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BACKGROUND: Cerebral microbleeds (CMBs) have been observed in healthy elderly people undergoing systematic brain 
magnetic resonance imaging. The potential role of acute triggers on the appearance of CMBs remains unknown. We 
aimed to describe the incidence of new CMBs after transcatheter aortic valve replacement (TAVR) and to identify 
clinical and procedural factors associated with new CMBs including hemostatic measures and anticoagulation 
management.

METHODS: We evaluated a prospective cohort of patients with symptomatic aortic stenosis referred for TAVR for CMBs 
(METHYSTROKE [Identification of Epigenetic Risk Factors for Ischemic Complication During the TAVR Procedure in the 
Elderly]). Standardized neurologic assessment, brain magnetic resonance imaging, and analysis of hemostatic measures 
including von Willebrand factor were performed before and after TAVR. Numbers and location of microbleeds on preprocedural 
magnetic resonance imaging and of new microbleeds on postprocedural magnetic resonance imaging were reported by 
2 independent neuroradiologists blinded to clinical data. Measures associated with new microbleeds and postprocedural 
outcome including neurologic functional outcome at 6 months were also examined.

RESULTS: A total of 84 patients (47% men, 80.9±5.7 years of age) were included. On preprocedural magnetic resonance 
imaging, 22 patients (26% [95% CI, 17%–37%]) had at least 1 microbleed. After TAVR, new microbleeds were observed in 19 
(23% [95% CI, 14%–33%]) patients. The occurrence of new microbleeds was independent of the presence of microbleeds 
at baseline and of diffusion-weighted imaging hypersignals. In univariable analysis, a previous history of bleeding (P=0.01), 
a higher total dose of heparin (P=0.02), a prolonged procedure (P=0.03), absence of protamine reversion (P=0.04), higher 
final activated partial thromboplastin time (P=0.05), lower final von Willebrand factor high-molecular-weight:multimer ratio 
(P=0.007), and lower final closure time with adenosine–diphosphate (P=0.02) were associated with the occurrence of new 
postprocedural microbleeds. In multivariable analysis, a prolonged procedure (odds ratio, 1.22 [95% CI, 1.03–1.73] for every 
5 minutes of fluoroscopy time; P=0.02) and postprocedural acquired von Willebrand factor defect (odds ratio, 1.42 [95% CI, 
1.08–1.89] for every lower 0.1 unit of high-molecular-weight:multimer ratio; P=0.004) were independently associated with 
the occurrence of new postprocedural microbleeds. New CMBs were not associated with changes in neurologic functional 
outcome or quality of life at 6 months.
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CONCLUSIONS: One out of 4 patients undergoing TAVR has CMBs before the procedure and 1 out of 4 patients develops new 
CMBs. Procedural or antithrombotic management and persistence of acquired von Willebrand factor defect were associated 
with the occurrence of new CMBs.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02972008.

Key Words:  aortic valve stenosis ◼ cerebral microbleeds ◼ hemostasis ◼ transcatheter aortic valve replacement ◼ von Willebrand factor

Cerebral microbleeds (CMBs), which consist of 
extravasation of blood components through frag-
ile cerebral microvascular walls,1,2 are identified 

as small hypointense foci detected by T2*-weighted or 
susceptibility-weighted magnetic resonance imaging 
(MRI).3–5 They are common in patients with cerebral 
small vessel disease, which is present in 10% to 25% 
of people >70 years of age.6,7 CMBs appear progres-
sively over time (≤7.0%/year)7 and are associated with 
increased risk for future ischemic strokes,8 cognitive 
impairment or dementia,1 and intracerebral hemorrhage, 
especially in the setting of antithrombotic use.9 Some risk 
factors for CMBs have been identified, such as aging, 
hypertension, and diabetes,1,6,8 but the underlying mecha-
nisms leading to these hemorrhagic lesions remain elu-
sive.11 Acute CMBs have been reported in patients with 
endocarditis,12,13 undergoing cardiac surgery,14 or receiv-

ing circulatory assist devices,15,16 all blood flow conditions 
associated with high shear stress.

von Willebrand factor (VWF) is a large multimeric gly-
coprotein involved in hemostasis,17 vascular structure,18 
inflammation, and angiogenesis.19 Changes in blood flow 
and shear conditions may provoke the proteolytic deg-
radation of the largest multimers, which are the most 
active in hemostasis.18 For instance, patients with severe 
heart valve disease (HVD), in particular elderly patients 
with aortic stenosis (AS), have an acquired VWF defect 
exposing them to an increased risk of mucosal and in 
particular gastrointestinal bleeding.20 This hemostasis 
disorder is corrected acutely by transcatheter aortic 
valve replacement (TAVR) in most patients, although it 
may persist in those with paravalvular regurgitation after 
incorrect placement of the valve.21–23 Recent preclinical 
studies have demonstrated higher prevalence of cerebral 
CMBs in animal models (SHRSP [spontaneously hyper-
tensive stroke prone] rats) with high pulse pressure. The 
combination of VWF inactivation and high pulse pressure 
may trigger cerebral bleeding, suggesting that a VWF 
multimer defect could also increase the risk of CMBs in 
the setting of high pulse pressure.24

Clinical Perspective

What Is New?
•	 We prospectively investigated the prevalence of 

cerebral microbleeds (CMBs) before and after 
transcatheter aortic valve replacement as well as 
procedural factors and outcomes associated with 
this occurrence in 84 patients.

•	 Approximately 1 patient of 4 has CMBs before 
transcatheter aortic valve replacement and nearly 1 
of 4 develops new microbleeds after transcatheter 
aortic valve implantation.

•	 Anticoagulation management and an acquired von 
Willebrand factor multimer defect, in particular 
when this defect persists at the end of the proce-
dure, are associated with the occurrence of new 
postprocedural CMBs.

What Are the Clinical Implications?
•	 A prolonged procedure increases exposure to 

anticoagulation and favors the appearance of new 
CMBs.

•	 The persistence of high shear-inducing defect in 
von Willebrand factor also promotes the appear-
ance of CMBs.

•	 The pathophysiologic mechanisms of CMBs and 
their effect on long-term outcomes and especially 
on neurocognitive evolution require further study.

Nonstandard Abbreviations and Acronyms

aPTT	 activated partial thromboplastin time
AS	 aortic stenosis
CT-ADP	� closure time with adenosine 

diphosphate
CE	 cerebral emboli
CMB	 cerebral microbleed
HMW	 high-molecular-weight
HVD	 heart valve disease
MMSE	 Mini-Mental State Examination
mRS	 modified Rankin Scale
MRI	 magnetic resonance imaging
NIHSS	� National Institutes of Health Stroke 

Scale
TAVR	 transcatheter aortic valve replacement
TIA	 transient ischemic attack
TTE	 transthoracic echocardiography
VWF	 von Willebrand factor
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On the basis of these observations, we designed the 
prospective METHYSTROKE study (Identification of Epi-
genetic Risk Factors for Ischemic Complication During 
the TAVR Procedure in the Elderly; URL: https://www.
clinicaltrials.gov; Unique identifier: NCT02972008) to 
investigate whether TAVR performed in patients with 
symptomatic AS and acquired VWF defect is associ-
ated with the occurrence of new CMBs. As part of this 
study, we attempted to assess whether patient or pro-
cedural measures, including antithrombotic regimen, and 
biological measures are associated with the occurrence 
of CMBs and to evaluate the association of CMBs with 
neurologic functional outcome.

METHODS
Patient Selection
After the institutional review committee and ethics com-
mittee approved the study, all patients with AS undergoing 
TAVR at our institution who gave informed written consent 
were included in the prospective METHYSTROKE study, 
in which preprocedural and postprocedural cerebral MRIs 
were planned. As part of the screening process, patients 
were verified to have no contraindication for preprocedural 
MRI and to have a low probability of contraindication of 
postprocedural MRI. In that regard, patients with previous 
implantation of a pacemaker, who had signs of conduction 
abnormality at preprocedural (right bundle branch block) 
ECG, or who intended to undergo implantation of a self-
expandable valve were excluded.

Participation included clinical data collection (including neu-
rologic examination) and blood sampling (including analysis of 
VWF-related measures) during the procedure and follow-up.

A flowchart of clinical and imaging evaluations is presented 
in Figure 1. The data supporting the findings of this study are 
available from the corresponding author and on reasonable 
request from qualified researchers trained in human subject 
confidentiality protocols.

TAVR Procedure
Patients underwent transfemoral TAVR with a balloon-
expandable Sapien valve (Edwards Lifesciences) because 
this device is less likely to require pacemaker implantation.25 
All patients received aspirin before the procedure, with 
ongoing aspirin therapy after the procedure. Clopidogrel 
was not administered unless the patient was already receiv-
ing long-term clopidogrel treatment. No clopidogrel loading 
was performed.

Standard TAVR implantation techniques with unfraction-
ated heparin anticoagulation (50 units/kg) with optional 
additional heparin administration depending on proce-
dure duration or activated clotting time were followed as 
described previously.23,26 Protamine (1 mg for each 100 units 
of heparin) was administered at the end of the procedure 
at the discretion of the operator. Systolic blood pressure 
was maintained at >100 mm Hg throughout the procedure 
(except during rapid pacing). No embolic protection device 
was used during the procedure.

Procedural Outcomes
All study patients were evaluated by 2 independent cardiolo-
gists according to the standardized Valve Academic Research 
Consortium–227 recommendations, including device success, 
bleeding, acute kidney injury, access site complications, clinical 
transient ischemic attack (TIA) or stroke, death, new atrial fibril-
lation episode, and echocardiographic valve assessment.

Per-Procedural VWF Multimer and Biology 
Analysis
Two distinct assays were performed to analyze the VWF multi-
mer status: VWF multimer analysis through electrophoresis and 
through a functional whole blood assay (PFA-100; Siemens 
Healthcare Diagnostics). Both assays were performed on 
samples taken before (preprocedural) and 5 minutes after the 
end of the procedure (postprocedural) while the patient was 
still in the catheterization laboratory. VWF multimeric analysis 
was performed as previously described.20,22,23 The results were 
expressed as a ratio to normal pooled plasma (standard human 
plasma; Siemens Healthcare Diagnostics). High-molecular-
weight (HMW) multimers defect was defined as reduced 
ratio of HMW multimers (>15-mer) present in plasma. With 
this method, the HMW:multimer ratio is defined as the num-
ber of HMW multimers in patient plasma sample divided by 
the number of HMW multimers in normal pooled plasma. The 
HMW:multimer ratio of normal pooled plasma is 1 (by defini-
tion) and a HMW multimers defect is defined as a reduced 
HMW:multimer ratio (less than 1).

Platelet count (×109/L) and activated partial thromboplas-
tin time (aPTT; in seconds) were measured before the proce-
dure, at the time of valve implantation, and 5 minutes after the 
end of the procedure.

Closure time with adenosine diphosphate (CT-ADP) was 
assessed by PFA-100 using adenosine diphosphate car-
tridges (normal range, 68 to 121 seconds) as previously 
described.20,22,23

Preprocedural and Postprocedural Cerebral 
MRI
Examination of the brain was performed on 1.5T MRI 
(Philips Ingenia; Philips Medical Systems) the day before 
and repeated 3 days after the TAVR procedure. The imag-
ing protocol included the following sequences to identify 
CMBs and cerebral emboli: an axial diffusion-weighted 
imaging sequence (repetition time, 4600 ms; echo time, 100 
ms; slice thickness, 4 mm; 2 diffusion gradient b values, 0 
and 1000 s/mm2; field of view, 230 mm; matrix 105×224; 
acquisition time, 55 seconds), an axial T2*–gradient echo–
weighted sequence (repetition time, 970 ms; echo time, 16 
ms; flip angle, 18°; slice thickness, 4 mm; field of view, 230 
mm; matrix 205×432; acquisition time, 2 minutes 40 sec-
onds), an axial fluid-attenuated inversion recovery sequence 
(repetition time, 11 000 ms; echo time, 125 ms; inversion 
time, 2800 ms; slice thickness, 4 mm; field of view, 230 mm; 
matrix 264×512; acquisition time, 3 minutes 50 seconds), 
and an axial T1-weighted spin-echo sequence (repetition 
time, 6000 ms; echo time, 10 ms; slice thickness, 5 mm; 
field of view, 230 mm; matrix 205×432; acquisition time, 3 
minutes 20 seconds).
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According to recommendations3,4 and Standards for 
Reporting Vascular Changes on Neuroimaging criteria,5 CMBs 
were identified as homogeneous, round foci, 2 to 10 mm in 
diameter, of low signal intensity on the T2*–gradient echo 
sequence. The number, distribution, and size of CMBs were 
rated according to the Brain Observer Microbleed Scale.3 
Low-signal lesions on the T2*–gradient echo sequence within 
a lesion compatible with an infarct were considered as hem-
orrhagic transformations rather than microbleeds and were 
excluded. Symmetrical foci of low signal intensity in the glo-
bus pallidus were considered as calcifications and were also 
excluded. Flow void artifacts of the pial blood vessels were 
distinguished from microbleeds by their morphology and 
correlation with T1 and fluid-attenuated inversion recovery 
images1,8 (Figure 2).

Incident CMBs were defined by the appearance of new 
microbleeds in a new location on the postprocedural MRI in 

comparison with the preprocedural MRI using automated 
coregistration software dedicated to longitudinal comparison of 
magnetic resonance images using rigid transformations on the 
basis of mutual information (LoBI; Philips Medical Systems).

Incident cerebral emboli (CE) were defined by the 
appearance of hyperintense lesions on postprocedural dif-
fusion-weighted imaging in comparison with preprocedural 
diffusion-weighted imaging (i.e., that were not present on the 
preprocedural MRI).

All brain MRIs were rated by 2 independent neuroradiolo-
gists trained in the analysis of CMBs and blinded to clinical data. 
Validated qualitative and quantitative methods were applied 
(syngo.via version VA30; Siemens Healthcare). In case of dis-
agreement, the final evaluation was obtained by consensus.

Interobserver kappa coefficients for the presence of CMBs 
and CE were 0.91 (95% CI, 0.83–0.98) and 0.92 (95% CI, 
0.86–0.98), corresponding to very good agreement.

Figure 1. Flowchart of clinical and imaging evaluations. 
CMB indicates cerebral microbleed; MRI, magnetic resonance imaging; TAVR, transcatheter aortic valve implantation; and TIA, transient ischemic 
attack.
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Neurologic Examination
The neurologic trajectory covering neurologic deficits, cogni-
tion, disability, and quality of life was evaluated using a multi-
modal and repeated-testing approach in line with the recent 
Neurologic Academic Research Consortium recommendations 
for neurologic assessment for TAVR28,29 (Figure 1).

Neurologic and cognitive status was assessed by the 
same experienced neurologist before and 6 months after 
TAVR procedures following a standardized protocol as previ-
ously described in this population,28 including (1) the severity 
of the neurologic deficit, with the National Institutes of Health 
Stroke Scale (NIHSS); (2) the level of functional depen-
dence, with the modified Rankin Scale (mRS; dependence 
was defined by a Rankin score >1); (3) cognition, with the 
Mini-Mental State Examination (MMSE); and (4) quality of 
life, with the EQ-5D.

Study End Points and Analyses
The primary end point was the appearance of new CMBs on 
the postprocedural cerebral MRI. The secondary end point was 
the presence of microbleeds on preprocedural MRI.

Analyses included the identification of factors associated 
with the primary and secondary end points. The potential rela-
tionship between presence or incidence of cerebral emboli and 
the incidence of CMBs was investigated.

Additional analyses included evaluation of the conse-
quences of the primary and secondary end points on early out-
comes described by the standardized criteria proposed by the 
Valve Academic Research Consortium,27 on neurologic status 
evaluated at 6 months, and on 1-year mortality.

Statistical Analysis
Quantitative variables are expressed as mean (SD) in the case 
of normal distribution or median (interquartile range) other-
wise. Categorical variables are expressed as number (percent-
age). Normality of distributions was assessed using the Q-Q 
(quantile–quantile) plot and the Shapiro-Wilk test. We also 
report exact 95% CIs calculated by using the Clopper-Pearson 
method for primary and secondary end point rates.

Baseline and procedural characteristics were compared 
between patients with and without preprocedural new CMB, 
with and without postprocedural new CMB, and with and 
without postprocedural new CE by using the Fisher exact test 

Figure 2. T2*-weighted gradient-echo sequence before and after transcatheter aortic valve implantation. 
Before (A–C) and after (D–F) transcatheter aortic valve implantation. This patient had a unique microbleed in the right precentral gyrus before 
transcatheter aortic valve implantation (white arrowhead; C). Two new microbleeds were observed after transcatheter aortic valve implantation, 
in the right frontal and temporal lobes (white arrows; D and E). Cerebral microbleeds were identified as homogeneous, round foci, <10 mm 
diameter, of low signal intensity. Flow void artifacts of the pial blood vessels (black arrows) were clearly distinguished from cerebral microbleeds 
by their location in the subarachnoid space and their tubular morphology on the adjacent slices. Preoperative and postoperative T2* images have 
been coregistered with an automated coregistration software dedicated to longitudinal comparison of magnetic resonance images using rigid 
transformations on the basis of mutual information (Longitudinal Brain Imaging; Philips Medical Systems).
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for categorical variables or the Student t test (or the Mann-
Whitney U test for non-Gaussian distribution) for quantitative 
variables. The magnitude of between-group differences was 
assessed by calculating standardized differences (estimated 
on rank-transformed data for non-Gaussian distribution); 
absolute values of 0.2, 0.5, and 0.8 were interpreted as small, 
medium, and large effect sizes.

Variables that were associated with postprocedural new 
CMBs with a P<0.05 in univariable analyses were entered 
into a multivariable logistic model using a Firth penalized 
likelihood approach and a forward stepwise selection on the 
basis of P values (P<0.05). Before developing the multivari-
able model, we examined the log-linearity assumption for 
quantitative variables (irrespective of results of previous uni-
variable analyses) using restricted cubic spline functions as 
well as the absence of collinearity between candidate factors 
by calculating the variance inflation factors.30

We compared the 6-month change from baseline 
(6-month postprocedural versus postprocedural values) on 
MMSE and EQ-5D score between patients with and without 
postprocedural new CMBs by using analysis of covariance 
adjusted for baseline values; for MMSE, analysis of cova-
riance was applied on rank-transformed values given the 
non-Gaussian distribution. Standardized differences derived 
from analysis of covariance models were reported as effect 
size using patients without postprocedural new CMBs as 
reference.

Statistical testing was done at the 2-tailed α level of 0.05. 
Statistical analysis was performed using the SAS software 
package, release 9.4 (SAS Institute).

RESULTS
Patient Characteristics
Preprocedural MRI was performed in 90 patients with 
severe symptomatic AS undergoing implantation of the 
Sapien balloon-expandable valve through transfemoral 
access. Six patients could not undergo postprocedural 
cerebral MRI because of hemodynamic instability (n=2) 
or need for permanent pacemaker implantation after 
TAVR (n=4; Figure 1).

A total of 84 (93%) patients had both preprocedural 
and postprocedural MRI and constituted our study group 
(Figure 1). The baseline demographic, clinical, and echo-
cardiographic characteristics of the study population are 
summarized in Table 1. Mean age was 80.6±5.6 years 
and 50% (n=42) were men. The mean logistic EuroS-
CORE was 20.0±4.3% and the predicted permanent 
stroke risk (Society of Thoracic Surgeons predicted risk 
of mortality) was 6.5±2.4%. Thirty-five percent (n=30) 
had a history of atrial fibrillation and 13% (n=11) had 
permanent atrial fibrillation. Seventy-one percent (n=60) 
had a history of hypertension and 21% (n=18) had previ-
ous cardiac surgery.

The mean transaortic gradient was 48±13 mm Hg 
and the mean indexed valve area was 0.39±0.10 cm2/
m2. A concomitant shear-induced acquired VWF defect 
was present in all patients as illustrated by a low mean 

Table 1.  Baseline Demographic, Clinical, and Echocardiog-
raphy Characteristics of the Study Population

Characteristics Study group (n=84)

Clinical data

  Age, y 80.6±5.6

  Male sex 42 (50)

  BMI, kg/m2 27.9±5.9

  Logistic EuroSCORE, % 20.0±4.3

  STS score, mortality, % 12.3±7.6

  STS score, permanent stroke, % 6.5±2.4

  Recent endovascular procedures <1 month 10 (11)

Comorbidities

  Hypertension 60 (71)

  Diabetes 28 (33)

  Atrial fibrillation 30 (35)

  Severe renal failure 19 (22)

  History of bleeding 4 (4)

  Coronary artery disease 40 (47)

Neurologic assessment

  MMSE score <27 9 (11)

  Previous stroke or TIA 16 (19)

Preoperative TTE

  LVEF ≥55 64 (76)

  Mean gradient, mm Hg 48±12

  Indexed valve area, cm2/m2 0.39±0.10

  Bicuspid valve 5 (6)

Medication before TAVR

  Aspirin 64 (76)

  Clopidogrel 29 (38)

  DAPT 20 (23)

  Anticoagulant 28 (33)

  APT+anticoagulant 16 (19)

Preoperative hemostasis

  Hemoglobin, g/dL 11.9±1.7

  Hematocrit, % 34.7±5.3

  Platelet count, 109/L 181±64

  aPTT, s 34±12

  VWF, HMW multimer ratio 0.66±0.21

  CT-ADP, s 220±65

Preprocedural MRI

  Patients with ≥1 CMB 22 (26)

  Patients with ≥1 cerebral embolism 5 (5)

Postprocedural MRI

  Patients with ≥1 CMB 19 (22)

  Patients with ≥1 cerebral embolism 54 (64)

Data are mean±SD or n (%). APT indicates antiplatelet therapy; aPTT, ac-
tivated partial thromboplastin time; BMI, body mass index; CMB, cerebral 
microbleed; CT-ADP, closure time with adenosine diphosphate; DAPT, dual 
antiplatelet therapy; HMW, high molecular weight; LVEF, left ventricular ejec-
tion fraction; MMSE, Mini-Mental State Examination; MRI, magnetic resonance 
imaging; STS, Society of Thoracic Surgeons; TAVR, transcatheter aortic valve 
replacement; TIA, transient ischemic attack; TTE, transthoracic echography; and 
VWF, von Willebrand factor.
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HMW:multimer ratio (0.66±0.21) and a high mean CT-
ADP (220±65 seconds).

Device and Procedural Outcome
According to Valve Academic Research Consor-
tium–2 criteria, device success was achieved in 84% 
(n=70) with no procedural mortality, no second valve, 
no moderate aortic regurgitation or greater, and no 
high transaortic gradient (20 mm Hg or more; Table 
S1). Five patients (5%) had clinical signs of TIA or 
stroke after TAVI; details about these patients are 
presented in Table 2.

Postimplantation transvalvular mean gradient 
decreased from 45.4±10.2 to 10.5±4.6 mm Hg 
(P<0.001) and the effective orifice area increased from 
0.72±0.23 to 1.91±0.33 cm2 (P<0.001). Postimplanta-
tion HMW ratio increased from 0.66±0.21 to 1.03±0.26 
(P<0.001) and CT-ADP decreased from 220±65 to 
136±63 seconds (P<0.001).

Postprocedural aortic regurgitation grade 2 or greater 
was observed in 11% (n=9) by transthoracic echocar-
diography (TTE; Table S1). In each of these 9 patients, 
postprocedural VWF ratio was <0.8 (mean 0.73±0.06) 
and postprocedural CT-ADP was >180 seconds (mean 
240±51 seconds).

Minor vascular complications involving femoral 
access occurred in 11% (n=10) of cases. There were 
no major vascular complications. Major bleeding (with 
no intracranial hemorrhage) was detected in 3.5% 
(n=3) of cases. There was 5% (n=4) new onset of 
atrial fibrillation (Table S1).

Anticoagulation Management and Hemostatic 
Measures at the End of the Procedure
Protamine was used to reverse heparin at time of sheath 
removal in 23 patients (27%). During the procedure, peak 
aPTT was similar between patients who received prot-
amine and those who did not (211±26 versus 214±23 
seconds; P=0.65), but final aPTT was significantly lower 

in patients receiving protamine (65±34 versus 116±38 
seconds; P=0.0003).

Brain MRI Findings
Preprocedural MRI was performed at median time of 1 
day (interquartile range, 1 to 3) before the procedure 
and the postprocedural MRI was performed 3 days (in-
terquartile range, 2 to 4) after the procedure.

Preprocedural brain MRI revealed at least 1 CMB in 
22 patients (26% [95% CI, 17%–37%]) and at least 1 
CE in 6% (n=5) of patients (Table 1, Figures 3 and 5, 
and Table S2). Preprocedural microbleeds were mostly 
identified in lobar regions (67%), deep regions (26%), or 
infratentorial regions (6%).

Postprocedural brain MRI revealed at least 1 CMB in 
34 patients (40%, 95% CI, 30%–52%) and at least 1 
CE in 55 patients (65% [95% CI, 54%–75%]).

Incident CMBs After TAVR
Between preprocedural and postprocedural MRI, 19 pa-
tients (23% [95% CI, 14%–33%]) had at least 1 new 
CMB (Table 1 and Figure 4) and 54 patients (64% [95% 
CI, 53%–74%]) had at least 1 new CE (Table S3). Only 
15% (n=13) of patients had both new microbleed and 
new CE and 2.4% (n=2) of new microbleeds were as-
sociated with preprocedural CE. Seventy-one percent 
(n=60) of patients presented either new CMB or new CE.

Most of these new CMBs were unique (1 new micro-
bleed [n=14], 2 microbleeds [n=4], 3 microbleeds [n=1]) 
and were identified in lobar regions (69%), deep regions 
(18%), or infratentorial regions (11%).

No statistical association was detected between 
CMBs and CE. No relation was found between new 
postprocedural microbleed and preprocedural CMB 
(P=0.23), preprocedural CE (P=0.33), or new postpro-
cedural CE (P=0.88; Figures 4 and 5). Details about 
patients with CE on preprocedural MRI and patients 
with new CE on postprocedural MRI can be found in 
Tables S2 and S3. Of note, 59% (13/22) of patients 

Table 2.  Details of Patients Presenting New Neurologic Deficits After TAVR Procedure (n=5)

Patient
Time of diagnos-
tic after TAVR

NIHSS 
score

Ischemic 
stroke or TIA Symptoms

Led to 
death?

Preproce-
dural CE

New postpro-
cedural CE

Preproce-
dural CMB

New postpro-
cedural CMB

1 Day 1 0 TIA Transient confu-
sional syndrome

No 0 11 0 0

2 Day 4 0 TIA Transient confu-
sional syndrome

No 0 6 0 0

3 Day 1 10 Stroke Right hemiparesis, 
aphasia

Yes 0 Wide-range 
infarct

1 0

4 Day 3 3 Stroke Aphasia No 0 1 0 0

5 Day 2 8 Stroke Right hemiparesis, 
dysarthria

No 0 8 1 0

CE indicates cerebral embolism; CMB, cerebral microbleed; NIHSS, National Institutes of Health Stroke Scale; TAVR, transcatheter aortic valve replacement; and 
TIA, transient ischemic attack.
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with CMB on preprocedural MRI had a new CE on 
postprocedural MRI.

Variables Associated With CMBs
Univariable associations with preprocedural CMBs are 
listed Figure 3 and included hypertension (P=0.004), 
diabetes (P=0.05), previous stroke or TIA (P=0.02), 
permanent stroke risk (Society of Thoracic Surgeons 
predicted risk of mortality) (P=0.007), and MMSE <27 
(P=0.05).

Univariable associations with new postprocedural 
CMBs are listed in Figure 4 and included a previous 
history of bleeding (including gastrointestinal and 
cerebral bleeding; P=0.03) and procedural measures 
including valve postdilation (P=0.09) and a longer pro-
cedure (P=0.02).

A higher total dose of heparin was associated with 
a higher occurrence of new postprocedural CMBs 
(P=0.03). Protamine to reverse heparin at the end of 
the procedure was associated with a lower occurrence 
of new postprocedural microbleed (8% [n=2/23] versus 
28% [n=17/61; P=0.03; Figure  4) with no increased 
occurrence of new CE (74% [17/23] vs 61% [37/61]; 
P=0.38). A lower final aPTT was also observed in 
patients without new postprocedural CMBs (87±34 ver-
sus 105±38 seconds; P=0.05).

Platelet counts before, during, or after the TAVR pro-
cedure (Figure 4) and variation of platelet count to peak 
(P=0.87) or to nadir (P=0.23) were not associated with 
the incidence of at least 1 new CMB on the postpro-
cedural MRI.

A lower HMW:multimer ratio as measured immedi-
ately at the end of the procedure was associated with 

Figure 3. Baseline factors associated with the presence of cerebral microbleeds on preprocedural magnetic resonance imaging.
Data are mean (SD), median (interquartile range [IQR]), or n (%) unless otherwise indicated. P values were calculated using the Fisher exact test 
for categorical variables or the Student t test (or the Mann-Whitney U test for non-Gaussian distribution) for quantitative variables. Effect sizes 
were the standardized differences (calculated on rank-transformed values for non-Gaussian quantitative variables); absolute values of 0.2, 0.5, 
and 0.8 were interpreted as small, medium, and large effect size. APT indicates antiplatelet therapy; BMI, body mass index; DAPT, dual antiplatelet 
therapy; LVEF, left ventricular ejection fraction; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; STS, Society of 
Thoracic Surgeons; TAVR, transcatheter aortic valve replacement; TIA, transient ischemic attack; and TTE, transthoracic echography.
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Figure 4. Baseline and procedural factors associated with new cerebral microbleeds.
Data are mean (SD), median (interquartile range [IQR]), or n (%) unless otherwise indicated. New postprocedural cerebral microbleeds (CMBs) 
are CMBs present on postprocedural magnetic resonance imaging (MRI) that were not present on the preprocedural MRI. P values were 
calculated using the Fisher exact test for categorical variables or the Student t test (or the Mann-Whitney U test for non-Gaussian distribution) 
for quantitative variables. Effect sizes were the standardized differences (calculated on rank-transformed values for non-Gaussian quantitative 
variables); absolute values of 0.2, 0.5, and 0.8 were interpreted as small, medium, and large effect size. *Numbers of CMBs in the whole (sub)
group. †One patient had 31 CMBs as part of a severe brain microangiopathy. ‡All 25 new CMBs were ≤5 mm. APT indicates antiplatelet 
therapy; aPTT, activated partial thromboplastin time; BMI, body mass index; CT-ADP, closure time with adenosine diphosphate (refers to platelet 
function analyzer); DAPT, dual antiplatelet therapy; HMW, high molecular weight; LVEF, left ventricular ejection fraction; MMSE, Mini-Mental 
State Examination; STS, Society of Thoracic Surgeons; TAVR, transcatheter aortic valve replacement; TIA, transient ischemic attack; and TTE, 
transthoracic echography.
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the occurrence of new CMBs detected on the MRI per-
formed 3 days (interquartile range 2–4) after the pro-
cedure (0.90±0.14 versus 1.06±0.27; P=0.001). The 
same association was observed with higher CT-ADP 
(165±72 versus 127±57; P=0.02; Figure 4).

In forward stepwise multivariable analysis, including 
previous history of bleeding, total dose of heparin, fluo-
roscopy time, protamine reversion, HMW:multimer ratio at 
the end of the procedure, and CT-ADP level at end of 
the procedure, a prolonged procedure (odds ratio, 1.22 
[1.03–1.73] for every 5 minutes of fluoroscopy time; 
P=0.02) and a postprocedural acquired VWF defect 
identified by a lower HMW:multimer ratio (odds ratio, 1.42 
[1.08–1.89] for every lower 0.1 unit of the HMW:multimer 
ratio; P=0.004) were the only factors associated with the 
occurrence of new postprocedural CMBs.

Cardiovascular Outcome and Relation to CMBs
We found no association between new postprocedur-
al CMBs and in-hospital clinical outcomes, including 
the occurrence of periprocedural clinical stroke or TIA 
(P=0.21; Table S1). At 12 months, 5% of patients (n=1) 
with new CMBs and 12% (n=8) without new CMBs 
were deceased (P=0.25).

Neurologic and Cognitive Status: Relation to 
CMBs
The analysis was conducted among the 73 patients with-
out periprocedural clinical stroke or TIA and surviving at 
6 months.

Baseline neurologic examination revealed that 12% 
of patients (n=9) had neurologic deficit (NIHSS 0 
[n=1], 1 [n=6], 2 [n=2]; mRS 0 or 1 [n=3], 2 [n=4], 3 
[n=2]). Patients with preprocedural CMB had a lower 
baseline MMSE (26±3 vs 28±1) and 6-month MMSE 
(26±3 vs 28±1) score than those without preproce-
dural CMB (both P=0.01). Presence of preproce-
dural CMB was not associated with altered functional 
capacities at baseline (mRS >1; n=2 [11.7%] versus 
n=4 [7.1%]; P=0.65] and at 6 months [mRS >1; n=2 
[11.7%] versus n=3 [5.3%]; P=0.32).

At 6 months, an improvement in quality of life was 
observed (EQ-5D 42±12 versus 61±10; P<0.001), 
related to the success of the procedure without signifi-
cant change in NIHSS, mRS, or MMSE score as com-
pared with baseline. In particular, the occurrence of new 
postprocedural CMB did not affect functional capacities 
at 6 months (mRS >1, n=1 [5.9%] versus n=4 [7.1%]; 
P=0.78), MMSE score, or quality of life (Figure 6).

DISCUSSION
The current study including 84 patients with severe 
symptomatic AS undergoing transfemoral TAVR with 
preprocedural and postprocedural MRI performed 3 
days apart demonstrates that (1) ≈1 patient out of 4 has 
CMBs before TAVR and nearly 1 out of 4 develops new 
CMBs after TAVR (23% [95% CI, 14%–33%]) and (2) 
longer fluoroscopy time and an acquired VWF multimer 
defect (in particular when this defect persists at the end 
of the procedure) are associated with the occurrence 
those new postprocedural CMBs.

Figure 5. Repartition of patients according to the presence of new CMB alone, new CE alone, or both on postprocedural MRI 
according to the presence of CMB or CE on preprocedural MRI. 
Repartition of patients according to the presence of new cerebral microbleed (CMB) alone (n=6), new cerebral embol (CE) alone (n=41), or both 
(n=13) on postprocedural magnetic resonance imaging (MRI) according to the presence of CMB on preprocedural MRI (A) and the presence 
of CE on preprocedural MRI (B). Numbers in the colored circles represent the number of patients presenting with previous CMB (A) or CE 
(B) alone or associated with new CMB or new CE alone or in association. No relation was found between new postprocedural microbleed and 
preprocedural microbleed (P=0.23), preprocedural CE (P=0.33), or new postprocedural CE (P=0.88).
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CMBs on Preprocedural MRI in Elderly Patients 
With Severe Symptomatic AS
In this population, the prevalence of CMBs (26% 
[95% CI, 17%–37%]) is similar to the reported 
prevalence of the general population at similar age6,7 
(10%–25%). The clinical measures associated with 
the presence of preprocedural CMBs were also simi-
lar to those previously reported, such as hyperten-
sion (P=0.004), diabetes (P=0.05), and history of 
TIA or stroke (P=0.01), but not oral anticoagulation 
(P=0.43).9,31

TAVR Procedures as a Trigger of New CMBs
To our knowledge, this study is the first to investigate the 
role of TAVR on the incidence of new CMBs. The key 
finding is that nearly 1 patient out of 4 experienced new 
CMBs (23% [95% CI, 14%–33%]).

The high incidence of new CMBs (23%) in such a 
short time window (3 days) contrasts with the low inci-
dence observed over a 1-year period (4%–7%)6,7 in 
elderly patients with similar vascular risk factors receiv-
ing chronic antithrombotic medication and suggests that 
TAVR may trigger CMBs. Other cardiac interventions 
have been associated with the development of new 
CMBs (Table S4), but the association could not be estab-
lished as only 1 MRI was performed in most cases (Table 
S4)12,13,32,33 or the time elapsed between the procedure 
and the second MRI was too long (>1 to 7 weeks).14,34

The current study also suggests that CMBs and 
emboli are independent events occurring in different 
patients (Figure 3) and that the occurrence of new post-
procedural CMBs does not appear to be related to the 
presence of preprocedural CMBs (Figure 3). New CMBs 
and CE are not localized in the same territories and thus 
it is unlikely that new postprocedural CMBs represent 
hemorrhage within microinfarction areas.

Figure 6. Neurologic and quality of life evolution from before the procedure to 6-month follow-up according to the occurrence 
of new cerebral microbleeds after TAVR in the 73 patients without periprocedural stroke or TIA who were alive at 6 months.
Cognition assessed by Mini-Mental State Examination (MMSE) score at baseline and after 6 months in the presence (A) or absence (B) of new 
cerebral microbleeds (CMBs). Quality of life (QOL) assessed by EQ-5D score at baseline and after 6 months in the presence (C) or absence (D) 
of new CMBs. Patients with periprocedural stroke or transient ischemic attack (TIA) or who were deceased at 6 months were excluded. Baseline-
adjusted effect sizes were standardized differences (calculated on rank-transformed values for MMSE). P value calculated using analysis of 
covariance on 6-month change adjusted for baseline values (calculated on rank-transformed values for MMSE). 
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Role of Anticoagulation Regimen
The higher occurrence of new CMBs with a prolonged 
procedure or a prolonged exposure to anticoagula-
tion during the procedure is consistent with the role of 
anticoagulation regimen previously demonstrated for 
“spontaneous” CMBs35 or for microbleeds associated 
with severe heart valve disease.13,14 Whereas the peak 
level of anticoagulation was not associated with develop-
ment of CMBs, patients receiving a higher total dose of 
heparin were more likely to have new CMBs and those 
receiving protamine at the end of the procedure to re-
verse anticoagulation were less likely to have new CMBs 
(P=0.04). Patients with new CMBs had a longer aPTT 
value at the end of the procedure (P=0.05). This obser-
vation may extend the recently reported benefit of prot-
amine on other bleeding complications after TAVR.36

Acquired VWF Defect and CMBs
Acquired VWF defect in patients with heart valve disease 
has been associated with a persistent risk of bleeding, 
in particular gastrointestinal.20 However, its role in the 
occurrence of CMBs has never been investigated. Our 
study suggests that acquired VWF defect, in particular its 
persistence at the end of TAVR, may be associated with 
a higher risk of CMBs.

The observations that (1) all cases of CMBs reported 
to date in patients with acute cardiovascular disease 
are associated with a moderate (in patients with heart 
valve or prosthesis dysfunction; 567/608 patients 
[93%]; Table S4) or severe (in patients who received a 
ventricular assist device; 41/608 patients [7%]; Table 
S4) VWF multimer defect and (2) the clinical condi-
tions with the most profound VWF multimer defect 
(assist device) were also those with the highest preva-
lence of CMBs (Table S4) are also highly supportive 
of a direct link between valve-related flow alterations, 
acquired VWF defect, and CMBs. In our study, CMBs 
were mostly located in lobar areas, similar to patients 
with heart valve disease.13,14

Acquired VWF Defect Involvement in Blood–
Brain Barrier Permeability?
Beyond the control of primary hemostasis, several stud-
ies have suggested that VWF regulates angiogenesis 
through multiple pathways,37 whereas VWF multimer de-
fect promotes the appearance of angiodysplasia in the 
gastrointestinal tract and other arteriovenous malforma-
tions.38 VWF is also expressed abundantly in cerebral 
endothelial cells and could be involved in cerebral vessel 
remodelling.18 VWF also modifies and damages blood–
brain barrier permeability in certain pathologic settings39 
and might favor cerebral vessel wall rupture with con-
secutive microbleeds.24

Hemodynamic Conditions and CMBs
The fundamental hemodynamic consequence of the 
acute correction of AS during TAVR is an acute shift 
from a narrowed pulse pressure to a normal one (or 
possibly a supranormal one in case of paravalvular re-
gurgitation).40 This sudden hemodynamic change could 
trigger the appearance of microbleeds on background 
of the moderate to severe VWF multimer defect ob-
served in patients with AS undergoing TAVR (or sur-
gical aortic valve replacement11,31) or in patients with 
acute valve dysfunction.9,10,29,30 The report that CMBs 
are observed in animal models combining VWF defect 
with high blood pressure24 but not in those of VWF de-
fect without high blood pressure41 are consistent with 
this hypothesis. The role of the sudden change in he-
modynamic conditions likely explains why, despite the 
presence of a VWF multimer defect, the prevalence of 
CMBs in patients with AS before the procedure was 
not much higher than the one observed in a general 
population of the same age.6

Paravalvular Regurgitation and CMBs
Previous works demonstrated that patients with post-
procedural PVR after TAVR have persistent acquired 
VWF defect.22,23 In the current study, whereas we 
demonstrated a statistical relationship between per-
sistent VWF defect and the occurrence of new CMBs 
(P=0.004), we did not demonstrate a statistical relation-
ship between postprocedural PVR grade ≥2 identified 
on TTE and the occurrence of a new CMB (P=0.09). 
Collinearity between PVR and acquired VWF defect 
may explain part of this observation. This could also be 
favored by insufficient statistical power when investi-
gating a link between 2 “dichotomous” events such as 
PVR and the occurrence of new CMBs. This is less of 
an issue when investigating the link with a “continuous” 
variable such as VWF defect. The use of TTE, which is 
less accurate than the gold standard transesophageal 
echocardiography (used in our previous works) to de-
tect and grade PVR, may also decrease our ability to 
demonstrate this link.22,23 Three observations may sup-
port a role of the “modifiable factor” PVR as a trigger 
of the occurrence of new CMBs. First, patients with 
persistent PVR grade ≥2 on TTE had a 2.5-fold higher 
risk of new CMBs compared with those without (45% 
vs 20%; P=0.09). Second, the need for postdilation, 
mostly performed as an attempt to correct PVR, was 
also associated with a 2-fold higher risk of new CMBs 
(40% vs 18.8%; P=0.09). Third, our main observation 
that a persistent VWF defect, which has been shown to 
be primarily driven by PVR as identified by transesopha-
geal echocardiography,22,23 triggers the appearance of 
new CMBs is by itself suggestive of a role of PVR on 
the appearance of VWF defect–mediated CMBs.
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Silent CMBs and Neurologic Trajectory After 
TAVR
Consistent with the notion that CMBs are considered si-
lent lesions,6,11 we did not observe any focal deficit in pa-
tients with CMBs when examining them at the time of the 
MRI. There was no association between CMBs and im-
mediate postprocedural outcomes or long-term all-cause 
mortality (1-year follow-up). However, we found a rela-
tionship between the presence of CMBs at baseline and 
moderate cognitive decline as measured by the MMSE.

In our population, and as previously reported,42 new 
CMBs per se did not worsen cognitive function at 6 
months.

Whereas spontaneous CMBs, such as those observed 
on preprocedural MRIs, are known to predict long-term 
neurologic prognosis,43 the role of new periprocedural 
microbleeds is unclear. The small number of patients, the 
low number of new microbleeds per patient induced by 
the procedure, and the short follow-up may limit the abil-
ity of the current study to detect the role of these lesions 
on cognitive function at 6 months after TAVR. Additional 
studies involving more patients and longer follow-up are 
needed to clarify this issue.

Study Limitations
This is a single-center study and results may have been 
influenced by local patient management. However, be-
cause the main purpose of the study was not to evaluate 
a specific device or a specific method of management 
but rather the natural history of CMBs during TAVR and 
their causes, this should not have affected our findings. 
Although our study is one of the largest MRI studies in 
TAVR, CMBs were analyzed on 1.5T MRI and the total 
number of patients with new CMBs was small and limits 
the strength of the multivariable analysis. This also limits 
the interpretation of the relationship between CMBs and 
neurologic outcomes.

Susceptibility-weighted imaging is more sensitive than 
T2* for microbleeds detection. In a cohort study of 246 
patients with cognitive disorders, the use of susceptibil-
ity-weighted imaging modestly increased microbleeds 
prevalence from 17% to 21%.44 On the other hand, T2* 
is associated with a shorter acquisition time and is less 
prone to motion artifacts, making it more suitable for 
early postoperative assessment in an elderly population. 
In addition, susceptibility-weighted sequences are differ-
ent according to vendors. The use of T2* allows compari-
sons of our results with those of previous studies.

Conclusions
We report a high incidence (23% [95% CI, 14%–33%]) 
of new CMBs after TAVR. Anticoagulation management 
and persistence of acquired VWF defect were associ-

ated with development of new CMBs; the pathophysi-
ologic mechanisms of CMBs and their role on long-term 
outcomes require further study.
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