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Background: First-phase left ventricular ejection fraction (LVEF1) is an early marker of left ventricular remodel-
ing. Reduced LVEF1 has been associated with adverse prognosis in patients with aortic stenosis (AS) and pre-
served left ventricular ejection fraction (LVEF). It remains to be determined, whether reduced LVEF1
differentiates clinical outcomes after aortic valve replacement.
Objectives:We investigated the impact of LVEF1 on clinical outcomes in patients undergoing transcatheter aortic
valve implantation (TAVI) for symptomatic severe AS with preserved LVEF (≥ 50%).
Methods: In the prospective Bern TAVI registry, we retrospectively categorized patients according to LVEF1 as
assessed by transthoracic echocardiography. Clinical outcomes of interest were all-cause mortality and residual
heart failure symptoms (New York Heart Association (NYHA) functional class III or IV) at 1 year after TAVI.
Results: A total of 644 patients undergoing TAVI between January 2014 and December 2019were included in the
present analysis. Patients with low LVEF1 had a lower LVEF (62.0 ± 6.89% vs. 64.3 ± 7.82%, P < 0.001) and a
higher left ventricular mass index (129.3 ± 39.1 g/m2 vs. 121.5 ± 38.0 g/m2; P = 0.027) compared to patients
with high LVEF1. At 1 year, the incidence of all-cause/cardiovascular death, and NYHA III or IV were comparable
between patientswith lowandhigh LVEF1 (8.3% vs. 9.2%; P=0.773, 3.9% vs. 6.0%; P=0.276, 12.9% vs. 12.2%;P=
0.892, respectively).
Conclusions: Reduced LVEF1 was not associated with adverse clinical outcomes following TAVI in patients with
symptomatic severe AS with preserved LVEF.
Clinical trial registration: https://www.clinicaltrials.gov. NCT01368250.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Timing of intervention in patients with aortic stenosis (AS) is chal-
lenging and requires the consideration of stenosis severity, symptom
status, and evidence of downstream cardiac damage. The integration
of structural and functional changes proofed effective in the categoriza-
tion of AS into different stages associated with survival prognosis [1–3].
Beyond patients with symptomatic, severe AS and preserved left ven-
tricular ejection fraction (LVEF), aortic valve replacement (AVR) is rec-
ommended in patients with reduced LVEF [4,5]. However, a reduction
r ejection fraction; LVEF1, first-
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in LVEF in patients with AS is a rather late manifestation of LV remodel-
ing preceded by LV hypertrophy and a compensatory increase in LVEF
[6]. There is a need for sensitive markers of early LV remodeling to
guide the optimal timing of intervention.

First-phase ejection fraction (LVEF1) is an echocardiographicmarker
reflecting the LVEF at the time of peak aortic jet velocity and has
emerged as a novel marker of early LV systolic dysfunction. Recent
studies suggested that LVEF1 is a powerful predictor of adverse events
in patients with AS and preserved left ventricular function. There is,
however, limited evidence on the prognostic importance of LVEF1 in
patients undergoing AVR [7–11]. In particular, it remains to be deter-
mined whether decreased LVEF1 in patients with aortic stenosis and
preserved left ventricular function translates into adverse clinical out-
comes after AVR, or whether decreased LVEF1 is a reversible marker
of LV remodeling without prognostic significance. In the present
study, we aimed to evaluate the prognostic impact of LVEF1 in patients
with AS and preserved left ventricular function undergoing transcathe-
ter aortic valve implantation (TAVI).
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Methods

2.1. Study design and population

The study cohort for this retrospective analysis comprised consecu-
tive patients undergoing TAVI at Bern University Hospital from January
2014 and December 2019, who were prospectively enrolled into the
Bern TAVI registry, which forms part of the nationwide SwissTAVI regis-
try (NCT01368250) [12]. For the purpose of the present study, patients
with a reduced LV systolic function (LVEF < 50%) and those with
inadequate echocardiographic images for the assessment of LVEF1
were excluded. The registry was approved by the Bern cantonal ethics
committee, and patients provided written informed consent to
participate.

2.2. Transthoracic echocardiography

Comprehensive transthoracic echocardiography using a Philips iE33
machine (Philips Healthcare, Andover, Massachusetts) was performed
by a board-certified cardiologist before TAVI. Acquired images were
transferred to a dedicated workstation (Tomtec Imaging Systems
GmbH, Unterschleissheim, Germany) and re-evaluated by independent
experienced imaging specialists blinded to clinical outcome in the
Corelab. The LV dimensions and AS severity were determined by quan-
titative assessment as recommended by current guidelines [13,14].
Patients with mean gradient <40 mmHg and stroke volume index
≥35 ml/m2 or mean gradient <40 mmHg and stroke volume index
<35 ml/m2 were defined as “high-flow low-gradient (HFLG) AS” and
“low-flow low-gradient (LFLG) AS”, respectively. LVEF1 was retrospec-
tively measured by using Simpson's biplane method by measuring the
volume change from end-diastole to the time of peak LV ejection time
on continuous wave Doppler of aortic flow: (LV end-diastolic volume
− LVvolume at the timeof peak aorticflow) / LVend-diastolic volume×
100 (%) [7] (Fig. 1). Patients were stratified into low and high LVEF1
group according to a cut-off value of 25%, as previously validated [8–10].

2.3. Data collection and clinical endpoints

All baseline clinical, procedural, and follow-up data were prospec-
tively recorded in a dedicated database, held at the Clinical Trials Unit
at the University of Bern, Switzerland. Clinical follow-up data at 30
days and at 1 yearwere obtained by standardized interviews, documen-
tation from referring physicians, and hospital discharge summaries. All
adverse events were systematically collected and adjudicated by a
Fig. 1. Measurement of first-phase ejection fraction.
First-phase ejection fraction was measured by using Simpson's biplane method. (Left) Measur
Measurement of end-diastolic volume from 4-chamber and 2-chamber images. (Right)Measur
ejection time. Red arrows indicate a time of peak LV ejection time. White arrows indicate a tim
LV= left ventricular; LVEDV= left ventricular end-diastolic volume; LVPSV= left ventricular p
reader is referred to the web version of this article.)
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dedicated clinical event committee based on the Valve Academic
Research Consortium criteria [15–17]. The outcomes of interest in the
present study included all-cause and cardiovascular death, and residual
heart failure symptoms (NewYorkHeart Association (NYHA) functional
class III or IV) at 30 days and 1 year after TAVI.

2.4. Statistical analysis

Categorical variables are represented as frequencies and percent-
ages, and the differences between groups were evaluated with the
chi-square test or Fisher's exact test. Continuous variables are presented
as mean values ± standard deviation (SD) and compared between
groups using a two-sample t-test. Time-to-event curves were con-
structed using the Kaplan-Meier method. Cox proportional hazards
models were used to calculate adjusted hazard ratios and 95% confi-
dence intervals. Baseline variables entered into the multivariable
model for adjustment were predefined based on the presumed associa-
tion with clinical outcomes of interest: age, gender, Society of Thoracic
Surgeons Predicted Risk of Mortality (STS-PROM), atrial fibrillation,
and previous pacemaker implantation. All statistical tests were two-
sided and p-values of <0.05 were considered significant. All statistical
analyses were performed using R for Windows 4.0.2 (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results

3.1. Study population and baseline characteristics

Between January 2014 and December 2019, 644 patients had ade-
quate echocardiographic images for the evaluation of LVEF1 (Fig. 2).
Mean LVEF1 was 29.4% in this study. The distribution of LVEF1 is
shown in Fig. 3.

Table 1 shows baseline characteristics according to LVEF1. Patients
with low LVEF1 were less likely to be female (47.4% vs. 56.5%; P =
0.032) and had a smaller body mass index (25.8 ± 5.41 kg/m2 vs.
26.7± 5.43 kg/m2; P=0.048) and a higher prevalence of atrial fibrilla-
tion (39.6% vs 29.5%; P = 0.011). There were no significant differences
between patients with low versus high LVEF1 in terms of age, STS-
PROM, NYHA class III or IV, and past medical history.

Echocardiographic and computed tomographic measurements and
procedural characteristics are summarized in Table 2. Patients with
low LVEF1 had a larger LV systolic volume (34.5 ± 18.0 ml vs. 31.0 ±
15.3 ml; P = 0.009), a lower LVEF (62.0 ± 6.9% vs. 64.3 ± 7.8%, P <
0.001), a higher left ventricular mass index (129.3 ± 39.1 g/m2 vs.
ement of time peak LV ejection time on continuous wave Doppler of aortic flow. (Middle)
ement of LV peak systolic volume, using QRS peak time (left) as an anchor point, at peak LV
e of end-diastolic.
eak-systolic volume. (For interpretation of the references to colour in thisfigure legend, the



Fig. 2. Study flow chart.
AS = aortic stenosis; LVEF = left ventricular ejection fraction; LVEF1 = first-phase ejection fraction; TAVI = transcatheter aortic valve implantation.
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121.5 ± 38.0 g/m2; P = 0.027), and a larger aortic annulus area
(447.9 ± 81.4 m2 vs. 431.8 ± 75.4 m2; P = 0.018) than those with
high LVEF1. TAVI was performed by transfemoral access in 95.2% of pa-
tients without differences between groups. There were no significant
differences in the valve types and valve sizes used.

3.2. Clinical outcomes according to LVEF1

At 30 days, there were no significant differences in the rates of all-
cause death (1.7% vs. 2.9%; P = 0.439), cardiovascular death (1.3% vs.
2.7%; P = 0.398), and residual heart failure symptoms (NYHA III or IV:
7.0% vs. 8.5%; P=0.636) between patients with low versus high LVEF1.
Fig. 3. Distribution of patients according to first-phase ejection fraction.
Histogram shows the distribution of patients according to first-phase ejection fraction.
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Clinical outcomes at 1 year according to LVEF1 are summarized in
Table 3. At 1 year, rates of all-cause death, cardiovascular death, and
NYHA III or IV were comparable between patients with low and high
LVEF1 (8.3% vs. 9.2%; P = 0.773, 3.9% vs. 6.0%; P = 0.276, 12.9% vs.
12.2%; P=0.892, respectively). Kaplan-Meier curves and adjusted haz-
ard ratios for the endpoints are shown in Fig. 4.

3.3. Clinical outcomes according to LVEF1 stratified by flow state

We performed exploratory analyses in subgroups of HFLG and LFLG.
Consistent with the main analysis, rates of all-cause death (13.7% vs.
Table 1
Baseline characteristics according to first-phase ejection fraction.

Low LVEF1
(N

= 230)

High LVEF1
(N

= 414)

P
value

Age, years 82.4 ± 5.78 81.7 ± 6.35 0.156
Female, n (%) 109 (47.4) 234 (56.5) 0.032
Body mass index, kg/m2 25.8 ± 5.41 26.7 ± 5.43 0.048
STS-PROM, % 4.72 ± 3.22 4.36 ± 3.05 0.156
NYHA functional class III or IV, n (%) 160 (69.6) 265 (64.0) 0.165
Comorbidities
Hypertension n (%) 205 (89.1) 356 (86.0) 0.272
Diabetes mellitus, n (%) 54 (23.5) 102 (24.6) 0.774
Renal failure (eGFR < 60 ml/min/1.73 m2),
n (%)

165 (71.7) 267 (64.5) 0.066

Coronary artery disease, n (%) 139 (60.4) 241 (58.2) 0.616
COPD, n (%) 31 (13.5) 37 (8.9) 0.082

Past medical history
History of myocardial infarction, n (%) 28 (12.2) 36 (8.7) 0.170
History of cerebrovascular accident, n (%) 21 (9.1) 49 (11.8) 0.355
Peripheral artery disease, n (%) 21 (9.1) 55 (13.3) 0.127
Atrial fibrillation, n (%) 91 (39.6) 122 (29.5) 0.011
Previous permanent pacemaker, n (%) 12 (5.2) 31 (7.5) 0.324

Values are mean ± SD or n (%).
COPD = chronic obstructive pulmonary disease; eGFR = estimated glomerular filtration
rate; LVEF1 = first-phase ejection fraction; NYHA = New York Heart Association; STS-
PROM= Society of Thoracic Surgeons Predicted Risk of Mortality.



Table 2
Baseline echocardiographic, computed tomographic, and procedural characteristics ac-
cording to first-phase ejection fraction.

Low LVEF1 (N
=

230)

High LVEF1 (N
=

414)

P value

Echocardiography
Aortic valve area, cm2 0.67 ± 0.24 0.68 ± 0.24 0.673
Mean aortic valve gradient, mmHg 40.1 ± 15.6 39.6 ± 16.9 0.672
Peak aortic valve gradient, mmHg 66.7 ± 23.1 63.5 ± 25.5 0.118
LV end-diastolic volume, mL 87.7 ± 36.2 84.1 ± 31.5 0.210
LV end-systolic volume, mL 34.5 ± 18.0 31.0 ± 15.3 0.009
LVEF, % 62.0 ± 6.89 64.3 ± 7.82 <0.001
First-phase ejection fraction, % 19.4 ± 4.32 35.0 ± 8.40 <0.001
Stroke volume index, mL/m2 34.2 ± 11.7 34.2 ± 12.5 0.981
High-flow low-gradient AS, n (%) 117 (50.9) 225 (54.3) 0.411
Low-flow low-gradient AS, n (%) 64 (27.8) 132 (31.9) 0.199
Left ventricular mass index, g/m2 129.3 ± 39.1 121.5 ± 38.0 0.027
E/e′ 18.0 ± 7.88 18.5 ± 8.16 0.539
Left atrial volume index, mL/m2 40.2 ± 14.7 40.0 ± 16.2 0.874
Pulmonary artery systolic pressure,
mmHg

46.4 ± 14.2 44.0 ± 13.9 0.051

Moderate/severe AR, n (%) 31 (14.4) 35 (9.0) 0.056
Moderate/severe MR, n (%) 34 (15.4) 61 (15.5) 1.00
Moderate/severe TR, n (%) 37 (17.2) 68 (17.5) 1.00
Acceleration time, ms 100.3 ± 25.7 97.1 ± 23.7 0.112
Ejection time, ms 335.5 ± 201.6 316.0 ± 41.6 0.058
Acceleration/ejection time ratio 143.8 ± 31.6 139.4 ± 28.5 0.070

Computed tomography
Annulus area, mm2 447.9 ± 81.4 431.8 ± 75.4 0.018
Ascending aorta diameter, mm 33.0 ± 3.52 32.8 ± 3.32 0.489
Device landing zone calcium, mm3 322.1 ± 300.3 284.0 ± 303.2 0.151

Procedure
Femoral main access site, n (%) 223 (97.0) 390 (94.2) 0.129
Type of valve, n (%) 0.084

Balloon-expandable 123 (53.7) 192 (46.5)
Self- or mechanically-expandable 106 (46.3) 221 (53.5)

Valve size, mm 26.0 ± 2.73 25.9 ± 2.47 0.626

Values are mean ± SD or n (%).
AR= aortic regurgitation; AS= aortic stenosis; LV= left ventricular; LVEF= left ventric-
ular ejection fraction; LVEF1 = first-phase ejection fraction; MR = mitral regurgitation;
TR = tricuspid regurgitation.
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10.7%; P=0.478 and 12.5% vs. 9.8%; P=0.625, respectively), cardiovas-
cular death (6.8% vs. 6.2%: P = 0.820 and 9.4% vs. 6.8%: P = 0.571, re-
spectively), and NYHA III or IV (20.4% vs. 16.8%; p = 0.507 and 23.1%
vs. 17.1%; P=0.394, respectively) at 1 year after TAVI were comparable
between patients with low and high LVEF1 (Table 3). Kaplan-Meier
curves and adjusted hazard ratios for the endpoints in the entire cohort
are provided in Fig. 5.

4. Discussion

In a prospective registry of consecutive patientswith preserved LVEF
undergoing TAVI for severe AS, clinical outcome and heart failure symp-
toms at one year were comparable in patients with low LVEF1 com-
pared to those with high LVEF1.

Chronic pressure overload due to AS causes LV remodeling, which
ultimately leads to LV systolic dysfunction. It has been shown that
the relief from pressure overload by AVR improves LVEF in the ma-
jority of patients with LV systolic dysfunction, which is associated
with improved clinical outcomes [18]. Preserved pressure overload
may, however, cause irreversible myocardial damage in some
patients, at which point in time LV function may not improve even
after treatment of AS. Thus, early intervention prior to irreversible
myocardial fibrosis may be crucial to obtain the optimal benefit
from AVR [19,20]. Current guidelines allocate a Class I Level of
evidence B recommendation for AVR in asymptomatic patients
with severe AS and LV systolic dysfunction (LVEF < 50%) [4,5].
However, in the HAVEC registry including 1375 asymptomatic
4



Fig. 4. Kaplan-Meier curves for clinical outcomes.
Kaplan-Meier curves for all-cause death (left) and cardiovascular death (right) comparing high vs. low LVEF1. Hazard ratios and p-values were calculatedwith the use of Cox proportional
hazards models. CI = confidence interval; HRadj = adjusted hazard ratio; LVEF1 = first-phase ejection fraction; TAVI = transcatheter aortic valve implantation.
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patients with moderate or severe AS, even patients with LVEF be-
tween 50% and 59% had worse outcomes and a higher rate of heart
failure-related death than those with LVEF > 60% [21], which
Fig. 5. Kaplan-Meier curves for clinical outcomes stratified flow-states.
Kaplan-Meier curves for all-cause death (left) and cardiovascular death (right) comparing high
were calculatedwith the use of Cox proportional hazardsmodels. AS= aortic stenosis; CI= co
low-flow low-gradient; LVEF1 = first-phase ejection fraction; TAVI = transcatheter aortic val

5

suggests that reduced LVEF may be a late and sometimes irreversible
manifestation of LV remodeling. LV reduction may therefore be a
suboptimal marker to guide timing of intervention [22,23].
vs. low LVEF1 in HFLG (upper) and LFLG AS patients (lower). Hazard ratios and p-values
nfidence interval; HFLG=high-flow low-gradient; HRadj= adjusted hazard ratio; LFLG=
ve implantation.
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The concept of LVEF1 is based on the biophysics of myocyte contrac-
tion. The contraction of cardiomyocytes ensures during thefirst phase of
systole and reaches its peak around the time of peak aortic jet velocity.
When early systolic dysfunction occurs, global LVEF ismaintained at the
expense of a slower sustained contraction [7,24]. The measurement of
LVEF1 allows for the quantification of these pathophysiologic compen-
satory mechanisms and may help identify the early stage of LV remod-
eling due to AS.

In the present study, the mean LVEF1 was 29.4%, which is similar to
that documented in previous studies conducted in patients with severe
AS [8,10,11]. Previous studies suggested an inverse relationship
between the severity of AS and LVEF1 [9,10]. Furthermore, previous
evidence demonstrated an association between LVEF1 and markers of
LV myocardial damage as assessed by cardiac magnetic resonance and
advanced echocardiography [9–11]. In linewith these findings, patients
with low LVEF1had lower LVEF and higher LVmass index in the present
analysis. These findings may reflect the pathophysiological continuum
of AS and their effect on LV myocardium [8–11].

Recent studies suggested that LVEF1 predicts adverse outcomes
in patients with AS. In an analysis by Gu and colleagues, an LVEF1
< 25% predicted the composite outcome of symptoms requiring
AVR, cardiac-related hospitalizations, or death at 2 years in asymp-
tomatic patients with moderate or severe AS. Moreover, the
predictive performance of LVEF1 was superior to LVEF, global longi-
tudinal strain, and transaortic flow rate [8]. Similarly, Bing et al. re-
ported that low LVEF1 was associated with a 6-fold increased risk
of symptoms requiring AVR or death in patients with mild or greater
AS [9]. In addition, Carter-Storch et al. reported that low LVEF1 pre-
dicted the risk of AVR, death, or development of heart failure in pa-
tients with asymptomatic severe AS [11]. In contrast to these
studies that investigated the importance of LVEF1 in patients with
AS pre-AVR, we assessed the impact of LVEF1 on clinical outcomes
after TAVI. Our findings indicate that reduced LVEF1 in patients
with preserved LVEF does not compromise prognosis after TAVI. It
may therefore represent a sensitive marker of potentially reversible
LV remodeling and may be a useful tool to guide timing of interven-
tion in patients with AS.

4.1. Study limitations

Several limitations of the present study need to be mentioned.
First, only 40% of patients with preserved ejection fraction had ade-
quate echocardiographic images for the assessment of LVEF1, intro-
ducing a potential selection bias. In addition, due to the modest
sample size, the study may have been underpowered to show an as-
sociation between LVEF1 and adverse outcome. Second, we could not
evaluate the impact of LVEF1 on more specific heart failure related
outcomes, such as heart failure hospitalization and the Kansas City
Cardiomyopathy Questionnaire. Third, the studied population in
the present analysis was limited to elderly patients (mean age > 80
years) undergoing TAVI; the results are hence not generalizable to
other populations such as younger patients. Finally, as this was a ret-
rospective analysis based on a prospective registry, the possibility of
residual confounding cannot be excluded despite rigorous statistical
techniques.

5. Conclusion

Reduced LVEF1was not associatedwith adverse clinical outcomes in
patients with severe aortic stenosis and preserved LVEF undergoing
TAVI.
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