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Cerebral microbleeds and stroke risk after ischaemic stroke
or transient ischaemic attack: a pooled analysis of individual
patient data from cohort studies

Duncan Wilson, Gareth Ambler, Keon-Joo Lee, Jae-Sung Lim, Masayuki Shiozawa, Masatoshi Koga, Linxin Li, Caroline Lovelock, Hugues Chabriat,
Michael Hennerici, Yuen Kwun Wong, Henry Ka Fung Mak, Luis Prats-Sdnchez, Alejandro Martinez-Domefio, Shigeru Inamura, Kazuhisa Yoshifuji,
Ethem Murat Arsava, Solveig Horstmann, Jan Purrucker, Bonnie Yin Ka Lam, Adrian Wong, Young Dae Kim, Tae-Jin Song, Maarten Schrooten,
Robin Lemmens, Sebastian Eppinger, Thomas Gattringer, Ender Uysal, Zeynep Tanriverdi, Natan M Bornstein, Einor Ben Assayag, Hen Hallevi,
Jun Tanaka, Hideo Hara, Shelagh B Coutts, Lisa Hert, Alexandros Polymeris, David | Seiffge, Philippe Lyrer, Ale Algra, Jaap Kappelle,

Rustam Al-Shahi Salman, Hans R Jéger, Gregory Y H Lip, Heinrich P Mattle, Leonidas D Panos, Jean-Louis Mas, Laurence Legrand,

Christopher Karayiannis, Thanh Phan, Sarah Gunkel, Nicolas Christ, Jill Abrigo, Thomas Leung, Winnie Chu, Francesca Chappell, Stephen Makin,
Derek Hayden, David | Williams, M Eline Kooi, Dianne H K van Dam-Nolen, Carmen Barbato, Simone Browning, Kim Wiegertjes, Anil M Tuladhar,
Noortje Maaijwee, Christine Guevarra, Chathuri Yatawara, Anne-Marie Mendyk, Christine Delmaire, Sebastian Kohler, Robert van Oostenbrugge,
Ying Zhou, Chao Xu, Saima Hilal, Bibek Gyanwali, Christopher Chen, Min Lou, Julie Staals, Régis Bordet, Nagaendran Kandiah,

Frank-Erik de Leeuw, Robert Simister, Aad van der Lugt, Peter | Kelly, Joanna M Wardlaw, Yannie Soo, Felix Fluri, Velandai Srikanth, David Calvet,
Simon Jung, Vincent | H Kwa, Stefan T Engelter, Nils Peters, Eric E Smith, Yusuke Yakushiji, Dilek Necioglu Orken, Franz Fazekas, Vincent Thijs,
JiHoe Heo, Vincent Mok, Roland Veltkamp, Hakan Ay, Toshio Imaizumi, Beatriz Gomez-Anson, Kui Kai Lau, Eric Jouvent, Peter M Rothwell,
Kazunori Toyoda, Hee-Joon Bae, Joan Marti-Fabregas, David | Werring, on behalf of the Microbleeds International Collaborative Network*

Summary

Background Cerebral microbleeds are a neuroimaging biomarker of stroke risk. A crucial clinical question is whether
cerebral microbleeds indicate patients with recent ischaemic stroke or transient ischaemic attack in whom the rate of
future intracranial haemorrhage is likely to exceed that of recurrent ischaemic stroke when treated with antithrombotic
drugs. We therefore aimed to establish whether a large burden of cerebral microbleeds or particular anatomical
patterns of cerebral microbleeds can identify ischaemic stroke or transient ischaemic attack patients at higher absolute
risk of intracranial haemorrhage than ischaemic stroke.

Methods We did a pooled analysis of individual patient data from cohort studies in adults with recent ischaemic
stroke or transient ischaemic attack. Cohorts were eligible for inclusion if they prospectively recruited adult
participants with ischaemic stroke or transient ischaemic attack; included at least 50 participants; collected data on
stroke events over at least 3 months follow-up; used an appropriate MRI sequence that is sensitive to magnetic
susceptibility; and documented the number and anatomical distribution of cerebral microbleeds reliably using
consensus criteria and validated scales. Our prespecified primary outcomes were a composite of any symptomatic
intracranial haemorrhage or ischaemic stroke, symptomatic intracranial haemorrhage, and symptomatic ischaemic
stroke. We registered this study with the PROSPERO international prospective register of systematic reviews, number
CRD42016036602.

Findings Between Jan 1, 1996, and Dec 1, 2018, we identified 344 studies. After exclusions for ineligibility or declined
requests for inclusion, 20322 patients from 38 cohorts (over 35225 patient-years of follow-up; median 1-34 years
[IQR 0-19-2-44]) were included in our analyses. The adjusted hazard ratio [aHR] comparing patients with cerebral
microbleeds to those without was 1-35 (95% CI 1-20-1-50) for the composite outcome of intracranial haemorrhage
and ischaemic stroke; 2-45 (1-82-3-29) for intracranial haemorrhage and 1-23 (1-08-1-40) for ischaemic stroke. The
aHR increased with increasing cerebral microbleed burden for intracranial haemorrhage but this effect was less
marked for ischaemic stroke (for five or more cerebral microbleeds, aHR 4-55 [95% CI 3-08-6-72] for intracranial
haemorrhage vs 1-47 [1-19-1-80] for ischaemic stroke; for ten or more cerebral microbleeds, aHR 5-52[3-36-9-05] vs
1-43[1-07-1-91]; and for =20 cerebral microbleeds, aHR 8- 61 [4-69-15-81] vs 1-86 [1-23-2-82]). However, irrespective
of cerebral microbleed anatomical distribution or burden, the rate of ischaemic stroke exceeded that of intracranial
haemorrhage (for ten or more cerebral microbleeds, 64 ischaemic strokes [95% CI 48-84] per 1000 patient-years vs
27 intracranial haemorrhages [17-41] per 1000 patient-years; and for =20 cerebral microbleeds, 73 ischaemic strokes
[46-108] per 1000 patient-years vs 39 intracranial haemorrhages [21-67] per 1000 patient-years).

Interpretation In patients with recent ischaemic stroke or transient ischaemic attack, cerebral microbleeds are
associated with a greater relative hazard (aHR) for subsequent intracranial haemorrhage than for ischaemic stroke,
but the absolute risk of ischaemic stroke is higher than that of intracranial haemorrhage, regardless of cerebral
microbleed presence, antomical distribution, or burden.
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Introduction

A central challenge in stroke prevention after ischaemic
stroke or transient ischaemic attack is to predict the risk
of intracranial haemorrhage and to differentiate this from
the risk of recurrent ischaemic stroke in patients treated
with antithrombotic therapy—usually antiplatelet drugs
or, in patients with atrial fibrillation, oral anticoagulants.'
Cerebral microbleeds are a radiological finding of small
(<10 mm), hypointense (black), ovoid or rounded regions
on T2*-weighted gradient-recalled echo (GRE) or suscepti-
bility-weighted imaging (SWI).? Cerebral microbleeds
mostly correspond pathologically to haemosiderin-laden
macrophages close to arterioles affected by small vessel
diseases;* strictly lobar cerebral microbleeds suggest
cerebral amyloid angiopathy (CAA), whereas deep
patterns probably indicate arteriolosclerosis and mixed
patterns probably indicate mixed pathologies.”* Cerebral
microbleeds might result from red blood cell leakage
from arterioles and capillaries, raising clinical concerns
that they herald an increased risk of potentially devastat-
ing intracranial haemorrhage, particularly in patients
treated with antithrombotic drugs.” However, cerebral
microbleeds signal small vessel diseases that can also

Research in context

Evidence before this study

We searched Medline and EMBASE from Jan 1, 1996,

to Dec 1, 2018 (search strategy: “cerebral adj2 micro*” OR “CMB”
OR “microbleed.mp” AND [“stroke.mp” OR “stroke/” OR
“intracerebral h?emorr*” OR “intracranial h?emorr*” OR
“isch?emic stroke” OR “isch?emic infarct*"]) for studies in English
that included patients with ischaemic stroke or transient
ischaemic attack in whom the presence and anatomical
distribution of cerebral microbleeds were measured at baseline,
with at least 90 days of follow-up. An aggregate level
meta-analysis (n=5068) showed that cerebral microbleeds

were associated with both intracranial haemorrhage

(risk ratio [RR] 3-8 [95% Cl 3-5-11-4]) and ischaemic stroke

(RR 1-8 [1-4-2-5]); this pooled analysis, and another study in

two cohorts (one including 1003 mainly Chinese participants and
the other including 1080 mainly white participants) reported that
five or more cerebral microbleeds were associated with similar
absolute risks of intracranial haemorrhage and ischaemic stroke.
However, small sample sizes and few intracranial haemorrhage
outcome events in previous studies did not provide enough
statistical power and precision to establish whether a large
cerebral microbleed burden or distribution pattern is associated
with a higher absolute risk of intracranial haemorrhage than
ischaemic stroke in patients with recent ischaemic stroke or
transient ischaemic attack treated with antithrombotic drugs.

cause ischaemic stroke, and might result from non-
haemorrhagic mechanisms.”” In ischaemic stroke co-
horts, cerebral microbleeds are associated with the
risks of both subsequent intracranial haemorrhage
and recurrent ischaemic stroke.** As the number of
cerebral microbleeds increases, the risk of intracranial
haemorrhage seems to rise more steeply than that of
ischaemic stroke, and having five or more cerebral micro-
bleeds has been reported to be associated with similar
absolute risks of intracranial haemorrhage and ischaemic
stroke.**

Because previous studies had small sample sizes and
few intracranial haemorrhage outcome events, they could
not reliably answer the important clinical question of
whether many cerebral microbleeds, or patterns (distrib-
utions) of cerebral microbleeds, indicate a higher risk
of intracranial haemorrhage than of recurrent ischaemic
stroke. We established the Microbleeds International
Collaborative Network® to undertake large-scale pooled
analyses of prospective observational cohort studies. We
tested the hypothesis that a large burden of cerebral
microbleeds, or their anatomical patterns, can identify
ischaemic stroke or transient ischaemic attack patients at

Added value of this study

Our pooled analysis of individual data from 20322 patients
shows that regardless of cerebral microbleed burden and
distribution (ie, mixed, deep, or lobar), or the type of
antithrombotic treatment received (oral anticoagulants or
antiplatelet therapy), the absolute rate of ischaemic stroke is
consistently substantially higher than that of intracranial
haemorrhage. By contrast with previous studies, the large
number of participants provided more precise estimates of
stroke recurrence rates and risks, while inclusion of individual
patient data allowed adjustment for potential confounding
factors. Our study adds new data for patients with many
(eg, 220) cerebral microbleeds, which cause the most clinical
concern regarding intracranial bleeding.

Implications of all the available evidence

Although cerebral microbleeds can inform regarding the hazard
for intracranial haemorrhage in patients with recent ischaemic
stroke or transient ischaemic attack treated with antithrombotic
drugs, the absolute risk of ischaemic stroke is much higher than
that of intracranial haemorrhage, regardless of cerebral
microbleed presence, burden, or pattern. The available evidence
does not support witholding antithrombotic treatment because
of cerebral microbleeds, but to definitively answer this question
requires data from randomised controlled trials.
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higher absolute risk of intracranial haemorrhage than
ischaemic stroke.

Methods

Study design

For this pooled analysis of individual patient data, we
identified cohorts by searching Medline and EMBASE
(search terms “cerebral adj2 micro*” OR “CMB” OR
“microbleed. mp” AND “stroke.mp” OR “stroke/” OR
“intracerebral h?emorr*” OR “intracranial h’emorr*” OR
“ischPemic stroke” OR “isch?emic infarct*”), clinical trial
databases (clinicaltrials.gov and strokecenter.org), and
scientific meeting abstracts. We invited members of the
METACOHORTS consortium;* an international database
of more than 90 studies of small vessel disease, includ-
ing 660000 patients. Two authors (DW and DJWe)
independently did the search and reviewed all titles and
abstracts; they also did an independent risk of bias
assessment for all included studies. Cohorts were elig-
ible for inclusion if they prospectively recruited adult
participants with ischaemic stroke or transient ischaemic
attack; included at least 50 participants; collected data on
stroke events over at least 3 months follow-up; used an
appropriate MRI sequence that is sensitive to magnetic
susceptibility (GRE or SWI); and documented the number
and anatomical distribution of cerebral microbleeds
reliably using consensus criteria and validated scales.
Each patient was only included in one cohort. We assessed
all studies for risk of bias (including selection bias) and
quality using the Cochrane Collaboration tool.” All cohorts
obtained ethical approval as required by local regulations
to allow data sharing. All data reviewed by the co-
ordinating centre was fully anonymised. The project
was approved by the Health Research Authority of the
UK (REC reference: 8/HRA/0188). The Microbleeds
International Collaborative Network protocol and statisti-
cal analysis plan were registered with PROSPERO on
April 5, 2016 (CRD42016036602).

Outcomes

Our prespecified primary outcomes were a composite of
any symptomatic intracranial haemorrhage (confirmed
radiologically, including subdural, extradural, and sub-
arachnoid haemorrhage, and excluding intracranial haem-
orrhages attributed to intravenous thrombolysis or trauma)
or ischaemic stroke (acute or subacute neurological symp-
toms lasting >24 h and attributed to cerebral ischaemia,
diagnosed clinically, with or without radiological con-
firmation); symptomatic intracranial haemorrhage; and
symptomatic ischaemic stroke. Secondary outcome events
were death (all cause) and vascular death. All events were
adjudicated according to individual cohort protocols.

Statistical analysis

As per our prespecified protocol, a single dataset was
created by combining individual participant data from the
38 cohorts. We compared baseline demographic and risk

www.thelancet.com/neurology Vol 18 July 2019

factor profiles between patients with and without cerebral
microbleeds and between patients with and without
outcome events using the Mann-Whitney test if not
normally distributed or the t test if normally distributed;
we compared categorical variables between groups with
the x2 test or Fisher’s exact test. We censored patients at the
last available follow-up (truncated to 5 years) or at the time
of the prespecified outcome event. When a patient had
multiple events of the same type, we censored follow-up at
the first event. We calculated absolute event rates per 1000
patient-years for primary outcomes in patients with and
without cerebral microbleeds. We assessed the proportional
hazards assumption through visual inspection of (log—log)
plots of log cumulative hazard against time and tested for a
non-zero slope in a regression of scaled Schoenfeld
residuals against time. We calculated univariate Kaplan-
Meier survival probabilities in patients with and without
cerebral microbleeds to estimate event rates and used the
log-rank test to compare groups. We did multivariable Cox
regression adjusting for the following prognostic and
confounding variables (selected by consensus based on
availability, biological plausibility, and known associations
with cerebral microbleeds and outcomes): age, sex, pre-
sentation with transient ischaemic attack or ischaemic
stroke, history of hypertension, previous stroke, known
atrial fibrillation, antithrombotic use after index event, and
type of MRI sequence used to detect cerebral microbleeds
(T2*-weighted GRE or SWI). We investigated the effect of
predefined cerebral microbleed burden categories (one,
two to four, five or more, ten or more, and 20 or more).
When investigating cerebral microbleed distribution, we
adjusted for number of cerebral microbleeds. We added a
shared frailty term* to account for patients being nested in
individual studies (thus potentially having correlated data).
We performed subanalyses for patients treated with oral
anticoagulants and antiplatelet drugs and added interaction
terms between antithrombotic therapy and presence of
cerebral microbleeds. We categorised ethnicity (when
available) as white or Asian (Japanese, Chinese, Malays,
Indian, Pakistani, or Korean) to investigate the interaction
between ethnicity and cerebral microbleed presence. We
performed two prespecified sensitivity analyses: the first
exploring time-varying risks within the Cox model to
investigate later events (beyond the first year) accounting
for death as a competing risk (using the Fine-Gray sub-
distribution hazard model), calculating subdistribution
hazard ratios (sHRs); and the second, a two-stage indi-
vidual-patient meta-analysis to quantify between-study
heterogeneity using the inverse-variance method (which
fits a separate survival model for each cohort then pools
and displays estimates in a forest plot). We did three post-
hoc analyses as follows: (1) we added white matter
hyperintensities (another common marker of cerebral
small vessel disease, rated using the Fazekas scale* and
considered severe if rated two or greater in the peri-
ventricular of deep white matter) into our multivariable
model; (2) we included only intracerebral haemorrhage,
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convexity subarachnoid haemorrhage, and subdural haem-
orrhage, because these bleeding events are the most likely
to be associated with cerebral microbleeds; and (3) we
investigated the interaction between cerebral microbleeds
and age (<80 years or =80 years). In sensitivity analyses, if
data for a variable of interest was not sufficiently available
in a cohort, the cohort was excluded. We did all statistical
analysis using STATA, version 15.

Role of the funding source

The funder of the study had no role in the study design,
data collection, data analysis, or data interpretation, or
writing of the report. The corresponding author had
full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results

Between Jan 1, 1996, and Dec 1, 2018, we identified and
screened 344 records (325 from database search and
19 from other sources; figure 1). 263 records were excluded
because they were not full-text articles, and then a further
29 full-text articles were excluded because they did not
meet study inclusion criteria. The remaining 52 studies
were included in our qualitative analyses, but 14 of these
were excluded from the meta-analysis because they did not
respond to requests for individual patient data or declined
to join the collaboration (reasons included a lack of
resources or because of data sharing policies). From the
38 remaining cohorts (23 published and 15 unpublished
studies), we included 20 322 participants (table 1). Although
more than half of participants and outcome events came
from the six largest cohorts, no major risk of bias was
detected for any included cohort (appendix). The mean age
of participants was 70 years (SD 13); 8593 (42%) of the
20322 were women. Cerebral microbleeds were present in
5649 (28%) patients (appendix), including 2415 (12%)
with one cerebral microbleed, 1990 (10%) with two to
four cerebral microbleeds, and 1244 (6%) with five or
more cerebral microbleeds. Over the 35225 patient-
years of follow-up (median 1-34 years [IQR 0-19-2-44]),
1474 composite events occurred: 189 intracranial haem-
orrhages; 1113 ischaemic strokes; and 172 composite events
of unknown type from one cohort of 3355 participants,
which did not subclassify composite outcomes as intra-
cranial haemorrhage or ischaemic stroke. Characteristics
between patients with and without events are in the
appendix. Visual assessment of the log-log plots and the
results of testing the Schoenfeld residuals suggest that the
proportional hazards assumption was not violated in any
of the following analyses.

The composite outcome of any intracranial haemorrhage
or ischaemic stroke (aHR 1-35 [95% CI 1-20-1-50],
p<0-0001; log-rank test), symptomatic intracranial haem-
orrhage (2-45 [1-82-3-29], p<0-0001), and symptomatic
ischaemic stroke (1-23 [1-08-1-40], p<0-0001) were more
frequent in patients with cerebral microbleeds than those
without (figure 2; appendix).

The incidence of all composite events in patients with
any cerebral microbleed was 59 per 1000 patient-years
(95% CI 54-64) compared with 35 per 1000 patient-
years (33-38) in those without cerebral microbleeds, an
absolute increased incidence of 24 per 1000 patient-years
(21-26; table 2). The aHR for a composite event be-
came larger with increased cerebral microbleed burden
(figure 2, table 2; p,,,,<0-0001). aHRs were similar across
different cerebral microbleed anatomical distributions
(table 2).

189 patients had a symptomatic intracranial haemorrhage
over 32847 patient-years of follow-up (151 intracerebral
haemorrhages, 31 subdural haemorrhages, eight sub-
arachnoid haemorrhages [ four of which were cortical], and
three extradural haemorrhages; four patients had more
than one type of intracranial haemorrhage). The incidence
of intracranial haemorrhage was 12 per 1000 patient-years
(95% CI 10-14) in those with cerebral microbleeds
compared with 4 per 1000 patient-years (3-5) in those
without cerebral microbleeds, an absolute increased
incidence of 8 per 1000 patient-years (7-9; table 2). The rate
of intracranial haemorrhage increased with increasing
cerebral microbleed burden, but was consistently lower
than the rate of ischaemic stroke (table 2). The aHR for
symptomatic intracranial haemorrhage was 2-45 (95% CI
1-82-3-29) for patients with cerebral microbleeds versus
those without, and became larger with increased cerebral
microbleed burden (p,., <0-0001; figure 2; table 2);
aHRs did not significantly differ between different cere-
bral microbleed anatomical distributions. Patients with
multiple strictly lobar cerebral microbleeds (fulfilling
the Boston criteria® for probable CAA) did not have a
significantly higher aHR for symptomatic intracranial
haemorrhage than those without multiple strictly lobar
cerebral microbleeds (1-29 [95% CI 0-60-2-77]; table 2).
No interaction was detected between cerebral microbleeds
and antiplatelet medication (p,yeucio=0-358), oral anticoag-
ulants (Piencion=0+717), or combined oral anticoagulants
and antiplatelet medication (P, qi0,=0- 163) for intracranial
haemorrhage risk.

1113 patients had a symptomatic ischaemic stroke over
32293 patient-years of follow-up. The incidence of
symptomatic ischaemic stroke in patients with cerebral
microbleeds was 46 per 1000 patient-years (95% CI 42-51)
compared with 30 per 1000 patient-years (28-33) in
those without, with an absolute increased incidence of
16 per 1000 patient-years (14-18; table 2). The rate of
ischaemic stroke became greater with an increasing
burden of cerebral microbleeds, and for each burden
category substantially exceeded the rate of intracranial
haemorrhage (table 2). The aHR for symptomatic
ischaemic stroke was 1-23 (95% CI 1-08-1-40) for patients
with cerebral microbleeds versus those without, and the
aHR became larger with increasing cerebral microbleed
burden (p,..,=0-0053; figure 2; table 2). Cerebral micro-
bleed anotomical distribution had little effect on ischae-
mic stroke risk (table 2). No interaction was detected
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between cerebral microbleeds and antiplatelet medication
(Pinteraciion=0" 943) or oral anticoagulants (P, =0-408) for
ischaemic stroke risk, but there was weak evidence for an
interaction between cerebral microbleeds and combined
use of oral anticoagulants and antiplatelet medication
(Pimcractiun=0 ' 04'7) .

There were 2148 deaths, 484 of which were due
to vascular causes. In multivariable analyses, cerebral
microbleed presence was not associated with all-cause
death (aHR 1-03 [95% CI 0-94-1-12]) or vascular death
(@HR 0-97 [0-79-1-19]). No interaction was detected
between cerebral microbleeds and ethnicity (n=15123;
6743 white and 8380 Asian) for the risks of the composite
outcome of intracranial haemorrhage or ischaemic stroke
(Pinteracion=0" 707); intracranial haemorrhage (P, crcion=0" 537);
or ischaemic stroke (P ain=0-654). No interaction
was detected between cerebral microbleed and older
age (4376 patients older than 80 years) for the risk
of the composite outcome (P, =0-538); intracranial
haemorrhage  (Piecion=0:219); or ischaemic stroke
(Prsccs=0- 286).

Using a two-stage meta-analysis, the estimated risks
associated with cerebral microbleed presence were con-
sistent with our main model for the composite outcome
(heterogeneity [12=31-7%]; intracranial haemorrhage
[12=0%)]; and ischaemic stroke [2=24-2%)]; appendix).

23 cohorts, including 10235 patients, provided ratings
for white matter hyperintensities, which were moderate
to severe (Fazekas grade =2) in 3105 (30%) patients.
Including white matter hyperintensities in multivariable
models did not substantially change the aHR associated
with the presence of cerebral microbleeds for the com-
posite outcome (aHR 1.30 [95% CI 1.12-1.52)); intracranial
haemorrhage (aHR 2.44 [1.68-3.53]); or for ischaemic
stroke (aHR 1.16 [0.98-1.37)).

In our sensitivity analysis including only intracerebral,
convexity subarachnoid, and subdural intracranial haem-
orrhages, 183 patients had a symptomatic intracranial
haemorrhage over 32847 patient-years of follow-up. The
aHR for symptomatic intracranial haemorrhage was
2-59 (95% CI 1-91-3-50) for patients with cerebral
microbleeds versus patients without, and became larger
with increasing burden. Compared with no cerebral micro-
bleeds, aHRs were 1-92 (95% CI 1-25-2-94) for one cere-
bral microbleed; 2-02 (1-30-3-16) for two to four cerebral
microbleeds; 4-88 (3-29-7-25) for five or more cere-
bral microbleeds; 5-87 (3-56-9-66) for ten or more
cerebral microbleeds; and 9-32 (5-06-17-16) for 20 or more
cerebral microbleeds. These results are consistent with our
primary findings.

There were 102 symptomatic intracranial haemorrhages
over 12794 patient-years of follow-up within the first year,
and 87 over 31059 patient-years of follow-up after the first
year. In patients with cerebral microbleeds, the rate of
intracranial haemorrhage was 18 per 1000 patient-years
(95% CI 14-23) within the first year, and 5 per 1000 patient-
years (3—6) after the first year.
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325 records identified through database
searching
19 additional records idenitified through
other sources
10 from METACOHORTS
8 studies idenitified through emails to
centres with previous cerebral
microbleed publications
1 study identified through conferences

v

344 records screened |

:I 263 records excluded because not appropriate to study aims

v

81 full-text articles assessed for eligibility |

29 full-text articles excluded
3 population-based study
5 ineligible patient populations
6 cross-sectional studies

v

6 reviews or letters
3 retrospective studies
2 case reports

v

4 outcome measures not appropriate

| 52 studies included in qualitative synthesis J

v

14 studies excluded because they did not respond or did
not have resources to join collaboration

r 38 studies included in pooled analysis J

Figure 1: Study selection profile

696 ischaemic strokes were recorded over 12 873 patient-
years of follow-up within the firstyear and 417 symptomatic
ischaemic strokes during 30447 patient-years of follow-up
after the first year. In patients with cerebral microbleeds,
the rate of symptomatic ischaemic stroke within the first
year was 70 (95% CI 62-80), then 18 (15-21) after the
first year.

Accounting for death as a competing risk, we found no
evidence for a change in risk over time associated with
cerebral microbleed presence for intracranial haemor-
rhage (sHR 4-96 [95% CI 3-18-7-74] at day 0 vs 4-81
[3-15-7-35] after 1 year) or ischaemic stroke (sHR 1-46
[1-23-1-73] at day O vs 1-49 [1-27-1-75] after 1 year).

In those treated with oral anticoagulants after their
index ischaemic stroke or transient ischaemic attack
(n=7737; vitamin K antagonist=5253, non-vitamin K
oral anticoagulant=2484), 91 intracranial haemorrhages
occurred over 13942 patient-years of follow-up, and
384 ischaemic strokes occurred over 13737 patient-
years of follow-up. For patients with cerebral micro-
bleeds, the rate of intracranial haemorrhage was
12 per 1000 patient-years (95% CI 9-16); the rate of
ischaemic stroke was 32 per 1000 patient-years (26-39;
table 3). The rate of ischaemic stroke was much higher
than that of intracranial haemorrhage for all cere-
bral microbleed burden and anatomical distribution
categories; the aHR for intracranial haemorrhage for
patients with cerebral microbleeds (vs those without)
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100 Composite outcome 1007 Intracranial haemorrhage 100 Ischaemic stroke
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Number at risk Time from enrolment (years) Time from enrolment (years) Time from enrolment (years)
(number censored)
Absent 14436 8644 5758 2787 1852 1228 12232 8228 5888 2877 1921 1278 12248 8130 5762 2799 1863 1236
(0) (5208) (2669) (2898)  (899)  (586) (0) (3964)  (2318) (2995)  (949)  (637) (0) (3663)  (2212)  (2905)  (906)  (593)
One 2385 1409 894 398 234 165 1860 1291 909 413 247 174 1861 1281 892 399 235 168
(0) (843) (486)  (482)  (156) (63) (0) (548)  (379)  (495)  (165) (69) (0)  (493)  (364) (480) (157)  (65)
Twotofour 1973 1113 675 292 162 85 1551 1014 687 305 173 96 1552 1002 675 293 162 85
(0) (745)  (402) (369) (121) (67) (0) (520) (322) (381) (129) (76) (0) (474) (298) (369) (125) (68)
Fiveormore 1229 700 405 174 101 60 1006 653 417 182 109 63 1009 644 405 174 102 61
(0) (413)  (268) (216) (68) (36) (0) (329) (227) (230) (71) (45) (0) (287) (221) (221) (69) (37)

Figure 2: Kaplan-Meier estimates for the primary outcomes in all patients (n=20322)
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rose more steeply than that of ischaemic stroke with
increasing cerebral microbleed burden. Mixed and deep
cerebral microbleed distributions had similar aHRs
for intracranial haemorrhage, but patients with lobar
cerebral microbleeds had a lower risk of intracranial
haemorrhage (table 3). Cerebral microbleeds were not
significantly associated with ischaemic stroke risk. We
found no evidence of an interaction between oral
anticoagulants type (vitamin K antagonist vs direct oral
anticoagulant) and cerebral microbleed presence for
intracranial haemorrhage ( =0-4) or ischaemic
stroke (Pierscion=0-61).

In patients treated with antiplatelet drugs only
(n=11520), 93 intracranial haemorrhages occurred over
18059 patient-years of follow-up and 664 ischaemic
strokes occurred over 17731 patient-years of follow-up.
The rate of ischaemic stroke remained higher than that
of intracranial haemorrhage for all cerebral microbleed
burden and anatomical distribution categories (appendix);

Pimeracnon

aHRs for intracranial haemorrhage and ischaemic stroke
in patients with versus without cerebral microbleeds were
similar to those in the full cohort, with little variation
according to cerebral microbleed anatomical distribution
(appendix).

Compared with patients who received antithrombotic
treatment (oral anticoagulants or antiplatelets), those not
treated with antithrombotic drugs (n=1065) were older
(mean age 72 years [SD 14] for those not treated with
antithrombotic drugs vs 70 years [SD 13] for those treated
with antithrombotic drugs), a greater proportion were
women (46% vs 42%), more had ischaemic stroke
(91% vs 83%), more had a previous intracranial haemor-
rhage (6% vs 2%), more had atrial fibrillation (44% vs 37%),
fewer had been taking regular antiplatelet drugs before
the qualifying event (27% vs 34%), and more had been
taking regular oral anticoagulants before the qualifying
event (13% vs 8%). No difference in the prevalence of
cerebral microbleeds was observed based on receiving
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Composite of intracranial haemorrhage Symptomatic intracranial haemorrhage Symptomatic ischaemic stroke
and ischaemic stroke (n=16 447 for multivariable model) (n=16 464 for multivariable model)
(n=19 816 for multivariable model)
Rate, per 1000  Absolute rate  Adjusted hazard Rate, Absoluterate  Adjusted hazard Rate, per1000 Absolute rate  Adjusted hazard
patient-years* increase, ratio per 1000 increase, ratio patient-years  increase, ratio
per 1000 patient-years  per 1000 per 1000
patient-years patient-years patient-years
None 35(33-39) 1(ref) 4(35) 1(ref) 30(28-33) 1(ref)
Any 59 (54-64) 24(21-26) 1:35(1-20-1.50) 12 (10-14) 8(7-9) 2:45(1-82-3-29) 46 (42-51) 16 (14-18) 123 (1:08-1-40)
One 46 (40-53) 11(7-15) 1.21(1-03-1-42) 8(5-12) 4(2-7) 1.87(123-2:84) 37 (31-44) 7(3-11) 1.14 (0-94-137)
Number
Two to four 58 (50-67) 3(17-29)  1.25(1-06-1-47) 9(6-14) 5(3-9) 1-89 (1-22-2:93) 8 (40-56) 8(12-23)  117(0-97-1-42)
Five or moret 85(73-99)  50(40-61)  174(1-46-206)  23(16-31)  19(13-26)  4-55(3-08-6.72) 64(53-77)  34(25-43) 147 (119-1-80)
Ten or moret 91(73-113) 56 (40-75)  1.82(1-44-229)  27(17-41)  23(14-36)  552(3:36-9:05) 64 (48-84)  34(20-51) 143 (1-07-1-91)
20 or moret 118(86-160)  83(53-122)  2:61(1.90-357)  39(21-67)  35(18-62) 861 (4-69-15-81) 3(46-108) 43(18-75)  1.86(1-23-2:82)
Anatomical distribution
Mixed 0 (68-94) 5 (35-56) 128 (1-06-1-54) 20 (14-28) 16 (11-23) 2-38 (1:55-3-65) 0 (49-73) 30 (21-40) 112 (0-88-1-41)
Deep 73 (65-82) 8 (32-44) 129 (1-12-1:48) 17 (13-22) 13 (10-17) 2.57 (1-78-3-70) 57 (49-66) 27 (21-33) 114 (0-96-136)
Lobar 0(53-67)  25(20-29)  122(1.06-1-41)  13(9-16) 9 (6-9) 187 (1-29-2:71) 48 (42-56)  18(14-23)  117(0:99-1-40)
Probable cerebral 5 (40-73) 0(7-35) 121 (0-90-1-64) 9 (4-18) 5 (1-13) 1.29 (0-60-2-77) 8 (34-66) 8 (6-33) 1-31(0-94-1-83)
amyloid angiopathy
Ranges in brackets are 95% Cls. Cerebral microbleed location hazard ratios are versus patients without cerebral microbleeds in each location and are adjusted for cerebral microbleed number and our prespecified
variables. *Number of patients and time at risk are shown in the appendix. tOverlapping categories.
Table 2: Rate and risk of outcome events according to number (burden) and anatomical distribution of baseline cerebral microbleeds in all patients (n=20322)

antithrombotic treatment (29% vs 28%). In those not
treated with any antithrombotic drugs, five had intra-
cranial haemorrhages over 846 patient-years and 65 had
ischaemic strokes over 825 patient-years. The aHRs
associated with cerebral microbleed presence were 1-10
(95% CI 0-17-7-34) for intracranial haemorrhage and
1-51 (0-87-2-65) for ischaemic stroke.

Discussion
Our large-scale pooled analysis of individual patient data
confirms that, in patients with recent ischaemic stroke or
transient ischaemic attack treated with antithrombotic
drugs, cerebral microbleeds are associated with the
subsequent risks of symptomatic intracranial haem-
orrhage and ischaemic stroke; as cerebral microbleed
burden increases, the relative risk (aHR) of intracranial
haemorrhage rises more steeply than that of ischaemic
stroke. Our most important new finding is that, regardless
of cerebral microbleed burden and distribution (ie, mixed,
deep, or lobar), or the type of antithrombotic treatment
received (oral anticoagulants or antiplatelet therapy),
the absolute risk of ischaemic stroke is consistently sub-
stantially higher than that of intracranial haemorrhage.
As well as confirming the association between cerebral
microbleeds and both recurrent ischaemic stroke and
symptomatic intracranial haemorrhage found in smaller
cohorts of patients with ischaemic stroke and transient
ischaemic attack treated with antiplatelet drugs® or
oral anticoagulants,””* the large number of partici-
pants has improved the precision of our estimates of
stroke recurrence rates and relative hazards, while the
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inclusion of individual patient data allowed adjustment
for potential confounding factors. Our study also adds
new data for the important subgroups of patients with
many (eg, =20) cerebral microbleeds, which cause the
most clinical concern and could not be addressed by any
of the previously published meta-analyses. The association
of cerebral microbleeds with a consistently higher rate
of ischaemic stroke than intracranial haemorrhage
suggests that cerebral microbleeds are a marker for
cerebral small vessel diseases that can cause not only
intracranial haemorrhage, but also ischaemic stroke.
Although it has been inferred that cerebral microbleeds
are a marker of direct extravasation of red blood cells from
arterioles and capillaries damaged by Dbleeding-prone
arteriopathies, alternative non-haemorrhagic mechanisms
include ischaemia-mediated iron store release by oligo-
dendrocytes” or phagocytosis of red cell microemboli
into the perivascular space." A report of haemorrhagic
transformation of small acute microinfarcts into cerebral
microbleeds provides direct evidence that cerebral micro-
bleeds can result from ischaemic mechanisms.” These
varied mechanisms underlying cerebral microbleeds
might explain why even patients at the highest risk of
intracranial haemorrhage still have a higher absolute risk
of ischaemic stroke. Moreover, patients with cerebral
microbleeds often have multiple vascular risk factors, so
are at risk of not only small vessel ischaemic stroke but
also other ischaemic stroke subtypes.® Patients with
cerebral microbleeds usually also have white matter
hyperintensities, which are associated with the risk of
recurrent stroke, death, and poor functional outcome after
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Composite of intracranial haemorrhage and Symptomatic intracranial haemorrhage Symptomatic ischaemic stroke
ischaemic stroke (n=7582 for multivariable model) (n=6942 for multivariable model) (n=6958 in multivariable models)
Rate, per 1000  Absoluterate  Adjusted hazard Rate, Absolute rate  Adjusted hazard Rate, per 1000 Absoluterate  Adjusted hazard
patient-years* increase, ratio per 1000 increase, ratio patient-years  increase, ratio
per 1000 patient-years  per 1000 per 1000
patient-years patient-years patient-years
None 31(28t035) - 1 (ref) 5(3to6) 1 (ref) 27 (23t0 30) - 1 (ref)
Any 46(39t053)  15(11to18) 130 (1:07t0157) 12(9t016)  7(6t010) 249 (1-64t03-79) 32(26t039)  5(3t09) 107 (0-86 t0 1-35)
One 38 (30t0 49) 7(Qto14) 119 (0-91t01.56) 10(6to17)  5(3toll)  2:15(1-23t0375) 26(19t035) -1(-4to5)  0-96(0-69t01:33)
Number
Two to four 47 (36t060) 16 (8t025) 1.23(0-93t01-62) 11(6t019) 6(3t013)  2:22(1-21to04-06) 36(26t048) 11(3t0o18)  1.10(0-80to1-52)
Five or moref 62(45t084)  31(17to49) 1.69 (1-22t02-35) 20(11to34) 15(8t028)  3.91(2:08to7-34) 40(26t059) 13 (3t029) 127 (0-84t01-91)
Ten or moret 75(4610116) 44 (18t081) 215 (1:35t0343) 23(8t050) 18(5t044) 463 (1:92t01122) 46(24t081) 19(1to51)  152(0-84t02:67)
Anatomical
distribution
Mixed 42t077)  27(14t042) 143 (1:02t0 2:00) 15(7t026)  10(4t020) 221 (1-09to 4-47) 42(29t060) 15(6t030) 128 (0-85t01-94)
Deep 42t063)  21(14t028) 143 (111t0o1-84) 14(9to21)  9(6to15)  2:71(1-61to4-59) 35(7t046)  8(4to16) 116 (0-85t01.59)
Lobar 32to51)  10(4to16)  113(0-87t01-47) 10(6t016)  5(3t010)  1.63(0-94t02-83) 29(22t038)  2(-1to8)  1.00(0-73t0138)
Probable cerebral 27 (13t047) -4 (-15t012) 076 (0-41to1-39) 10(3to25)  5(0to19) 129 (0-47t03-57) 17(7to35) -10(-16to5) 0-64 (0-30t0137)
amyloid
angiopathy
Ranges in brackets are 95% Cls. Cerebral microbleed location hazard ratios are versus patients without cerebral microbleeds in each location and are adjusted for cerebral microbleed number and our prespecified
variables. “Number of patients and time at risk are shown in the appendix. fOverlapping categories.
Table 3: Rate and risk of outcome events according to baseline cerebral microbleeds in patients treated with oral anticoagulants with or without antiplatelet drugs (n=7737)

ischaemic stroke® and might also contribute to the
increased risk of ischaemic stroke associated with cerebral
microbleeds.

We found no evidence that a strictly lobar pattern of
cerebral microbleeds (fulfilling the Boston criteria for
probable CAA,® causing clinical concern for intracranial
bleeding risk*) is associated with the risk of intracranial
haemorrhage or ischaemic stroke. These findings might
reflect low diagnostic accuracy when using cerebral
microbleeds for diagnosis of CAA in patients without
intracerebral haemorrhage or dementia,” rather than a
true absence of any association of CAA with intracranial
haemorrhage. Furthermore, the aHRs for intracranial
haemorrhage associated with lobar cerebral microbleeds
(compared with patients without lobar cerebral micro-
bleeds [including none]) were closer to those associated
with deep or mixed cerebral microbleeds (compared with
patients without deep or mixed cerebral microbleeds
[including none]).

Our results differ from some previous observations in
smaller cohorts. First, in contrast to a smaller two-centre
study,® we did not find that the risk of intracranial
haemorrhage approached the risk of ischaemic stroke
after 1 year. Rather, we found that the rate of ischaemic
stroke was consistently higher than that of intracranial
haemorrhage, and the aHRs associated with cerebral
microbleeds for both ischaemic stroke and intracranial
haemorrhage remained stable over time. Second, our
data indicate a smaller increase in the relative risk of
intracranial haemorrhage for patients with five or more
cerebral microbleeds than reported in a previous smaller

meta-analysis,” but our much larger individual participant
sample size allowed us to investigate high cerebral
microbleed burdens (five or more, ten or more, and 20 or
more) with adjustment for confounders and greater
statistical precision and power.

The comparatively low frequency of symptomatic intra-
cranial haemorrhage after ischaemic stroke or transient
ischaemic attack and the consistently higher risk of
recurrent ischaemic stroke make randomised controlled
trials of antithrombotic treatment (themselves proven in
large randomised trials) guided by cerebral microbleeds
challenging. However, ongoing and future randomised
controlled trials should provide further insights. The MRI
substudy in the RESTART trial” of antiplatelet therapy
after intracerebral haemorrhage excluded all but a very
modest harmful effect of antiplatelet therapy on recurrent
intracerebral haemorrhage in the presence of cerebral
microbleeds, but also illustrates how very large sample
sizes are probably required to identify statistically signifi-
cant interactions in smaller cerebral microbleed subgroups
in current (eg, the MRI substudy of NAVIGATE ESUS
[NCT02313909]) and future randomised controlled trials.
Nevertheless, our large collaborative pooled analysis pro-
vides the best available evidence on the associations
of cerebral microbleeds with subsequent intracranial
haemorrhage and ischaemic stroke after ischaemic stroke
or transient ischaemic attack.

We included data from a worldwide collaborative
network, making our results globally generalisable. The
large individual patient dataset provides high statistical
power and precision for risk estimates, allowing us to

www.thelancet.com/neurology Vol 18 July 2019



Articles

explore associations with several clinically important
primary outcomes, while adjusting for important prog-
nostic variables to minimise confounding. Included co-
horts used validated rating instruments for cerebral
microbleeds, and we adjusted for the use of different MRI
sequences (T2* GRE or SWI) to detect cerebral micro-
bleeds, which accounts for the higher sensitivity of SWI for
detecting cerebral microbleeds compared with T2* GRE.*
We followed a published statistical analysis plan and
confirmed our findings in a two-stage meta-analysis,
indicating the robustness of our results.

In terms of limitations, our observational design has
potential for selection bias and confounding of antithrom-
botic therapy by indication or unmeasured physician
factors; thus, the relative hazards (aHRs) for intracranial
haemorrhage and ischaemic stroke must be interpreted
with caution. To definitively establish whether cerebral
microbleeds modify the net clinical benefit of anti-
thrombotic drugs would require a randomised controlled
trial. Many of the included studies did not formally
adjudicate events. The requirement for MRI-suitable
patients probably led to the inclusion of less severe strokes
than an unselected population. Even with the many indi-
vidual patients included, we could not precisely estimate
risks associated with an extremely large number of
cerebral microbleeds (eg, 250), but such patients are very
rare in clinical practice. Although we adjusted for known
prognostic variables, residual confounding secondary to
unknown or uncontrolled factors such as stroke mech-
anism could still have affected our results. Furthermore,
we were unable to include some candidate variables in our
multivariable models because they were not sufficiently
widely available across all participating cohorts (eg, white
matter hyperintensities, MRI field strength, diabetes,
ischaemic heart disease, renal function, and statin use
on discharge). Our analyses did not formally assess net
clinical benefit, accounting for the greater severity of intra-
cranial haemorrhage compared with recurrent ischaemic
stroke.

In summary, our large-scale pooled analysis in patients
with recent ischaemic stroke or transient ischaemic attack
found that the absolute risk of ischaemic stroke is con-
sistently higher than that of intracranial haemorrhage,
regardless of the number or anatomical distribution
of cerebral microbleeds. However, cerebral microbleeds
are associated with a greater relative hazard (aHR) for
intracranial haemorrhage than ischaemic stroke; further
studies are needed to establish the usefulness of neuro-
imaging biomarkers, including cerebral microbleeds,
in improving risk prediction scores for intracranial
haemorrhage and ischaemic stroke.
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