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Background-—The application of transcatheter aortic valve implantation (TAVI) to intermediate-risk patients is a controversial
issue. Of concern, neurological injury in this group remains poorly defined. Among high-risk and inoperable patients, subclinical
injury is reported on average in 75% undergoing the procedure. Although this attendant risk may be acceptable in higher-risk
patients, it may not be so in those of lower risk.

Methods and Results-—Forty patients undergoing TAVI with the Edwards SAPIEN-XTTM prosthesis were prospectively studied.
Patients were of intermediate surgical risk, with a mean�standard deviation Society of Thoracic Surgeons score of 5.1�2.5% and a
EuroSCORE II of 4.8�2.4%; participant age was 82�7 years. Clinically apparent injury was assessed by serial National Institutes of
Health Stroke Scale assessments, Montreal Cognitive Assessments (MoCA), and with the Confusion Assessment Method. These
identified 1 (2.5%) minor stroke, 1 (2.5%) episode of postoperative delirium, and 2 patients (5%) with significant postoperative
cognitive dysfunction. Subclinical neurological injury was assessed using brain magnetic resonance imaging, including diffusion-
weighted imaging (DWI) sequences preprocedure and at 3�1 days postprocedure. This identified 68 new DWI lesions present in
60% of participants, with a median�interquartile range of 1�3 lesions/patient and volumes of infarction of 24�19 lL/lesion and
89�218 lL/patient. DWI lesions were associated with a statistically significant reduction in early cognition (mean DMoCA
�3.5�1.7) without effect on cognition, quality of life, or functional capacity at 6 months.

Conclusions-—Objectively measured subclinical neurological injuries remain a concern in intermediate-risk patients undergoing
TAVI and are likely to manifest with early neurocognitive changes.

Clinical Trial Registration-—URL: http://www.anzctr.org.au. Australian & New Zealand Clinical Trials Registry:
ACTRN12613000083796. ( J Am Heart Assoc. 2016;5:e004203 doi: 10.1161/JAHA.116.004203)
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T ranscatheter aortic valve implantation (TAVI) has substan-
tially expanded the therapeutic options available topatients

with severe aortic stenosis. Provided that appropriate selection
criteria are applied, TAVI has been established as superior to
medical management among inoperable patients1-4 and at least

not inferior to the “gold-standard” management of open-heart
surgical aortic valve replacement (SAVR) among high-risk
patients with severe aortic stenosis.3–6 Success in this setting,
evolution of the technology, and the prospect of a less-invasive
technique than SAVR has fueled enthusiasm for extending the
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indications into lower-risk patient cohorts. This has resulted in
a global trend toward the application of TAVI in lower-risk
patients.7

Recently, the landmark Placement of Aortic Transcatheter
Valves (PARTNER) 2 study demonstrated noninferiority of
TAVI to SAVR when intermediate-risk patients were random-
ized to either intervention.8 Another large observational
study, using propensity score analysis methods to compare
an intermediate-risk TAVI cohort with patients treated in the
SAVR cohort of the PARTNER 2 study, concluded that TAVI
was the superior management option.9

However, the risk-benefit profile in these patients requires
clarification. In particular, the incidence of subclinical neuro-
logical injury, previously identified as a concern in high-risk
and inoperable patients,10 requires characterization in the
intermediate-risk cohort.

This study was specifically designed to objectively assess
the full spectrum of neurological injury in these intermediate-
risk patients. By doing this, we hoped to also identify
predictive factors associated with the occurrence of such
adverse events and to determine the impact of subclinical
injury on subsequent functional status.

Methods

Study Design and Participants
This was a prospective observational study of patients with
severe aortic stenosis, at intermediate surgical risk, undergo-
ing isolated TAVI with the SAPIEN-XTTM (Edwards Lifesciences,
Irvine, CA) valve under general anesthesia.

Patients were consecutively screened for inclusion.
Suitability for TAVI was determined by a multidisciplinary
“heart team” (including general and interventional cardiolo-
gists, a cardiothoracic surgeon, a cardiac anesthetist, and
nursing staff), in accordance with international guidelines.11

Patients were included in this analysis if they were of
intermediate perioperative risk, based on clinical assessment
and surgical risk scoring (requiring both EuroSCORE II ≤10%
and Society of Thoracic Surgeons [STS] ≤8%).

Key exclusion criteria included a lack of capacity or
willingness to consent, previous aortic valve replacement or
significant active coronary artery disease requiring revascu-
larization, a preexisting neurological impairment with a
modified Rankin score ≥3 (ie, moderate disability, requiring
some assistance, but able to mobilize independently), non-
or poor English-speaking ability (as the objective assess-
ment tools are of unknown validity in such a population),
and a contraindication for magnetic resonance imaging
(MRI) (including inability to lie flat, incompatible metallic
prosthesis or foreign body, or claustrophobia requiring
sedation).

Ethical approval was obtained from the Human Research
Ethics Committee of The Prince Charles Hospital, Brisbane,
Australia (HREC/12/QPCH/291), and written informed con-
sent was obtained from all participants prior to enrollment. The
authors had full access to all the data in the study and take
responsibility for its integrity and the data analysis.

TAVI Procedure
The Edwards SAPIEN-XTTM valve is a trileaflet bovine pericar-
dial balloon-expandable heart valve and has been previously
described.12 The valve was available in 23-, 26-, or 29-mm
diameters with stent heights of 14.3, 17.2, and 19.1 mm,
respectively. The valves were implanted using the trans-
femoral, transapical, or transaortic approach, according to
previously described techniques,13-15 with initial preference
for the transfemoral route. Transfemoral delivery utilized the
NovaFlex+ (18 Fr) system. The Ascendra+ delivery system
was used for transapical and transaortic access. Trans-
esophageal echocardiography and intraoperative angiography
guided the procedure.

Patients received intravenous heparin intraoperatively,
targeting an activated clotting time (ACT) of ≥300 seconds
prior to delivery catheter insertion. In addition, patients were
typically started on dual antiplatelet therapy (aspirin and
clopidogrel), with a loading dose administered to naive
patients prior to the procedure, and this medication was
continued for 6 months, followed by lifelong aspirin. Those
taking preoperative anticoagulation were typically bridged
with intravenous heparin. In such cases, a single antiplatelet
agent was introduced preoperatively, and the anticoagulant
was reintroduced when the risk of bleeding was considered
acceptable. The combination of anticoagulant and antiplate-
let was continued for at least 6 months following the
procedure.

Anesthetic Technique
General anesthesia was performed by 1 of 3 experienced
cardiac anesthetists assigned to the TAVI procedures. Anes-
thesia was typically induced and maintained with use of
anesthetic agent (propofol and sevoflurane), muscle relaxant
(cisatracurium or rocuronium), and opioid (remifentanil or
fentanyl), aiming for hemodynamic stability and guided by
depth of anesthesia monitoring with Bispectral Analysis (BISTM,
Covidien, Dublin, Ireland). This facilitated tracheal intubation,
mechanical ventilation, neuromuscular paralysis, and passage
of the transesophageal echocardiography probe. Tracheal
extubation was performed at the end of the procedure following
a transfemoral approach or after transfer to the intensive care
unit following a transapical or transaortic approach.
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Assessments and Data Collection

Cerebral MRI

MRI examinations were performed at baseline (within
24 hours prior to procedure) and at 3�1 days postprocedure
using a 1.5-Tesla system (MAGNETOM Aera, Siemens Health-
care, Erlanger, Germany). The baseline imaging protocol was
comprehensive, including time-of-flight angiography of the
circle of Willis, T2 fluid-attenuated inversion recovery (FLAIR),
standard fast-spin echo, susceptibility-weighted imaging (SWI),
and diffusion-weighted imaging (DWI) sequences. The more
limited follow-up scan consisted of DWI, SWI, T2, T1, and FLAIR.
DWI is recognized as the most sensitive imaging technique for
the detection of acute cerebral infarction, with hyperintensity
caused by the restricted diffusion of water, occurring reliably
within 4 hours and persisting for up to 10 days in the setting of
cytotoxic edema.16 This, concurrent with reciprocal low
apparent diffusion coefficient hypointensity, was considered
indicative of infarction. Manual contouring was performed to
determine the planimetry of each lesion, with automated
volume calculation using DICOM image-processing software
(OsiriX, Geneva, Switzerland). Where a lesion was present on a
single slice, the volume was determined by the product of the
surface area and the slice thickness.

Clinical Neurological and Cognitive Assessment

Clinical neurological status was objectively examined using
the National Institutes of Health Stroke Scale (NIHSS) and the
modified Rankin score (mRS), with the change in score from
baseline allowing categorization of stroke severity (none,
minor, moderate, moderate to severe, and severe). Cognitive
function was assessed using the Montreal Cognitive Assess-
ment (MoCA) tool, which is a battery of assessments of
multiple cognitive domains including executive functions,
language, attention/concentration, memory, visuoconstruc-
tional skills, conceptual thinking, calculation, and orienta-
tion.17 A global score cutoff of ≤24/30 defined cognitive
impairment.18 Postoperative cognitive dysfunction was
defined as a decrease in MoCA total score of ≥20% compared
with baseline.19 Additionally, standard screening with the
Confusion Assessment Method and chart review were used to
diagnose delirium.20,21 These tests were administered within
24 hours before the TAVI procedure and at 3 days, 6 weeks,
and 6 months post-TAVI.

Preoperative Assessment of Potential Sources of
Embolism

Baseline risk assessment included carotid duplex ultrasonog-
raphy to identify significant (≥50%) carotid artery stenosis.
Noncontrast axial computed tomography (CT) sequences of
the chest were performed and assessed for the presence of

“porcelain aorta” using the Valve Academic Research Con-
sortium updated (VARC-2) definition.11

Health Status Assessment

Disease-specific health status was assessed using the Kansas
City Cardiomyopathy Questionnaire (KCCQ), which has been
widely validated as reliable among patients with heart failure,
including those with severe symptomatic aortic stenosis.22 The
assessment involves a 23-item questionnaire assessing con-
ceptual domains—physical limitation, symptoms, self-efficacy,
quality of life, and social limitation—which are used to calculate
an overall score (OS), from 0 to 100, with higher scores
indicating a smaller symptom burden and a better quality of
life.23 A decrease in the KCCQ-OS of ≥5 points corresponds to
worse outcome, and increases of 5 to 10, 10 to 20, and >20
points correspond to slightly improved, moderately improved,
and substantially improved clinical outcomes, respectively.24

Generic health status was evaluated using the EuroQoL-5D
(EQ-5D),whichmeasures5conceptual domains—mobility, self-
care, usual activities, pain/discomfort, and anxiety/depres-
sion. Categorical scoring (no, slight, moderate, severe, and
extreme problems) in each domain can be converted to a
preference-weighted health status score, or a “utilities” index,
that ranges from 0 to 1, with a higher score representing better
health. Patients alsoscored their overall health from0 (theworst
health imaginable) through 100 (the best health imaginable)
using a visual analog scale (VAS).25 Health status assessments
were performed at baseline and 6 months postprocedure.

Frailty and Physical Function Assessment

Frailty is a multidimensional risk state that is associated with,
but separate from, chronological age and represents a lack of
physiological reserve across multiple organ systems.26

Although frailty is an independent predictor of an adverse
postoperative outcome and an important contributor to the
surgical risk status of a patient, it is not considered in the
traditional surgical risk scores.27 Despite its important role in
risk, there is no consensus on the ideal assessment and
diagnosis of frailty.26 The frailty index, calculated as the
proportion of potential deficits that are present in a given
individual, is a valid measure of frailtyand was performed in all
patients at baseline.26 Higher scores reflected a greater frailty
burden with an index of ≥0.25 considered to represent the
frailty phenotype and a threshold value above which individ-
uals require day-to-day assistance.28,29

The 5-m walk time (5MWT) is a measure of gait speed, with
slow gait (>6 seconds) providing another important indicator
of frailty with strong predictive value for healthcare utilization,
disability, morbidity, and mortality.27 The 6-minute walk
distance (6MWD) has been validated as both a functional
status measure and correlate for activities of daily living.30
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Physical function assessments were performed at baseline
and 6 months postprocedure.

Statistical Analysis
The primary neurological endpoint was new DWI-positive
lesions on the day 3�1 MRI scan compared with baseline
MRI, quantified by number and volume (in microliters, lL), in
accordance with recommendations.16,31 Secondary endpoints
were new clinically apparent neurological injury, measured as
stroke (major or minor), transient ischemic attack, postoper-
ative cognitive dysfunction, and postoperative delirium at
3 days and 6 weeks, and 6MWD, 5MWT, EQ-5D, and KCCQ
scores at 6 months compared with baseline measures.
Summary statistics are presented as mean�standard devia-
tion for approximately normally (or Gaussian) distributed data
and median�interquartile range for non–normally distributed
data. For longitudinal assessments, postprocedure scores
were compared with baseline values using paired t tests.
A priori subgroup analysis of patients stratified according to
the presence or absence of DWI lesions and according to
access approach was also conducted. For the longitudinal
endpoints collected over multiple follow-up times, we used a
mixed-effects regression model with a random intercept for
each patient to adjust for within-patient dependence. Predic-
tors were chosen as those likely to influence the endpoint but
with little missing data in order to avoid power loss.

Logistic regression was used to examine associations
between potential predictors and health endpoints. A LASSO
method was used to select the best set of predictors from a
large set.32 The categorical predictors were sex, current
smoking, history of stroke or transient ischemic attack,
hypertension, chronic renal impairment, chronic lung disease,
myocardial infarction, atrial fibrillation, carotid stenosis, left
main coronary artery occlusion >50%, and need for postim-
plantation maneuvers. The continuous predictors were age,
body mass index, STS, EuroSCORE II, frailty index, ejection
fraction prior to procedure, and baseline MoCA score. Thus, in
total, we assessed 18 predictors for a possible association
with the occurrence of MRI-defined brain infarction.

Results

Baseline Patient Characteristics
Forty patients were enrolled between January 2014 and
December 2015. Their baseline characteristics are reported in
Table 1. The CONSORT flow of patients through the study is in
Figure 1. The intermediate-risk stratum of the cohort was
confirmed by a mean STS-predicted risk of mortality of
5.1�2.5% and a mean EuroSCORE II of 4.8�2.4%. More
specifically, 13 of 40 patients had STS <4; 16 of 40 had a

Table 1. Baseline Characteristics

Variable Measure

Patient characteristics (n=40)

Age, y 81.7�6.9

Male sex 16 (40)

EuroSCORE II, % 4.8�2.4

<4% 16 (40)

4% to 10% 24 (60)

STS, % 5.1�2.5

<4% 13 (32.5)

4% to 10% 27 (67.5)

Frailty index 0.2�0.1

Previous mediastinal radiation 0 (0)

Chest deformity 0 (0)

Porcelain aorta 1 (2.5)

Carotid disease >50% 7 (17.5)

Stroke 6 (15)

BMI, kg/m2 29.1�6.7

Hypertension 30 (75)

Hyperlipidemia 34 (85)

Diabetes mellitus 14 (35)

Creatinine >150 lmol/L 6 (15)

Chronic liver failure or cirrhosis 0 (0)

Significant (>5 pack years) smoking 15 (37.5)

NYHA III or IV 32 (80)

LVEF, % 59.3�9.6

LVEF ≤50% 4 (10)

LVEF ≤35% 0 (0)

Aortic valve area, cm2 0.8�0.2

Mean AV gradient, mmHg 46.1�10.6

Peak AV jet velocity, m/s 4.3�0.4

Atrial fibrillation 11 (27.5)

Procedural characteristics (n=40)

Access approach

Transfemoral 20 (50)

Transaortic 14 (35)

Transapical 6 (15)

Device success 38 (95)

Average procedure time, minutes 71.4�18.4

Fluoroscopic time, minutes 14.3�8.5

Fluoroscopy contrast volume, mL 148.9�46.2

Rapid ventricular pacing duration, seconds 30.3�15.9

ACT at deployment, seconds 333�49.5

Values are expressed as mean�standard deviation or as n (%). ACT indicates activated
clotting time; AV, aortic valve; BMI, body mass index; LVEF, left ventricular ejection
fraction; NYHA, New York Heart Association; STS, Society of Thoracic Surgeons.
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EuroSCORE II <4. In keeping with the surgical risk scores, the
frailty burden of the cohort was modest with a mean frailty
index of 0.20�0.08.

Procedural Characteristics
Procedural characteristics of the cohort are presented in
Table 1. Device success, using the VARC-2 definition, was
achieved in 38 of 40 patients (95%). Criteria were not met in 2
patients: 1 required valve-in-valve implantation, and the other
patient died in theater (from annular rupture, cardiac tampon-
ade, and cardiac arrest). Twenty patients (50%) underwent TAVI
via transfemoral access, and 20 (50%) via a direct thoracic
approach (14 [35%] via transaortic and 6 [15%] via transapical
access). Average catheterization time was 71.4�18.4 min-
utes, fluoroscopy time was 14.3�8.5 minutes, and a mean
volume of 148.9�46.2 mL of contrast was administered. The
total duration of rapid ventricular pacing averaged only
30.3�15.9 seconds. At the time of device deployment,
activated clotting time averaged 333.0�49.5 seconds.

Neurological Outcomes

Cerebral MRI

Baseline MRI scans were performed in all patients (n=40), with
the identification of only 1 acute diffusion abnormality on DWI
(small subacute periventricular deep white matter infarct) in 1
patient. Thirty of the 40 participants (75%) were then assessed
for the primary endpoint (day 3�1 postprocedure MRI)
(Figure 1). In 18 of these 30 patients (60%), 68 new DWI-

positive lesions were identified, with a median of 1�3 lesions/
patient, and median volumes of infarction of 89�218
lL/patient and 24�19 lL/lesion (Table 2 and Figure 2).

Clinical

Although there were no major/disabling strokes, 1 minor/
nondisabling stroke was identified, presenting as dysarthria
(NIHSS 1, mRS 1) without ongoing residual deficit. Cognitive
assessment identified mild cognitive impairment in 14 (35%) of
the patients at baseline, and serial postoperative assessments
identified early postoperative cognitive dysfunction in 2 (5%)
patients; this had resolved in 1 by 6 weeks and in the other by
6 months. Similarly, there was 1 (2.5%) episode of postoper-
ative delirium lasting 48 hours. Overall, there was no statisti-
cally significant difference in the cohort means for the MoCA
between each time point compared and its baseline (Table 2
and Figures 3 and 4A). Time and STS score were the only 2
potential predictors identified by longitudinal regression, with a
mean (95% confidence interval) increase in MoCA score of 0.37
(0.00-0.77) per STS point and 1.09 (0.28-1.90) per time point.

When patients were stratified based on the occurrence of
DWI lesions (Figure 4B and 4C), those who suffered lesions
demonstrated significantly reduced cognitive performance
compared with those who did not on the early postoperative
MoCA (mean D MoCA �3.5�1.7 vs 0.4�3.2; P<0.001). There

102 patients planned for TAVI with 
Edwards SAPIEN-XT valve considered

- High or extreme risk (n=60) 
- Procedure postponed (n=2)  

30 patients underwent early post-
procedure MRI (primary endpoint)

 Baseline assessments and Edwards 
SAPIEN-XT implanted in 40 

intermediate-risk patients

- Pacemaker (n=4)
- Deceased (n=1)
- Medically unfit (n=2)
- Logistical difficulty (n=3)

Figure 1. Study flow CONSORT diagram. MRI indicates magnetic
resonance imaging; TAVI, transcatheter aortic valve implantation.

Table 2. Outcome Measures

Variable Measure

Clinical outcomes (n=40)

Death 1 (2.5)

Myocardial infarction 0 (0)

Life-threatening bleeding 1 (2.5)

Major bleeding 0 (0)

Pacemaker implantation 4 (10)

Cardiac reintervention 1 (2.5)

Major/disabling stroke 0

Minor/nondisabling stroke 1 (2.5)

Transient ischemic attack 0 (0)

Postoperative cognitive dysfunction 1 (2.5)

Postoperative delirium 1 (2.5)

Neuroimaging outcomes (n=30)

Patients with new DWI+ lesions 18/30 (60)

Total number of new DWI+ lesions, n 68

Median�IQR number of DWI+ lesions/patient 1�2.8

Median�IQR volume, lL/lesion 24�19

Median�IQR volume, lL/(DWI+ patient) 89�214

Values are expressed as mean�standard deviation or as n (%), unless otherwise
indicated. DWI indicates diffusion-weighted imaging; IQR, interquartile range.
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was a moderate correlation between the degree of early
cognitive dysfunction and DWI lesion burden measured either
by number (r=0.45) or volume (r=0.40).

Functional Outcomes

Physical Outcomes

There was no statistically significant difference noted between
the 6-month and the baseline assessment results for either
the 6MWD (Table 2 and Figure 5) or 5MWT (Table 2 and
Figure 6). Longitudinal regression analysis identified time,

sex, frailty, and TAVI procedure duration as potential predic-
tors of 6MWD, with a mean (95% confidence interval) increase
of 24.7 (11.8-38.2) m per time point, 57.4 (5.5-109.2) m for
males and decrease of 52.4 (21.8-83.1) m per 0.1 increase in
frailty index and 21.7 (8.0-35.3) m for each additional
10 minutes of the procedure. Similarly, each 0.1 increase in
frailty index and additional 10 minutes of procedure duration
were associated with a prolonged 5MWT of 2.1 (1.1-3.2) and
0.6 (0.1-1.1) seconds, respectively.

Health-Related Quality of Life

Comparison of KCCQ-OS and EQ-5D VAS and index values at
baseline versus 6 months postprocedure are presented in
Table 2 and Figures 7 through 9. A statistically significant
improvement was identified in the disease-specific KCCQ-OS
at 6 months compared with baseline (63�19 vs 50�13;
P=0.002). Based on the prespecified categorical levels of
change in KCCQ-OS, 8% had a poor outcome, 17% were
unchanged, and 75% showed improvement (21% slight, 29%
moderate, and 25% substantial). However, improvement in
quality of life was not statistically significant when evaluated
with either the EQ-5D utilities index (0.8�0.2 at 6 months
versus 0.7�0.2 at baseline; P=0.1) or the EQ-5D VAS
(72.6�19.9 at 6 months versus 65.9�18.0 at baseline;
P=0.2). There was no difference in either assessment
measure when stratified according to the presence or
absence of new DWI-positive lesions (panels B and C in
Figures 7 through 9).
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Multiple Variable Analysis of Demographic and
Procedural Risk Factors
Logistic regression failed to identify any significant associ-
ation between the occurrence of DWI-positive lesions (by
number or volume) and any of the predictors. A post hoc
power calculation confirmed that the study was adequately
powered to detect important changes (>1.5) in the odds
ratio.

Discussion

Incidence

The incidence of clinically apparent stroke after TAVI has been
reported by large registries to range between 0% and 10%,10

averaging 3.3% at 30 days according to 1 meta-analysis,33

and with the most recent “real-world data” reporting a 4.1%
incidence of stroke at 1 year.34 The reported incidence of all
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Figure 5. Box-and-whisker plots showing the
distribution of 6-minute walk distances at
6 months compared with baseline in (A) total
cohort, (B) patients without new DWI changes on
postprocedure MRI, and (C) patients with new
changes on postprocedure MRI. D, 6 month–base-
line score/value. DWI indicates diffusion-weighted
imaging; MRI, magnetic resonance imaging.
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Figure 6. Box-and-whisker plots showing the
distribution of 5-m walk times at 6 months com-
pared with baseline in (A) total cohort, (B) patients
without new DWI changes on postprocedure MRI,
and (C) patients with new changes on postproce-
dure MRI. D, 6 month–baseline score/value. DWI
indicates diffusion-weighted imaging; MRI, mag-
netic resonance imaging.
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stroke in our study of 2.5% is consistent with the most robust
data available for intermediate-risk patients.8,9 No differences
in stroke risk have been identified between TAVI strategies
when comparing commonly used devices, access approaches,
or anesthetic techniques.35,36

However, clinically apparent stroke represents only the “tip
of the iceberg” of neurological injury, with most events being
subclinical.10 DWI is a highly sensitive and specific modality
for the early detection of ischemic changes in acute stroke

patients and has become a well-established measure of
cerebral embolization.16,31 A small number of studies have
been published using this objective neurological endpoint.
These studies have shown a very high (58–91%) incidence of
new ischemic lesions after TAVI among high-risk and inoper-
able cohorts,37–43 and the average incidence is considered to
be 75%.10

The 60% incidence of lesions and the total lesion volume/
patient of 89�218 lL in this cohort are favorable compared
to those previously published for high-risk and inoperable
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Figure 7. Box-and-whisker plots showing the
distribution of Kansas City Cardiomyopathy Ques-
tionnaire Overall Scores at 6 months compared
with baseline in (A) total cohort, (B) patients
without new DWI changes on postprocedure MRI,
and (C) patients with new changes on postproce-
dure MRI. D, 6 month–baseline score/value. DWI
indicates diffusion-weighted imaging; MRI, mag-
netic resonance imaging.
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Figure 8. Box-and-whisker plots showing the dis-
tribution of EQ-5D Visual Analog Scores at 6 months
compared with baseline in (A) total cohort, (B)
patients without new DWI changes on postprocedure
MRI, and (C) patients with new changes on postpro-
cedure MRI. D, 6 month–baseline score/value
define. DWI indicates diffusion-weighted imaging;
MRI, magnetic resonance imaging.
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patient cohorts. However, a number of important differences
between this and previous studies must be considered when
interpreting these results. First, the learning curve effect
associated with TAVI is well established.44 At the time
recruitment for this study was commenced, the TAVI team
performing all procedures had over 7 years’ experience and
had performed over 300 TAVI procedures. Second, there has
been rapid evolution in the prostheses and technique as well

as improved patient selection.12,35 Third, the risk profile was
lower in our cohort than in those previously reported.

The timing of MRI is another important consideration. The
specific signal intensity changes associated with cerebral
infarction—a high signal intensity on DWI and a corresponding
low value on the apparent diffusion coefficient map—appear
within 4 hours of acute infarction, peak at 40 hours, and
persist reliably for only 7 days.45 Competing considerations
are the early postoperative changes that occur in all patients
and the need for sufficient patient recovery postprocedure to
allow an MRI examination to be undertaken safely. For this
reason all but 1 study limited the postoperative scan to
between 2 and 7 days. The 1 study that published a lower
incidence of DWI lesions (45%), and the only other study that
was performed in intermediate-risk patients, permitted scans
up to 15 days postprocedure, thus allowing the potential
extinction of imaging changes, which would result in an
underestimation of the true incidence.46 The importance of the
timing of the early postoperative MRI scan cannot be
overstated, especially in this setting, where the majority of
infarcts are small and the primary endpoint is dichotomous
(lesion present or not). This signal loss can result in these
lesions easily disappearing, significantly confounding further
analysis. Furthermore, in the same study, baseline MRIs were
not performed to assess whether DWI lesions were in fact new
postprocedure.46

Consequences of Subclinical Cerebral Infarction
In addition to their role as a surrogate marker for clinical
cerebrovascular events, subclinical events may involve injury
that in itself portends an adverse outcome. To date, the few
TAVI studies to assess this issue have failed to identify any
consequences from their occurrence. However, in other
settings, there is considerable evidence that subclinical brain
infarction adversely affects the risk and outcome of subse-
quent stroke, neurocognitive/neuropsychiatric function, phys-
ical activity, quality of life, and risk of mortality.16

The finding of a significant difference between the day-3
cognitive assessments, when patients were stratified accord-
ing to the dichotomous presence or absence of MRI-defined
infarction, suggests that these lesions may have early
cognitive implications. This is supported by the moderate
correlation between early cognitive decline and lesion
number and volume. Consequently, as a minimum, longitu-
dinal cognitive assessment in post-TAVI patients with
radiological evidence of subclinical stroke should be consid-
ered. Equally, postoperative stroke is likely to manifest with
neurocognitive changes (rather than classical stroke symp-
toms) in the postoperative period. We propose that any
cognitive loss in this phase should be screened for

In
de

x 
Va

lu
e

A

0.81

0

0.4

0.2

0

0.2

0.4

0.6

0.8

1.0

6 monthBaseline

0.73

Assessment time point

B

In
de

x 
Va

lu
e

0.8

0

0.4

0.2

0

0.2

0.4

0.6

0.8

1.0

6 monthBaseline

0.67

Assessment time point

C

In
de

x 
Va

lu
e

0.82

0.02

0.4

0.2

0

0.2

0.4

0.6

0.8

1.0

6 monthBaseline

0.75

Assessment time point

Figure 9. Box-and-whisker plots showing the
distribution of EQ-5D Index values at 6 months
compared with baseline in (A) total cohort, (B)
patients without new DWI changes on postproce-
dure MRI, and (C) patients with new changes on
postprocedure MRI. D, 6 month–baseline score/
value. DWI indicates diffusion-weighted imaging;
MRI, magnetic resonance imaging.
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cerebrovascular ischemia, even in the absence of confirma-
tory clinical signs.

In contrast to the early postoperative cognitive decline,
the occurrence of MRI-defined cerebral infarction had no
implications for longer-term follow-up. In fact, longitudinal
regression identified time as a potential predictor for higher
MoCA score. Although the possibility of a learning effect
from reuse of the same cognitive instruments may have
falsely sustained follow-up scores, the separation in testing
and the use of different versions of the MoCA mitigated this
effect reasonably and was in line with other studies in this
area.

Currently, no cognitive assessment has been validated for
the detection of early cognitive decline in patients undergoing
TAVI. A formal neuropsychology assessment is generally
considered the benchmark; however, this is time consuming
and excessively burdensome in the setting of postoperative
patients and repeated/longitudinal assessments. The MoCA
has emerged as a useful screening tool, and although it is less
familiar than the commonly used Folstein mini-mental state
examination (MMSE), it is generally considered more sensitive
(94% vs 66%, respectively), but less specific (42% vs 97%) for
cognitive impairment.18,47 The improved sensitivity results, at
least partially, from inclusion of a more thorough executive
function assessment, which is more sensitive to vascular
cognitive impairment. Although limited, results of previous
TAVI studies suggest that reduced specificity is of little
importance, and the normal cognitive function at baseline
exhibited by this group would have performed within the
ceiling effect range of the MMSE. Consequently, larger
changes in cognition would be required to register a
decrement in MMSE testing, which supports our use of the
MoCA.

In stark contrast to previous evidence and the improve-
ment seen in the disease-specific health status (KCCQ-OS) of
the cohort, we were unable to identify significant improve-
ment in the EQ-5D utilities index or VAS, irrespective of DWI
status. This may be due to the high baseline assessment
scores and level of function of this intermediate-risk cohort,
decreasing the margin for detecting improvement. Alterna-
tively, this may reflect the effects of aging or a large ceiling
effect with EQ-5D assessment, either of which may have
blunted the detection of improvement at the 6-month
postprocedure assessment time point.

Risk Factors for Cerebral Infarction
Patient-specific risk factors identified to date include age41

and aortic arch atheroma severity (thickness of >5 mm or
mobile atheroma in the thoracic aorta and arch).41,43

Procedural predictors of new cerebral infarction following
TAVI include the need for balloon postdilation,48 valvuloplasty

balloon size, and fluoroscopy time (a surrogate for procedural
complexity and device manipulation).43

Prior to intervention, baseline assessments directed
toward the detection of potential sources of embolism were
performed. However, the high incidence of DWI lesions made
independent predictors of TAVI-associated embolism hard to
detect. Regression analysis was performed primarily to look
for significant differences between patients who sustained
DWI lesions and those who did not. However, none of the 18
variables considered were found to have predictive value, and
this remained the case when ischemic lesion volume was
substituted in the model as the dependent variable.

Risk Stratification in TAVI Patients
In clinical practice, experienced surgeons and cardiologists
pragmatically and informally estimate individual risk based on
their experience, clinical intuition, and judgment.49 However,
robust researchmethodologymandates validated assessments
that objectively predict the probability that a patient will
develop an adverse outcome, so as to allow for appraisal of
procedural efficacy. For this purpose, traditional surgical risk
scores (eg, the STS and EuroSCORE II) are the most widely
adopted, with the cutoff scores used in this study (STS ≤8 and
EuroSCORE II ≤10) consistent with those generally accepted for
intermediate risk.

Although the accepted standard, these models of risk
prediction are imperfect, particularly in light of questionable
calibration to the TAVI population.50 This may be due to the
omission of important prognostic variables such as porcelain
aorta, liver failure/cirrhosis, and anatomical abnormalities of
the chest including deformity and previous mediastinal
radiation.50

As previously mentioned, frailty is another important factor
not accounted for by the traditional surgical risk scores. To
overcome this shortcoming, we considered the frailty index
score as previously described, comprising relative age-related
decrements in health status.29 The frailty burden in this
cohort was only modest, and care should be taken not to
extrapolate these findings to frail patients. For instance, frailty
may increase susceptibility to the effects of silent ischemia
and forebode other negative consequences such as functional
decline, falls, and incontinence.51

Strengths and Limitations
Our study has several important limitations for clinical
translation that warrant further discussion. First, although
the sample size is consistent with that of previous similar
studies performed in high-risk and inoperable patients, it
was a relatively small and nonrandomized patient cohort that
lacked a surgical aortic valve replacement group for
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comparison. Furthermore, although homogeneity was maxi-
mized with the use of a single valve type (Edwards SAPIEN-
XTTM valve) in procedures performed by the same operators
(D.L.W. and A.J.C.) at a high-volume TAVI center, hetero-
geneity was introduced by the inclusion of differing access
approaches (including transfemoral, transaortic, and
transapical). A subanalysis was not possible in the current
study because of the comparatively few transaortic and
transapical procedures included. Furthermore, the limited
sample size and the high incidence of cerebral infarction
also affected the sensitivity for revealing predictors of
ischemic brain lesions.

A second limitation is that although the assessment
procedures were performed in a comprehensive manner,
postoperative assessments could only be performed in those
who had sufficiently recovered in a timely fashion and did not
have contraindications. Ten patients (25%) were not able to
undergo the follow-up MRI scan because of death, clinical
instability, or pacemaker insertion, and this may have
introduced attrition bias. Importantly, there were no statisti-
cally significant differences in any baseline characteristics
between those who underwent the early postoperative MRI
and those who did not.

Finally, our study used the Edwards SAPIEN-XTTM valve in
isolation, and the findings and outcomes may be different with
other valve prostheses. In particular, the trend toward fully or
partially retrievable and repositionable valves (eg, the Boston
Scientific LotusTM, Medtronic CoreValve� EvolutTM, St. Jude
PorticoTM, Symetis AcurateTM, and the JenaValveTM) may
encourage increased manipulation, resulting in a consequent
increase in the incidence of cerebral embolization.

Conclusions
Objectively measured structural and functional neurological
injuries remain a frequent occurrence, affecting the majority
of intermediate-risk patients who undergo TAVI. New MRI-
defined ischemic lesions were associated with reduced early
cognitive function. These subtle injuries are of increasing
significance for lower-risk patients who have both more time
for neurological sequelae to manifest and alternate manage-
ment options available to them compared with high-risk and
inoperable patients. Thus, enthusiasm for extending TAVI into
lower-risk patients must be tempered until the risk associated
with subclinical injury is clarified and optimal neuroprotective
strategies can be pursued.
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