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Abstract
Background Approximately one-third of patients with
symptomatic severe aortic valve stenosis who are
scheduled for transcatheter aortic valve implanta-
tion (TAVI) have some degree of cognitive impair-
ment. TAVI may have negative cognitive effects due
to periprocedural micro-emboli inducing cerebral in-
farction. On the contrary, TAVI may also have positive
cognitive effects due to increases in cardiac output
and cerebral blood flow (CBF). However, studies that
systematically assess these effects are scarce. There-
fore, the main aim of this study is to assess cerebral
and cognitive outcomes in patients with severe aortic
valve stenosis undergoing TAVI.

Supplementary Information The online version of this
article (https://doi.org/10.1007/s12471-023-01826-8)
contains supplementary material, which is available to
authorized users.

A. C. van Nieuwkerk · K. I. Hemelrijk · B. J. Bouma · J. Baan ·
J. J. Piek · R. Delewi (�)
Department of Cardiology, Amsterdam Cardiovascular
Sciences, Amsterdam UMC, University of Amsterdam,
Amsterdam, The Netherlands
r.delewi@amsterdamumc.nl

E. E. Bron
Biomedical Imaging Group Rotterdam, Department of
Radiology & Nuclear Medicine, Erasmus MC—University
Medical Center Rotterdam, Rotterdam, The Netherlands

A. E. Leeuwis · J. E. F. Moonen · W. M. van der Flier
Alzheimer Center Amsterdam, Neurology, Vrije Universiteit
Amsterdam, AmsterdamUMC location VUmc, Amsterdam,
The Netherlands

A. E. Leeuwis · J. E. F. Moonen · W. M. van der Flier
AmsterdamNeuroscience, Neurodegeneration, Amsterdam,
The Netherlands

Study design In the prospective CAPITA (CArdiac
OutPut, Cerebral Blood Flow and Cognition In Pa-
tients With Severe Aortic Valve Stenosis Undergoing
Transcatheter Aortic Valve Implantation) study, cere-
bral and cognitive outcomes are assessed in patients
undergoing TAVI. One day before and 3 months after
TAVI, patients will undergo echocardiography (cardiac
output, valve function), brain magnetic resonance
imaging (CBF, structural lesions) and extensive neu-
ropsychological assessment. To assess longer-term
effects of TAVI, patients will again undergo echocar-
diography and neuropsychological assessment 1 year
after the procedure. The co-primary outcome mea-
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Cardiac output, cerebral blood flow and cognitive functioning
in patients with severe aortic valve stenosis undergoing TAVI

Fig. 1 Infographic

sures are change in CBF (in ml/100g per min) and
change in global cognitive functioning (Z-score) be-
tween baseline and 3-month follow-up. Secondary
objectives include change in cardiac output, white
matter hyperintensities and other structural brain
lesions. (ClinicalTrials.gov identifier NCT05481008)
Conclusion The CAPITA study is the first study de-
signed to systematically assess positive and negative
cerebral and cognitive outcomes after TAVI. We hy-
pothesise that TAVI improves cardiac output, CBF and
cognitive functioning.

Keywords Aortic valve stenosis · Transcatheter aortic
valve replacement · Cerebrovascular circulation ·
Cognition · Neuropsychological tests · Magnetic
resonance imaging

Introduction

Aortic valve stenosis is the most common valvular
heart disease requiring intervention in Europe and
the USA [1, 2]. Most cases of aortic valve stenosis are
caused by calcification, leading to a rising prevalence
of aortic valve stenosis in a continuously aging popu-
lation [2]. Severe aortic valve stenosis causes left ven-
tricular (LV) pressure overload and ventricular remod-
elling, which has a poor prognosis. If left untreated,
patients will experience heart failure, functional de-
terioration and ultimately death [1, 2]. In addition to
physical symptoms, patients with symptomatic severe
aortic valve stenosis have considerably lower cognitive

test scores than controls without aortic valve stenosis
[3].

Transcatheter aortic valve implantation (TAVI) is
a percutaneous treatment for severe aortic valve
stenosis, nowadays established for low-risk patients
[2]. One-third of patients scheduled for TAVI have
some form of cognitive impairment prior to the in-
tervention [3–6]. TAVI has been noted to worsen
cognitive functioning but can also improve it [4–10].
Cognitive decline may be caused by cerebral emboli
that can dislodge periprocedurally from the calcified
aorta and aortic valve, thereby inducing brain in-
farctions detectable on magnetic resonance imaging
(MRI) in up to 76% of patients after TAVI [5, 9]. Con-
versely, cognitive functioning may improve in a subset
of patients after TAVI, particularly in those with base-
line cognitive impairment and smaller aortic valve
areas [4, 6–8, 10]. Improved cognitive functioning has
been observed in multiple studies [6, 8, 10], but the
underlying mechanism has not been elucidated. It
has been hypothesised that restoration of impaired
cardiac output after TAVI improves cerebral blood
flow (CBF) and potentially also cognitive functioning
[6–9].

The CAPITA (CArdiac OutPut, Cerebral Blood Flow
and Cognition In Patients With Severe Aortic Valve
Stenosis Undergoing Transcatheter Aortic Valve Im-
plantation) study is the first larger-scale study aimed
at the systematic assessment of CBF and cognition
in patients undergoing TAVI (Fig. 1). We hypothesise
that TAVI improves cardiac output, CBF and cognitive
functioning.
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Fig. 2 Timeline of CAPITA study. TAVI transcatheter aortic valve implantation, MRI magnetic resonance imaging

Methods

Measurements

The prospective CAPITA study evaluates the effect
of TAVI treatment on cardiac output, CBF, structural
brain lesions and cognitive functioning. Prior to
TAVI and at 3-month follow-up, patients will undergo
echocardiography (cardiac output, valve function,
LV function), brain MRI (CBF using arterial spin la-
belling (ASL), white matter hyperintensities (WMH),
structural lesions) and extensive neuropsychological
testing. To evaluate longer-term haemodynamic and
cognitive effects of TAVI, echocardiography and neu-
ropsychological testing will be performed again 1 year
after TAVI. Baseline measurements will be taken on
the day before scheduled TAVI. Follow-up assess-
ments will be performed during an outpatient clinic
visit and are combined with a routine cardiologist
consultation. Figure 2 displays the study timeline.
The CAPITA study is registered at ClinicalTrials.gov
(identifier NCT05481008).

Objectives

The co-primary outcome measures are change in
global CBF (in ml/100g per min) on ASL-MRI and
change in global cognitive functioning (Z-score) be-
tween baseline and 3-month follow-up. We will also
assess the relation between these co-primary out-
come measures and their association with cardiac
output [11].

In addition, we will explore determinants of im-
paired cognitive functioning prior to TAVI, e.g. demo-
graphics/risk profile, cardiac functioning and brain in-
jury markers. Moreover, we will explore determinants
of change in cognitive functioning after TAVI. As the
post-procedural cognitive effects of TAVI may be tran-
sient [4, 5, 10], we will assess cognitive functioning
again 1 year after TAVI.

We will assess the development and possible re-
gression of WMH on Fluid Attenuated Inversion Re-
covery (FLAIR) MRI (volume and number at baseline
and follow-up). WMH are a manifestation of cere-
bral small vessel disease, which are associated with in-
creased risk of cognitive impairment and stroke [12].
Moreover, we will assess atrophy (brain volume on
structural T1-weighted imaging), infarcts (structural
T1-weighted imaging, FLAIR and diffusion-weighted
imaging (DWI)) and bleeds and microbleeds (suscep-
tibility-weighted imaging (SWI)).

Patient population

Aortic valve stenosis is defined according to the most
recent European Society for Cardiology Guidelines
[2]. All consecutive patients scheduled for TAVI at
the Amsterdam University Medical Centres (Ams-
terdam UMC) in Amsterdam, the Netherlands will
be screened for study inclusion and approached for
study participation at the outpatient clinic. Tab. 1
shows the inclusion and exclusion criteria for the
study.

The Amsterdam UMC is a tertiary referral hospital
where approximately 350 TAVI procedures per year are
performed. A multidisciplinary Heart Team decides
whether a patient is eligible to undergo TAVI and se-
lects the access route and valve type. Transfemoral
access with local anaesthesia is the default approach.
If transfemoral TAVI is not feasible, transaortic access
is also performed. Patients will be treated with the bal-
loon-expandable Sapien 3 or Sapien 3 Ultra (Edwards
Lifesciences Inc., Irvine, CA, USA) or the self-expand-
able Navitor (Abbott, Abbott Park, IL, USA) or Evolut R
(Medtronic Inc., Minneapolis, MA, USA) transcatheter
heart valve devices.

Patients will serve as their own controls: baseline
measurements in the presence of severe aortic valve
stenosis are compared with post-TAVI follow-up mea-
surement. A control group with comparable aortic
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Table 1 Inclusion and exclusion criteria of the CAPITA
study
Inclusion criteria

1 Presence of severe symptomatic aortic valve stenosis and eligi-
ble for TAVI

2 Able and willing to give informed consent

3 Aged >18 years

Exclusion criteria

1 Presence of an MRI contra-indication

2 Known neurological disease, excluding cerebrovascular events
without sequelae

3 Active malignant disease

4 Insufficient mastery of the Dutch language

5 Non-atherosclerotic vascular disease (e.g. vasculitis)

6 Dialysis treatment for renal failure

7 Planned surgery with general anaesthesia within 3 months after
TAVI

TAVI transcatheter aortic valve implantation,MRI magnetic resonance imag-
ing

valve stenosis seems to be unfeasible, as we believe it
is not ethical to delay TAVI in patients with a clinical
treatment indication. Time intervals for follow-up as-
sessments are 4 weeks before or after the scheduled
visit.

Cardiac output

Cardiac output will be assessed by echocardiographic
Doppler measurements of the LV outflow tract velocity
time integral, which has been validated against ther-
modilution, pulmonary artery catheter measurements
and cardiac MRI [13–15]. Transthoracic echocardiog-
raphy (GE Medical Systems, Horten, Norway) will be
performed by trained echocardiographists from the
Amsterdam UMC according to the procedural guide-
lines of the European Association of Cardiovascular
Imaging [16]. All echocardiographs will be evalu-
ated by an independent core laboratory blinded for
outcomes using an automatic segmentation method
and visually checked by the same physician, who is
blinded to clinical data and outcomes.

Brain magnetic resonance imaging

Brain MRI will be performed using the same 3T MRI
scanner (Ingenia, Philips, Best, the Netherlands) at
baseline and 3-month follow-up. Tab. 2 shows the
sequences included in the MRI protocol (structural
T1-weighted imaging, FLAIR, ASL, SWI and DWI).

ASL-MRI assesses global and regional CBF (in
ml/100g per min) using an endogenous tracer [17].
The blood will be magnetically labelled in the carotid
artery, creating a labelled image and control image.
Both sequences include measurements of the static
brain, and the difference between these sequences
is the magnetisation of inflowing blood. The ASL-
MRI acquisition is shown in Fig. 3. Time of day dur-

Table 2 Magnetic resonance imaging study protocol
Scanning sequence Objective

T1-weighted Brain volume, segmentation purposes

Fluid attenuation inversion recov-
ery T2-weighted

White matter hyperintensities

Arterial spin labelling Cerebral blood flow (labelled image)

M0a Cerebral blood flow (control image)

Q flow Carotid artery flow (in ml/min)

Susceptibility-weighted imaging Bleeds and microbleeds

Diffusion-weighted imaging Recent and semi-recent infarctions
a M0 is control image of cerebral blood flow measurement

ing scanning, room temperature and visuo-auditory
stimuli will be kept similar during baseline and fol-
low-up visits. Patients will be instructed to refrain
from caffeine for 3h and from alcohol and smoking
for 12h prior to the scan [18]. ASL-MRI analyses
will be performed by an independent core laboratory
using pipelines, which are blinded to clinical data
and whether scans were performed at baseline or
follow-up. Analyses are corrected for brain volume
and partial volume effects.

WMH are quantified using the Lesion Segmenta-
tion Toolbox, an automated segmentation method
that uses structural T1-weighted imaging and FLAIR
sequences [19]. With these segmentations, we will
compute WMH location and volumes (in ml). More
details of the MRI protocol can be found in Table S1
in the Electronic Supplementary Material.

Neuropsychological assessment

For cognitive screening, we will use the Mini-Men-
tal State Examination (MMSE) andMontreal Cognitive
Assessment (MoCA) [20, 21] MMSE is more sensitive
for detection of dementia, whereas MoCA was specif-
ically designed to capture milder forms of vascular
cognitive impairment. All patients undergo an ex-
tensive and standardised neuropsychological assess-
ment [22, 23]. This test battery covers global cognitive
functioning and 4 major cognitive domains: memory,
executive functioning, attention/psychomotor speed
and language [24]. Tab. 3 presents an overview of the
cognitive tests and domains.

Neuropsychological tests will be performed by
trained clinical neuropsychologists blinded to previ-
ous cognitive scores and imaging findings. Time of
day, location and test sequence will be kept similar
during baseline and follow-up visits. At 3 months and
1 year after TAVI, the neuropsychological assessment
will be repeated. If patients are unable or unwill-
ing to visit the Amsterdam UMC during follow-up,
a telephone neuropsychological assessment will be
offered, including the Modified Telephone Interview
for Cognitive Status and the Telephone MoCA [25]. All
neuropsychological assessments include the Geriatric
Depression Scale (depressive symptoms), Starkstein
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Fig. 3 Arterial spin la-
belling magnetic resonance
imaging acquisition. aUnla-
belled scan, b endogenous
tracer labelling in carotid
artery, c labelled blood
enters cerebral circulation
and d labelled scan. Cere-
bral blood flow= labelled
scan—unlabelled scan

Apathy Scale (symptoms of apathy) and EuroQol-5D
including Visual Analog Scale [22, 23].

Neuropsychological test scores are standardised
into Z-scores, which are constructed as: (test score–
mean baseline score) / standard deviation of test
score. Z-scores from available tests of each cognitive
domain are averaged to create 4 cognitive domain
scores. Patients will serve as their own controls, and
Z-scores are based on baseline cognitive test scores
for baseline and follow-up. Detailed information
on the neuropsychological assessment and analyses
are presented in Tables S1 and S2 in the Electronic
Supplementary Material.

Other study variables

Other outcomes and adverse events will be de-
fined and reported according to the third Valve Aca-
demic Research Consortium and NeuroARC consen-
sus guidelines [24, 26].

Sample size

Based on our pilot data [11], we hypothesise a 10%
increase in CBF after TAVI. With an 80% power and
α of 0.05, the required sample size is 126. If a TAVI

procedure is complicated by the need for permanent
pacemaker implantation, subsequent MRI follow-up
will be contra-indicated. In addition, some patients
will not be able to take part in all follow-up measure-
ments due to concomitant disease, institutionalisa-
tion or death. As we estimate 21% of the patients will
not be able to undergo follow-up MRI, a total of 152
patients are needed.

Statistical analysis

Clinical data will be entered at CastorEDC.com to
create the final dataset. Continuous variables will be
tested for normality distribution with visual inspec-
tion and the Shapiro-Wilk test. Accordingly, differ-
ences between baseline and 3-month follow-up in
CBF, as well as cognitive global and domain-specific
Z-scores, will be tested with the paired-samples t-test
or Wilcoxon signed-rank test.

Change in global CBF (ml/100g per min increase
from baseline) will be assessed as a predictor of
change in cognitive functioning (Z-score) using mixed
models analysis adjusted for sex, age and education.
Additionally, change in cardiac output (in l/min) will
be assessed as a predictor of change in CBF with
mixed models analysis. Other clinical parameters, in-
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Table 3 Neuropsychological test batterya

Cognitive domain Cognitive tests

Memory 15-Word-Auditory Verbal Learning Test: total immediate recall, delayed recall and recognition score
Visual Association Test: part A

Language Visual Association Test: naming

Attention and psychomotor
speed

Trail Making Test: part A
Stroop Colour Word Test: card I and II
Letter Digit Substitution Test
Digit Span: forward condition

Executive functioning Trail Making Test: index score of part B/A
Stroop Colour Word Test: interference score
Digit Span: backward condition

Global cognition Mean score of 4 domains

Global cognitive screening Montreal Cognitive Assessment
Mini-Mental State Examination
Modified Telephone Interview for Cognitive Status [25]b

Telephone Montreal Cognitive Assessment [25]b

Depressive symptoms Geriatric Depression Scale

Apathy symptoms Starkstein Apathy Scale

EuroQol-5D including
Visual Analog Scale

Health-related quality of life

a For references to individual tests, see Table S2 in Electronic Supplementary Material
b If neuropsychological assessment cannot be performed in person, Modified Modified Telephone Interview for Cognitive Status and Telephone Montreal Cognitive
Assessment will be used, which can be conducted via telephone

cluding blood pressure, will be assessed as potential
confounders of change in CBF and cognitive func-
tioning. Finally, we will examine the association of
1-year cognitive Z with CBF and cognitive functioning
during prior visits.

Ethical consideration

The study is conducted in accordance with the Dec-
laration of Helsinki and the Dutch Medical Research
Involving Human Subjects Act (Wet medisch-weten-
schappelijk onderzoek met mensen). The study pro-
tocol was approved by the Medical Ethics Committee
of the Amsterdam UMC. All patients must provide
written informed consent before participating.

Current status and timeline

The first patient was included in August 2020, and the
last patient’s baseline visit was performed in October
2022. One-year follow-up visits are scheduled and on-
going.

Discussion

The CAPITA study is the first study that will extensively
assess cognitive and cerebral outcomes in patients
with severe aortic valve stenosis undergoing TAVI. In
this population, cognitive impairment is prevalent in
21–39% of patients [3, 4, 6, 8]. The pathophysiology
of this impairment is most likely multifactorial: in-
creased WMH prevalence at baseline, restricted car-
diac output, and overlapping risk factors for cogni-
tive impairment and aortic valve stenosis [1, 3, 11].

Treating aortic valve stenosis with TAVI may improve
cardiac output [11] and potentially CBF.

CBF remains relatively constant within an autoreg-
ulatory range due to wall changes in cerebral ves-
sels. Autoregulatory mechanisms of CBF are sensitive
to changes in CO2 levels, mean arterial pressure and
neurovascular signalling [27, 28]. Aortic valve steno-
sis may limit cardiac output to such an extent that it
impairs CBF. Restoration of restricted cardiac output
following TAVI may shift the autoregulatory curves to
a new steady state, thereby increasing CBF [27]. In
a pilot study, we found that every litre increase in car-
diac output was associated with an 8.2% increase in
global CBF [11].

Other studies showed that cognitive functioning is
improved after TAVI in 11–19% of patients [4, 6–10].
Cognitive improvement was particularly seen in pa-
tients with pre-existing cognitive impairment and in
those with smaller pre-interventional aortic valve ar-
eas [6–8]. In the general population, impaired CBF
is associated with future cognitive decline and inci-
dent dementia [29]. If TAVI indeed improves CBF, it
may protect against future cognitive decline. In pa-
tients with heart failure, the relation between reduced
CBF and cognition has been more extensively studied.
Here, heart failure treatment was associated with re-
stored CBF and improved cognition, as observed after
captopril initiation, cardiac resynchronisation therapy
and heart transplantation [27]. Impaired CBF in heart
failure patients correlates with disease severity and
is predictive of clinical deterioration and death [30].
Hence, in patients with severe aortic valve stenosis,
CBF may ultimately be used as an additional param-
eter for evaluation of disease severity.
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The systematic approach of the current study also
enables identification of potential risk factors for ad-
verse cerebral and cognitive outcomes in patients un-
dergoing TAVI. Pre-existing vascular risk factors for
cognitive impairment and WMH prevalence may not
improve after TAVI. Moreover, there is ample evidence
of new brain lesions on MRI in the majority of pa-
tients undergoing TAVI [5, 9]. Therefore, the CAPITA
study will also assessMRI measures of structural brain
damage, i.e. microbleeds, infarcts and WMH at both
baseline and 3 months after TAVI.

Personalised care and patient selection can be op-
timised if we can predict in which patients cognitive
functioning improves after TAVI. Additionally, im-
provement of CBF and cognitive functioning follow-
ing TAVI may suggest that cardiac interventions can
benefit the brain.

Study limitations

As the study was started during the COVID-19 pan-
demic, more attrition bias may be expected. How-
ever, we implemented telephone follow-up visits for
patients who are unable to visit the hospital. In ad-
dition, baseline measurements can be impacted by
distress due to the TAVI procedure, potentially affect-
ing the neuropsychological assessment and outcomes.
However, neuropsychologists are aware of the upcom-
ing hospitalisation and practice empathy and com-
passion towards all patients, potentially minimising
the confounding effects of stress.

Conclusion

The CAPITA study is the first study to prospectively
and systematically assess both positive and nega-
tive cerebral and cognitive outcomes in patients with
symptomatic severe aortic valve stenosis undergoing
TAVI. We hypothesise that TAVI improves cardiac
output, CBF and cognitive functioning. The CAPITA
study may facilitate risk stratification for adverse
cerebral outcomes. CBF may ultimately be an indica-
tor of severity of aortic valve stenosis. Furthermore,
the study may render proof of concept that cardiac
interventions can benefit the brain.

Funding This work was supported by the Heart-Brain Con-
nection Crossroad Consortium of the Dutch CardioVascular
Alliance.We acknowledge support from the Netherlands Car-
dioVascular Research Initiative: the Dutch Heart Foundation
(CVON 2018-28 & 2012-06 Heart Brain Connection), Dutch
Federation of University Medical Centres (NFU), the Nether-
lands Organisation for Health Research and Development
(ZonMw) and the Royal Netherlands Academy of Sciences
(KNAW).

Conflict of interest C.B.L.M. Majoie oie has received funds
from CVON/Dutch Heart Foundation, Stryker, European
Commission, Healthcare Evaluation Netherlands and TWIN
Foundation (unrelated to this project; all paid to his in-
stitution) and is (minority interest) shareholder of Nicolab.

J.E.F.Moonenhasbeenappointedasapostdoctoral researcher
by the Netherlands Consortium of Dementia Cohorts, which
is funded by the Deltaplan Dementie from the ZonMwMem-
orabel Programme (project no. 73305095005) and Alzheimer
Netherlands. J.J. Piek is Editor-in-Chief of the Netherlands
Heart Journal. R. Delewi has received educational fees from
BostonScientificandEdwardsLifesciencesandisEditorof the
Netherlands Heart Journal. A.C. van Nieuwkerk, K.I. Hemel-
rijk, E.E. Bron, A.E. Leeuwis, M.J.A.P. Daemen, A. de Sitter,
B.J. Bouma, W.M. van der Flier, J. Baan and G.J. Biessels
declare that they have no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
anymedium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article
are included in the article’sCreativeCommons licence, unless
indicated otherwise in a credit line to thematerial. If material
is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Tsao CW, Aday AW, Almarzooq ZI, et al. Heart Disease and
StrokeStatistics-2022Update: AReport fromtheAmerican
HeartAssociation. Circulation. 2022;145:e153–639.

2. Vahanian A, Beyersdorf F, Praz F, et al. 2021 ESC/EACTS
Guidelines for the management of valvular heart disease.
EurHeartJ.2022;43:561–632.

3. Lazar RM, Pavol MA, Bormann T, et al. Neurocognition
and Cerebral Lesion Burden in High-Risk Patients Before
Undergoing Transcatheter Aortic Valve Replacement: In-
sights From the SENTINEL Trial. JACC Cardiovasc Interv.
2018;11:384–92.

4. Khan MM, Herrmann N, Gallagher D, et al. Cognitive
Outcomes After Transcatheter Aortic Valve Implantation:
AMetaanalysis. JAmGeriatrSoc. 2018;66:254–62.

5. DeCarloM,LigaR,MigaledduG,etal. Evolution,Predictors,
and Neurocognitive Effects of Silent Cerebral Embolism
During Transcatheter Aortic Valve Replacement. JACC
CardiovascInterv. 2020;13:1291–300.

6. Auffret V, Campelo-Parada F, Regueiro A, et al. Serial
ChangesinCognitiveFunctionfollowingtranscatheteraor-
ticvalvereplacement. JAmCollCardiol. 2016;68:2129–41.

7. Ghezzi ES, Ross TJ, Davis D, Psaltis PJ, Loetscher T,
Keage HAD. Meta-Analysis of Prevalence and Risk Factors
forCognitiveDeclineandImprovementAfterTranscatheter
AorticValveImplantation. AmJCardiol. 2020;127:105–12.

8. Schoenenberger AW, Zuber C, Moser A, et al. Evolution
of Cognitive Function after Transcatheter Aortic Valve Im-
plantation. CircCardiovascInterv. 2016;9:1–8.

9. Woldendorp K, Indja B, Bannon PG, Fanning JP, Plun-
kett BT, Grieve SM. Silent brain infarcts and early cogni-
tive outcomes after transcatheter aortic valve implanta-
tion: A systematic review and meta-analysis. Eur Heart J.
2021;42:1004–15.

10. Ghanem A, Kocurek J, Sinning J malte, Wagner M, Becker
B V, Vogel M, et al. Cognitive Trajectory after Tran-
scatheterAorticValveImplantation. CircCardiovascInterv.
2013;6:615–24.

Cardiac output, cerebral blood flow and cognition in patients with severe aortic valve stenosis 469

http://creativecommons.org/licenses/by/4.0/


Original Article – Study Design Article

11. VlastraW, vanNieuwkerkAC,BronzwaerASGT, et al. Cere-
bralBloodFlowinPatientswithSevereAorticValveStenosis
UndergoingTranscatheter AorticValve Implantation. J Am
GeriatrSoc. 2021;69:494–9.

12. Wardlaw JM, Valdés Hernández MC, Muñoz-Maniega S.
Whatarewhitematterhyperintensitiesmadeof? Relevance
to vascular cognitive impairment. J Am Heart Assoc.
2015;4:1140.

13. Villavicencio C, Leache J, Marin J, et al. Basic critical
care echocardiography training of intensivists allows re-
producible and reliable measurements of cardiac output.
UltrasoundJ.2019;11:5.

14. Guzzetti E, Capoulade R, Tastet L, et al. Estimation of
StrokeVolumeandAortic ValveArea in PatientswithAortic
Stenosis: A Comparison of Echocardiography versus Car-
diovascular Magnetic Resonance. J Am Soc Echocardiogr.
2020;33:953–63.

15. Evangelista A, Garcia-Dorado D, Del Castillo HG, Gon-
zalez-Alujas T, Soler-Soler J. Cardiac index quantification
by Doppler ultrasound in patients without left ventric-
ular outflow tract abnormalities. J Am Coll Cardiol.
1995;25:710–706.

16. Galderisi M, Cosyns B, Edvardsen T, et al. Standardiza-
tion of adult transthoracic echocardiography reporting in
agreement with recent chamber quantification, diastolic
function, and heart valve disease recommendations: An
expertconsensusdocumentof theEuropeanAssociationof
Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging.
2017;18:1301–10.

17. Haller S, Zaharchuk G, Thomas DL, Lovblad KO, Barkhof F,
GolayX.Arterialspinlabelingperfusionofthebrain: Emerg-
ingclinicalapplications. Radiology. 2016;281:337–56.

18. ClementP,MutsaertsHJ,VáclavůL,etal. Variabilityofphys-
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