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Aims We aimed to determine the frequency of aortic valve surgery (AVR) with or without coronary artery bypass grafting
(CABG), among patients with moderate/severe aortic stenosis (AS) and left ventricular systolic dysfunction (LVSD),
and its relationship with survival.

Methods
and results

The Duke Echocardiographic Database (N ¼ 132 804) was queried for patients with mean gradient ≥25 mmHg and/or
peak velocity ≥3 m/s and LVSD (left ventricular ejection fraction ≤50%) from 1 January 1995–28 February 2014. For
analyses purposes, AS was defined both by mean gradient and calculated aortic valve area (AVA) criteria. Time-depend-
ent indicators of AVR in multivariable Cox models were used to assess the relationship of AVR and all-cause mortality.
A total of 1634 patients had moderate (N ¼ 1090, 67%) or severe (N ¼ 544, 33%) AS by mean gradient criteria.
Overall, 287 (26%) patients with moderate AS and 263 (48%) patients with severe AS underwent AVR within 5 years
of the qualifying echo. There were 863 (53%) deaths observed up to 5 years following index echo. After multivariable
adjustment in an inverse probability weighted regression model, AVR was associated with higher 5-year survival
amongst patients with moderate AS and severe AS whether classified by AVA or mean gradient criteria. Over all,
AVR+CABG compared with medical therapy was associated with significantly lower mortality [hazard ratio,
HR ¼ 0.49 (0.38, 0.62), P , 0.0001]. Compared with CABG alone, CABG + AVR was associated with better survival
[HR ¼ 0.18 (0.12, 0.27), P , 0.0001].

Conclusions In patients with moderate/severe AS and LVSD, mortality is substantial and amongst those selected for surgery, AVR
with or without CABG is associated with higher survival. Research is required to understand factors contributing to
current practice patterns and the possible utility of transcatheter approaches in this high-risk cohort.
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Introduction
Aortic stenosis (AS) is the most common valve disorder leading to
surgical intervention in developed countries.1,2 Aortic valve replace-
ment (AVR) is the recommended treatment approach for patients

with severe AS who have symptoms and/or evidence of left ven-
tricular systolic dysfunction (LVSD).3 Aortic stenosis whether it is
a bystander or cause of left ventricular dysfunction poses a signifi-
cant hemodynamic afterload burden.4,5 Theoretically, among
patients with a failing left ventricle, afterload reduction in the form
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of relief from significant AS may result in the greatest benefit in
long-term survival. However, this must be weighed against the greater
surgical risk in the oft-affected elderly patient with AS and LVSD.6–8

Prior small observational studies evaluating a subgroup of patients
with AS and LVSD have suggested increased perioperative mortality
risk but improved long-term survival with AVR.9 – 11 However, the
current practice patterns in use of AVR and its relationship to mor-
tality in patients with moderate and severe AS with concomitant
LVSD are ill defined. With the emergence of transcatheter interven-
tions to treat AS in high-risk populations,12–14 these data would be
valuable to guide care decisions as well as to research alternative
treatment approaches.

We sought to evaluate the frequency of AVR, with or without
coronary artery bypass grafting (CABG), among patients with mod-
erate/severe AS and LVSD, and study its relationship with survival.
We hypothesized that AVR was associated with higher survival in
patients with moderate or severe AS and LVSD.

Methods

Patient population
The Duke Echocardiographic Laboratory Database was queried for the
period between 1 January 1995 and 28 February 2014 for adult patients
with moderate or severe AS and concomitant LVSD. The setup of the
Duke Echocardiography Laboratory Database (DELD) has been previ-
ously described.15 Briefly, DELD includes a prospectively maintained
digital archive of all clinical echocardiograms performed at Duke Univer-
sity Hospital (DUH) and its satellite clinics linked to a corresponding
searchable reporting database since 1995. The database also includes
clinical information which is drawn from various sources: billing sources
with demographic information, International Classification of Diseases,
9th revision (ICD-9) codes, Current Procedure Terminology codes; the
Duke Databank of Cardiovascular Diseases16 – 18 with in-hospital data
on all patients undergoing cardiac catheterization and/or cardiac surgery
at DUH since 1969 as well as long-term follow-up information available
through mailed questionnaires, telephone follow-up and searches of the
national death index.19

Because inconsistencies in classification of AS exist and may af-
fect patient management decisions, we classified AS by both mean gra-
dients and calculated aortic valve area (AVA).20,21 Thus, a calculated
AVA cut off of .1.0 cm2 was used to define moderate AS calculated
AVA of ≤1.0 cm2 defined severe AS. Similarly, moderate AS was
defined by a mean gradient of ≥25–39 mmHg and/or peak velocity
of ≥3– , 4m/s. Severe AS was defined by a mean gradient of
≥40 mmHg and/or peak velocity of ≥4 m/s. Left ventricular systolic
dysfunction was defined by a left ventricular ejection fraction (LVEF)
of ≤50%. Mild–moderate LVSD was defined as LVEF 36–50%; severe
LVSD as LVEF ≤35%. Left ventricular ejection fraction was derived from
the clinical echocardiographic report and was visually estimated. Pa-
tients were excluded based on their qualifying echocardiogram if they
had a history of any prior valvular intervention, congenital heart disease,
rheumatic valve disease, prior solid organ transplantation, hypertrophic
obstructive cardiomyopathy, missing aortic mean gradient, or a history
of metastatic cancer. The index, or reference, echocardiogram for a pa-
tient is the first echo with moderate or severe AS and LVEF ≤50%
meeting the necessary criteria above. To estimate surgical risk, the logis-
tic EuroSCORE was calculated.22 This risk score was chosen to describe
surgical risk based on the availability of clinical information required to
compute the score.

The study was carried out under the approval of the Duke Institution-
al Review Board.

Statistical analysis
Baseline characteristics were stratified by AS severity and LVSD severity
using percentages for categorical variables and medians and interquar-
tile ranges for continuous variables. For each level of AS severity, we
compared variables by LVSD status. Continuous variables were
compared by t-tests or Wilcoxon rank-sum tests when appropriate;
categorical variables were compared using x2 or Fisher’s exact test as
appropriate.

The cumulative incidence of aortic valve surgery (AVS) within 5 years
of the index echocardiogram was described by AS severity and LVSD
severity. Cumulative incidence curves were plotted, accounting for
the competing risk of mortality.

In order to examine the relationship of AVR with mortality up to
5 years after the index echocardiogram, a number of analyses were con-
ducted examining the subsets of moderate and severe AS by calculated
AVA and mean gradients as well as the entire population with resting
mean gradients ≥25 mmHg. A Cox proportional hazards model was
constructed where AVR was treated as a time-dependent covariate.
The model was adjusted for LV dysfunction (≤35%/36–50%), age,
sex, renal failure, history of ischaemic heart disease, COPD, hyperten-
sion, hyperlipidaemia, diabetes, moderate/severe MR, moderate/severe
AR, and bicuspid valve disease. In the model using the entire population,
adjustments were also made for AS severity. Adjustment covariates
were assessed for linearity and proportional hazards assumptions and
transformations were applied as needed.

As a sensitivity analysis, initial AVR treatment was defined as AVR
within 90 days of index echo. Cox proportional hazards regression as-
sessed the benefit of initial AVR treatment on mortality where time zero
was time of AVR for recipients and day 15 following echo for non-
recipients in order to exclude early mortality or loss of follow-up which
might preclude planned surgery. The model used inverse probability of
treatment weighting to account for bias due to non-random treatment
assignment.23 Probability of initial AVR treatment was estimated using
logistic regression adjusting for age, sex, LV dysfunction, level of AS,
prior PCI, prior MI, prior CABG, history of ischaemia, peripheral vascu-
lar disease, hypertension, hyperlipidemia, diabetes, smoking, cardiovas-
cular disease, COPD, renal failure, congestive heart failure, and atrial
fibrillation/flutter. Balance of all adjustment covariates was assessed
for the propensity of treatment model; no violations of assumptions
were detected. A similar sensitivity analysis was conducted defining
initial AVR treatment within 30 days of index echo and again excluded
patients with early mortality within 15 days of index echo. Finally,
whether the relationship between AVR and survival differed based on
index echo AS severity, was assessed, using interactions.

Results

Baseline characteristics
We identified a total of 1634/132 804 patient who fit inclusion cri-
teria. Of these 1090 (67%) had moderate and 544 (33%) had severe
AS and concomitant LVSD. Severe LVSD (LVEF ≤ 35%) was present
in 35% of this cohort. Where Doppler data allowed calculation
of AVA (n ¼ 1338), 403 patients had moderate AS and 935 had se-
vere AS. The median age of the cohort was 75 years (interquartile
range, IQR 67–83), and the study population had a high prevalence
of comorbidities including ischaemic heart disease (61.3%), hyper-
tension (64.1%), diabetes mellitus (32.9%), peripheral vascular
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disease (14.5%), history of cerebrovascular disease (19.9%), and
renal disease (17.6%). The median logistic EuroSCORE was 9.8
(IQR 5.5, 16.8).

Patients with moderate AS by mean gradient criteria were more
likely to have a history of ischaemic heart disease (63.9 vs. 56.3%, P
0.0029), prior CABG (22.5 vs. 14.7%, P ¼ 0.0002), prior PCI (13.2
vs. 6.6%, P , 0.0001), diabetes (36.0 vs. 26.7%, P ¼ 0.0002), periph-
eral vascular disease (16.4 vs. 10.7%, P ¼ 0.002), prior cerebrovas-
cular disease (22.3 vs. 15.3%, P ¼ 0.008), and renal disease (19.7 vs.
13.4%, P ¼ 0.002) than those with severe AS. The mean AVA was
1.08 cm2 amongst patients with moderate AS and 0.72 cm2 amongst
those with severe AS. Dobutamine stress testing was undertaken in
a minority of the cohort (1.4%). The baseline characteristics for
moderate and severe AS stratified by LVSD severity are described
in Tables 1 and 2. The baseline characteristics of AS by AVA criteria
are provided in Appendix, Table A1.

Among patients with moderate AS, most baseline characteristics
were evenly distributed between the groups of LVSD, although a
history of congestive heart failure, and concomitant moderate–se-
vere mitral regurgitation occurred more commonly among those
with severe LVSD. Compared with mild–moderate LVSD, patients
with severe LVSD had larger left ventricular dimensions (Table 1).

Similarly, among patients with severe AS, most baseline charac-
teristics were evenly distributed between the groups of LVSD, al-
though moderate-to-severe LVH was more commonly present
among those with mild–moderate LVSD and significant MR was
more frequently seen among those with severe LVSD (Table 2).

Use of aortic valve surgery
A total of 550 (34% of 1634 total) patients underwent AVR within 5
years of the index echo. This included 287/1090 (26%) patients with
moderate AS by mean gradient criteria of which 108 (37%) had se-
vere LVSD (ejection fraction, EF ≤ 35%) who underwent AVR. Of
the 403 patients with calculated AVA . 1.0 cm2, 31% underwent
AVR within 5 years of the qualifying echo. The median time to
surgery from qualifying echo among patients with moderate AS
was 28 days (IQR 5, 255). Of the 1090 patients with moderate AS
by mean gradient criteria, 135 underwent isolated AVR and 152 had
AVR + CABG. Of the 135 patients with moderate AS by mean
gradient criteria who underwent AVR alone, 6/135 had concomitant
severe MS, 17/135 had concomitant moderate or severe AR, 12/135
with concomitant moderate or severe MR. A total of 6/135 patients
had dobutamine challenges in the cathlab documenting contractile
reserve and truly severe AS and 30/135 patients had a subsequent
echo prior to AVR, documenting increase in mean gradients
.40 mmHg. The rest, either had AVA , 1.0 cm2 on echo or con-
firmed in the cathlab, had severely thickened leaflets on the echo
or had peak velocities .3 m/s with calculated AVA , 1.0 cm2.

Among patients with severe AS by mean gradient criteria, 263/
544 (48%) underwent AVR within 5 years of the qualifying echo
with a median time to surgery of 8 days (IQR 4, 41). Of the patients
with severe AS by mean gradient criteria who underwent AVR, 82
(31%) had severe LVSD (EF ≤ 35%) (Figure 1). Of the 544 patients
with severe AS by mean gradient criteria, 145 had isolated valve sur-
gery and 118 had AVR + CABG. Of the 935 patients with calculated
AVA ≤ 1.0 cm2, 39% underwent AVR within 5 years.

Among patients with moderate or severe AS, 190/573 (33.2%)
with severe LVSD underwent AVR while 360/1061 (33.9%) patients
with mild–moderate LVSD underwent AVR. The cumulative inci-
dence of AVR amongst patients with moderate or severe AS and
LVSD is shown in Figure 2. Baseline characteristics of patients strati-
fied by AVR use within 5 years of the index echo are provided in
Table 3.

Relationship of aortic valve surgery with
survival in the entire cohort
Mortality was evaluated up to 5 years from the index echo. Over
that 5-year period, the median follow-up time was 1.2 years (IQR
0.2–3.9). There were 863 (53%) deaths observed up to 5 years fol-
lowing index echo. Aortic valve surgery with or without CABG,
compared with medical therapy was associated with lower mortality
[hazard ratio, HR ¼ 0.49 (0.38, 0.62), P , 0.0001] in the entire co-
hort, after adjusting for AS (moderate or severe), LV dysfunction
(EF ≤ 35% vs. 36–50%), age, sex, renal failure, history of ischaemic
heart disease, COPD, hypertension, hyperlipidaemia, diabetes,
moderate or severe MR, moderate or severe AR, bicuspid valves,
and left ventricular dimensions. Compared with CABG alone, the
combination of AVR + CABG (HR ¼ 0.18 [0.12, 0.27], P ,

0.0001) was associated with significantly higher survival. In the multi-
variable model, age .75 years (HR ¼ 1.23 (1.15, 1.32) P , 0.0001),
concomitant moderate or severe MR (HR ¼ 1.47 (1.26, 1.71) P ,

0.0001), diabetes (HR ¼ 1.35 (1.15, 1.57) P ¼ 0.0002), renal failure
(HR ¼ 1.6 (1.34, 1.91) P , 0.0001), and LVSD (HR ¼ 1.79 (1.47,
2.19) P , 0.0001) were independently associated with increased
risk of mortality.

Inverse probability treatment weighting
propensity model in the entire cohort
Of the original 1634 patients, 1427 had sufficiently complete data
on all covariates allowing for inclusion in the sensitivity analysis using
an inverse probability treatment weighting propensity model. Aortic
valve surgery (within 90 days) was associated with significantly lower
mortality (HR ¼ 0.50, 95% CI ¼ 0.40–0.63, P , 0.001) (Figure 3).
Aortic valve surgery (within 30 days) was associated with a signifi-
cantly lower mortality (HR ¼ 0.53, 95% CI ¼ 0.40–0.69, P ,

0.0001) (Figure 4). These associations remained significant even
when calculated AVAs were substituted for mean gradients in the
model.

Interaction of aortic valve surgery with
severity of aortic stenosis
Using the inverse probability of treatment weighted models, there
was a significant interaction between AVR surgery (within 90
days) and AS in relation to mortality (P ¼ 0.0174). Overall the ana-
lysis found that AVR surgery (within 90 days) was associated with a
significant decreased risk of mortality; however, this decrease in
mortality risk associated with AVR surgery was much stronger in pa-
tients with severe AS (HR ¼ 0.35, 95% CI ¼ 0.26–0.48) compared
with patients with moderate AS (HR ¼ 0.59, 95% CI ¼ 0.44–0.78)
as defined by mean gradients.

In inverse probability weighted models, AVR was associated with
a lower hazard for death in both patients with moderate and severe
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AS regardless of the grading scheme employed to classify patients
(see Table 4).

Aortic valve surgery and severity of aortic
stenosis among patients without coronary
artery disease
To evaluate whether the effect of AVR extended across moderate
and severe AS among LVSD patients without coronary artery disease
(CAD), an additional sensitivity analysis was conducted. A landmark
of AVR within 90 days of index echo and patients known alive with-
out AVR at Day 15 was chosen for the sensitivity analysis. Patients
with known CAD defined as having a history of prior myocardial in-
farction, percutaneous intervention, CABG, or significant CAD on
cardiac catheterization were excluded from the analysis. Of the ori-
ginal 1427 patients in the inverse probability weighting (IPW) popu-
lation, 705 were included in this sensitivity analysis. A Cox
regression using weights found in the previous IPW analysis was
conducted to determine the relationship between AVR within 90
days on all-cause mortality, in addition we included the interaction
of AVR surgery (within 90 days) and level of AS (moderate or se-
vere); in patients without known CAD. This sensitivity analysis
found no significant interaction between AVR surgery and AS in

relation to mortality (P ¼ 0.2391). Overall, the analysis found that
AVR surgery (within 90 days) was associated with a significant de-
creased risk of mortality; this decrease in mortality risk associated
with AVR surgery is similar in both patients with severe AS
(HR ¼ 0.41, 95% CI ¼ 0.27–0.62) (Figure 4, Appendix 3) and pa-
tients with moderate AS (HR ¼ 0.58, 95% CI ¼ 0.39–0.89) (Figure 4,
Appendix 2).

Discussion
This study is novel in its exploration of the relationship of AVR with
survival in patients with moderate and severe AS and concomitant
left ventricular dysfunction. The main findings of this study can be
summarized as follows: (i) AVR is used infrequently; (ii) AVR with
or without CABG is associated with a significant mortality benefit
compared with medical management; and (iii) the mortality benefit
associated with AVR extends to patients without CAD and among
patients with calculated AVA . 1.0 cm2

In the last few decades, a deeper understanding of the pathophysi-
ology and haemodynamic effects of AS, coupled with technological
advancements in surgery have allowed surgical AVR to be a safe cor-
rective option for severe AS.24 – 26 Even among patients with left
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Table 1 Baseline characteristics of patients with moderate aortic stenosis and stratified by left ventricular systolic
dysfunction

Characteristic Moderate AS

EF 36–50% (n 5 687) EF ≤ 35% (n 5 403) Overall (n 5 1090) Pa

Age, median (IQR) 75 (67–82) 75 (67–81) 75 (67–82) 0.411

Female gender 261 (38.0%) 131 (32.5%) 392 (36.0%) 0.066

History of ischaemic heart disease 439 (63.9%) 257 (63.8%) 696 (63.9%) 0.966

History of hypertension 463 (67.4%) 254 (63.0%) 717 (65.8%) 0.142

Diabetes 232 (33.8%) 160 (39.7%) 392 (36.0%) 0.049

Peripheral vascular disease 117 (17.0%) 62 (15.4%) 179 (16.4%) 0.479

Prior cerebrovascular disease 161 (23.4%) 82 (20.3%) 243 (22.3%) 0.237

Renal disease 143 (20.8%) 72 (17.9%) 215 (19.7%) 0.238

History of smoking 227 (33.0%) 131 (32.5%) 358 (32.8%) 0.856

History of hyperlipidaemia 330 (48.0%) 196 (48.6%) 526 (48.3%) 0.848

Congestive heart failure 383 (55.7%) 269 (66.7%) 652 (59.8%) ,0.001

Atrial fibrillation 222 (32.3%) 120 (29.8%) 342 (31.4%) 0.383

Chronic obstructive pulmonary disease 51 (7.4%) 33 (8.2%) 84 (7.7%) 0.648

Prior acute myocardial infarction 253 (36.8%) 175 (43.4%) 428 (39.3%) 0.031

Prior percutaneous intervention 96 (14.0%) 48 (11.9%) 144 (13.2%) 0.332

Prior coronary artery bypass graft surgery 154 (22.4%) 91 (22.6%) 245 (22.5%) 0.950

Logistic EuroSCORE, median (IQR) 10.0 (5.6–17.2) 9.4 (5.0–16.6) 9.8 (5.5–16.8) 0.161

Moderate-to-severe LVH 257 (37.4%) 96 (23.8%) 353 (32.4%) ,0.001

Bicuspid aortic valve 22 (3.2%) 6 (1.5%) 28 (2.6%) 0.084

Aortic regurgitation (moderate–severe) 127 (18.5%) 49 (12.2%) 176 (16.1%) 0.006

Mitral regurgitation (moderate–severe) 157 (22.9%) 137 (34.0%) 294 (27.0%) ,0.001

LVID diastole, median (IQR) 4.9 (4.4–5.3) 5.5 (5.0–6.1) 5.1 (4.5–5.7) ,0.001

LVID systole, median (IQR) 3.6 (3.1–4.1) 4.6 (3.9–5.3) 3.9 (3.3–4.6) ,0.001

LVID, left ventricular internal dimension; LVH, left ventricular hypertrophy; AS is defined by mean gradient criteria.
aFor comparison of EF 36–50 vs. EF ≤ 35%.
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ventricular dysfunction, AVR offers a survival benefit.9 In this study
from a single major academic centre, AVR was used infrequently;
even among patients with severe AS and mean aortic gradients
.40 mmHg with LVSD, who would traditionally otherwise meet
ACC/AHA guidelines class I indications for AVR, surgery was under-
taken at our institution in ,50% of cases within 5 years of the quali-
fying examination. National rates of AVR use for this indication are
unknown and may be difficult to gather due to lack of detailed infor-
mation in larger population datasets. Potential reasons for such low
operative rates may be advanced age, high prevalence of comorbid-
ities and high median logistic euroSCORE (a score of .6 defining
high risk).22,27 Certainly, similar driving factors were noted in the
Euro heart survey, which found that amongst patients with symp-
tomatic single valve disease, an intervention was not undertaken
in �30% of cases.2 Iung and colleagues reported that the most fre-
quent reasons stated for a lack of intervention included old age
(27.6%) chronic obstructive pulmonary disease (13.6%), renal failure
(6.1%), and short life expectancy (19.3%).2 In a subanalysis of the
Euro heart survey including patients with AS over 75 years of age,
surgery was not undertaken in 33%.28 Older age and LVSD were
hallmark characteristics of those who were denied surgery.28

A high mortality rate was observed in our cohort with 53% deaths
within 5 years of the qualifying echo, a fact that highlights the poor

prognosis associated with AS in the setting of LVSD. While patients
with severe AS and left ventricular dysfunction were historically
thought to be too high surgical risk, studies have suggested survival
benefit with surgery compared with medical therapy alone.29 The
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Table 2 Baseline characteristics of patients with severe aortic stenosis and stratified by left ventricular systolic
dysfunction

Characteristic Severe AS

EF 36–50% (n 5 374) EF ≤ 35% (n 5 170) Overall (n 5 544) Pa

Age, median (IQR) 77 (68–83) 74 (64–82) 76 (67–83) 0.032

Female gender 152 (40.6%) 70 (41.2%) 222 (40.8%) 0.906

History of ischaemic heart disease 218 (58.3%) 88 (51.8%) 306 (56.3%) 0.155

History of hypertension 236 (63.1%) 95 (55.9%) 331 (60.8%) 0.110

Diabetes 99 (26.5%) 46 (27.1%) 145 (26.7%) 0.886

Peripheral vascular disease 47 (12.6%) 11 (6.5%) 58 (10.7%) 0.033

Prior cerebrovascular disease 60 (16.0%) 23 (13.5%) 83 (15.3%) 0.450

Renal disease 45 (12.0%) 28 (16.5%) 73 (13.4%) 0.159

History of smoking 108 (28.9%) 43 (25.3%) 151 (27.8%) 0.387

History of hyperlipidaemia 151 (40.4%) 62 (36.5%) 213 (39.2%) 0.387

Congestive heart failure 213 (57.0%) 114 (67.1%) 327 (60.1%) 0.026

Atrial fibrillation 109 (29.1%) 55 (32.4%) 164 (30.1%) 0.450

Chronic obstructive pulmonary disease 23 (6.1%) 7 (4.1%) 30 (5.5%) 0.336

Prior acute myocardial infarction 119 (31.8%) 42 (24.7%) 161 (29.6%) 0.092

Prior percutaneous intervention 28 (7.5%) 8 (4.7%) 36 (6.6%) 0.227

Prior coronary artery bypass graft surgery 63 (16.8%) 17 (10.0%) 80 (14.7%) 0.037

Logistic EuroSCORE, median (IQR) 9.9 (5.8–16.9) 9.3 (4.8–18.1) 9.7 (5.5–17.3) 0.294

Moderate-to-severe LVH 200 (53.5%) 61 (35.9%) 261 (48.0%) ,0.001

Bicuspid aortic valve 10 (2.7%) 7 (4.1%) 17 (3.1%) 0.370

Aortic regurgitation (moderate–severe) 80 (21.4%) 44 (25.9%) 124 (22.8%) 0.247

Mitral regurgitation (moderate–severe) 65 (17.4%) 67 (39.4%) 132 (24.3%) ,0.001

LVID diastole, median (IQR)a 4.8 (4.2–5.3) 5.3 (4.8–5.9) 4.9 (4.4–5.5) ,0.001

LVID systole, median (IQR)a 3.6 (3.0–4.0) 4.4 (3.8–5.0) 3.8 (3.2–4.4) ,0.001

LVID, left ventricular internal dimension; LVH, left ventricular hypertrophy; AS is defined by mean gradient criteria.
aFor comparison of EF 36–50 vs. EF ≤ 35%.

Figure 1 Use of aortic valve surgery among entire cohort by
aortic stenosis severity is described on the left of the vertical bar
and by severity of left ventricular systolic dysfunction on the right.
Aortic stenosis severity is defined by mean gradients.
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Figure 2 Cumulative incidence of aortic valve surgery by aortic stenosis severity and left ventricular systolic dysfunction.
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Table 3 Baseline characteristics of all patients stratified by aortic valve surgery

Characteristic AVR surgery within 5 years of index echo P

No AVR surgery (n 5 1084) AVR surgery (n 5 550) Total (n 5 1634)

Age, median (IQR) 77 (69–84) 71 (64–78) 75 (67–82) ,0.001

Female gender 440 (40.6%) 174 (31.6%) 614 (37.6%) ,0.001

History of hypertension 701 (64.7%) 347 (63.1%) 1048 (64.1%) 0.530

Diabetes 371 (34.2%) 166 (30.2%) 537 (32.9%) 0.100

Peripheral vascular disease 183 (16.9%) 54 (9.8%) 237 (14.5%) ,0.001

Prior cerebrovascular disease 238 (22.0%) 88 (16.0%) 326 (20.0%) 0.004

Renal disease 218 (20.1%) 70 (12.7%) 288 (17.6%) ,0.001

History of smoking 321 (29.6%) 188 (34.2%) 509 (31.2%) 0.059

History of hyperlipidaemia 496 (45.8%) 243 (44.2%) 739 (45.2%) 0.546

Congestive heart failure 632 (58.3%) 347 (63.1%) 979 (59.9%) 0.062

Atrial fibrillation 322 (29.7%) 184 (33.5%) 506 (31.0%) 0.121

Chronic obstructive pulmonary disease 88 (8.1%) 26 (4.7%) 114 (7.0%) 0.011

Prior acute MI 418 (38.6%) 171 (31.1%) 589 (36.0%) 0.003

Prior percutaneous intervention 136 (12.5%) 44 (8.0%) 180 (11.0%) 0.006

Prior coronary artery bypass graft surgery 246 (22.7%) 79 (14.4%) 325 (19.9%) ,0.001

Logistic EuroSCORE, median (IQR) 11.3 (6.3–19.0) 7.3 (4.4–12.8) 9.7 (5.5–17.0) ,0.001

Moderate-to-severe LVH 398 (36.7%) 216 (39.3%) 614 (37.6%) 0.313

Bicuspid aortic valve 16 (1.5%) 29 (5.3%) 45 (2.8%) ,0.001

Aortic regurgitation (moderate–severe) 179 (16.5%) 121 (22.0%) 300 (18.4%) 0.007

Mitral regurgitation (moderate–severe) 293 (27.0%) 133 (24.2%) 426 (26.1%) 0.215

LVID diastole, median (IQR) 4.9 (4.4–5.6) 5.1 (4.6–5.7) 5.0 (4.5–5.6) ,0.001

LVID systole, median (IQR) 3.8 (3.2–4.5) 4.0 (3.4–4.6) 3.8 (3.3–4.5) ,0.001

History of ischaemic heart disease 650 (60.0%) 352 (64.0%) 1002 (61.3%) 0.113

Aortic valve area, median (IQR) 0.8 (0.6–1.1) 0.7 (0.6–1.0) 0.8 (0.6–1.1) 0.078

Mean gradient, median (IQR) 28.0 (23.0–37.5) 36.0 (28.0–46.0) 31.0 (24.0–41.0) ,0.001

LVID, left ventricular internal dimension.
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studies by Conolly et al. and Pereira et al. allowed a paradigm shift
where truly severe AS in the setting of LV dysfunction is routinely
sought and treatments offered.8,9 More recently, investigations
have pointed to LVEF recovery and improved survival comparable
with surgical treatment, with the use of transcatheter aortic valve
replacement among patients with severe AS and left ventricular dys-
function.14,30,31 Data in the present investigation confirm and

extend the findings of previous investigators in noting a survival
benefit among patients with severe AS and LVSD across both
low- and high-gradient groups.

At present, dobutamine stress testing is recommended among
patients with AS but low gradients to distinguish ‘pseudosevere’
vs. severe AS so that those with truly severe AS can be offered
AVR.32 – 37 What has remained an enigma thus far is whether

Figure 3 Survival curves stratified by aortic valve surgery.

Figure 4 Multivariate and propensity adjusted models examining the impact of aortic valve surgery on survival. All P , 0.001; analysis includes
patients with mean aortic valve gradients ≥25 mmHg.
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‘pseudosevere’ AS could benefit from AVR.38 While an attempt to
distinguish severe vs. ‘pseudosevere’ AS with a dobutamine chal-
lenge during echocardiography was not made in a majority
(98.6%) of our patients, it is likely that ‘pseudosevere’ AS existed
among those with calculated AVA , 1.0 cm2.39 While there was
an interaction between AVR (within 90 days) and AS severity where
the survival benefit associated with AVR was greater amongst those
with higher gradients vs. lower gradients, the finding of benefit of
AVR across gradients starting from ≥25 mmHg raises important
considerations around the possible benefits of correcting even
moderate or pseudo severe AS in the setting of left ventricular dys-
function. As further corroborated by the sensitivity analyses, this
treatment association was noted even in patients without a history
of CAD and among those with calculated valve areas of .1.0 cm2.
Our finding of higher survival associated with use of AVR across aor-
tic valve mean gradients ≥25 mm Hg in the setting of left ventricular
dysfunction also lends credence to the hypothesis that in the setting
of LV dysfunction, AS, whether it is a consequence or a coincident
comorbid condition, poses a haemodynamic burden and mechanical
relief from it is thus associated with a survival benefit.

The treatment of choice among patients with AS and LVSD likely
also depends on the need for other interventions like CABG. This is
particularly important among those with moderate AS severity
where the surgical risk of AVR is unlikely to be taken unless there
is need for correction of concomitant obstructive coronary disease
or other severe valve disease. More than half the cohort of patients
with moderate AS who underwent AVR also had concomitant
CABG (52%). Aortic valve surgery for moderate AS when CABG
is anticipated is currently a Class IIA European/ACC/AHA guideline
indication.3 This indication is based on the likelihood of progression
to more severe and symptomatic disease requiring intervention
within 5 years of finding moderate AS and supported by a decision
analysis by Smith and colleagues.40–43 Our findings are also consist-
ent with the work of Pereira et al. who evaluated patients with mild–
moderate AS undergoing CABG at their institution. In a propensity
analysis, patients who underwent AVR and CABG did better at
Years 1 and 8 following surgery compared with those who under-
went CABG alone. This survival benefit was limited to those who
had moderate AS at the time of CABG. The mean LVEF in their co-
hort was �50%.44 Our observational data lends further support to
this guideline indication especially in the case of the higher risk mod-
erate AS patient with more severe left ventricular dysfunction.

Clinical implications
The implications of our findings are several fold. Factors associated
with avoidance of AVR in this population need to be explored at the
institutional as well as national level, as they will inform shared
patient–physician therapeutic decision-making and contribute to
setting of quality standards in valve disease management.

The relief of AS, using a procedure that has established safety and
acceptable risk, should translate into improvement in symptoms,
and eventually hard outcomes such as long-term survival. The ad-
vent of safer surgical approaches and transcatheter therapies12 – 14

that are quite capable of achieving these ends, raises the question
of whether AVR using transcatheter and surgical approaches among
patients with moderate AS in the setting of LVSD should be per-
formed routinely and needs to be prospectively evaluated.
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Limitations
While there are several strengths to this study including the size of
the data set, sophistical statistical analyses and the importance of
the question addressed, there are limitations that need to be
acknowledged. These data represent practice patterns at a single
major medical centre. While conclusions cannot be made regarding
generalizability of practice patterns, this study raises important
questions regarding the need for national level information.

Our models were adjusted for all known and measured confoun-
ders, yet as with most observational datasets, the possibility of
unmeasured confounders exists. Although a true randomized com-
parison would be ideal, we used propensity methods to account for
biases associated with non-random treatment assignment.

Details of drug therapy were not captured in this study and differ-
ences in therapy across the treatment groups may have implications
for survival that were thus not studied.

Since cardiac catheterization was not pursued in all cases, STS
PROM score could not be calculated. We, therefore, chose to de-
scribe surgical risk using the logistic EuroSCORE. While each scor-
ing system has its unique advantages and demerits, neither has more
than moderate discrimination with regards to TAVR outcome.45

Conclusions
Aortic valve surgery, although performed infrequently, is associated
with a significant survival benefit across moderate AS (mean AoV
gradient ≥25 ,40 mmHg) and severe AS (≥40 mmHg) amongst
patients with LVSD. Which factors contribute to current practice
patterns and whether the availability of transcatheter approaches
will modify this high-risk cohort, requires further study.
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Table A1 Baseline characteristics by aortic stenosis (defined by calculated aortic valve area)

Characteristic Moderate AS (n 5 403) Severe AS (n 5 935) Total (n 5 1338) P*

Age, median (IQR) 73 (64–80) 76 (68–83) 75 (67–82) ,0.001

Female gender 126 (31.3%) 371 (39.7%) 497 (37.1%) 0.003

History of hypertension 272 (67.5%) 622 (66.5%) 894 (66.8%) 0.730

Diabetes 156 (38.7%) 295 (31.6%) 451 (33.7%) 0.011

Peripheral vascular disease 69 (17.1%) 132 (14.1%) 201 (15.0%) 0.158

Prior cerebrovascular disease 91 (22.6%) 194 (20.7%) 285 (21.3%) 0.453

Renal failure 95 (23.6%) 163 (17.4%) 258 (19.3%) 0.009

History of smoking 143 (35.5%) 290 (31.0%) 433 (32.4%) 0.109

History of hyperlipidaemia 223 (55.3%) 428 (45.8%) 651 (48.7%) 0.001

Congestive heart failure 260 (64.5%) 581 (62.1%) 841 (62.9%) 0.409

Atrial fibrillation 130 (32.3%) 296 (31.7%) 426 (31.8%) 0.829

Chronic obstructive pulmonary disease 43 (10.7%) 51 (5.5%) 94 (7.0%) ,0.001

Prior acute MI 155 (38.5%) 326 (34.9%) 481 (35.9%) 0.209

Prior PCI 54 (13.4%) 95 (10.2%) 149 (11.1%) 0.084

Prior CABG 87 (21.6%) 178 (19.0%) 265 (19.8%) 0.283

Logistic EuroSCORE, median (IQR) 9.1 (4.8–15.4) 10.1 (5.9–17.4) 9.8 (5.7–16.7) 0.005

Moderate-to-severe LVH 154 (38.2%) 374 (40.0%) 528 (39.5%) 0.540

Bicuspid aortic valve 18 (4.5%) 21 (2.2%) 39 (2.9%) 0.027

Aortic regurgitation (moderate–severe) 74 (18.4%) 171 (18.3%) 245 (18.3%) 0.975

Mitral regurgitation (moderate–severe) 85 (21.1%) 264 (28.2%) 349 (26.1%) 0.006

LVID diastole, median (IQR) 5.1 (4.6–5.7) 5.0 (4.4–5.6) 5.0 (4.5–5.6) 0.003

LVID systole, median (IQR) 4.0 (3.3–4.6) 3.8 (3.3–4.6) 3.9 (3.3–4.6) 0.337

History of ischaemic heart disease 255 (63.3%) 596 (63.7%) 851 (63.6%) 0.870

*P-value is for comparison between moderate AS and severe AS.
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