130/453 (28.7) 247/562 (44.0) 279/596 (46.8) 526/1158 (45.4) <0.001 

Compression stockings used 12 (5.0) 10/215 (4.7) 22/453 (4.9) 65/562 (11.6) 54/596 (9.1) 119/1158 (10.3) <0.001 

Subcutaneous heparin used 19 (8.0)‡ 33 (15.3)‡ 52 (11.5) 147 (25.8) 134 (22.0) 281 (23.9) <0.001 

Any antithrombotic agent* used in first 24 hours 21 (8.8) 28 (13.0) 49 (10.8) 79 (13.9) 79/607 (13.0) 158/1177 (13.4) 0.15 

iv traditional Chinese medicine administered 126 (52.9) 115/215 (53.5) 241/453 (53.2) 229/562 (40.7) 243/596 (40.8) 472/1158 (40.8) <0.001 

iv steroids administered 3 (1.3) 2/215 (0.9) 5/453 (1.1) 19/562 (3.4) 12/596 (2.0) 31/1158 (2.7) 0.05 

iv mannitol administered 6 (2.5) 4/215 (1.9) 10/453 (2.2) 92/567 (16.2) 107/606 (17.7) 199/1173 (17.0) <0.001 
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Hemicraniectomy performed 0 (0.0) 0/215 (0.0) 0/453 (0.0) 9/562 (1.6) 12/596 (2.0) 21/1158 (1.8) 0.004 

Any neurosurgery performed 3 (1.3) 1 (0.5) 4 (0.9) 14 (2.5) 25 (4.1) 39 (3.3) 0.006 

Any stroke unit admission 94 (39.5) 86/215 (40.0) 180/453 (39.7) 279/562 (49.6) 286/596 (48.0) 565/1158 (48.8) 0.001 

Any intensive care unit admission 30 (12.6) 25/215 (11.6) 55/453 (12.1) 149/562 (26.5) 142/596 (23.8) 291/1158 (25.1) <0.001 

Any rehabilitation given 102 (42.9) 77/215 (35.8) 179/453 (39.5) 292/562 (52.0) 330/596 (55.4) 622/1158 (53.7) <0.001 

Decision to withdrawal active care 4 (1.7) 3/215 (1.4) 7/453 (1.5) 25/562 (4.4) 16/596 (2.7) 41/1158 (3.5) 0.03 

BP denotes blood pressure; iv, intravenous. 

Data are n (%), mean (SD), or median (Q1, Q3). The P values are based on Chi-square, analysis of variance, or Wilcoxon signed-rank test. 

*Including antiplatelet agent or heparin. 

†Total lacunar stroke versus total non-lacunar stroke. 

‡ P<0.05 by randomisation treatment. 
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Appendix 5.6. Details on BP lowering treatment within 24 hours, and in days 2-7 post-randomisation in participants with definite/probable lacunar and 

nonlacunar stroke 
 Definite/probable lacunar stroke Definite/probable non-lacunar stroke 

P value* 

 
 Intensive BP 

 (N=238) 

Standard BP 

 (N=216) 

Total 

(N=454) 

Intensive BP 

 (N=570) 

Standard BP 

 (N=608) 

Total 

(N=1178) 

BP lowering in the first 24 hours after randomisation       

  Minimum (SD) SBP within 24 hours, mmHg 126 (11)† 131 (13)† 128 (12) 125 (12)† 131 (15)† 128 (14) 0.95 

  Maximum (SD) SBP within 24 hours, mmHg  161 (14)† 166 (14)† 164 (14) 165 (16)† 169 (16)† 167 (16) <0.001 

Intravenous agent used        

  Labetalol 18 (7.6)† 3/215 (1.4)† 21/453 (4.6) 82/567 (14.5)† 42/606 (6.9)† 124/1173 (10.6) <0.001 

  Metoprolol 1 (0.4) 0/215 (0.0) 1/453 (0.2) 5/567 (0.9) 3/606 (0.5) 8/1173 (0.7) 0.26 

  Atenolol 0 (0.0) 0/215 (0.0) 0/453 (0.0) 1/567 (0.2) 1/606 (0.2) 2/1173 (0.2) 0.38 

  Nicardipine 26 (10.9)† 11/215 (5.1)† 37/453 (8.2) 35/567 (6.2) 24/606 (4.0) 59/1173 (5.0) 0.02 

  Clevidipine 0 (0.0) 0/215 (0.0) 0/453 (0.0) 1/567 (0.2) 0/606 (0.0) 1/1173 (0.1) 0.53 

  Nimodipine 4 (1.7) 1/215 (0.5) 5/453 (1.1) 15/567 (2.6)† 6/606 (1.0)† 21/1173 (1.8) 0.32 

  Nifedipine 0 (0.0) 0/215 (0.0) 0/453 (0.0) 5/567 (0.9) 4/606 (0.7) 9/1173 (0.8) 0.06 

  Urapidil 23 (9.7) 17/215 (7.9) 40/453 (8.8) 92/567 (16.2)† 28/606 (4.6)† 120/1173 (10.2) 0.40 

  Sodium nitroprusside 37 (15.5)† 19/215 (8.8)† 56/453 (12.4) 107/567 (18.9)† 58/606 (9.6)† 165/1173 (14.1) 0.37 

  Nitroglycerin 11 (4.6) 4/215 (1.9) 15/453 (3.3) 78/567 (13.8)† 21/606 (3.5)† 99/1173 (8.4) <0.001 

  Isosorbide dinitrate 1 (0.4) 0/215 (0.0) 1/453 (0.2) 7/567 (1.2) 5/606 (0.8) 12/1173 (1.0) 0.10 

  Frusemide 4 (1.7) 0/215 (0.0) 4/453 (0.9) 47/567 (8.3) 43/606 (7.1) 90/1173 (7.7) <0.001 

  Prazosin 2 (0.8) 0/215 (0.0) 2/453 (0.4) 0/567 (0.0) 1/606 (0.2) 1/1173 (0.1) 0.13 

  Hydralazine 2 (0.8) 1/215 (0.5) 3/453 (0.7) 12/567 (2.1) 6/606 (1.0) 18/1173 (1.5) 0.16 

  Clonidine 3 (1.3) 0/215 (0.0) 3/453 (0.7) 7/567 (1.2) 2/606 (0.3) 9/1173 (0.8) 0.82 

  Enalapril 2 (0.8) 0/215 (0.0) 2/453 (0.4) 2/567 (0.4) 3/606 (0.5) 5/1173 (0.4) 0.97 

  Other medication(s) 8 (3.4) 4/215 (1.9) 12/453 (2.6) 36/567 (6.3) 25/606 (4.1) 61/1173 (5.2) 0.03 

Topical nitrates used 12 (5.0) 4/215 (1.9) 16/453 (3.5) 36/566 (6.4)† 17/606 (2.8)† 53/1172 (4.5) 0.37 

Oral agents used        

  ACEI/angiotensin II receptor antagonist 69 (29.0)† 25/215 (11.6)† 94/453 (20.8) 112/567 (19.8)† 83/606 (13.7)† 195/1173 (16.6) 0.05 

  Diuretic 16 (6.7)† 5/215 (2.3)† 21/453 (4.6) 35/567 (6.2) 37/606 (6.1) 72/1173 (6.1) 0.24 

  Beta blocker 5 (2.1) 9/215 (4.2) 14/453 (3.1) 48/567 (8.5) 65/606 (10.7) 113/1173 (9.6) <0.001 

  Calcium channel blocker 71 (29.8)† 30/215 (14.0)† 101/453 (22.3) 133/567 (23.5)† 80/606 (13.2)† 213/1173 (18.2) 0.06 

  Oral sympathetic antagonist 1 (0.4) 3/215 (1.4) 4/453 (0.9) 3/567 (0.5) 6/606 (1.0) 9/1173 (0.8) 0.81 

  Other medication(s) 10 (4.2) 8/215 (3.7) 18/453 (4.0) 28/567 (4.9) 40/606 (6.6) 68/1173 (5.8) 0.14 

BP lowering treatment on Day 7        

  Any BP medication taken 166 (69.7)† 105/215 (48.8)† 271/453 (59.8) 425/562 (75.6)† 420/596 (70.5)† 845/1158 (73.0) <0.001 

  Any iv BP lowering treatment 69 (29.0)† 34/215 (15.8)† 103/453 (22.7) 283/562 (50.4)† 221/596 (37.1)† 504/1158 (43.5) <0.001 

  Number of different iv medications taken        

  0 176 (73.9)† 183/215 (85.1)† 359/453 (79.2) 288/562 (51.2)† 378/596 (63.4)† 666/1158 (57.5) <0.001 

  1 48 (20.2)† 28/215 (13.0)† 76/453 (16.8) 154/562 (27.4)† 139/596 (23.3)† 293/1158 (25.3)  

22 9 (3.8)† 2/215 (0.9)† 11/453 (2.4) 86/562 (15.3)† 61/596 (10.2)† 147/1158 (12.7)  

  ≥3 5 (2.1)† 2/215 (0.9)† 7/453 (1.5) 34/562 (6.0)† 18/596 (3.0)† 52/1158 (4.5)  

ACEI denotes angiotensin converting enzyme inhibitor; BP, blood pressure; iv, intravenous; SBP, systolic BP; SD, standard deviation. 
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Data are n (%), or mean (SD). The P values are based on Chi-square or analysis of variance. 

*Total lacunar stroke versus total non-lacunar stroke. 

† P<0.05 by randomisation treatment.  
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Appendix 5.7. Baseline characteristics of participants with definite lacunar and nonlacunar stroke 

 Definite lacunar stroke Definite non-lacunar stroke P 

value‖ 

 

 Intensive BP lowing 

(N=86) 

Standard BP lowing 

(N=69) 

Total 

(N=155) 

Intensive BP lowing 

(N=392) 

Standard BP lowing 

(N=392) 

Total 

(N=784) 

Age (years) 63.4 (12.6) 62.0 (11.9) 62.7 (12.3) 69.3 (12.4) 69.7 (11.2) 69.5 (11.8) <0.001 

  ≥80 years 6 (7.0) 3 (4.3) 9 (5.8) 80 (20.4) 67 (17.1) 147 (18.8) <0.001 

Female 30 (34.9) 19 (27.5) 49 (31.6) 148 (37.8) 162 (41.3) 310 (39.5) 0.06 

Asian ethnicity 68 (79.1) 55 (79.7) 123 (79.4) 236 (60.2) 247 (63.0) 483 (61.6) <0.001 

Clinical features        

Systolic BP (mmHg) 165.4 (9.4) 166.1 (9.4) 165.7 (9.4) 165.7 (9.5) 165.5 (9.1) 165.6 (9.3) 0.89 

  Diastolic BP (mmHg) 92.0 (9.4) 93.3 (10.9) 92.6 (10.1) 91.0 (12.0) 89.6 (12.4) 90.3 (12.2) 0.03 

  Heart rate (beats per minute) 79.1 (12.6) 78.8 (13.9) 78.9 (13.1) 79.7 (15.8) 80.5 (17.2) 80.1 (16.5) 0.42 

  NIHSS score* 6 (4-8) 5 (3-7) 5 (4-7) 10 (6-16) 10 (6-15) 10 (6-15) <0.001 

  NIHSS score ≥14 3 (3.5) 1 (1.4) 4 (2.6) 133 (33.9) 131 (33.4) 264 (33.7) <0.001 

  GCS score† 15 (15-15)¶ 15 (15-15)¶ 15 (15-15) 15 (13-15) 15 (13-15) 15 (13-15) <0.001 

Medical history        

  Previous stroke 16 (18.6)¶ 5 (7.2)¶ 21 (13.5) 66 (16.8) 70 (17.9) 136 (17.3) 0.25 

  Hypertension 61 (70.9) 44 (63.8) 105 (67.7) 290 (74.0) 289 (73.7) 579 (73.9) 0.12 

  Atrial fibrillation 3 (3.5) 2 (2.9) 5 (3.2) 79 (20.2)¶ 105/391 (26.9)¶ 184/783 (23.5) <0.001 

  Coronary artery disease 5 (5.8) 6 (8.7) 11 (7.1) 67 (17.1) 71 (18.1) 138 (17.6) 0.001 

  Valvular or other heart disease 0 (0.0) 1 (1.4) 1 (0.6) 28 (7.1) 30 (7.7) 58 (7.4) 0.002 

  Diabetes mellitus 17 (19.8) 15 (21.7) 32 (20.6) 84 (21.4) 100 (25.5) 184 (23.5) 0.45 

  Hypercholesterolemia 7 (8.1) 4 (5.8) 11 (7.1) 61 (15.6) 69 (17.6) 130 (16.6) 0.003 

  Current smoker 25 (29.1) 17 (24.6) 42 (27.1) 80/391 (20.5) 86/391 (22.0) 166/782 (21.2) 0.11 

Pre-stroke function without symptoms‡  6 (7.0) 7 (10.1) 13 (8.4) 78 (19.9) 70 (17.9) 148 (18.9) 0.002 

Medication on admission        

  Antihypertensive agent(s) 41 (47.7) 29 (42.0) 70 (45.2) 212 (54.1) 210 (53.6) 422 (53.8) 0.05 

  Warfarin anticoagulation 0 (0.0) 0 (0.0) 0 (0.0) 9 (2.3) 7 (1.8) 16 (2.0) 0.07 

  Aspirin/other antiplatelet agent 14 (16.3) 12 (17.4) 26 (16.8) 76 (19.4) 92 (23.5) 168 (21.4) 0.19 

  Statin/other lipid lowering agent 12 (14.0) 7 (10.1) 19 (12.3) 77 (19.6) 80 (20.4) 157 (20.0) 0.02 

Imaging features        

Infarct at left side 36 (41.9) 30 (43.5) 66 (42.6) 184/388 (47.4) 192/387 (49.6) 376/775 (48.5) 0.18 

Infarct at right side 49 (57.0) 36 (52.2) 85 (54.8) 181/388 (46.6) 175/387 (45.2) 356/775 (45.9) 0.04 

  Infarct at midline or bilateral side 1 (1.2) 3 (4.3) 4 (2.6) 23/388 (5.9) 20/387 (5.2) 43/775 (5.5) 0.12 

  Infarct at anterior circulation 71 (82.6) 51 (73.9) 122 (78.7) 274/388 (70.6) 279/387 (72.1) 553/775 (71.4) 0.06 

  Infarct at posterior circulation 15 (17.4) 17 (24.6) 32 (20.6) 78/388 (20.1) 76/387 (19.6) 154/775 (19.9) 0.83 

  At both anterior and posterior circulation 0 (0.0) 1 (1.4) 1 (0.6) 36/388 (9.3) 32/387 (8.3) 68/775 (8.8) <0.001 

  With hyperdense vessel sign on CT 0/78 (0.0) 1/67 (1.5) 1/145 (0.7) 104/384 (27.1) 100/384 (26.0) 204/768 (26.6) <0.001 

LVO on baseline CTA or MRA§ 0/16 (0.0) 0/10 (0.0) 0/26 (0.0) 58/78 (74.4)¶ 40/69 (58.0)¶ 98/147 (66.7) <0.001 

  With old vascular lesions 38 (44.2) 36 (52.2) 74 (47.7) 193/390 (49.5) 190 (48.5) 383/782 (49.0) 0.78 

  With brain atrophy 38 (44.2) 34 (49.3) 72 (46.5) 272/390 (69.7) 261 (66.6) 533/782 (68.2) <0.001 

  With white matter changes 37 (43.0) 23 (33.3) 60 (38.7) 165/390 (42.3) 164 (41.8) 329/782 (42.1) 0.44 

Site reported LVO or assessed centrally 0 (0.0) 0 (0.0) 0 (0.0) 100 (25.5) 80/391 (20.5) 180/783 (23.0) <0.001 
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Time from stroke onset to randomisation 

(hrs) 

3.5 (2.6-4.2) 3.7 (2.7-4.2) 3.5 (2.7-4.2) 3.1 (2.4-3.9) 3.1 (2.5-3.9) 3.1 (2.4-3.9) <0.001 

Assigned to low-dose alteplase group 20 (23.3) 18 (26.1) 38 (24.5) 102 (26.0) 109 (27.8) 211 (26.9) 0.54 

Assigned to standard-dose alteplase group 19 (22.1) 12 (17.4) 31 (20.0) 101 (25.8) 108 (27.6) 209 (26.7) 0.08 

Presumed diagnosis at time of hospital separation       

  Non-stroke 0 (0.0) 0 (0.0) 0 (0.0) 2/387 (0.5) 1/382 (0.3) 3/769 (0.4) 0.44 

  Large artery occlusion because of atheroma 0 (0.0) 0 (0.0) 0 (0.0) 174/387 (45.0) 180/382 (47.1) 354/769 (46.0) <0.001 

  Small vessel disease  86 (100.0) 69 (100.0) 155 (100.0) 58/387 (15.0) 47/382 (12.3) 105/769 (13.7) <0.001 

  Cardioembolism  0 (0.0) 0 (0.0) 0 (0.0) 93/387 (24.0) 97/382 (25.4) 190/769 (24.7) <0.001 

  Dissection 0 (0.0) 0 (0.0) 0 (0.0) 3/387 (0.8) 2/382 (0.5) 5/769 (0.7) 0.31 

  Other or uncertain pathogenesis 0 (0.0) 0 (0.0) 0 (0.0) 57/387 (14.7) 55/382 (14.4) 112/769 (14.6) <0.001 

BP denotes blood pressure; CTA, computed tomography angiography; GCS, Glasgow Coma Scale; LVO, large vessel occlusion; MRA, magnetic resonance 

angiography; mRS, modified Rankin scale; NIHSS, National Institutes of Health stroke scale. 

Data are n (%), mean (SD), or median (Q1, Q3). The P values are based on Chi-square, analysis of variance, or Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. 

§Scored as 0, 1, or 2 for proximal cerebral arteries (A1-2 segment of anterior cerebral artery, internal carotid artery, M1-2 segment of middle cerebral artery, P1-2 

segment of posterior cerebral artery, or basilar artery) on raw or reconstructed CTA or MRA by a modified Thrombolysis in Cerebral Infarction (TICI) score for 

abnormal artery: 0, no patency; 1, minimal patency – some contrast penetrates obstruction but no/minimal enters distal artery; 2, patency of <50% of the lumen at the 

point of obstruction and some filling of branches of the affected artery; 3, patency of >50% of the lumen and filling of most branches of the affected artery; 4, complete 

patency – normal artery. 

‖Total lacunar infarcts versus total non-lacunar stroke. 

¶P<0.05 by randomisation treatment. 
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Appendix 5.8. Randomised treatment effects on ordinal mRS score in definite lacunar and nonlacunar 

stroke 

 

BP denotes blood pressure. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agents, or warfarin]; history of diabetes or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to low-dose alteplase group). 
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Appendix 5.9. Thrombolysis outcomes in participants with definite lacunar and nonlacunar stroke by 

randomised treatment of BP reduction 

 
END denotes early neurologic deterioration; ICH, intracerebral haemorrhage; mRS, modified Rankin scale; 

sICH, symptomatic intracerebral haemorrhage; SITS-MOST, the Safe Implementation of Thrombolysis in 

Stroke-Monitoring Study. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agents, or warfarin]; history of diabetes or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to low-dose alteplase group) for functional 

outcomes.  

†Adjusted for minimization and key prognostic covariates (age, baseline NIHSS score, time from stroke 

onset to randomisation, and assigned to low-dose alteplase group) for safety outcomes, and neurologic 

deterioration within 24 or 72 hours. 

‡Site reported or adjudicated centrally. 
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Appendix 5.10. Thrombolysis outcomes in participants with definite lacunar stroke and the infarct size 

≤15 mm on 24-hour follow-up images by randomised treatment 

 Randomised BP lowering, 

n/N (%) 

OR  

(95% CI) 

(intensive vs. 

guideline) 

P 

value 

Adjusted OR 

(95% CI)* 

(intensive vs. 

guideline) 

P 

value      

 Intensive Guideline 

mRS shift        0 19/52 (36.5) 19/39 (48.7) 1.65 (0.77, 3.55) 0.20 1.09 (0.48, 2.48) 0.84 

                        1 14/52 (26.9) 10/39 (25.6)     

                        2 10/52 (19.2) 6/39 (15.4)     

                        3 7/52 (13.5) 2/39 (5.1)     

                        4 2/52 (3.8) 2/39 (5.1)     

Death or 

disability (mRS 

2–6) 

19/52 (36.5) 10/39 (25.6) 1.67 (0.67, 4.16) 0.27 0.95 (0.32, 2.82) 0.93 

Death or major 

disability  

(mRS 3–6) 

9/52 (17.3) 4/39 (10.3) 1.83 (0.52, 6.45) 0.35 1.46 (0.35, 6.10) 0.60 

Death (mRS 6) 0/52 (0.0) 0/39 (0.0) - - - - 

sICH (SITS-

MOST criteria) 

0/52 (0.0) 0/39 (0.0) - - - - 

Adjudicated ICH 1/52 (1.9) 1/39 (2.6) 0.75 (0.05, 12.29) 0.84   

Intracranial 

haemorrhage 

1/52 (1.9) 1/39 (2.6) 0.75 (0.05, 12.29) 0.84 - - 

END or death 

within 24 hours 

2/52 (3.8) 2/39 (5.1) 0.74 (0.10, 5.50) 0.77 - - 

END or death 

within 7 days 

2/52 (3.8) 2/39 (5.1) 0.74 (0.10, 5.50) 0.77 - - 

END denotes early neurologic deterioration; ICH, intracerebral haemorrhage; mRS, modified Rankin scale; 

SITS-MOST, the Safe Implementation of Thrombolysis in Stroke-Monitoring Study. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline NIHSS score; time from stroke onset 

to randomisation; pre-morbid function [mRS scores 0 or 1]; prior use of antithrombotic agents [aspirin, other 

antiplatelet agents, or warfarin]; history of diabetes or cardiovascular disease [stroke, atrial fibrillation, 

coronary artery disease, valvular or other heart disease]; assigned to low-dose alteplase group). 
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Chapter 6: Thrombolysis Outcomes According to Arterial 

Characteristics of Acute Ischaemic Stroke by Alteplase Dose and 

Blood Pressure Target 

6.1 Link to thesis 

In Chapters 4 and 5, I presented post-hoc analyses from the ENCHANTED trial on low-dose 

versus standard-dose alteplase and intensive versus guideline-recommended BP lowering in 

patients with acute lacunar ischaemic stroke who usually have no vascular occlusion on cerebral 

angiography. Intravenous thrombolysis provides benefit to AIS patients with large vessel 

obstruction but depends on the site of obstruction. There is still little evidence of thrombolysis 

outcomes in AIS patients with obstruction at the internal carotid artery or medium cerebral 

artery.  During the trial, the steering committee requested each site to upload participants’ 

baseline (before randomisation) and 24-hour follow-up brain images of non-contrast CT or MRI 

for central adjudication and encouraged centres to upload angiography and perfusion images if 

available. This provides an opportunity to study thrombolysis outcomes according to vascular 

obstruction status/sites from a large-scale trial and explore associations between randomised 

alteplase dose or BP target and outcomes across participants with different vascular obstruction 

status/sites. This Chapter presents vascular analyses from the ENCHANTED trial.  

 

I have published this work: 

Zhou Z, Xia C, Mair G, Delcourt C, Yoshimura S, Liu X, Chen Z, Malavera A, Carcel C, Chen 

X, Wang X, Al-Shahi Salman R, Robinson TG, Lindley RI, Chalmers J, Wardlaw JM, Parsons 

MW, Demchuk AM, Anderson CS.  Thrombolysis outcomes according to arterial 

characteristics of acute ischaemic stroke by alteplase dose and blood pressure target. Int J Stroke 

2021:17474930211025436 (Online ahead of print). 

6.2 Abstract 

Objective: We explored the influence of low-dose intravenous alteplase and intensive blood 

pressure (BP) lowering on outcomes of acute ischaemic stroke (AIS) according to 

status/location of vascular obstruction in participants of the Enhanced Control of Hypertension 

and Thrombolysis Stroke Study (ENCHANTED). 
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Methods: ENCHANTED was a multicentre, quasi-factorial, randomised trial to determine 

efficacy and safety of low- versus standard-dose intravenous alteplase and intensive- versus 

guideline-recommended BP lowering in AIS patients.  In those who had baseline CT or MRI 

angiography, the degree of vascular occlusion was grouped according to being no (NVO), 

medium (MVO), or large (LVO).  Logistic regression models were used to determine 90-day 

outcomes (modified Rankin scale [mRS] shift [primary], other mRS cut-scores, intracranial 

haemorrhage, early neurologic deterioration [END], and recanalisation) by vascular obstruction 

status/site.  Heterogeneity in associations for outcomes across subgroups was estimated by 

adding an interaction term to the models.   

Results: There were 940 participants: 607 in alteplase arm only, 243 in BP arm only, and 90 

assigned to both arms.  Compared to the NVO group, functional outcome was worse in LVO 

(mRS shift, adjusted OR [95% CI] 2.13 [1.56-2.90] but comparable in MVO (1.34 [0.96-1.88]) 

groups.  There were no differences in associations of alteplase dose or BP lowering and 

outcomes across NVO/MVO/LVO groups (mRS shift: low versus standard alteplase dose 0.84 

[0.54-1.30]/0.48 [0.25-0.91]/0.99 [0.75-2.09], Pinteraction=0.28; intensive versus standard BP 

lowering 1.32 [0.74-2.38]/0.78 [0.31-1.94]/1.24 [0.64-2.41], Pinteraction=0.41), except for a 

borderline significant difference for intensive BP lowering and increased END (0.63 [0.14-

2.72]/0.17 [0.02-1.47]/2.69 [0.90-8.04], Pinteraction=0.05). 

Conclusions:  Functional outcome by dose of alteplase or intensity of BP lowering is not 

modified by vascular obstruction status/site according to analyses from ENCHANTED, 

although these results are compromised by low statistical power.   

Clinical Trial Registration: http://www.clinicaltrials.gov. Unique identifiers: NCT01422616 

6.3 Background 

There is increasing recognition of the importance of multimodal brain images with vascular and 

perfusion information in guiding management of patients with acute ischaemic stroke (AIS).1 

Intravenous thrombolysis provides benefit to AIS patients with large vessel obstruction (LVO), 

but is dependent on the site of obstruction.2 Meanwhile, evidence of thrombolysis outcomes in 

AIS patients without vascular obstruction or with obstruction at internal carotid artery (ICA) or 

medium cerebral artery is limited, with most data derived from observational studies.3-5   
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The Enhanced Control of Hypertension and Thrombolysis Stroke Study (ENCHANTED) was 

the first large-scale, multicentre, quasi-factorial, randomised trial that assessed the effectiveness 

of low-dose (0.6 mg/kg) versus standard-dose (0.9 mg/kg) intravenous alteplase (alteplase arm), 

and more intensive blood pressure (BP) lowering (target systolic BP [SBP] 130-140 mmHg 

within 1 hour post-randomisation) versus guideline-recommended BP control (SBP <180 

mmHg) (BP arm) in AIS patients.6,7 The trial did not show noninferiority between the two 

alteplase dose groups with respect to 90-day death and disability post-randomisation, and 

indicated a neutral effect of intensive versus guideline-recommended BP lowering on functional 

recovery.  Low-dose alteplase significantly reduced the risk of symptomatic intracerebral 

haemorrhage (sICH) and intensive BP lowering significantly reduced the risk of any 

intracranial haemorrhage. Herein, we report our post-hoc analyses of ENCHANTED in relation 

to randomised alteplase dose and BP target, and key clinical outcomes, according to vascular 

obstruction status/site.   

6.4 Methods 

6.4.1 Patients 

The study design, patient characteristics, and main results of ENCHANTED have been 

reported.6,7 The study was approved by ethics committees at participating centres, and written 

informed consent was obtained from all patients or an appropriate legal surrogate. A key 

inclusion criterion was a clinical diagnosis of AIS confirmed by brain imaging that fulfilled 

guideline criteria for thrombolysis treatment <4.5 hours of symptom onset.  These analyses 

pertain to ENCHANTED participants with baseline CT angiography (CTA) or MRI 

angiography (MRA) of moderate to good quality (appendix 6.1) or with proximal arterial 

occlusion according to reports by site investigators; the small number of participants who 

received endovascular therapy were excluded. 

6.4.2 Imaging analysis 

The analysis for non-contrast CT/MRI images collected from sites has been outlined 

elsewhere.8 Since September 2019, we further assessed vascular occlusion parameters 

according to the presence, location, extent (third International Stroke Trial [IST-3] angiography 

score and modified Thrombolysis in Cerebral Infarction [TICI] score3), clot burden score,9 

visual residual flow,10 and collateral score11 on baseline CTA or MRA, and recanalisation 

(revised Arterial Occlusive Lesion [rAOL] score10) in participants with both baseline and 
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follow-up angiography (appendix 6.2). All methods of imaging assessment were pre-specified, 

and readers were blind to all clinical, treatment and outcome data except time, where they were 

allowed to simultaneously view baseline and follow-up scans; these data were cross-checked 

(Zien Zhou) before unblinding for analyses.   

Vascular obstruction was defined as IST-3 angiography scores 0 to 2b and TICI scores 0 to 2a, 

after excluding the mildest grades of obstruction (patency of >50% of vascular lumen and filling 

of most branches). In the primary analyses, eligible participants were grouped as having no 

vascular obstruction (NVO), medium vascular obstruction (MVO) (M2/M3 segment of middle 

cerebral artery [M2/M3-MCA], anterior cerebral artery [ACA], or posterior cerebral artery 

[PCA] obstruction) and LVO (M1 segment of MCA [M1-MCA], vertebral artery, basilar artery, 

or ICA obstruction) according to the IST-3 classification,3 by which site-reported angiography 

data were classifiable, with more samples after involving both adjudicated and site-reported 

angiography data (appendix 6.3).  Participants were classified as LVO if there was both LVO 

and MVO.  Given the definition of MVO has not been unified, two sets of sensitivity analyses 

were undertaken after re-classifying MVO according to criteria used in a recent study:5 MVO 

in sensitivity analysis 1 (M2/M3-MCA, A2/A3-ACA, or P2/P3-PCA obstruction) and MVO in 

sensitivity analysis 2 (distal M2/M3-MCA, A2/A3-ACA, or P2/P3-PCA obstruction); those 

with A1-ACA, P1-PCA, or proximal M2-MCA obstruction were classified as LVO accordingly. 

6.4.3 Outcomes 

The primary outcome for these analyses was an ascending ordinal shift in the full range of 

scores on the modified Rankin scale (mRS) at 90 days post-randomisation. Secondary efficacy 

outcomes included early neurological deterioration (END; ≥4 points increase in NIHSS score 

or death) within 24 hours, recanalisation (rAOL scores 2b or 3) within 48 hours, and disability 

or death (mRS scores 2-6), major disability or death (mRS scores 3-6) and death (mRS score 6) 

at 90 days. Secondary safety outcomes were any intracranial haemorrhage adjudicated centrally 

or reported by site investigators within 7 days post-randomisation, and sICH defined according 

to the criteria from the second European-Australian Cooperative Acute Stroke Study 

(ECASS2).12 

6.4.4 Statistical analysis 

Associations of MVO or LVO versus NVO, with 90-day function, safety, and other secondary 

outcomes, were estimated in logistic regression models after adjustment for randomised 
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treatment (alteplase dose and BP lowering) and key clinical covariates (post-hoc defined) that 

were significantly different in univariable analysis and/or associated with prognosis according 

to literature and theoretical considerations.  Associations of randomised alteplase dose or BP 

target with outcomes were determined in logistic regression models, with adjustment for 

randomised treatment and minimized key prognostic covariates (age, sex, Asian ethnicity, 

baseline NIHSS score, time from stroke onset to randomisation) for outcomes with ≥20 events. 

Heterogeneity across NVO/MVO/LVO groups was estimated by adding an interaction term to 

the statistical models. Ordinal logistic regression model was used to analyse mRS shift. Data 

are reported as odds ratios (OR) and 95% confidence intervals (CI), and a 2-sided P <0.05 was 

considered statistically significant. All analyses were performed using SAS version 7.1. 

6.5 Results 

6.5.1 Baseline characteristics 

We included 940 ENCHANTED participants (607 in alteplase arm only, 243 in BP arm only, 

and 90 were assigned to both arms) for the primary analyses (appendix 6.4); including 641 

evaluated by collected CTA (n=488) or MRA (n=153), and 299 classified from site-reported 

angiography data. Recanalisation was assessed in 74 participants who had vascular obstruction 

at baseline (22, 51 and 1 on follow-up CTA, MRA, and digital subtraction angiography, 

respectively). In the alteplase dose arm, compared to participants excluded from analyses, those 

included were older and less Asian, with lower BP and history of prior stroke, but higher heart 

rate and greater proportion of hypercholesterolemia and use of antihypertensive, antiplatelet 

and lipid lowering agents, and shorter time interval from symptom onset to randomisation 

(appendix 6.5). There were also differences between participants from the BP arm included and 

excluded in relation to age, proportion of Asians, baseline BP level, heart rate, history of atrial 

fibrillation (AF), hypercholesterolemia, and pre-stroke independence (appendix 6.6).   

Across participants with different vascular obstruction status/site, there were differences 

according to ethnicity, baseline SBP level, NIHSS score, GCS score, prior AF, 

hypercholesterolemia and treatment with lipid lowering agents, time from stroke onset to 

randomisation, confirmed infarct lesion, presence of hyperdense vessel sign on CT, and 

presumed diagnosis of AIS.  Neurological impairment was mildest for NVO (median [Q1-Q3] 

NIHSS 6 [4-9]) and greatest for LVO (12 [7-17]) (appendix 6.7).  Most of the baseline 

characteristics were comparable by randomised alteplase dose or BP lowering across the 
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subgroups of NVO/MVO/LVO (appendices 6.8 and 6.9).  Distribution of alteplase dose 

received, and mean BP within the first week post-randomisation, in participants with different 

obstruction status/site are shown in appendices 6.10 and 6.11, respectively. 

6.5.2 Vascular obstruction and outcomes 

Compared to patients with NVO, those with LVO had worse 90-day functional recovery 

independent of baseline covariables (age, sex, ethnicity, SBP, NIHSS score, prior AF, time 

from symptom onset to randomisation) and randomised alteplase dose and BP control; whether 

defined by ordinal shift in the full range of mRS scores (adjusted OR [95% CI] 2.13 [1.56-

2.90]), mRS scores 2-6 (1.62 [1.11-2.36]), mRS scores 3-6 (2.58 [1.74-3.82]), death alone (4.12 

[1.89-9.11]), and END (3.27 [1.70-6.28]) (table 6.1). There was no significant difference in 

functional outcomes and END for MVO versus NVO, after adjustment of covariables and 

randomised treatment (mRS shift 1.34 [0.96-1.88]; END 2.17 [0.999-4.70]). Haemorrhagic 

complications were more likely to occur after thrombolysis in either MVO or LVO compared 

to NVO (any intracranial haemorrhage MVO 2.27 [1.34-3.83], LVO 2.01 [1.25-3.26]; sICH 

MVO 3.42 [1.02-11.48], LVO 4.38 [1.65-11.61]). Recanalisation within 48 hours post-

thrombolysis was higher in MVO compared to LVO (56.7% versus 31.8%; P=0.03). In 

sensitivity analysis, the results were comparable except for no difference in haemorrhagic 

complications for MVO versus NVO (data not shown). 

6.5.3 Vascular obstruction and alteplase dose 

Associations of randomised alteplase dose with functional outcomes in 697 included 

participants from the alteplase dose arm were comparable to the main results of the 

ENCHANTED trial: that is, the low-dose versus standard-dose groups had comparable 

functional outcomes (mRS shift, N=679, adjusted OR [95% CI] 0.86 [0.66-1.13]) (Figure 6.1). 

However, the benefit of low-dose alteplase on sICH was not confirmed in the present analysis 

(N=697, OR [95% CI] 0.52 [0.26-1.04]). There were no differential associations with mRS shift 

and other functional, safety, and intermediate outcomes across the subgroups of 

NVO/MVO/LVO (all Pinteraction ≥0.12), although MVO patients had a significant reduction in 

mRS shift (N=130, 0.48 [0.25-0.91]) and mRS 2-6 (N=130, 0.45 [0.21-0.97]) from low-dose 

alteplase treatment (Figures 6.1 and 6.2) (not seen in sensitivity analyses [appendices 6.12-

6.14]). 
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Table 6.1. Thrombolysis outcomes by vascular obstruction status and sites 

 NVO MVO LVO P trend† 

90-day functional outcomes    

mRS shift     

n/N (%) 0 117/382 (30.6) 39/179 (21.8) 57/360 (15.8)  

1 120/382 (31.4) 47/179 (26.3) 65/360 (18.1)  

2 59/382 (15.4) 33/179 (18.4) 35/360 (9.7)  

3 56/382 (14.7) 18/179 (10.1) 43/360 (11.9)  

4 14/382 (3.7) 16/179 (8.9) 61/360 (16.9)  

5 7/382 (1.8) 13/179 (7.3) 38/360 (10.6)  

6 9/382 (2.4) 13/179 (7.3) 61/360 (16.9)  

OR (95% CI) Reference 1.86 (1.35, 2.56) 3.94 (3.01, 5.16) <0.001 

AOR (95% CI)* Reference 1.34 (0.96, 1.88) 2.13 (1.56, 2.90) <0.001 

mRS 2–6     

n/N (%) 145/382 (38.0) 93/179 (52.0) 238/360 (66.1)  

OR (95% CI) Reference 1.77 (1.23, 2.53) 3.19 (2.36, 4.31) <0.001 

AOR (95% CI)* Reference 1.23 (0.82, 1.85) 1.62 (1.11, 2.36) 0.007 

mRS 3–6     

n/N (%) 86/382 (22.5) 60/179 (33.5) 203/360 (56.4)  

OR (95% CI) Reference 1.74 (1.17, 2.57) 4.45 (3.24, 6.12) <0.001 

AOR (95% CI)* Reference 1.12 (0.71, 1.76) 2.58 (1.74, 3.82) <0.001 

mRS 6     

n/N (%) 9/388 (2.3) 13/183 (7.1) 61/369 (16.5)  

OR (95% CI) Reference 3.22 (1.35, 7.68) 8.34 (4.08, 17.06) <0.001 

AOR (95% CI)* Reference 1.82 (0.70, 4.79) 4.12 (1.86, 9.11) <0.001 

Safety outcomes within 7 days    

Any intracranial haemorrhage    

 n/N (%) 37/388 (9.5) 41/183 (22.4) 100/369 (27.1)  

OR (95% CI) Reference 2.74 (1.69, 4.45) 3.53 (2.34, 5.31) <0.001 

AOR (95% CI)* Reference 2.27 (1.34, 3.83) 2.01 (1.25, 3.26) 0.001 

sICH (ECASS2 criteria)     

 n/N (%) 6/388 (1.5) 9/183 (4.9) 33/369 (8.9)  

OR (95% CI) Reference 3.29 (1.15, 9.40) 6.25 (2.59, 15.11) <0.001 

AOR (95% CI)* Reference 3.42 (1.02, 11.48) 4.38 (1.65, 11.61) 0.002 

Other intermediate outcomes    

END or death within 24 hours    

 n/N (%) 17/388 (4.4) 16/183 (8.7) 47/369 (12.7)  

OR (95% CI) Reference 2.09 (1.03, 4.24) 3.19 (1.79, 5.66) <0.001 

AOR (95% CI)* Reference 2.17 (0.999, 4.70) 3.27 (1.70, 6.28) <0.001 

Recanalisation within 48 hours    

n/N (%) - 17/30 (56.7) 14/44 (31.8) - 

CI denotes confidence interval; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale; MVO, medium vessel obstruction; NVO, no vessel 

obstruction; ECASS, the European-Australian Cooperative Acute Stroke Study; OR, odds ratio; AOR, 

adjusted odds ratio; sICH, symptomatic intracerebral haemorrhage. 

*Adjusted for key prognostic covariates (age; sex; ethnicity; baseline systolic blood pressure; baseline 

NIHSS score; time from stroke onset to randomisation; history of atrial fibrillation; history of 

hypercholesterolemia; assigned to intensive blood pressure lowering group; and assigned to low-dose 

alteplase group). 

†P trend for the odds ratios of MVO and LVO with the reference to NVO. 
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Figure 6.1. Association of randomised alteplase dose or BP lowering with ordinal mRS score across 

participants stratified by vascular obstruction status and site 

 

 
 

BP denotes blood pressure; LVO, large vascular obstruction; mRS, modified Rankin scale; MVO, medium 

vascular obstruction; NVO, no vascular obstruction.  

*Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to intensive BP lowering group. 

†Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to low-dose alteplase group. 

 

 

6.5.4 Vascular obstruction and intensive BP reduction 

Associations of randomised BP target with functional outcomes in 333 included participants 

from the BP arm were also comparable to the main results of ENCHANTED (mRS shift, N=332 

adjusted OR [95% CI] 1.18 [0.80-1.74]) (Figure 6.1), but the reduced risk of any intracranial 

haemorrhage by intensive BP lowering in the main trial was not confirmed (N=333, OR [95% 

CI] 0.88 [0.33-2.33]) (Figure 6.3). Associations of intensive versus guideline-recommended BP 

lowering with all outcomes were comparable across NVO/MVO/LVO groups, except for a 

borderline significant difference in the association with END across the subgroups 

(Pinteraction=0.05), and for a trend towards increased END after thrombolysis in LVO (N=117, 

OR [95% CI] 2.69 [0.90-8.04], P=0.08) (Figures 6.1 and 6.3).  However, this was not confirmed 

in sensitivity analyses (appendices 6.12, 6.15 and 6.16). 
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6.6 Discussion and conclusion 

6.6.1 Discussion 

In these post-hoc observational and subgroup analyses of the ENCHANTED trial, we were able 

to confirm prior reports that AIS patients with LVO had poor outcomes from thrombolysis 

compared to those with NVO, whereas outcomes were comparable between MVO and NVO. 

Although better functional recovery was evident after low-dose alteplase in patients with MVO, 

there were no differences in outcome between low- versus standard-dose alteplase across 

NVO/MVO/LVO groups. Similar associations for outcomes were seen for intensive versus 

guideline-recommended BP lowering across these subgroups, except for there being borderline 

significant difference for END. The results were inconsistent in sensitivity analyses, using 

different definitions of MVO, but where statistical power was reduced after the exclusion of 

those with site-reported angiography data.   

We undertook these vascular analyses to provide more insights into any differential 

thrombolysis outcomes according to the differential use of low-dose alteplase and intensive BP 

lowering. After merging eligible participants from both arms and randomised groups into a 

single cohort, the baseline characteristics of ENCHANTED participants were generally 

consistent with other studies according to any vascular obstruction.4,13,14 As reported 

elsewhere,3,5,9,13,14 thrombolysis outcomes were worse in those with LVO compared to NVO, 

with nearly half and one third of ENCHANTED participants having mRS scores 2-6 and 3-6 at 

90 days for MVO. Low statistical power from there being a limited number of participants with 

both baseline and follow-up CTA or MRA hindered reliability of our recanalisation estimates. 

However, the higher frequency of recanalisation in MVO than LVO was as expected, as 

efficacy of alteplase is likely to be greater in MVO than LVO. Thrombus migration from LVO 

to MVO after intravenous alteplase administration is another explanation. 

We have been unable to define who will benefit from low-dose intravenous alteplase in AIS. 

Several post-hoc subgroup analyses of the ENCHANTED trial have shown that various clinical 

factors (age, ethnicity, severity, prior stroke, diabetes mellitus, use of lipid lowering agents, and 

kidney function) cannot modify the neutral effects of low- versus standard-dose alteplase on 

90-day functional outcomes, except for prior use of antiplatelets.15 Acute or chronic cerebral 

ischaemic signs on non-contrast CT were also explored without any significant findings.8 These 

analyses suggest low-dose alteplase may improve functional outcome in thrombolysis-treated 

AIS patients with MVO. Despite support for a lower dose of alteplase being effective in MVO 
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on the basis of smaller diameter of occluded vessel compared to LVO, we have been cautious 

in interpreting our findings as spurious findings may have arisen when the main trial produced 

a neutral result and there were small sample sizes for these subgroups. 

Figure 6.2. Other thrombolysis outcomes by randomised alteplase dose across participants stratified 

by vascular obstruction status and site 

 
BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale; MVO, medium vessel obstruction; ECASS, the 

European-Australian Cooperative Acute Stroke Study; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to intensive BP lowering group. 

†Adjudicated centrally or reported by site investigators. 
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Figure 6.3. Other thrombolysis outcomes by randomised BP lowering across participants stratified by 

vascular obstruction status and site 

 
BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale, MVO: medium vessel obstruction; ECASS, the 

European-Australian Cooperative Acute Stroke Study; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to low-dose alteplase group. 

†Adjudicated centrally or reported by site investigators. 

 

There are ongoing concerns that BP lowering may increase the risk of harm in AIS patients 

with LVO or large infarct lesion.16 Our results suggest greater END after thrombolysis for LVO 

participants allocated to intensive BP lowering treatment, but the play of chance cannot be 

excluded in relation to the small subset of participants in these particular analyses. However, 

our recent post-hoc analysis with larger samples (N=1311) that included ENCHANTED BP 
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arm participants with severe AIS (defined by the combination of LVO and baseline NIHSS 

score >10),17 as well as another analysis in participants with definite non-lacunar AIS 

(N=784),18 both showed an increased risk of death in those who were allocated to intensive BP 

lowering, which adds to the concern of large BP falls in these types of AIS patients. 

6.6.2 Strengths and limitations 

Strengths of this study were the inclusion of patients from a large, prospective, multicentre, 

clinical trial with systematic and complete data collection, where vascular assessments were 

completed blind to clinical data, using a pre-specified approach. However, several limitations 

include the small subgroup samples on opportunistic baseline CTA or MRA which were not 

pre-specified in our pragmatic trial design. Although adjustments were made for key prognostic 

covariables in analyses of randomised treatment effects and for assessments of interaction by 

subgroups, there is still the concerns over bias, residual confounding and chance. There were 

few patients with cervical CTA or MRA, which compromised the ability to identify and 

separate extracranial ICAO from LVO, with the former considered to have a better prognosis 

than intracranial ICAO with tandem obstructions.19 We also included site-reported angiography 

data (not adjudicated centrally) in the primary analysis to enhance statistical power, but this did 

not allow reclassification of MVO and they were removed in sensitivity analyses. Furthermore, 

we did not identify early recanalisation and reperfusion status (within 6 hours post-

thrombolysis), which are important in determining functional recovery. Nonetheless, our study 

might give light to future research in exploring whether AIS patients with MVO would benefit 

from low-dose alteplase and whether caution should be advised for intensive BP lowering in 

thrombolysis-treated LVO patients. 

6.6.3 Conclusion 

In summary, among thrombolysis eligible and treated AIS participants with baseline CTA or 

MRA from ENCHANTED, clinical prognosis is worse in those with LVO, and comparable for 

MVO, compared to others with NVO.  Functional outcomes after low- versus standard-dose 

alteplase or intensive versus guideline-recommended BP lowering are not modified by different 

vascular obstruction status/site according to these post-hoc subgroup analyses from 

ENCHANTED which were statistically underpowered.  Whether prognosis in MVO AIS 

patients is better after low- versus standard-dose alteplase treatment requires further research, 

as dose intensive BP lowering in LVO. 
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Appendices 

Appendix 6.1. Scan quality of computed tomographic or magnetic resonance angiography  

Good: meet all following conditions. 

Moderate: meet 2 to 3 of following conditions and it is probably to have a reliable assessment. 

Poor: meet 1 to 2 of following conditions and it is unlikely to have a reliable assessment. 

 

1. No motion artifact. 

2. No mal-positioning of patients in scanner. 

3. Having raw images besides reconstructed maximum intensity projection (MIP) images. 

4. Relative high signal-to-noise ratio (SNR).



173 

Appendix 6.2. Scoring for angiogram characteristics in ENCHANTED 

Imaging characteristic Options presented to imaging reader 

Presence of vascular stenosis or 

occlusion?  

1. Yes 

2. No 

Which side is affected? 1. Right    2. Left    3. Both or midline 

Location of the 

stenosis/occlusion 

(intracranial arteries): 

(Select 1 to 3 largest arteries 

involved) 

1. Anterior Cerebral Artery (ACA)          

2. M1 segment of Middle Cerebral Artery (MCA)   

3. M2 segment of MCA*  

4. Terminal Internal Carotid Artery (ICA)†  

5. Petrous to supraclinoid segment of ICA   

6. Posterior Cerebral Artery (PCA)   

7. Basilar Artery (BA)    

8. Vertebral Artery (VA) 

*Further classified as proximal M2 segment or distal M2/M3 

segment separately  

† Further classified as L/T or I occlusion separately  

Location of the 

stenosis/occlusion 

(extracranial carotid artery): 

1. Cervical segment of ICA 

2. Bifurcation of common carotid artery 

3. Common carotid artery 

IST-3 Angiography Score3 0 = No patency 

1 = Contrast penetrates obstruction but minimal enters distal artery 

2a = Luminal patency of <50% with partial filling (< half) of major 

branches 

2b = Luminal patency of <50% with partial filling (> half) of major 

branches 

3 = Patency of >50% of lumen and filling of most branches 

4 = Complete patency – normal 

Modified TICI Score3 0 = No flow/patency 

1 = Minimal flow/patency 

2a = Partial flow <50% of expected territory 

2b = Partial flow >50% of expected territory 

3 = Complete flow/patency 

Clot Burden Score9 

(Anterior circulation only) 

Six arterial locations are assessed for the presence of clot:  

Infraclinoid (1 point) and supraclinoid ICA (2 points) 

Proximal (2 points) and distal M1 MCA (2 points) 

M2 branches of MCA (1 point each) 

ACA (1 point) 

Visual Residual Flow10 1. Grade 0 (no residual flow)    

2. Grade 1     

3. Grade 2 

4. Not eligible for assessment 

Collateral Supply (MCA)11 Grade 0 (poor): When compared with the asymptomatic contralateral 

hemisphere, there are no vessels visible within the ischaemic territory. 

Grade 1 (poor): When compared with the asymptomatic contralateral 

hemisphere, there are just a few vessels visible in the occluded 

vascular territory. 

Grade 2 (intermediate): When compared with the asymptomatic 

contralateral hemisphere, there is decreased prominence and extent 

and regions with no vessels within the ischaemic territory in the 

symptomatic hemisphere. 

Grade 3 (intermediate): When compared with the asymptomatic 

contralateral hemisphere, there is moderately reduced prominence and 

extent of pial vessels within the ischaemic territory in the 

symptomatic hemisphere. 

Grade 4 (good): When compared with the asymptomatic contralateral 

hemisphere, there is slightly reduced prominence and extent of pial 

vessels within the ischaemic territory in the symptomatic hemisphere. 



174 

Grade 5 (good): When compared with asymptomatic contralateral 

hemisphere, there is increased or normal prominence and extent of 

pial vessels within the ischaemic territory in the symptomatic 

hemisphere. 

Revised Arterial Occlusive 

Lesion [rAOL] Score for 

Recanalisation10 

Score 0a: Primary occlusive lesion gets worsen with severer 

stenosis/occlusion degree or more segments of vessel being involved. 

Score 0b: Primary occlusive lesion remains same. 

Score 1: Debulking of thrombus without recanalisation. 

Score 2a: Partial or complete recanalisation of the primary lesion with 

thrombus/occlusion in major vascular branch*. 

Score 2b: Partial or complete recanalisation of the primary lesion with 

thrombus/occlusion in minor vascular branch†, or partial 

recanalisation of the primary lesion with no thrombus in the vascular 

tree at or beyond the primary occlusive lesion. 

Score 3: Complete recanalisation of the primary occlusion with no 

clot in the vascular tree at or beyond 

The primary occlusive lesion. 

*Major vascular branch: ICA, M1 segment of MCA, Functional 

M1(thrombus in both proximal M2s of MCA), A1 segment of ACA, 

BA, P1 segment of PCA. 

†Minor vascular branch: other distal vessels. 
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Appendix 6.3. Examples of ENCHANTED participants with different vascular obstruction status and 

site  

 
CTA denotes computed tomographic angiography; DWI, diffusion-weighted imaging; ENCHANTED, 

Enhanced Control of Hypertension and Thrombolysis Stroke Study; FU, follow-up; LVO, large vascular 

obstruction; MCA, middle cerebral artery; MRA, magnetic resonance angiography; MVO, medium vascular 

obstruction; NVO, no vascular obstruction.  

(A) case of NVO: no vascular obstruction on baseline MRA and lacunar infarct at right basal ganglia (red 

arrow) is identified on baseline and follow-up DWI; (B) case of MVO: left M1 and proximal M2 segment of 

MCA is shown on baseline CTA (red arrow) with fewer sylvian branches (red arrowhead) compared to 

contralateral side. Infarct at left temporal lobe is seen on follow-up CT; (C) case of LVO: obstruction at left 

M1 segment of MCA with recanalisation and infarct at left temporal lobe identified on follow-up MRA and 

DWI. 
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Appendix 6.4. Flowchart of participants included in analyses 

 

 
 

BP denotes blood pressure; CT, computed tomography; CTA, CT angiography; EVT, endovascular therapy; 

MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; TGI, the George Institute for 

Global Health. 

*702 patients in total with 452 assigned to alteplase arm, 177 assigned to BP arm, and 73 assigned to both 

arms. 
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Appendix 6.5. Baseline characteristics of ENCHANTED rtPA arm participants included and excluded 

for vascular analyses 

 Included 

(N=697) 

Excluded 

(N=2600) 

P value 

Age (years)  67.6 (12.8) 66.3 (12.8) 0.01 

Female 251 (36.0) 997 (38.3) 0.26 

Asian ethnicity 347 (49.8) 1732/2594 (66.8) <0.001 

Clinical features    

2Systolic BP (mmHg) 147.1 (20.6) 149.8 (19.5) 0.001 

  Diastolic BP (mmHg) 83.3 (12.7) 85.0 (12.9) 0.002 

  Heart rate (beats per minute) 80.3 (16.3) 78.7 (15.1) 0.01 

  NIHSS score* 8 (5-14) 8 (5-14) 0.71 

  GCS score† 15 (14-15) 15 (14-15) 0.36 

Medical history    

  Previous stroke 104 (14.9) 485 (18.7) 0.02 

  Hypertension 435 (62.4) 1630/2591 (62.9) 0.81 

  Atrial fibrillation 149 (21.4) 487/2588 (18.8) 0.13 

  Coronary artery disease 101 (14.5) 378/2591 (14.6) 0.95 

  Valvular/other heart disease 58 (8.3) 177/2591 (6.8) 0.18 

  Diabetes mellitus 124 (17.8) 522/2591 (20.1) 0.16 

  Hypercholesterolaemia 179 (25.7) 376/2591 (14.5) <0.001 

  Current smoker 170/696 (24.4) 600/2588 (23.2) 0.49 

2Pre-stroke function without symptoms (mRS=0) 145 (20.8) 467/2589 (18.0) 0.10 

Medication on admission    

  Antihypertensive agent(s) 344 (49.4) 1154/2591 (44.5) 0.02 

  Warfarin anticoagulation 24/696 (3.4) 58/2589 (2.2) 0.07 

  Aspirin/other antiplatelet agent 194/696 (27.9) 558/2589 (21.6) <0.001 

  Statin/other lipid lowering agent 182/696 (26.1) 433/2588 (16.7) <0.001 

Time from onset to randomisation (hrs) 2.4 (1.8-3.2) 2.7 (2.1-3.5) <0.001 

Randomised low-dose treatment 350 (50.2) 1304 (50.2) 0.98 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test 

BP denotes blood pressure; GCS, Glasgow coma scale; mRS, modified Rankin scale; NIHSS, National 

Institutes of Health stroke scale. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 
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Appendix 6.6. Baseline characteristics of ENCHANTED BP arm participants included and excluded 

for vascular analyses 

 Included 

(N=333) 

Excluded 

(N=1863) 

P value 

Age (years)  69.7 (12.5) 66.4 (12.1) <0.001 

Female 129 (38.7) 706 (37.9) 0.77 

Asian ethnicity 133 (39.9) 1485/1861 (79.8) <0.001 

Clinical features    

2Systolic BP (mmHg) 167.4 (9.1) 164.9 (9.2) <0.001 

  Diastolic BP (mmHg) 89.7 (11.9) 91.2 (11.4) 0.03 

  Heart rate (beats per minute) 80.9 (16.3) 79.0 (14.5) 0.03 

  NIHSS score* 8 (5-13) 7 (4-12) 0.28 

  GCS score† 15 (14-15) 15 (14-15) 0.94 

Medical history    

  Previous stroke 60 (18.0) 354 (19.0) 0.67 

  Hypertension 227 (68.2) 1341/1859 (72.1) 0.14 

  Atrial fibrillation 60 (18.0) 252/1857 (13.6) 0.03 

  Coronary artery disease 46 (13.8) 263/1859 (14.1) 0.87 

  Valvular/other heart disease 18 (5.4) 76/1859 (4.1) 0.27 

  Diabetes mellitus 79 (23.7) 417/1859 (22.4) 0.60 

  Hypercholesterolaemia 79 (23.7) 170/1859 (9.1) <0.001 

  Current smoker 58 (17.4) 386/1857 (20.8) 0.16 

2Pre-stroke function without symptoms (mRS=0) 81 (24.3) 233/1858 (12.5) <0.001 

Medication on admission    

  Antihypertensive agent(s) 189 (56.8) 823/1859 (44.3) <0.001 

  Warfarin anticoagulation 8 (2.4) 21/1859 (1.1) 0.06 

  Aspirin/other antiplatelet agent 102 (30.6) 284/1859 (15.3) <0.001 

  Statin/other lipid lowering agent 106 (31.8) 232/1859 (12.5) <0.001 

Time from onset to randomisation (hrs) 3.2 (2.5-4.1) 3.4 (2.6-4.1) 0.49 

Randomised intensive BP lowering treatment 167 (50.2) 914 (49.1) 0.71 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test 

BP denotes blood pressure; GCS, Glasgow coma scale; mRS, modified Rankin scale; NIHSS, National 

Institutes of Health stroke scale. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 
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Appendix 6.7. Baseline characteristics and presumed diagnosis of participants by vascular obstruction 

status and site 

 NVO 

(N=388) 

MVO  

(N=183) 

LVO 

(N=369) 

P 

value§ 

Age (years) 67.0 (13.3) 69.4 (11.9) 68.4 (12.5) 0.08 

Female 140 (36.1) 73 (39.9) 135 (36.6) 0.66 

Asian ethnicity 130 (33.5) 94 (51.4) 222 (60.2) <0.001 

Clinical features     

2Systolic BP (mmHg) 154.7 (19.5) 153.2 (18.4) 149.5 (21.9) 0.002 

  Diastolic BP (mmHg) 85.8 (12.9) 85.3 (12.2) 83.8 (12.9) 0.09 

  Heart rate (beats per minute) 80.9 (14.9) 78.6 (15.9) 81.1 (18.0) 0.21 

  NIHSS score* 6 (4-9) 9 (5-12) 12 (7-17) <0.001 

  GCS score† 15 (15-15) 15 (13-15) 15 (13-15) <0.001 

Medical history     

  Previous stroke 65 (16.8) 31 (16.9) 51 (13.8) 0.47 

  Hypertension 230 (59.3) 126 (68.9) 238 (64.5) 0.07 

  Atrial fibrillation 45 (11.6) 39 (21.3) 103 (27.9) <0.001 

  Coronary artery disease 50 (12.9) 29 (15.8) 52 (14.1) 0.63 

  Valvular or other heart disease 26 (6.7) 17 (9.3) 25 (6.8) 0.49 

  Diabetes mellitus 73 (18.8) 39 (21.3) 74 (20.1) 0.77 

2Hypercholesterolemia 116 (29.9) 48 (26.2) 65 (17.6) <0.001 

  Current smoker 81/387 (20.9) 33 (18.0) 95 (25.7) 0.09 

2Pre-stroke function without symptoms‡  83 (21.4) 47 (25.7) 69 (18.7) 0.17 

Medication on admission     

  Antihypertensive agent(s) 191 (49.2) 102 (55.7) 186 (50.4) 0.34 

  Warfarin anticoagulation 11 (2.8) 8 (4.4) 9/368 (2.4) 0.45 

  Aspirin/other antiplatelet agent 120 (30.9) 52 (28.4) 92/368 (25.0) 0.19 

  Statin/other lipid lowering agent 136 (35.1) 48 (26.2) 78/368 (21.2) <0.001 

Time from onset to randomisation (hrs)  2.9 (2.1-3.6) 2.7 (1.9-3.6) 2.6 (1.8-3.5) 0.04 

Imaging features     

  Infarct location confirmed 225/385 (58.4) 147/162 (90.7) 299/333 (89.8) <0.001 

Infarct on left side 104/225 (46.2) 77/147 (52.4) 129/299 (43.1) 0.18 

Infarct on right side 111/225 (49.3) 68/147 (46.3) 156/299 (52.2) 0.49 

  Infarct at midline or bilateral  10/225 (4.4) 2/147 (1.4) 14/299 (4.7) 0.20 

  Infarct in anterior circulation 164/225 (72.9) 108/147 (73.5) 236/299 (78.9) 0.22 

  Infarct in posterior circulation 53/225 (23.6) 32/147 (21.8) 37/299 (12.4) 0.002 

  Both anterior and posterior circulation 8/225 (3.6) 7/147 (4.8) 26/299 (8.7) 0.04 

  With hyperdense vessel sign on CT 19/340 (5.6) 34/147 (23.1) 116/305 (38.0) <0.001 

  With old vascular lesions 166/385 (43.1) 61/162 (37.7) 151/333 (45.3) 0.27 

  With brain atrophy 260/385 (67.5) 109/162 (67.3) 235/333 (70.6) 0.63 

  With white matter changes 163/385 (42.3) 63/162 (38.9) 141/333 (42.3) 0.72 

  Clot burden score - 9 (9-9), N=64 6 (4-7), N=122 <0.001 

  With visual residual flow (grade 1 or 2) - 65/93 (69.9) 79/156 (50.6) 0.003 

  Good collaterals (grade 3 to 5) - 64/93 (68.8) 88/155 (56.8) 0.06 

Assigned to low-dose alteplase group 138/274 (50.4) 68/133 (51.1) 144/290 (49.7) 0.96 

Assigned to intensive BP lowering group 73/151 (48.3) 30/65 (46.2) 64/117 (54.7) 0.45 

Presumed clinical diagnosis     

  Non-stroke 27/383 (7.0) 1 (0.5) 2/363 (0.6) <0.001 

  LVO because of atheroma 69/383 (18.0) 73 (39.9) 204/363 (56.2) <0.001 

  Small vessel disease  119/383 (31.1) 15 (8.2) 16/363 (4.4) <0.001 

  Cardioembolism  68/383 (17.8) 54 (29.5) 89/363 (24.5) 0.004 

  Dissection 2/383 (0.5) 0 (0.0) 6/363 (1.7) 0.09 

  Other or uncertain pathogenesis 98/383 (25.6) 40 (21.9) 46/363 (12.7) <0.001 

BP denotes blood pressure; CT, computed tomography; GCS, Glasgow Coma Scale; LVO, large vessel 

obstruction; MVO, medium vessel obstruction; mRS, modified Rankin scale; NIHSS, National Institutes of 

Health stroke scale; NVO, no vessel obstruction. 
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Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. 

§P values for the comparisons across participants with NVO, MVO and LVO. 
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Appendix 6.8. Baseline characteristics of participants by randomised alteplase dose in different 

vascular obstruction status and site 

 Low-dose 

NVO (n=138), 

MVO (n=68),     

   LVO (n=144)  

Standard-dose                                                                                        

NVO (n=136), 

MVO (n=65), 

LVO (n=146)  

Total 

NVO (n=274), 

MVO (n=133), 

LVO (n=290) 

P 

value§ 

Age (years)     

  NVO 66.9 (13.5) 66.1 (13.6) 66.5 (13.5) 0.17 

  MVO 68.7 (11.2) 69.0 (12.5) 68.8 (11.8)  

  LVO 68.4 (12.0) 67.8 (13.0) 68.1 (12.5)  

Female     

  NVO 48 (34.8) 49 (36.0) 97 (35.4) 0.71 

  MVO 30 (44.1) 22 (33.8) 52 (39.1)  

  LVO 47 (32.6) 55 (37.7) 102 (35.2)  

Asian ethnicity     

  NVO 51 (37.0) 42 (30.9) 93 (33.9) <0.001 

  MVO 37 (54.4) 33 (50.8) 70 (52.6)  

  LVO 90 (62.5) 94 (64.4) 184 (63.4)  

Clinical features     

Systolic BP (mmHg)     

  NVO 149.0 (19.1) 149.2 (20.8) 149.1 (19.9) 0.04 

  MVO 148.8 (18.5) 147.1 (18.5) 148.0 (18.5)  

  LVO 144.1 (22.7) 145.5 (21.4) 144.8 (22.0)  

  Diastolic BP (mmHg)     

    NVO 84.0 (13.3) 84.7 (12.3) 84.3 (12.8) 0.09 

    MVO 84.1 (11.0) 83.6 (12.3) 83.9 (11.6)  

    LVO 81.2 (12.5) 82.9 (13.6) 82.0 (13.1)  

  Heart rate (beats per minute)     

    NVO 80.8 (14.4) 81.0 (15.0) 80.9 (14.6) 0.36 

    MVO 80.1 (18.4) 76.9 (14.2) 78.5 (16.5)  

    LVO 81.3 (18.3) 80.0 (17.0) 80.7 (17.7)  

  NIHSS score*     

    NVO 5.5 (4-9) 5 (4-8) 5 (4-8) <0.001 

    MVO 7.5 (5-12) 9 (6-12) 9 (6-12)  

    LVO 12 (8-17) 14 (8-18) 13 (8-18)  

  GCS score†     

    NVO 15 (14-15) 15 (15-15) 15 (15-15) <0.001 

    MVO 15 (14-15) 15 (12-15) 15 (13-15)  

    LVO 14 (12.5-15) 15 (13-15) 14 (13-15)  

Medical history     

  Previous stroke     

    NVO 18 (13.0) 27 (19.9) 45 (16.4) 0.66 

    MVO 7 (10.3) 12 (18.5) 19 (14.3)  

    LVO 20 (13.9) 20 (13.7) 40 (13.8)  

  Hypertension     

    NVO 83 (60.1) 77 (56.6) 160 (58.4) 0.16 

    MVO 45 (66.2) 45 (69.2) 90 (67.7)  

    LVO 87 (60.4) 98 (67.1) 185 (63.8)  

  Atrial fibrillation     

    NVO 23 (16.7)# 11 (8.1)# 34 (12.4) <0.001 

    MVO 19 (27.9) 12 (18.5) 31 (23.3)  

    LVO 42 (29.2) 42 (28.8) 84 (29.0)  

  Coronary artery disease     

    NVO 22 (15.9) 17 (12.5) 39 (14.2) 0.98 

    MVO 11 (16.2) 9 (13.8) 20 (15.0)  

    LVO 22 (15.3) 20 (13.7) 42 (14.5)  

  Valvular or other heart disease     
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    NVO 13 (9.4) 11 (8.1) 24 (8.8) 0.64 

    MVO 6 (8.8) 7 (10.8) 13 (9.8)  

    LVO 10 (6.9) 11 (7.5) 21 (7.2)  

  Diabetes mellitus     

    NVO 22 (15.9) 27 (19.9) 49 (17.9) 0.99 

    MVO 13 (19.1) 11 (16.9) 24 (18.0)  

    LVO 23 (16.0) 28 (19.2) 51 (17.6)  

Hypercholesterolemia     

  NVO 46 (33.3) 48 (35.3) 94 (34.3) <0.001 

  MVO 18 (26.5) 15 (23.1) 33 (24.8)  

  LVO 31 (21.5) 21 (14.4) 52 (17.9)  

  Current smoker     

    NVO 36 (26.1) 33/135 (24.4) 69/273 (25.3) 0.09 

    MVO 9 (13.2) 14 (21.5) 23 (17.3)  

    LVO 41 (28.5) 37 (25.3) 78 (26.9)  

Pre-stroke function without symptoms‡     

  NVO 31 (22.5) 34 (25.0) 65 (23.7) 0.10 

  MVO 17 (25.0) 14 (21.5) 31 (23.3)  

  LVO 22 (15.3) 27 (18.5) 49 (16.9)  

Medication on admission     

  Antihypertensive agent(s)     

    NVO 67 (48.6) 64 (47.1) 131 (47.8) 0.46 

    MVO 39 (57.4) 33 (50.8) 72 (54.1)  

    LVO 71 (49.3) 70 (47.9) 141 (48.6)  

  Warfarin anticoagulation     

    NVO 7 (5.1)# 1 (0.7)# 8 (2.9) 0.20 

    MVO 3 (4.4) 5 (7.7) 8 (6.0)  

    LVO 6 (4.2) 2/145 (1.4) 8/289 (2.8)  

  Aspirin/other antiplatelet agent     

    NVO 49 (35.5) 34 (25.0) 83 (30.3) 0.52 

    MVO 22 (32.4) 13 (20.0) 35 (26.3)  

    LVO 40 (27.8) 36/145 (24.8) 76/289 (26.3)  

  Statin/other lipid lowering agent     

     NVO 49 (35.5) 43 (31.6) 92 (33.6) 0.001 

     MVO 17 (25.0) 16 (24.6) 33 (24.8)  

     LVO 34 (23.6) 23/145 (15.9) 57/289 (19.7)  

Time from onset to randomisation (hrs)     

NVO 2.4 (1.8-3.2) 2.7 (2.0-3.4) 2.6 (2.0-3.3) 0.05 

    MVO 2.3 (1.7-3.3) 2.3 (1.6-3.0) 2.3 (1.7-3.2)  

    LVO 2.5 (1.7-3.2) 2.3 (1.7-3.1) 2.4 (1.7-3.1)  

Imaging features     

  Infarct location confirmed     

     NVO 87 (63.0) 74/133 (55.6) 161/271 (59.4) <0.001 

     MVO 56/63 (88.9) 56/59 (94.9) 112/122 (91.8)  

     LVO 117/134 (87.3) 120/131 (91.6) 237/265 (89.4)  

Infarct on left side     

   NVO 46/87 (52.9) 36/74 (48.6) 82/161 (50.9) 0.04 

   MVO 32/56 (57.1) 27/56 (48.2) 59/112 (52.7)  

   LVO 48/117 (41.0) 48/120 (40.0) 96/237 (40.5)  

Infarct on right side     

   NVO 37/87 (42.5) 35/74 (47.3) 72/161 (44.7) 0.05 

   MVO 23/56 (41.1) 29/56 (51.8) 52/112 (46.4)  

   LVO 64/117 (54.7) 69/120 (57.5) 133/237 (56.1)  

  Infarct at midline or bilateral      

     NVO 4/87 (4.6) 3/74 (4.1) 7/161 (4.3) 0.26 
     MVO 1/56 (1.8) 0/56 (0.0) 1/112 (0.9)  

     LVO 5/117 (4.3) 3/120 (2.5) 8/237 (3.4)  
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  Infarct in anterior circulation     

     NVO 59/87 (67.8) 58/74 (78.4) 117/161 (72.7) 0.009 

     MVO 44/56 (78.6) 39/56 (69.6) 83/112 (74.1)  

     LVO 95/117 (81.2) 105/120 (87.5) 200/237 (84.4)  

  Infarct in posterior circulation     

     NVO 26/87 (29.9) 13/74 (17.6) 39/161 (24.2) <0.001 

     MVO 11/56 (19.6) 11/56 (19.6) 22/112 (19.6)  

     LVO 11/117 (9.4) 9/120 (7.5) 20/237 (8.4)  

  Both anterior and posterior circulation    

     NVO 2/87 (2.3) 3/74 (4.1) 5/161 (3.1) 0.22 

     MVO 1/56 (1.8) 6/56 (10.7) 7/112 (6.3)  

     LVO 11/117 (9.4) 6/120 (5.0) 17/237 (7.2)  

  With hyperdense vessel sign on CT    

     NVO 9/125 (7.2) 9/115 (7.8) 18/240 (7.5) <0.001 

     MVO 10/55 (18.2) 15/54 (27.8) 25/109 (22.9)  

     LVO 44/123 (35.8) 51/117 (43.6) 95/240 (39.6)  

  With old vascular lesions     

     NVO 48 (34.8) 57/133 (42.9) 105/271 (38.7) 0.17 

     MVO 25/63 (39.7) 16/59 (27.1) 41/122 (33.6)  

     LVO 57/134 (42.5) 58/131 (44.3) 115/265 (43.4)  

  With brain atrophy     

     NVO 98 (71.0) 93/133 (69.9) 191/271 (70.5) 0.67 

     MVO 44/63 (69.8) 39/59 (66.1) 83/122 (68.0)  

     LVO 97/134 (72.4) 95/131 (72.5) 192/265 (72.5)  

  With white matter changes     

     NVO 54 (39.1) 55/133 (41.4) 109/271 (40.2) 0.55 

     MVO 20/63 (31.7) 22/59 (37.3) 42/122 (34.4)  

     LVO 52/134 (38.8) 51/131 (38.9) 103/265 (38.9)  

  Clot burden score     

     NVO - - - <0.001 

     MVO 9 (9-9), n=27 9 (9-9), n=29 9 (9-9), n=56  

     LVO 6 (4-7), n=54 6 (4-7), n=48 6 (4-7), n=102  

With visual residual flow (grade 1 or 2)    

     NVO - - - 0.008 

     MVO 26/37 (70.3) 27/36 (75.0) 53/73 (72.6)  

     LVO 32/64 (50.0) 32/56 (57.1) 64/120 (53.3)  

  Good collaterals (grade 3 to 5)     

     NVO - - - 0.03 

     MVO 27/36 (75.0) 25/37 (67.6) 52/73 (71.2)  

     LVO 33/64 (51.6) 34/56 (60.7) 67/120 (55.8)  

Assigned to intensive BP lowering group    

     NVO 9 (6.5) 6 (4.4) 15 (5.5) 0.76 

     MVO 4 (5.9) 5 (7.7) 9 (6.8)  

     LVO 10 (6.9) 10 (6.8) 20 (6.9)  

Assigned to standard BP lowering group    

     NVO 8 (5.8) 14 (10.3) 22 (8.0) 0.38 

     MVO 5 (7.4) 1 (1.5) 6 (4.5)  

     LVO 10 (6.9) 8 (5.5) 18 (6.2)  

BP denotes blood pressure; CT, computed tomography; GCS, Glasgow Coma Scale; LVO, large vessel 

obstruction; MVO, medium vessel obstruction; mRS, modified Rankin scale; NIHSS, National Institutes of 

Health stroke scale; NVO, no vessel obstruction. 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. §P values for the comparisons among participants with NVO, MVO and LVO. 

#P<0.05 by randomised alteplase dose. 
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Appendix 6.9. Baseline characteristics of participants by randomised BP lowering in different vascular 

obstruction status and site 

 Low-dose 

NVO (n=73), 

MVO (n=30),     

 LVO (n=64) 

Standard-dose 

NVO (n=78), 

MVO (n=35),     

      LVO (n=53)   

Total 

NVO (n=151), 

MVO (n=65),     

LVO (n=117) 

P 

value§ 

Age (years)     

  NVO 68.4 (13.0) 68.4 (12.9) 68.4 (12.9) 0.16 

  MVO 70.1 (13.6) 73.4 (11.0) 71.9 (12.3)  

  LVO 70.8 (13.8) 69.4 (9.9) 70.1 (12.1)  

Female     

  NVO 26 (35.6) 31 (39.7) 57 (37.7) 0.87 

  MVO 12 (40.0) 15 (42.9) 27 (41.5)  

  LVO 25 (39.1) 20 (37.7) 45 (38.5)  

Asian ethnicity     

  NVO 21 (28.8) 22 (28.2) 43 (28.5) <0.001 

  MVO 12 (40.0) 18 (51.4) 30 (46.2)  

  LVO 33 (51.6) 27 (50.9) 60 (51.3)  

Clinical features     

Systolic BP (mmHg)     

  NVO 168.5 (7.8) 168.1 (10.6) 168.3 (9.3) 0.24 

  MVO 166.7 (9.4) 167.9 (8.6) 167.3 (8.9)  

  LVO 167.2 (8.7) 165.4 (8.9) 166.4 (8.8)  

  Diastolic BP (mmHg)     

    NVO 89.6 (11.7) 89.2 (13.0) 89.4 (12.3) 0.82 

    MVO 92.4 (12.5) 87.0 (12.1) 89.5 (12.5)  

    LVO 90.8 (11.3) 89.7 (10.7) 90.3 (11.0)  

  Heart rate (beats per minute)     

    NVO 80.8 (13.7) 80.9 (16.1) 80.8 (15.0) 0.74 

    MVO 78.3 (15.2) 80.9 (17.0) 79.7 (16.1)  

    LVO 81.4 (18.3) 82.1 (17.7) 81.7 (18.0)  

  NIHSS score*     

    NVO 6 (4-10) 6 (5-9) 6 (4-10) <0.001 

    MVO 7.5 (4-14) 8 (5-12) 8 (5-12)  

    LVO 12 (7-17) 10 (5-17) 11 (5-17)  

  GCS score†     

    NVO 15 (15-15) 15 (15-15) 15 (15-15) <0.001 

    MVO 15 (13-15) 15 (12-15) 15 (13-15)  

    LVO 14 (11-15) 15 (13-15) 14 (12-15)  

Medical history     

  Previous stroke     

    NVO 14 (19.2) 15 (19.2) 29 (19.2) 0.65 

    MVO 5 (16.7) 8 (22.9) 13 (20.0)  

    LVO 9 (14.1) 9 (17.0) 18 (15.4)  

  Hypertension     

    NVO 46 (63.0) 51 (65.4) 97 (64.2) 0.33 

    MVO 23 (76.7) 25 (71.4) 48 (73.8)  

    LVO 39 (60.9)# 43 (81.1)# 82 (70.1)  

  Atrial fibrillation     

    NVO 6 (8.2) 11 (14.1) 17 (11.3) 0.001 

    MVO 2 (6.7) 8 (22.9) 10 (15.4)  

    LVO 17 (26.6) 16 (30.2) 33 (28.2)  

  Coronary artery disease     

    NVO 6 (8.2) 8 (10.3) 14 (9.3) 0.05 

    MVO 4 (13.3) 10 (28.6) 14 (21.5)  

    LVO 10 (15.6) 8 (15.1) 18 (15.4)  

  Valvular or other heart disease     
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    NVO 0 (0.0) 4 (5.1) 4 (2.6) 0.05 

    MVO 2 (6.7) 5 (14.3) 7 (10.8)  

    LVO 1 (1.6)# 6 (11.3)# 7 (6.0)  

  Diabetes mellitus     

    NVO 14 (19.2) 17 (21.8) 31 (20.5) 0.46 

    MVO 8 (26.7) 9 (25.7) 17 (26.2)  

    LVO 16 (25.0) 15 (28.3) 31 (26.5)  

Hypercholesterolemia     

  NVO 19 (26.0) 19 (24.4) 38 (25.2) 0.13 

  MVO 8 (26.7) 12 (34.3) 20 (30.8)  

  LVO 12 (18.8) 9 (17.0) 21 (17.9)  

  Current smoker     

    NVO 5 (6.8) 12 (15.4) 17 (11.3) 0.01 

    MVO 7 (23.3) 5 (14.3) 12 (18.5)  

    LVO 14 (21.9) 15 (28.3) 29 (24.8)  

Pre-stroke function without symptoms‡     

  NVO 13 (17.8) 15 (19.2) 28 (18.5) 0.06 

  MVO 10 (33.3) 11 (31.4) 21 (32.3)  

  LVO 17 (26.6) 15 (28.3) 32 (27.4)  

Medication on admission     

  Antihypertensive agent(s)     

    NVO 39 (53.4) 43 (55.1) 82 (54.3) 0.69 

    MVO 20 (66.7) 19 (54.3) 39 (60.0)  

    LVO 34 (53.1) 34 (64.2) 68 (58.1)  

  Warfarin anticoagulation     

    NVO 3 (4.1) 2 (2.6) 5 (3.3) 0.61 

    MVO 1 (3.3) 0 (0.0) 1 (1.5)  

    LVO 1 (1.6) 1 (1.9) 2 (1.7)  

  Aspirin/other antiplatelet agent     

    NVO 27 (37.0) 26 (33.3) 53 (35.1) 0.19 

    MVO 9 (30.0) 11 (31.4) 20 (30.8)  

    LVO 12 (18.8) 17 (32.1) 29 (24.8)  

  Statin/other lipid lowering agent     

     NVO 28 (38.4) 33 (42.3) 61 (40.4) 0.006 

     MVO 10 (33.3) 9 (25.7) 19 (29.2)  

     LVO 15 (23.4) 11 (20.8) 26 (22.2)  

Time from onset to randomisation (hrs)     

NVO 3.2 (2.3-4.2) 3.2 (2.3-3.9) 3.2 (2.3-4.0) 0.51 

    MVO 3.6 (2.7-4.4) 3.6 (2.8-4.2) 3.6 (2.7-4.2)  

    LVO 3.6 (2.6-4.2) 3.1 (2.6-3.7) 3.2 (2.6-4.1)  

Imaging features     

  Infarct location confirmed     

     NVO 42 (57.5) 47 (60.3) 89/151 (58.9) <0.001 

     MVO 22/24 (91.7) 26/30 (86.7) 48/54 (88.9)  

     LVO 53/57 (93.0) 38/45 (84.4) 91/102 (89.2)  

Infarct on left side     

   NVO 14/42 (33.3) 25/47 (53.2) 39/89 (43.8) 0.51 

   MVO 10/22 (45.5) 16/26 (61.5) 26/48 (54.2)  

   LVO 27/53 (50.9) 17/38 (44.7) 44/91 (48.4)  

Infarct on right side     

   NVO 27/42 (64.3)# 20/47 (42.6)# 47/89 (52.8) 0.36 

   MVO 12/22 (54.5) 9/26 (34.6) 21/48 (43.8)  

   LVO 24/53 (45.3) 15/38 (39.5) 39/91 (42.9)  

  Infarct at midline or bilateral      

     NVO 1/42 (2.4) 2/47 (4.3) 3/89 (3.4) 0.14 
     MVO 0/22 (0.0) 1/26 (3.8) 1/48 (2.1)  

     LVO 2/53 (3.8)# 6/38 (15.8)# 8/91 (8.8)  
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  Infarct in anterior circulation     

     NVO 31/42 (73.8) 33/47 (70.2) 64/89 (71.9) 0.23 

     MVO 18/22 (81.8) 19/26 (73.1) 37/48 (77.1)  

     LVO 35/53 (66.0) 23/38 (60.5) 58/91 (63.7)  

  Infarct in posterior circulation     

     NVO 10/42 (23.8) 11/47 (23.4) 21/89 (23.6) 0.93 

     MVO 3/22 (13.6) 7/26 (26.9) 10/48 (20.8)  

     LVO 10/53 (18.9) 11/38 (28.9) 21/91 (23.1)  

  Both anterior and posterior circulation    

     NVO 1/42 (2.4) 3/47 (6.4) 4/89 (4.5) 0.02 

     MVO 1/22 (4.5) 0/26 (0.0) 1/48 (2.1)  

     LVO 8/53 (15.1) 4/38 (10.5) 12/91 (13.2)  

  With hyperdense vessel sign on CT    

     NVO 1/66 (1.5) 3/70 (4.3) 4/136 (2.9) <0.001 

     MVO 4/21 (19.0) 7/30 (23.3) 11/51 (21.6)  

     LVO 21/54 (38.9) 13/44 (29.5) 34/98 (34.7)  

  With old vascular lesions     

     NVO 36 (49.3) 41 (52.6) 77 (51.0) 0.74 

     MVO 7/24 (29.2)# 20/30 (66.7)# 27/54 (50.0)  

     LVO 27/57 (47.4) 20/45 (44.4) 47/102 (46.1)  

  With brain atrophy     

     NVO 46 (63.0) 52 (66.7) 98 (64.9) 0.71 

     MVO 18/24 (75.0) 20/30 (66.7) 38/54 (70.4)  

     LVO 43/57 (75.4) 27/45 (60.0) 70/102 (68.6)  

  With white matter changes     

     NVO 36 (49.3) 31 (39.7) 67 (44.4) 0.19 

     MVO 15/24 (62.5) 13/30 (43.3) 28/54 (51.9)  

     LVO 36/57 (63.2) 21/45 (46.7) 57/102 (55.9)  

  Clot burden score     

     NVO - - - <0.001 

     MVO 9 (9-9), n=10 9 (9-9), n=8 9 (9-9), n=18  

     LVO 5.5 (3-7), n=20 7 (6-7), n=13 6 (5-7), n=33  

With visual residual flow (grade 1 or 2)    

     NVO - - - 0.23 

     MVO 8/16 (50.0) 12/15 (80.0) 20/31 (64.5)  

     LVO 11/28 (39.3) 15/23 (65.2) 26/51 (51.0)  

  Good collaterals (grade 3 to 5)     

     NVO - - - 0.72 

     MVO 8/16 (50.0) 10/15 (66.7) 18/31 (58.1)  

     LVO 11/27 (40.7) 16/23 (69.6) 27/50 (54.0)  

Assigned to low-dose alteplase group    

     NVO 9 (12.3) 8 (10.3) 17 (11.3) 0.39 

     MVO 4 (13.3) 5 (14.3) 9 (13.8)  

     LVO 10 (15.6) 10 (18.9) 20 (17.1)  

Assigned to standard-dose alteplase group    

     NVO 6 (8.2) 14 (17.9) 20 (13.2) 0.50 

     MVO 5 (16.7) 1 (2.9) 6 (9.2)  

     LVO 10 (15.6) 8 (15.1) 18 (15.4)  

BP denotes blood pressure; CT, computed tomography; GCS, Glasgow Coma Scale; LVO, large vessel 

obstruction; MVO, medium vessel obstruction; mRS, modified Rankin scale; NIHSS, National Institutes of 

Health stroke scale; NVO, no vessel obstruction. 

Data are n (%), mean (SD), or median (Q1, Q3). P values are based on Chi-square, analysis of variance, or 

Wilcoxon signed-rank test. 

*Scores on the NIHSS range from 0 to 42, with higher scores indicating more severe neurological deficits. 

†Scores on the GCS range from 15 (normal) to 3 (deep coma). 

‡mRS=0. §P values for the comparisons among participants with NVO, MVO and LVO. 

#P<0.05 by randomised BP lowering.  
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Appendix 6.10. Distribution of alteplase dose based on measured body weight by randomised group in 

participants with and without vascular obstruction, and different sites of obstruction 

 

 
 

LVO, large vascular obstruction; MVO, medium vascular obstruction; NVO, no vascular obstruction.  
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Appendix 6.11. Mean blood pressure (mmHg) from randomisation to day 7 by randomised group of 

BP lowering in participants with and without vascular obstruction, and different sites of obstruction 

 

 
 

BP denotes blood pressure; LVO, large vascular obstruction; MVO, medium vascular obstruction; NVO, no 

vascular obstruction.  
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Appendix 6.12. Sensitivity analyses for association of randomised alteplase dose or BP lowering with 

ordinal mRS score across participants stratified by vascular obstruction status and site 

 

 
 

ACA denotes anterior cerebral artery; BP, blood pressure; LVO, large vascular obstruction; mRS, modified 

Rankin scale; MCA, middle cerebral artery; MVO, medium vascular obstruction; NVO, no vascular 

obstruction; PCA, posterior cerebral artery.  

*Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to intensive BP lowering group. 

†Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to low-dose alteplase group. 

‡Involved participants with adjudicated angiography data only. Those with obstruction at M2/M3 segment 

of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with obstruction 

at M1 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, basilar artery, or internal 

carotid artery were classified as LVO. 

#Involved participants with adjudicated angiography data only. Those with obstruction at distal M2/M3 

segment of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with 

obstruction at M1/proximal M2 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, 

basilar artery, or internal carotid artery were classified as LV3. 
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Appendix 6.13. Sensitivity analyses 1* for other thrombolysis outcomes by randomised alteplase dose 

across participants stratified by vascular obstruction status and site 

 

 
 

BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale, MVO: medium vessel obstruction; NINDS, the 

National Institutes of Neurological Diseases and Stroke; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Involved participants with adjudicated angiography data only. Those with obstruction at M2/M3 segment 

of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with obstruction 

at M1 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, basilar artery, or internal 

carotid artery were classified as LVO. 

†Adjusted for minimized key prognostic covariates (age, sex, Asian ethnicity, baseline NIHSS score, time 

from stroke onset to randomisation) and assigned to intensive BP lowering group. 

‡Adjudicated centrally or reported by site investigators. 
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Appendix 6.14. Sensitivity analyses 2* for other thrombolysis outcomes by randomised alteplase dose 

across participants stratified by vascular obstruction status and site 

 

 
 

BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale, MVO: medium vessel obstruction; NINDS, the 

National Institutes of Neurological Diseases and Stroke; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Involved participants with adjudicated angiography data only. Those with obstruction at distal M2/M3 

segment of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with 

obstruction at M1/proximal M2 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, 

basilar artery, or internal carotid artery were classified as LVO. 

†Adjudicated centrally or reported by site investigators. 
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Appendix 6.15. Sensitivity analyses 1* for other thrombolysis outcomes by randomised BP lowering 

across participants stratified by vascular obstruction status and site 

 

 
 

BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale, MVO: medium vessel obstruction; NINDS, the 

National Institutes of Neurological Diseases and Stroke; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Involved participants with adjudicated angiography data only. Those with obstruction at M2/M3 segment 

of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with obstruction 

at M1 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, basilar artery, or internal 

carotid artery were classified as LVO. 

†Adjudicated centrally or reported by site investigators. 
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Appendix 6.16. Sensitivity analyses 2* for other thrombolysis outcomes by randomised BP lowering 

across participants stratified by vascular obstruction status and site 

 

 
 

BP denotes blood pressure; END, early neurologic deterioration; ICH, intracerebral haemorrhage; LVO, 

large vessel obstruction; mRS, modified Rankin scale, MVO: medium vessel obstruction; NINDS, the 

National Institutes of Neurological Diseases and Stroke; NVO, no vascular obstruction; sICH, symptomatic 

intracerebral haemorrhage. 

*Involved participants with adjudicated angiography data only. Those with obstruction at distal M2/M3 

segment of MCA, A2/A3 segment of ACA, P2/P3 segment of PCA were classified as MVO. Those with 

obstruction at M1/proximal M2 segment of MCA, A1 segment of MCA, P1 segment of PCA, vertebral artery, 

basilar artery, or internal carotid artery were classified as LVO. 

†Adjudicated centrally or reported by site investigators. 
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Chapter 7: Concluding Remarks 

In this thesis, I explored the associations of brain (micro-) circulation imaging changes and 

thrombolysis outcomes in AIS patients, and tried to identify potential imaging markers that 

might modify the treatment effects of intravenous alteplase dose and BP-lowering treatments. 

I was able to do this by using the unique and comprehensive dataset from the alteplase-dose 

and BP-lowering arms of the ENCHANTED trial. This thesis explored and elucidated the 

significance of FLAIR-HAs, lacunar versus non-lacunar infarction, and vascular obstruction 

with different status/sites, in predicting functional recovery and sICH in thrombolysis-treated 

AIS patients. In addition, heterogeneity in associations of randomised treatment with outcomes 

across subgroups stratified by some imaging factors was estimated. In doing so, I have 

contributed new knowledge and highlighted the potential importance of imaging biomarkers in 

developing and implementing novel strategies to manage AIS. 

7.1 Summary of results 

Chapters 2 showed that prior AF, LVO, larger infarct volume, and anterior circulation infarction, 

were independently associated with FLAIR-HAs in 293 ENCHANTED participants from the 

alteplase-dose arm who had brain MRI with FLAIR and DWI sequences scanned <4.5 hours 

after stroke onset. Patients with FLAIR-HAs versus those without had a lower rate of good 90-

day functional outcomes, as defined by mRS scores 0 to 1 (45.4% versus 57.3%), scores 0 to 2 

(57.2% versus 75.6%), or ordinal shift. However, after adjustment of covariables, FLAIR-HAs 

were significantly associated with an increased favourable outcome. The association of FLAIR-

HAs with functional outcome appear to vary numerically by the presence of LVO: more 

favourable outcomes in those without LVO (N=145, 69.4% versus 56.6%) compared with LVO 

(N=115, 39.8% versus 56.3%). There was a significant increase in haemorrhagic infarct risk 

regardless of covariables adjustment. 

Chapter 3 extended the work outlined in Chapter 2 through the presentation of a systematic 

review and meta-analysis. I included 36 eligible cohort studies (33 prospectively collected, 

including data from the ENCHANTED trial) involving 3577 patients after literature screening 

from Medline, Embase, and the Cochrane Central Register of Controlled Trials, searched from 

inception to the end of October 2019. FLAIR-HAs were not associated with the functional 

outcome overall, but were significantly associated with better outcomes in those receiving 
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endovascular therapy. Contrary to FLAIR-HAs at proximal MCA or within DWI lesions, 

FLAIR-HAs beyond DWI lesions were associated with better outcomes. FLAIR-HAs favoured 

recanalisation with an increased risk of ICH and early neurological deterioration.   

Chapter 4 summarised the findings of low-dose versus standard-dose intravenous alteplase in 

lacunar AIS. Of 2588 ENCHANTED participants with available imaging and clinical data from 

the alteplase-dose arm, I classified cases as definite/probable lacunar (n=490) or non-lacunar 

AIS (n=2098) for the primary analysis. Regardless of the alteplase dose received, lacunar AIS 

participants had favourable functional and other clinical or safety outcomes compared to 

participants with non-lacunar AIS. Low-dose alteplase (versus standard) had no differential 

effect on functional outcomes but reduced the risk of sICH in all included participants. There 

were no differential treatment effects of low- versus standard-dose alteplase on all outcomes 

across lacunar and non-lacunar AIS. Comparable findings were seen in the sensitivity analyses 

for definite lacunar and non-lacunar AIS and definite/probable/possible lacunar and non-

lacunar AIS. 

In Chapter 5, counterpart analyses of lacunar AIS were performed based on data from the 

ENCHANTED BP arm. According to pre-specified definitions, I classified 1632 participants 

as having definite/probable lacunar (n=454 [27.8%]) or non-lacunar AIS based on clinical and 

adjudicated imaging findings. Most baseline characteristics, acute BP, and aspects of 

management differed between lacunar and non-lacunar AIS, but mean systolic BP differences 

by treatment were comparable at each time point and over 24 hours post-randomisation. The 

neutral effect of intensive BP lowering on functional outcome and the beneficial effect on 

intracranial haemorrhage were similar for the two subgroups. The results were consistent in the 

sensitivity analysis for definite lacunar and non-lacunar AIS. 

Finally, in Chapter 6, I analysed those with baseline CTA or MRA of moderate to good quality 

or proximal arterial occlusion according to reports by site investigators (N=940, 607 in alteplase 

arm only, 243 in BP arm only, and 90 assigned to both arms). The degree of vascular occlusion 

was grouped according to being no (NVO) (n=388), medium (MVO) (n=183), or large (LVO) 

(n=369). Compared to the NVO group, functional outcome was worse in LVO but comparable 

in MVO groups. There were no differences in associations of alteplase dose or BP lowering and 

outcomes across NVO/MVO/LVO groups, except for a borderline significant difference for 

intensive BP lowering and increased END. The results were inconsistent in sensitivity analysis, 
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using different definitions of MVO, but where statistical power was reduced after excluding 

those with site-reported angiography data.     

7.2 Strengths, limitations, and future studies 

The key strengths of the studies outlined in this thesis include the use of data derived from AIS 

patients who participated in a large-scale, international, multi-centre clinical trial with 

prospective, systematic, complete, and high-quality data collection. The imaging assessment 

was completed blind to clinical features and other data, using rigorously pre-specified 

approaches developed in prior studies. Trained site investigators assessed clinical outcomes, 

and sICH was adjudicated centrally by an adjudication panel with experienced stroke 

physicians during the trial. The statistical techniques used in this thesis are reliable in that they 

complied with traditional and widely accepted analytical methods. All these provide 

reassurance over precision and reliability around the estimates of associations between imaging 

changes and clinical outcomes.    

However, there are several limitations to these analyses that should be acknowledged. The 

agreement of acute ischaemic signs assessed by the less expert imaging panel was only fair to 

moderate between raters, which may have underestimated the prognostic value of some imaging 

features. In addition, the heterogeneous parameters across scanners from different hospitals 

may have introduced bias that on the one hand reduced predictive power but on the other added 

real-world relevance.  

As most ENCHANTED participants did not have brain MRI in a pragmatic study, the sample 

size for analyses was hindered in Chapter 2. Furthermore, I did not strictly define baseline brain 

MRI as images obtained before thrombolysis; rather I included patients with brain MRI 

performed shortly after the commencement of thrombolysis but within the 4.5-hour time 

window from stroke onset to enrich the sample with most eligible participants. However, a prior 

study1 and my analyses did not show that the detection of FLAIR-HAs is dependent on the time 

interval between stroke onset and MRI scanning in AIS. Additional analyses of thrombolysis 

outcomes limited to 164 patients who had brain MRI prior to receipt of intravenous alteplase 

showed comparable results (data not shown). Nonetheless, our data provide a rationale for 

further investigating associations of FLAIR-HAs with LVO, grade of collateral circulation, 

perfusion status, and outcomes after intravenous thrombolysis or endovascular therapy in AIS 
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patients. This could be undertaken through overviews including additional data from prior 

studies, or through dedicated observational studies with large samples.   

A key limitation of the study in Chapter 3 is the low number of studies and participants to allow 

a reliable examination of the associations in subgroups and for some intermediate outcomes, 

which raises the potential for chance findings. The study-level meta-analysis also hindered a 

firm estimate to be made of the relation with NIHSS score change or infarct growth, which 

were undertaken in the ENCHANTED trial and varied according to types of FLAIR-HAs 

defined by location or extent. Thus, a future collaboration based on individual participant data 

meta-analysis is required. Moreover, for the association of FLAIR-HAs with thrombolysis 

outcomes in posterior circulation AIS, there is a need for consensus regarding the most 

appropriate method to assess FLAIR-HAs. In addition, whether FLAIR-HAs may serve as an 

additional imaging marker to select these and other types of stroke patients with DWI-FLAIR 

mismatch for endovascular therapy warrants future investigation.    

In Chapters 4 and 5, misidentification of true lacunar AIS cannot be avoided by comparing 

baseline and follow-up images, since imaging appearances of acute ischaemic lesions after 

intravenous thrombolysis might have altered.2 Future research with the identification of lacunar 

AIS on baseline MRI is required to confirm or refute these findings. Most of the ENCHANTED 

participants were from Asia with mild-to-moderate severity of stroke compromises the 

generalisability of the results to patients from non-Asian countries or with severe AIS. The 

actual SBP difference over 24 hours after baseline (Δ5.5 mmHg) by randomised treatment was 

smaller than envisaged, raising the question as to whether the treatment effect might be different 

with greater BP lowering. Future investigations out of this topic are awaited. 

The vascular analyses in Chapter 6 might give light to future research in exploring whether AIS 

patients with MVO would benefit from low-dose alteplase. Moreover, whether caution should 

be advised for intensive BP lowering in thrombolysis-treated LVO patients, although the results 

were compromised by several factors: low statistical power; use of site-reported angiography 

data; an inability to identify and separate extracranial internal carotid artery occlusion from 

LVO as few participants had cervical CTA or MRA; and not identification of ultra-early 

reperfusion status (within 6 hours post-thrombolysis).  Due to the relatively small sample size 

and insufficient statistical power, efficacy and safety of low-dose intravenous alteplase and 

intensive BP lowering in individual subgroups and potential heterogeneity across subgroups in 

Chapters 4 to 6 should be regarded as observational and hypothesis-generating only. However, 
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corresponding data can be used for sample size calculation if dedicated trials are designed in 

the future.  

Finally, I did not explore other imaging features which are associated with thrombolysis 

outcomes in AIS and might modify the effects of randomised alteplase dose or BP lowering.  

These include infarct location, clot length, residual flow grade, collateral circulation status, 

perfusion parameters, cortical superficial siderosis, and co-existence of microbleeds. All these 

factors await further investigation. 

7.3 Implications for future clinical practice 

In translating the results of my thesis to future clinical practice, it is crucial to recognise the 

characteristics of participants in the ENCHANTED trial. Most of the AIS patients enrolled in 

the trial were Asians with mild to moderate neurologic dysfunction. Those who were unlikely 

to benefit from intravenous thrombolysis, due to pre-existing disability or a very high likelihood 

of death within 24 hours, were excluded. Accordingly, my results do not apply to severe AIS 

patients, and caution is warranted to generalising them to non-Asian patients.   

NCCT is a predominant imaging examination for a suspected AIS patient in current clinical 

practice, where there is the advantage of quickly excluding primary ICH, but the limitation is 

low sensitivity in detecting early ischaemic changes. Prior analyses from the ENCHANTED 

trial indicate that acute ischaemic changes and brain frailty, interpreted by non-expert readers 

on NCCT, are associated with sICH, mortality, and functional recovery in the ENCHANTED 

participants. Although these associations were set, especially for an interesting finding that 

atrophy was associated with a reduced risk of 7-day death, it is far too soon to apply these 

results in making treatment decisions and defining the individual outcome.  Similar conclusions 

apply to the prognostic significance of imaging features of the brain (micro) circulation, as 

outlined in this thesis. This is because the threshold value is lacking, inter-reader agreement on 

imaging assessments was only fair to moderate, and the absolute risk differences were small 

for some outcomes. In the future, considering both imaging and clinical factors may be valuable 

in forming management recommendations for particular individual AIS patients.      

During recent decades, MRI technology has advanced with improvements in magnetic field 

intensity enhancement, sequence design optimisation, radiofrequency energy absorption 

reduction, and mitigating peripheral nerve stimulation.  These all offer the potential for wide 

clinical application in detecting AIS very early after stroke onset. A routine brain MRI scan 
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which includes the FLAIR sequence, takes no more than five minutes. Besides no signal change 

on the FLAIR sequence indicating eligibility of intravenous thrombolysis in wake-up stroke 

patients, FLAIR-HAs may reflect LVO with good collaterals. FLAIR-HAs are common in AIS. 

They can be easily detected after specific training. My findings on the associations of FLAIR-

HAs with thrombolysis outcomes provide additional support to prompt clinicians to actively 

seek the presence of FLAIR-HAs, where MRI is used in the management of AIS patients, and 

considerations are given towards reperfusion therapy to salvage the ischaemic penumbra. The 

results of a subsequent meta-analysis in Chapter 3 suggest that AIS patients with FLAIR-HAs 

may benefit from endovascular therapy. Therefore, it is worthwhile further investigating the 

value of FLAIR-HAs in selecting candidates for endovascular therapy, given their faster 

acquirement with no need for radiocontrast agent compared to the current method based on 

CTA and CTP.     

The ENCHANTED trial suggested that low-dose alteplase significantly reduced the risk of 

sICH, and that intensive BP lowering significantly reduced the risk of any intracranial 

haemorrhage in AIS patients. However, guideline recommendations to receive these treatments 

may not be supported, since neither the non-inferiority of low-dose versus standard-dose 

alteplase or the superiority of intensive to guideline-recommended BP lowering following 

intravenous thrombolysis, were shown with respect to the prespecified 90-day primary 

functional outcome, although the non-inferiority for a prespecified secondary outcome (mRS 

scores shift) was achieved in the alteplase arm. It is worth considering who may benefit from 

low-dose alteplase or early intensive BP lowering through comprehensive post-hoc subgroup 

analyses of the main trial. For instance, low-dose alteplase improves thrombolysis outcomes in 

AIS patients on prior antiplatelet therapy, indicating low-dose alteplase may be an option for 

the AIS patients with a high risk of ICH, such as those with HAS-BLED scores (hypertension, 

abnormal renal or liver function, prior stroke, prior bleeding, labile international normalised 

ratio, >65 years, drugs or alcohol) ≥3 or with high cerebral microbleeds burden on MRI. 

My findings in Chapters 4 and 5 provide evidence that for patients with lacunar AIS, low-dose 

alteplase and early intensive BP lowering have no additional benefit or safety over standard-

dose alteplase and guideline-recommended BP control.  This is helpful to dispel concerns over 

the risk of thrombolysis-related ICH offsetting the benefits of standard-dose intravenous 

alteplase for lacunar AIS, where the prognosis is usually better than other AIS subtypes. The 

assumed formation mechanisms of lacunar AIS, occlusion of a single penetrating artery with 
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no or a tiny clot, causes debate that conservative treatments rather than standard-dose alteplase 

may be more applicable for lacunar AIS. However, discrimination of true lacunar AIS from 

non-lacunar infarct at a very early stage is not so straightforward, even with MRI, given that 

infarct lesions can hardly be detected in nearly one-third of AIS patients, as shown in the 

ENCHANTED and IST-3 trials. In addition, misdiagnosis cannot be avoided if lacunar AIS is 

only adjudicated by clinical manifestations (lacunar syndrome). The current AHA/ASA 

guideline recommends intravenous alteplase to treat lacunar AIS due to the comparable rates 

of good functional recovery following intravenous alteplase across lacunar and non-lacunar 

AIS patients. My results further support the use of standard-dose alteplase and do not support 

a shift towards intensive BP lowering in lacunar AIS. 

My study in Chapter 6 shows no heterogeneity in the treatment effects on functional outcomes 

across the ENCHANTED subgroups by vascular occlusion status/site.  However, the point 

estimate favours low-dose alteplase with respect to the primary outcome, and favours standard 

BP lowering with respect to the END or death. Thus, low-dose alteplase for MVO and intensive 

BP lowering for LVO should not be recommended before more supporting evidence appears. 

However, close monitoring of BP levels in LVO patients is necessary, and a considerable BP 

reduction before intravenous thrombolysis or endovascular therapy should be avoided. 

7.4 Conclusions 

Several brain (micro-) circulation imaging features were explored regarding their associations 

with prognosis in thrombolysis-treated AIS patients, and their influence on the effects of 

randomised alteplase dose or BP lowering target in the ENCHANTED trial. In Chapter 2, the 

study shows that prior AF, proximal arterial occlusion, anterior circulation, or more extensive 

infarct, determine the presence of FLAIR-HAs on baseline brain MRI in AIS patients. Despite 

a trend towards an increased risk of ICH, FLAIR-HAs are not a reason for withholding 

thrombolysis, and indicate the potential for a favourable prognosis in thrombolysis-treated AIS 

patients, including those with large clots burden or LVO. The meta-analysis in Chapter 3 shows 

that FLAIR-HAs are not associated with the functional outcome overall, but are associated with 

outcomes after endovascular therapy for AIS. FLAIR-HAs are also associated with early 

recanalisation or haemorrhagic complications, and early neurologic deterioration. In Chapter 4, 

no evidence was found from the ENCHANTED trial that low-dose alteplase has an advantage 

over standard doses for definite/probable lacunar AIS. In Chapter 5, there are no differences in 

the treatment effect of early intensive versus guideline-recommended BP lowering across 
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lacunar and non-lacunar AIS. In Chapter 6, functional outcome by the dose of alteplase or 

intensity of BP lowering is also not modified by vascular obstruction status/site.   

Overall, brain (micro-) circulation imaging features on CT or MRI are as important as some 

clinical characteristics and other NCCT imaging markers in predicting functional recovery and 

sICH in thrombolysis-treated AIS patients. Finally, I did not identify any imaging markers 

modifying the treatment effects of randomised alteplase dose and BP lowering in these analyses 

from the ENCHANTED trial. 
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Thesis Appendices 

Appendix A. The main paper of the ENCHANTED alteplase dose arm 
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Appendix B. The main paper of the ENCHANTED BP arm 
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Appendix C. The ENCHANTED image interpretation form for brain NCCT and MRI 
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Appendix D. The ENCHANTED image interpretation form for brain angiography 
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