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BACKGROUND: Transcatheter aortic valve implantation
(TAVI) is a minimally invasive, life-saving treatment for
patients with severe aortic valve stenosis that improves
quality of life. We examined cardiac output and cerebral
blood flow in patients undergoing TAVI to test the hypoth-
esis that improved cardiac output after TAVI is associated
with an increase in cerebral blood flow.

DESIGN: Prospective cohort study.
SETTING: European high-volume tertiary multidisciplinary
cardiac care.
PARTICIPANTS: Thirty-one patients (78.3 � 4.6 years;
61% female) with severe symptomatic aortic valve stenosis.
MEASUREMENTS: Noninvasive prospective assessment of
cardiac output (L/min) by inert gas rebreathing and cerebral
blood flow of the total gray matter (mL/100 g per min)
using arterial spin labeling magnetic resonance imaging in
resting state less than 24 hours before TAVI and at
3-month follow-up. Cerebral blood flow change was
defined as the difference relative to baseline.
RESULTS: On average, cardiac output in patients with
severe aortic valve stenosis increased from 4.0 � 1.1 to
5.4 � 2.4 L/min after TAVI (P = .003). The increase in cere-
bral blood flow after TAVI strongly varied between patients
(7% � 24%; P = .41) and related to the increase in cardiac
output, with an 8.2% (standard error = 2.3%; P = .003)
increase in cerebral blood flow per every additional liter of
cardiac output following the TAVI procedure.
CONCLUSION: Following TAVI, there was an association
of increase in cardiac output with increase in cerebral blood
flow. These findings encourage future larger studies to
determine the influence of TAVI on cerebral blood flow and
cognitive function. J Am Geriatr Soc 69:494-499, 2021.

Keywords: cerebral blood flow; aortic stenosis; cardiac
output

INTRODUCTION

The health burden of severe aortic valve stenosis in
patients older than 70 years is substantial. In addition
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to a plentitude of physical problems, cognitive scores of
patients with severe aortic valve stenosis are considerably
lower compared with age-, sex-, and education-matched
individuals without aortic valve stenosis.1 Accordingly, cog-
nitive impairment is common (21%–39%) among patients
with severe aortic valve stenosis.2-4 Transcatheter aortic
valve implantation (TAVI) is a minimally invasive and effec-
tive treatment for severe aortic valve stenosis. Unfortu-
nately, placement of the new valve provokes silent cerebral
microembolic events in 8 of 10 patients.5 These silent micro-
embolic events are feared to deteriorate cognitive function-
ing. However, surprisingly, despite these cerebral embolic
events, overall cognitive functioning improves after TAVI.2,4

This effect is mainly driven by patients expressing cognitive
impairment before the procedure, who subsequently improve
following TAVI.6 Interestingly, cognitive improvement is
larger in patients with smaller preinterventional aortic valve
areas.4 A smaller aortic valve area is associated with increased
obstruction of cardiac output. A smaller preprocedural aortic
valve area is therefore theoretically inversely related to a larger
benefit of postprocedural cardiac output and hypothetically
cerebral blood flow, explaining the relation with cognitive
improvement.

Currently, it is unknown whether an increase in cardiac
output after TAVI improves cerebral blood flow. We
hypothesize that low cardiac output in patients with severe
aortic valve stenosis restrains cerebral blood flow, which
may be restored by TAVI. Accordingly, the objective of the
current proof-of-concept study was to investigate whether
an increase in cardiac output after TAVI is associated with
an improvement of cerebral blood flow.

METHODS

The current prospective study was performed in the Amster-
dam University Medical Center, location AMC, a high-
volume tertiary cardiac care and TAVI center. Patients with
severe aortic valve stenosis who planned to undergo TAVI
of a native valve were eligible for inclusion in the trial.
Exclusion criteria for trial participation were known struc-
tural brain disease (including a history of clinical stroke,
transient ischemic attacks, tumors, or Parkinson’s disease),

which are known to influence regional cerebral blood flow
or presence of a magnetic resonance imaging (MRI) contrain-
dication. A total of 31 patients with severe aortic valve steno-
sis underwent noninvasive prospective assessment of resting
cardiac output (L/min) using inert gas rebreathing7(Innocor;
Innovision A/S) less than 24 hours before TAVI and at
3-month follow-up. The use of inert gas rebreathing is based
on the Fick principle, in which the total uptake of a (marker)
substance by peripheral tissues is equivalent to the product
of the blood flow to the peripheral tissues and the arterial-
venous concentration difference of the substance.7,8 The
measurement of cardiac output using inert gas rebreathing
has been validated against both cardiac MRI9 and thermo-
dilution8 in comparable patient populations, with rela-
tively low cardiac output and a high prevalence of atrial
fibrillation.

At the same time points, cerebral blood flow of the
total gray matter (mL/100 g per min) was quantified by
arterial spin labeling (ASL) at a 3-T MRI scanner (Philips
Ingenia MRI-scanner). Cerebral blood flow change was
defined as the difference relative to baseline (Δ%). ASL was
applied because of its ability to measure cerebral blood flow
using an endogenous tracer. During ASL, a labeled image
and subsequently a control image are created (Figure 1). In
these two images, the magnetization of the static brain tis-
sue signals is identical, whereas the magnetization of the
inflowing blood is different.10 Also, we evaluated regional
differences in the increase of cerebral blood flow, if present,
per lobe and region, as defined by the Hammers atlas.11,12

Detailed information on patient enrollment, MRI acquisi-
tion, and methods for the statistical analyses is provided in
the online Supplementary Appendix S1 and S2. All patients
provided written consent, and all study procedures were
performed according to a protocol in compliance with the
Declaration of Helsinki. The current study is registered at
the Netherlands Trial Register (NL7495).

RESULTS

A total of 31 patients (78 � 5 years; 61% female; median
European System for Cardiac Operative Risk Evaluation
II = 2.0%; quartile 1–quartile 3 = 1.5%–3.4%; Table 1)

Figure 1. Cerebral blood flow of the total gray matter (mL/100 g per min) was measured using arterial spin labeling (ASL) mag-
netic resonance imaging. During ASL, first an (unlabeled) control image is acquired (A). Second, water protons in the inflowing
arterial blood are magnetically labeled through a radiofrequency pulse (B), and subsequently allowed enough time to reach the cere-
bral tissue (C). Next, an image of the labeled image is acquired (D). Subtraction of the labeled with the control image eliminates the
static brain tissue with the remaining signal representing the cerebral blood flow.
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with severe aortic valve stenosis underwent noninvasive
prospective assessment of cardiac output (L/min) using inert
gas rebreathing. Detailed information on patient enrollment
is provided in the online Supplementary Appendix S2.
Chronic small-vessel ischemia, visible as white matter
lesions on fluid-attenuated inversion recovery, was present
in all study patients, ranging from multiple punctate lesions
(Fazekas 1, 32%) to beginning confluency of lesions
(Fazekas 2, 58%) to large confluent lesions (Fazekas
3, 10%). Before the TAVI, 3% of the patients were

Table 1. Baseline Patient Characteristics

Characteristics Study population (n = 31)

Demographics
Age, y 78.3 � 4.6
Female sex 19 (61)
Body mass index, kg/m2 30.6 � 7.6

Medical history
Previous myocardial
infarction

6 (19)

Previous PCI 10 (32)
Previous CABG 3 (10)
Diabetes mellitus 9 (29)
Hypertension 19 (61)
History of coronary artery
disease

14 (45)

Atrial fibrillation 12 (39)
GFR <30 mL/min per
1.73 m2

3 (10)

NT-proBNP, ng/L 586 (360–2,273)
NYHA class I: 1 (3)a; II: 10 (32); III: 20 (65)
Angina pectoris (CCS)b I: 21 (68); II: 4 (13); III: 6 (19)

Medication
Beta-blockers 21 (68)
ACE inhibitors/ARBs 13 (42)
Diuretics 17 (55)
Calcium channel blockers 5 (16)

Risk scores
EuroSCORE II, % 2.0 (1.5–3.4)
STS-PROM, % 2.7 (1.9–3.7)

Echocardiographic characteristics
Aortic maximum gradient,
mmHg

69 � 24

Aortic mean gradient,
mmHg

44 � 17

Aortic valve area, cm2 0.7 � 0.2
Normal or mildly impaired
ventricular functionc

25 (81)

LVEF, % 43 � 8
Tricuspid regurgitation No/trace: 8 (33); mild: 9 (38);

moderate/severe: 7 (29)
Mitral regurgitation No/trace: 8 (26); mild: 19 (61);

moderate/severe: 4 (13)
Aortic regurgitation No/trace: 10 (42); mild: 12 (50);

moderate/severe: 2 (8)
Stages of severe symptomatic aortic stenosisb

D1: high gradient 16 (52)
D2: low flow/low gradient,
reduced LVEF

4 (13)

D3: low gradient, normal
LVEF

11 (36)

(Continues)

Table 1 (Contd.)

Characteristics Study population (n = 31)

Procedural details/valve type
Transfemoral accessd 29 (94)
Transaortic accessd 2 (7)
Edwards SAPIEN 3 30 (97)
Direct flow 1 (3)

Note: Values are mean � SD, number (percentage), or median (25th–75th
percentile).
Abbreviations: ACE, angiotensin-converting-enzyme; ARB, angiotensin II
receptor blocker; CABG, coronary artery bypass grafting; CCS, Canadian Car-
diovascular Society; EuroSCORE, European System for Cardiac Operative
Risk Evaluation; GFR, glomerular filtration rate; LVEF, left ventricular ejection
fraction; NT-proBNP, N-terminal prohormone of brain natriuretic peptide;
NYHA, New York Heart Association; PCI, percutaneous coronary interven-
tion; STS-PROM, Society of Thoracic Surgeons Predicted Risk of Mortality.
aOne patient was NYHA class one but experienced symptomatic aortic ste-
nosis due to angina (CCS III) and syncope.

bAccording to American Heart Association/American College of Cardiology
guidelines.

cLeft ventricular function was visually graded as either “normal or mildly
impaired” or “moderately impaired.”
dTransfemoral access is the preferred route for transcatheter aortic valve
implantation as this has the lowest rate of complications. However, in a
selection of patients, this may be precluded due to small-vessel diameter,
the presence of atherosclerotic disease, or tortuosity; in these patients,
transaortic access is one of the alternative access routes.

Figure 2. (A) The cerebral blood flow per individual patient.
Blue lines, patients with an increase in cerebral blood flow;
orange lines, patients with a decrease in cerebral blood flow.
(B) The increase in cerebral blood flow after transcatheter aor-
tic valve implantation (TAVI) related to the increase in cardiac
output, with an 8% increase in cerebral blood flow per every
additional liter of cardiac output following the TAVI. [Color
figure can be viewed at wileyonlinelibrary.com]
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classified according to their symptoms as New York Heart
Association (NYHA) class I, 32% as class II, and 65% as
class III (Table 1). Three months after TAVI, symptoms had
strongly improved, manifested by a reclassification of 69%
of the patients to NYHA class I and 31% to NYHA class
II. Before TAVI, cardiac output in patients with severe aor-
tic valve stenosis was 4.0 � 1.1 L/min. At 3-month follow-
up, cardiac output had increased (5.4 � 2.4 L/min;
P = .003), although with large interindividual variation
(38% � 45%). Following TAVI, valve size related to the
increase in cardiac output, every additional millimeter in
diameter of the implanted valve increased the cardiac out-
put by 0.7 L/min (standard error (SE) = 0.2 L/min;
P = .003; see Supplementary Table S1 for multiple regres-
sion analysis). Similar to the increase in cardiac output, the
overall increase in cerebral blood flow after TAVI strongly
varied between patients (7% � 24%) (Figure 2A) and did
not reach statistical significance (P = .41).

However, the extent of the increase in cardiac output
(ΔL/min) after TAVI related to the increase of the cerebral
blood flow, with an 8.2% (SE = 2.3%; P = .003) increase in
cerebral blood flow per every additional liter of cardiac out-
put related to the TAVI procedure (Figure 2B, Supplemen-
tary Figure S1). On average, patients who had an increase
in cardiac output after TAVI (85%) had a larger increase in
cerebral blood flow (12.5 � 25.8%) than patients without
an increase in cardiac output (−2.5 � 21.2%). Factors
known to influence cerebral blood flow, including hemato-
crit levels (0.39 � 0.05 vs 0.39 � 0.05 L/L; P = .87) and
gray matter volumes (263 � 34 vs 265 � 38 mL; P = .22),
remained unchanged at follow-up.

The increase in cerebral blood flow ranged between
5.0% and 8.6% per lobe (Supplementary Table S2), and
was more pronounced in two regions in the left frontal lobe
(namely, the anterior orbital gyrus (16% � 33%; P = .04)
and the precentral gyrus (22% � 49%; P = .04)).

DISCUSSION

The main finding of this proof-of-concept study in patients
with severe aortic valve stenosis, evaluating the effects of
TAVI on cardiac output and cerebral blood flow, is that the
extent of the increase in cardiac output after TAVI is related
to the increase in cerebral blood flow. The results of the
current study indicate that cerebral blood flow is reversibly
restrained in patients with aortic valve stenosis.

Cardiovascular Function and Cerebral Perfusion

The brain is extremely sensitive to both underperfusion and
overperfusion. Cerebrovascular autoregulation describes the
tendency of cerebral blood flow to remain approximately
constant by modulating cerebrovascular resistance for a
wide range of cerebral perfusion pressures.13 The finding of
the current study that cerebral blood flow was reversibly
compromised by reduced cardiac output and improved after
restoration of cardiac output suggests that cerebral perfu-
sion may not solely depend on cerebral autoregulation but
that additionally cardiac output may play a role. A separate
influence of cardiac output on cerebral blood flow beyond
blood pressure has previously been considered in both
healthy patient populations and those with disease.14-16

Aging is associated with a decline in cerebral blood flow
and resting brain metabolism.17,18 With aging, brain perfu-
sion becomes increasingly dependent on cardiac output
irrespective of cerebrovascular autoregulatory integrity.19

The finding of the current study that cerebral blood flow
may be compromised in patients with severe cardiac dys-
function is supported by prior studies that found patients
with severe heart failure had considerably lower cerebral
blood flow than healthy age-matched controls.20,21 More-
over, two studies reported a 43% and 53% increase of cere-
bral blood flow in patients with NYHA class III/IV heart
failure following cardiac transplantation.21,22 Similarly
patients with heart failure treated with left ventricular assist
devices experienced an increase of cerebral blood flow.23,24

Finally, a large population-based study in healthy older
adults demonstrated that a lower cardiac index (cardiac
output normalized for body surface area) was related to
lower blood flow of the temporal lobes.25 In the current
study, the increase in cerebral blood flow was smaller than
the increase in cardiac output. We hypothesize this may be
explained by (partial) sparing of the cerebral perfusion in
pre-TAVI populations, in which the brain receives a larger
portion of the cardiac output than in healthy populations.

Cerebral Blood Flow and Cognitive Functioning

Previous studies in healthy populations showed that a
reduction of cerebral blood flow, as measured with ASL-
MRI, is associated with deterioration of cognitive func-
tioning, in particular executive functioning, attention,
and memory.26,27 Accordingly, we consider the ability of
TAVI to improve cerebral blood flow as potentially clini-
cally relevant, with an expected positive influence on cog-
nitive functioning and consequently quality of life. This
assumption is in accordance with studies reporting
improved overall cognitive functioning3,4,6 after TAVI,
particularly among those with cognitive impairment pre-
TAVI,6 despite the high intrinsic risk of cognitive deterio-
ration after TAVI due to the embolic risk imposed by the
TAVI procedure. We propose that in these patients with
cognitive impairment pre-TAVI, the severe limitation of
cardiac output with its subsequent improvement together
with an increase in cerebral perfusion unveils a distinct
role for the heart in maintaining cerebral perfusion.
Moreover, cerebral blood flow in the left frontal lobe
increased in the current study. Perfusion of the frontal
lobe is the most sensitive region in predicting cognitive
performance, particularly memory and reasoning.26

Therefore, the increase in perfusion of the left frontal
lobe supports the hypothesis that TAVI could improve
cognition in patients with preexisting cognitive impair-
ment. This may have significant implications in selecting
patients with cognitive impairment for TAVI.

Limitations

The current study as a proof-of-concept study did not
include a control population of patients not undergoing
TAVI. Accordingly, the effect of the TAVI procedure on
the course of cardiac output and cerebral blood flow was
not compared with the natural course of cardiac output
and cerebral blood flow in patients with severe aortic
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valve stenosis. Given that factors known to influence
cerebral blood flow, such as hematocrit and gray matter
volume, were stable over time, and considering that cere-
bral blood flow decreases with aging, a spontaneous
increase in cerebral blood flow in this population seems
less likely. In contrast, cerebral blood flow may be
influenced by unmeasured factors, such as stress; accord-
ingly, it may be that baseline cerebral blood flow mea-
surement was overestimated since study procedures were
performed just several hours before the TAVI procedure;
additionally, for most patients, this was their first MRI
encounter. Moreover, cognitive testing was not per-
formed, and therefore, relationships between cardiac out-
put, cerebral blood flow, and cognitive functioning
cannot be confirmed. In summary, the results of this
proof-of-concept study support the concept of a relation-
ship between cardiac output and cerebral blood flow in
patients with severe aortic valve stenosis. Evidently these
results require validation in a larger-scale trial, preferably
including cognitive testing, to identify patients with low
cerebral blood flow, cognitively benefiting from TAVI.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

Supplementary Appendix S1: Cerebral MRI acquisition
and analysis.

Supplementary Appendix S2: Patient enrollment and
statistical analysis.

Supplementary Figure S1: Scatterplot of Δ cardiac out-
put and cerebral blood flow.

Supplementary Table S1: Multiple Regression Analysis
of the Increase in Cardiac Output.

Supplementary Table S2: Cerebral Blood Flow.
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